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ABSTRACT
[bookmark: _Hlk42337187]Regenerative medicine strategies place increasingly sophisticated demands on 3D biomaterials to promote tissue formation at sites where tissue would otherwise not form. Ideally, the discovery/fabrication of the 3D scaffolds needs to be high-throughput and uniform to ensure quick and in-depth analysis in order to pinpoint appropriate chemical and mechanical properties of a biomaterial. Herein we present a versatile technique to screen new potential biocompatible acrylate-based 3D scaffolds with the ultimate aim of application in tissue repair. As part of this process, we identified an acrylate-based 3D porous scaffold that promoted cell proliferation followed by accelerated tissue formation, pre-requisites for tissue repair. Scaffolds were fabricated by a facile freeze-casting and an in-situ photo-polymerisation route, embracing a high-throughput synthesis, screening and characterization protocol. The current studies demonstrate the dependence of cellular growth and vascularization on the porosity and intrinsic chemical nature of the scaffolds, with tuneable 3D scaffolds generated with large, interconnected pores suitable for cellular growth applied to skeletal reparation. Our studies showed increased cell proliferation, collagen and ALP expression, while chorioallantoic membrane assays indicated biocompatibility and demonstrated the angiogenic nature of the scaffolds. VEGRF2 expression in vivo observed throughout the 3D scaffolds in the absence of growth factor supplementation demonstrates a potential for angiogenesis. This novel platform provides an innovative approach to 3D scanning of synthetic biomaterials for tissue regeneration. 
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INTRODUCTION
Tissue regenerative therapies necessitate the temporal and coordinated control of stem and progenitor cells. To achieve this, synthetic polymer scaffolds have been explored as substrates for supporting stem and progenitor cell growth and function 1. For example, acrylate-based scaffolds have found wide applications in musculoskeletal regeneration including regeneration of cartilage, with evidence of excellent tissue regeneration three months post-implantation 2. Moreover, acrylate coatings have been shown to enhance endothelial coverage and improve biomechanical properties of vascular grafts 3. To develop polymer scaffolds that meet tissue specific prerequisites such as cell maintenance, provide appropriate biochemical cues and induce vasculature formation, high-throughput production and screening of novel biomaterials becomes a prerequisite. Recent efforts in this direction include the application of inkjet fabrication of arrays of thousands of acrylate-based polymers for the discovery of substrates that support the culture of human embryonic stem cells 4–7 and polymer blend evaluation for the discovery of materials that support the growth and differentiation of STRO‐1+ human skeletal stem and osteoprogenitor populations 8.
A central challenge associated with an implanted scaffold resides in the scaffold association with the host tissue vasculature. Scaffold-tissue integration is mediated, in part, by the presence of endothelial cells on the lining of the blood vessels, which secrete growth factors that promote angiogenesis, a prerequisite for tissue regeneration to occur 9. Indeed, in the formation of new bone and the reparation of local skeletal injuries (fracture), the vasculature plays a significant role in supporting cell recruitment, maintenance and directed cell differentiation facilitating repair. Furthermore, in bone regeneration, blood vessels supplying oxygen and nutrients, remove toxic components and, additionally, serve as a reservoir for pericytes and osteoblasts, which further support and induce cell differentiation 10. The appropriate surface chemistry and mechanical properties offered by porous scaffolds thus becomes important in directing such tissue repair through angiogenesis and tissue regeneration 11,12. Optimum bone regeneration in concert with vasculature formation requires that the scaffolds display a range of interconnected pores that correspond to the size of the trabeculae (100 to 400 µm), as these pore sizes facilitate and stimulate proliferation and osteogenesis (100 to 200 µm) along with angiogenesis (200 to 400 µm) 7,13–15. In addition a plethora of studies have harnessed scaffolds loaded with growth factors such as BMP-2 and VEGF to facilitate tissue regeneration 16–18. However, to date, few studies have explored the fabrication of a potent synthetic biomaterial with the potential to facilitate growth factor-free angiogenesis and tissue formation. 
[bookmark: _Hlk118375016]This study is based on the previously developed and characterised high-throughput technique allowing efficient fabrication approach to obtain libraries of 3D polymer scaffolds via freeze-casting and photo-polymerization for studying cell-material interaction and screening functional polymeric biomaterials 19. This facile process accelerates the development of new biomaterials for potential tissue regeneration, harnessing in situ photo-polymerization to explore a variety of monomer combinations for the formation of porous 3D scaffolds, a unique approach compared to previous reports, where pre-synthesized polymers were used in the production of scaffolds 20–22. Most of the high throughput techniques developed, even most recently such as approaches presented by Revia and co-workers where an automated dispensing platform for high throughput 3D scaffold preparation centre around the idea of casting pre-synthesized polymer solutions into multi-well plates. In the present study we present a novel method to synthesize the polymer scaffolds in the multi-well format. This reduces artifacts introduced during transfer of a preformed polymer scaffold onto a well plate using dispensing techniques 23. Such a high throughput technique presented in this current study provides an advantage over other methods such as 3D printing as it facilitates not only elimination of polymer blends that are toxic to the cells and the potential host but also provides for a thorough investigation of cell behaviour in a three-dimensional environment with highly controlled porosity, often lacking in 3D printing techniques 7,24.
[bookmark: _Hlk118375052][bookmark: _Hlk118375103]Herein, we improvise on the developed technique  by testing the growth and cell behaviour of  human fetal bone marrow stromal cells (FBMSCs) over the osteosarcoma cell line (SAOS-2) used in the original study 19 to provide clinically relevant conditions and determine the biocompatibility of the synthetic polymer scaffolds. Further, based on the in vitro cell culture studies selected polymer scaffolds were explored in an ex vivo CAM assay and in vivo studies to determine their potential using preclinical models. The new 3D scaffolds promoted cellular proliferation and showed preliminary vasculature formation penetration throughout the entire scaffold structure. The intrinsic properties of the scaffolds, together with the characteristics of the porous network, were central in facilitating and accounting for their proangiogenic nature. The subsequent stimulation of osteoblastic differentiation of the human fetal bone marrow stromal cells (FBMSCs) observed indicated scaffolds which would be applicable to bone repair. This is a key finding of the current work where the polymer scaffolds were able to maintain cells and promote preliminary vasculature formation in the absence of any applied exogenous growth factors.
[bookmark: _Hlk118375147]The current study  explores the application of the most promising polymer scaffolds which were selected based on the  original combinatorial screening study performed by Conde-González 19. The fabrication process explored a variety of novel polyacrylates and 3D microstructures that were interrogated using a robust 3D screening methodology employing FBMSCs. FBMSCs were selected for evaluation given their highly proliferative nature and demonstrated multipotentiality to differentiate along the various stromal lineages 25. High porosity scaffolds that supported 3D cell proliferation and facilitated the expression of high levels of collagen, and displayed mechanical properties comparable to native musculoskeletal tissue, were identified. In addition, the identified scaffolds demonstrated, uniquely, substantial integration within the chick chorioallantoic membrane model (CAM) as well as within a subcutaneous murine model, with prominent angiogenesis observed within the implanted scaffolds 26,27. The promotion of angiogenesis using only synthetic biomaterials is a challenging, yet essential requirement for a successful transplant. The current work demonstrates identification of  novel synthetic, polymer-based 3D scaffolds that support growth and proliferation of FBMSCs, indicate preliminary vasculature formation and prove the significance of the innovative technique detailed herein for rapid 3D polymer scaffold formation  applicable in high throughput analysis. 
[image: ]
Figure 1. (A) Screening and validation strategy for the identification of functional 3D porous scaffolds that promote the formation of vascularized tissue in vivo. Arrays of 3D porous scaffolds containing FBMSCs were used to rapidly analyse and identify optimal polymer compositions and 3D structures. (B) Selected scaffolds with relevant physical properties and in vitro cell behaviour were scaled-up to study scaffold biocompatibility and angiogenesis, in vitro production of ECM and in vivo tissue formation with vascularization. 

RESULTS 
Fabrication of a library of 3D polymer scaffolds and characterization 
Polymer scaffolds based on 6 core acrylate polymers (polymers 1 to 6), with the potential to control stem cell fate and 3D structure 4,19, were fabricated and analysed for requisite physical properties. Arrays of 3D porous scaffolds were generated using various polymerization mixtures (Table 1) with different levels of porogens in flat-bottomed polypropylene 96-well plates. Low temperatures were used to drive phase separation between the porogen and the polymerization mixtures with UV photo-polymerization used to cure the monomers, resulting in porous polymeric materials 19. From the perspective of the required mechanical properties and 3D microstructures, the polymeric scaffolds used a polymer composition that resulted in a stiff substrate and an interconnected porous structure with pores ranging from 100 to 400 µm. 
Table 1. Polymer composition for the fabrication of the 3D porous scaffold arrays. The polymerisation mixtures contained the photo-initiator (10% mol), the cross-linker (18% mol) and the monomers (72% mol). DMSO was used as solvent to obtain porous scaffolds MPS (60% v/v DMSO) and HPS (80% v/v DMSO) together with their non-porous controls CPS (0% v/v DMSO). Full chemical name list for each monomer can be found in Table 2.
	Code
	Polymer composition
	Ratio (mol %)

	
	M (1)
	M (2)
	M (1)
	M (2)

	1
	IBA
	-
	72
	-

	2
	MTEMA
	IBA
	36
	36

	3
	MTEMA
	EGDPEA
	36
	36

	4
	BMA
	BHA
	36
	36

	5
	BMA
	IBA
	36
	36

	6
	BMA
	EGDPEA
	36
	36



Analysis of scaffold microstructure was carried out using micro-computed tomography (micro-CT) adapted to allow characterization of twelve 3D polymer scaffolds in a single scan. Representative transverse images of the “high” porosity scaffolds (HPS (80% v/v DMSO)), the “medium” porosity scaffolds (MPS (60% v/v DMSO)), together with their non-porous controls (CPS (0% v/v DMSO)) of polymers 1 to 6 illustrate the increase in porosity and pore size with porogen levels (Figure 2). 
Images of the transverse section of 2-HPS (polymer 2 with high porosity) showed a highly interconnected porous structure with pore channels penetrating into the scaffolds (Figure 3A). In contrast, scaffolds with medium porosity displayed denser packaged structures. 
Interestingly, both scaffolds of polymer 2 with “medium” and “high” porosity displayed high density connectivity as quantified using the BoneJ plugin in ImageJ (Figure S1) 28. The porosity of the polymer scaffolds was tuned effectively by the level of DMSO in the polymerization mixture (Figure 3B), while analysis using 3D distance modelling demonstrated highly abundant pores independent of the scaffold composition and, on average, larger than 100 µm for MPS and HPS (Figure 3C). Analysis of the pore size distribution showed the presence of pores larger than 200 µm for scaffolds generated using polymers 1, 2 and 5 (Figure S2). 

[image: ]
[bookmark: _Ref41127508][bookmark: _Hlk54520998]Figure 2. Images of the 3D porous scaffolds. Longitudinal sections constructed using micro-CT data. Array of 3D porous scaffolds with scaffolds of high and medium porosity (HPS and MPS) and their non-porous controls (CPS) for polymers 1 to 6. Scale bar 1.5 mm. 

Indentation moduli (stiffness) of the scaffolds were calculated using a linear model for semi-infinite media (ratio sample area to indenter diameter ≥ 3) previously described using flat indenters (Figure S3, Figure 3D) 29–31. HPS of polymers 1, 2 and 5 showed no significant differences amongst the scaffolds, whereas 1-HPS was observed to produce stiffer materials than HPS of polymers 3, 4 and 6 (p ≤ 0.001). Indentation moduli for 2-HPS and 3-HPS were shown to be 3.1 MPa and 22.0 kPa respectively, which confirmed that polymer composition can modulate and tune the scaffold mechanical properties. Stress relaxation or relaxation load, the ability to withstand loads without breaking 32,33, were determined after 5 min relaxation to allow the scaffolds to reach equilibrium 34,35. Relaxation load of the porous polymer scaffolds were governed by scaffold composition and 3D structure (Figure S4). Overall, the porous scaffolds displayed greater relaxation (more than 20%) in comparison to scaffolds devoid of pores. Interestingly, the HPS and MPS scaffolds displayed comparable mechanical properties to collagenous bone, articular cartilage and trabecular bone 36–40.
[image: ]
[bookmark: _Hlk54521307][bookmark: _Hlk41299585][bookmark: _Hlk41299532]Figure 3. Morphological and mechanical characterization of the polymer scaffolds 1 to 6. Micro-CT analysis. A) Binary images (white: polymer and black: pores) of the longitudinal and transverse sections for representative scaffolds 2-MPS and 2-HPS (scale bar 1.0 mm). B) Scaffold porosity (%) and C) 3D pore size (µm) modelled and calculated with computed spheres that fitted the pores (using ImageJ – BoneJ, two samples). Mechanical properties of the scaffolds (12 mm x 12 mm x 2 mm) were measured with a macro-indentation approach for a strain range between 5%-10%. D) Indentation moduli (MPa) was calculated locally (5 to 10 % strain) using a linear model for semi-infinite media from the gradient of the load vs displacement curves. One-way ANOVA with Bonferroni post-test (* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001 and **** p ≤ 0.0001). Mean ± SD, n=4.

Screening of 3D porous scaffolds with FBMSCs for in vitro tissue formation 
FBMSC proliferation, high collagen deposition and rapid increases in ALP in the absence of supplemented medium were used as markers to identify optimal polymer composition and 3D structures. 
The proliferation of FBMSCs on the array of 3D polymer scaffolds was quantified over 21 days using resazurin (also known as Almar Blue or alamarBlue™) (Figure S5). A rapid increase in the number of cells was observed on the majority of the 3D scaffolds, between days 0 and 2 (Figure S6). This was followed by a stationary phase (plateau) in cell proliferation, between days 2 and 21, observed on scaffolds with no pores and scaffolds of medium porosity. In contrast, FBMSCs in polymers containing larger levels of porosity showed slightly reduced number of FBMSCs (Figure 4A). The effect of the 3D scaffolds on collagen deposition was quantified using the Pico-Sirius red assay 41,42. Increased collagen secreted by the FBMSCs at day 21 was observed in the porous scaffolds (MPS and HPS), compared to the non-porous scaffolds and the TC control (Figure S7, Figure 4B), indicating the formation of ECM promoted by FBMSCs within a 3D microenvironment 43,44. Alkaline phosphatase expression, an early osteoblast differentiation marker, was assessed at days 2, 7 and 21 across all scaffolds and normalized to total DNA content and ALP expression in the control tissue culture (TC) well plate 45,46. The majority of the polymer scaffolds expressed greater ALP than the control samples without pores (Figure S8, Figure 4C) at day 7, with up to a 4-fold increase observed in the case of 3-HPS (p ≤ 0.001). A reduction in ALP was subsequently observed at day 21, across all conditions (scaffolds and control), with the exception of 4-HPS constructs that displayed a 4-fold increase in ALP. The results observed, demonstrate that differentiation of FBMSCs towards the osteogenic lineage was prominent during the early stages of culture (7 days), followed by the presentation of an enhanced differentiated phenotype with a decrease of ALP at day 21. 
FBMSCs behavior and physical characteristics of the scaffolds were used to identify an optimal porous scaffold (Figure S9). 2-HPS and 3-HPS were shown as two strong candidates (Figure 4D). 2-HPS provided a significantly stiffer substrate with slightly larger porosity and pore size than 3-HPS. Moreover, FBMSCs proliferation on 2-HPS was enhanced on 3-HPS with comparable collagen deposition. In marked contrast, 3-HPS was observed to promote a rapid increase in collagen and ALP, indicating the potential of the scaffold to promote FBMSCs production of bone ECM (Figure S10). Scaffolds composed polymer 1, 4, 5 and 6 failed to display comparable osteogenic activity. 
Immunofluorescence ALP staining was used to validate the screening approach applied to the array of 3D polymer scaffolds (Figure 4E). Quantification of FBMSCs showed an ~ 5-fold increase in cell numbers between day 2 and 7 (comparable to the Alamar Blue data) together with a decrease in ALP expression, indicating progression towards a more differentiated osteoblast phenotype (Figure S11). Moreover, SEM images of FBMSCs laden scaffolds demonstrated a layer of cells across the surface and the intra-porous sections, forming 3D cellular arrangements (Figure S12). The highly porous scaffold, 2-HPS, was noted to be completely covered with FBMSCs following culture (Figure 4F). 
[image: ]
[bookmark: _Ref15307594][bookmark: _Hlk54522579]Figure 4. Proliferation of FBMSCs and functional analysis of the 3D porous scaffolds 1 to 6 seeded with FBMSCs compared to tissue culture plate controls. A) FBMSCs proliferation on polymer 3D arrays. Cells were cultured in basal medium. Fold change of fluorescence between day 0 (10,000 cells/well) and scaffolds at day 21 (n=3 biological replicates with 4 technical replicates). B) FBMSCs total collagen deposition on the 3D polymer arrays. Fold change of absorbance (picro-sirius red staining of collagen) between the TC control and the 3D polymer scaffolds after 21 days of incubation (n=3 biological samples with 4 technical replicates). Cells were cultured in basal medium. C) FBMSCs alkaline phosphatase (ALP) activity within 3D polymer arrays. Fold change of absorbance (chromogenic enzymatic cleavage of phosphatase substrate) between the TC control at day 2 and scaffolds at day 21 (n=2 biological samples with 4 technical replicates). Cells were cultured in basal medium. D) Analysis of scaffold properties and FBMSCs behaviour. FBMSCs behaviour on polymer 2 and 3 HPS scaffolds (proliferation rate at day 21, total collagen at day 21 and alkaline phosphatase at day 7) were compared with mechanical properties (indentation modulus and relaxation load) along with scaffold pore size and porosity. Each property interrogated was normalised (%) with the highest value identified (Table S2). E) Representative images of ALP expression of FBMSCs on 2-HPS and 3-HPS after 2 and 7 days of incubation in basal medium. Cell nuclei (cyan) and ALP (red). Scale bar 100 µm. F) Representative SEM images of FBMSCs within 2-HPS and 3-HPS after 21 days incubation in basal medium. Arrows show cells infiltrating throughout the scaffold. Scale bar 400 µm. 

Angiogenesis evaluation and biocompatibility 
The chick chorioallantoic membrane (CAM) model was used to provide further insights on the biocompatibility and angiogenic potential of the select polymer scaffolds 47,48. Angiogenesis in 2-HPS and 3-HPS FBMSCs seeded scaffolds was examined following implantation in day-10 staged CAM eggs. Blood vessel integration was quantified using Chalkley scores after 7 days post-implantation. Chick eggs subject to the same procedure without the implanted scaffolds served as controls. The CAM assays revealed that 2-HPS with FBMSCs displayed the highest level of angiogenesis although this did not reach statistical significance compared to other groups except for the empty control (Figure 5A). Histological analysis confirmed angiogenesis evidenced by the presence of erythrocytes and avian cells promoted due to the enhanced pore size and interconnectivity within the scaffold (Figure S13). 
Promising results from the CAM assay and the physical properties of the scaffolds justified the evaluation of in vitro bone markers, which provided evidence of scaffold potential for bone repair applications. In vitro ECM deposition by FBMSCs was determined on scaffold 2-HPS as this scaffold provided the highest angiogenic potential. FBMSCs seeded on 2-HPS scaffold were evaluated after 7 and 21 days of culture in basal and osteogenic (supplemented with calcitriol and vitamin C) media 49,50. Enhanced type I collagen expression, over 7 to 21 days, was evident from FBMSCs staining on 2-HPS scaffolds (Figure 5B) maintained in basal and osteogenic media (Figure S14). Type I collagen deposition on 2-HPS scaffolds was quantified by an ELISA (Table S3). Control cultures displayed negligible collagen production with levels below the assay detection limit (data not shown), confirming ECM production was significantly improved by the scaffold composition and 3D structure. Osteopontin expression was observed to be reduced on scaffold 2-HPS whereas expression was maintained on the 2D controls, which could indicate downstream progression of the cells in terms of osteoblastic differentiation 51. Interestingly, aggregates of FBMSCs on 2-HPS were observed at days 7 and 21 in basal and osteogenic media (Figure 5B), while this aggregation of FBMSCs was not observed in the control. Live/dead assay confirmed viable cells were attached to the polymer (Figure S15). 
[bookmark: _Hlk117945017][bookmark: _Hlk54520728][image: ]Figure 5. Evaluation of biocompatibility. A) Chick CAM ex vivo model implantation of scaffolds 2-HPS and 3-HPS with (+) and without (-) FBMSCs after basal conditioning. Quantification of the vasculature via Chalkley score of chick CAM. Sham operated chick eggs, with an opening created in the eggshell and in the absence of implanted scaffolds served as controls (empty). One-way ANOVA with Bonferroni post-test (* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001 and **** p ≤ 0.0001). Mean ± SD, n=5- 9. B) In vitro evaluation of FBMSCs production of bone ECM on 3D porous polymer scaffolds. Scaffolds 2-HPS were seeded with FBMSCs and cultured in basal and osteogenic media for 7 and 21 days. Immunofluorescence assessment for expression of type I collagen (stained red) and osteopontin (stained red) together with DAPI nuclear staining (stained cyan). Arrows show cell aggregations. Scale bar 100 µm. 

Subcutaneous scaffold implantation to assess vascular infiltration in vivo
 In vivo analysis using a subcutaneous murine model was undertaken to further investigate the angiogenic properties of 2-HPS seeded with FBMSCs pre-conditioned in basal and osteogenic media 52. The 2-HPS scaffold was selected given the enhanced long-term cell survival, proliferation and ex-vivo biological function observed. Morphological analysis of the scaffolds showed extensive levels of integration with the scaffolds, almost indistinguishable from the surrounding tissue, 4 weeks post-implantation (Figure 6, top row). Histological analysis, using Alcian Blue/Sirius Red and Goldner’s Trichrome, evidenced collagen staining around and within the scaffolds, on scaffold 2-HPS seeded with FBMSCs and conditioned in basal and osteogenic media displaying elevated levels of staining (Figure 6, top and middle rows) compared to the scaffolds cultured in the absence of cells (Figure 6, bottom row). 2-HPS scaffolds seeded with FBMSCs and maintained under osteogenic conditions showed preliminary signs of blood vessel formation within the scaffolds (Figure 6, middle row, blue arrows). Since blood vessel formation is not typically observed in the absence of exogenously supplied growth factors or endothelial cells 16, this vasculature augurs well for the development of a new class of synthetic angiogenic materials. 
[image: ]
[bookmark: _Ref16593284][bookmark: _Hlk117945082]Figure 6. Histological evaluation of 2-HPS integration, vasculature and bone formation following in vivo subcutaneous implantation. Macrographs of scaffold integration (i) and histological analysis with Alcian blue (ii - iii) and Goldner’s Trichrome (iv-v) of 2-HPS with FBMSCs after basal conditioning (A), 2-HPS with osteogenic conditioning (B) and 2-HPS without any cells (C) showed vasculature formation throughout the scaffolds and collagen deposition after 4 weeks post-implantation. Squares show magnified areas, green arrowheads and blue arrows indicate cells and vasculature respectively. Scale bar in (ii) and (iv) 500 µm, (iii) and (v) 100 µm. 

The histopathological analysis of the scaffolds using H&E staining confirmed the presence of lumen-like structures together with infiltration of the scaffolds by murine cells (a property governed by the physiochemical nature of the biomaterial) evident by the presence of cells in 2-HPS without FBMSCs (Figure 7A). Further, the presence of multinucleated giant cells (yellow arrowhead) was observed in the scaffolds, cells known to be involved in the vascularisation process 53,54. Moreover, RBCs (red blood cells) were observed predominantly inside the blood vessel lumens in 2-HPS (with and without cell seeding) by H&E staining as a result of vascularisation. The infiltration of host cells throughout the scaffolds, including the centre of the constructs, supported the extensive vascularisation and interconnectivity of the scaffolds. To confirm angiogenesis within these implants, VEGFR-2 (vascular endothelial growth factor receptor-2) expression was probed using immunohistochemistry and was shown to be expressed predominantly at scaffold boundaries and within the connective tissue (Figure 7A). VEGFR-2 was markedly reduced in unseeded 2-HPS scaffolds. These results indicate 2-HPS pre-seeded with FBMSCs play a role in the recruitment of endothelial cells and RBCs enhancing angiogenesis. This is in agreement with an earlier report whereby enhanced scaffold vascularisation was observed in the presence of pre-cultured osteoblasts 53. Lumen-like structures were quantified with 2-HPS with FBMSCs conditioned in osteogenic medium displayed a significant increase in vasculature, viewed in terms of increase in the number of blood vessels lumens (identified by the presence of lumens encircled by endothelial-like cells), compared to scaffolds without cells (Figure 7B) 55,56.
[image: ]
[bookmark: _Hlk55730023][bookmark: _Hlk55730453][bookmark: _Hlk55730410]Figure 7. A) Histological evaluation of 2-HPS scaffolds by H&E and immunohistochemistry for VEGFR-2 (vascular endothelial growth factor 2). Histological analysis with H&E (i - iii) and immunohistochemistry for VEGFR-2 (iv) of 2-HPS with FBMSCs after basal conditioning, 2-HPS with osteogenic conditioning and 2-HPS without any cells showed infiltration of the scaffolds with RBCs and multinucleated giant cells. The expression of VEGFR-2 evident as a brown stain within scaffolds 4 weeks post-implantation. Squares show magnified areas, blue arrows and yellow arrowheads indicate RBCs and multinucleated giant cells. Dashed lines indicate interface between connective tissue (CT) and scaffolds. Scale bar in (i) 500 µm and (i-v) 100 µm. B) Evaluation of the number of lumens/vascular structures per mm2 of scaffold 2-HPS containing FBMSCs after basal conditioning, 2-HPS with osteogenic conditioning and 2-HPS without any cells. Analysis was performed manually using the software QuPath on the histological sections stained with H&E. One-way ANOVA with Bonferroni post-test (* p ≤ 0.05). 


DISCUSSION 
3D printing offers a powerful method to generate 3D scaffolds, although, these strategies have limited throughputs restricting their applicability in the discovery of new biomaterials 57. Here we present highly functional 3D scaffolds, with an indication of a preliminary vasculature formation, designed by exploiting a new approach to the fabrication of scaffold libraries of varying porosities via freeze-casting and UV photopolymerization 19. The approach allowed the rapid fabrication of a large number of scaffolds, with the 3D structures of the scaffolds controlled by modifying the level of the porogenic solvent to provide highly interconnected porous materials with potential application in skeletal tissue repair. 
Tissue regeneration is critically dependent on an appropriate vascularisation that allows the necessary influx of growth factors, nutrients as well as immune cells to the area of damage to initiate the process of repair 58–60. The ability to stimulate the process of angiogenesis (blood vessel formation) is therefore important when designing scaffolds for bone repair. For such scaffolds, variables to consider include: the material used, the cells, pre-treatment of cells and the structure of the scaffolds 61. Synthetic polymers offer a scalable means for highly reproducible and versatile production 62. This study set out to further characterize potential candidates from previous work done by Conde-González 19 through analysis of cell compatibility and evaluation of the potential of the synthetic polymer scaffolds for bone repair4. Although traditional microarray allows the screening of thousands of different materials, materials lack the three-dimensional organization present in tissue. The mimicry of the material 3D structure to that of the target tissue, enables evaluation of an enhanced understanding of the behaviour of the material and the cells seeded upon that material to the host target tissue. 
Given the scaffolds exhibited bone-like mechanical properties 63, we explored the biological properties of the scaffolds (Figure 4) using human fetal bone marrow stromal cells (FBMSCs), due to their high proliferation rates and ability to differentiate into bone-forming cells instead of previously used osteosarcoma cell line SAOS-2 19. FBMSCs represent a biologically relevant target for use in skeletal tissue biofabrication. Elevated cell proliferation rates were observed together with enhanced expression of collagen and ALP on two highly porous scaffolds 2-HPS and 3-HPS high-lighting these materials as potential candidates for skeletal tissue repair applications (2-HPS is poly(MTEMA36-co-IBA36-co-HDOBA18) with 80% porosity and 3-HPS is poly(MTEMA36-co-EGDPEA36-co-HDOBA18) with 80% porosity). 
Scaffold 2 is comprised of 2-(methylthio)ethyl methacrylate, isobornyl acrylate and 1,6-hexanediol diacrylate and scaffold 3 is comprised of 2-(methylthio)ethyl methacrylate, ethylene glycol dicyclopentenyl ether acrylate and 1,6-hexanediol diacrylate. These monomers were originally identified by Hansen et al.4 as materials that control the growth of human embryonic stem cells (hESCs) with 2-(methylthio)ethyl methacrylate, isobornyl acrylate and ethylene glycol dicyclopentenyl ether acrylate a subgroup of monomers with high stem cell attachment properties 4. Therefore, these materials presented as candidates for the evaluation of  FBMSCs attachment and proliferation. Moreover, the differences in composition between these scaffolds resulted in differences in the mechanical properties of the scaffold that were observed to modulate cell behaviour. Thus, 3-HPS was found to be a softer scaffold than 2-HPS (Figure 3D) with accompanying biological actions/reactions. The mechanical differences resulted in the regulation of ALP and collagen levels 64, promoting FBMSCs towards a more differentiated osteoblast phenotype 65. Our findings also demonstrated enhancement of FBMSCs proliferation on stiffer materials such as tissue plastic and CPS in comparison to softer MPS and HPS materials independent of the polymer composition and porosity (Figure S6), as previously observed by Gerardo 66.
The discovery of these high porosity scaffolds closely aligns with the observation mesenchymal stromal cells and endothelial cells require between 100 – 400 µm pore sizes (similar pore size as in trabecular bone) for expansion, proliferation, cell-cell interactions and for facilitation of blood vessel penetration 13–15. We previously demonstrated that the open porosity (pores connected to the surface of the scaffold) was crucial for appropriate cell penetration 19, thus reinforcing the current findings 67. Mechanical analysis showed that the indentation properties of these materials ranged from 10 KPa to 10 MPa with a high capacity for load reduction, generating scaffold candidates for bone repair given their tuneable mechanical properties. 
The chorioallantoic membrane assay provides a method to investigate the ability of a material to induce vasculature formation in an ex vivo model within a limited timeframe. The assay utilises implantation of a material on the extraembryonic membrane of the developing chick egg 27. The biocompatibility of 2-HPS and, more importantly, significant angiogenesis in the absence of growth factor stimulation was evidenced using the CAM assay in contrast to 3-HPS and control scaffolds (Figure 5A). The presence of erythrocytes and budding vasculature within the scaffolds indicated that the porosity of the material facilitated cell invasion and the formation of blood vessels. These findings suggest 2-HPS as a potential candidate for bone repair applications which will warrant further evaluation in the future (figure 5B) 47,48. Preliminary in vivo analysis of 2-HPS scaffolds using the subcutaneous murine model demonstrated scaffold integration into murine tissue and the stimulation of vascularisation (Figure 6). Moulisová et al. reported previously that poly(ethyl acrylate) was capable of triggering spontaneous formation of fibronectin, which in turn caused recruitment of VEGF 68,69, thus explaining the spontaneous vasculature formation within the novel poly-acrylate blends used in this study. Furthermore, the presence of multinucleated giant cells and VEGF expressed by the invading cells within the scaffolds (Figure 7), highlights the stimulatory effect on angiogenesis from the scaffold. The most significant vasculature formation was observed in scaffolds seeded with FBMSCs conditioned in osteogenic medium evidenced by an increase in the number of blood vessels lumens (identified by presence of lumen encircled by endothelial-like cells), compared to scaffolds without cells 55. This is in agreement with an earlier report whereby enhanced scaffold vascularisation was observed in the presence of pre-cultured osteoblasts 53.
The novel, high throughput technique developed and published earlier by Conde-González et al. 19 allowed for the identification of a number of potential candidates for further analysis for biological application. The developed polymer scaffold, 2-HPS, provides a number of unique properties including: (i) promotion of host cell attraction and invasion into the scaffolds, (ii) initiation of angiogenesis and, (iii) facilitation of tissue integration and thus providing an innovative excellent polymer scaffold candidate for further evaluation for bone repair application 70,71.
CONCLUSION
[bookmark: _Hlk118374888]The previously developed method of high throughput screening was investigated with the use of a more targeted cell line with tissue regeneration as the endpoint. In the current studies, a  new class of tissue-compatible and pro-angiogenic materials have been identified building on a previously developed 3D polymer array screening platform. The highly porous synthetic materials support and promote vascularisation upon implantation, an important requirement for tissue regeneration with widespread potential for applications in hard and soft skeletal tissue reparation. Future studies to confirm vasculature formation through long-term in vivo analysis, elucidation of the underlying mechanisms facilitating vasculature induction and investigation of the immune response to the foreign body will inform a new generation of polymers for growth factor-free angiogenesis with significant implications therein for regenerative medicine.





MATERIALS AND METHODS
[bookmark: _Ref118201702]Table 2. Key source table 
	REAGENT OR RESOURCE
	SOURCE
	IDENTIFIER

	Chemicals
	
	

	2-(Methylthio)ethyl methacrylate (MTEMA)
	Sigma-Aldrich
	CAS# 14216-23-0; Cat# 423335

	Butyl methacrylate (BMA)
	Sigma-Aldrich
	CAS# 5888-33-5; Cat# 235865

	Isobornyl acrylate (IBA)
	Sigma-Aldrich
	CAS# 97-88-1; Cat# 392103

	Ethylene glycol dicyclopentenyl ether acrylate (EGDPEA)
	Sigma-Aldrich
	CAS# 65983-31-5; Cat# 407968

	1,6-Hexanediol diacrylate (HDOBA)
	Sigma-Aldrich
	CAS# 13048-33-4; Cat# 246816

	2-Hydroxy-2-methylpropiophenone (PI)
	Sigma-Aldrich
	CAS# 7473-98-5; Cat# 405655

	Pepsin 
	Sigma-Aldrich
	CAS# 9001-75-6; Cat# P7000

	Sirius red S
	Sigma-Aldrich
	CAS# 2610-10-8; Cat# 365548

	Picric acid solution 
	Sigma-Aldrich
	CAS# 88-89-1; Cat# P6744

	Phosphatase substrate 
	Sigma-Aldrich
	Cat# P4744

	1.5 M Alkaline buffer solution
	Sigma-Aldrich
	Cat#A9226

	Cellytic M, Igepal CA-630
	Sigma-Aldrich
	Cat# I8896

	p-Nitrophenol 
	Sigma-Aldrich
	Cat# N7660

	Dexamethasone
	Sigma-Aldrich
	Cat# D4902

	β-Glycerophosphate disodium salt hydrate
	Sigma-Aldrich
	Cat# G9422

	2-Phospho-L-ascorbic acid disodium
	Sigma-Aldrich
	CAS# 66170-10-3; Cat# 49752

	4-tert-Butylcyclohexyl acrylate (BHA)
	TCI
	CAS# 84100-23-2

	Alpha MEM eagle with UGln1 and nucleo
	Lonza
	Cat# BE02-002F

	penicillin/streptomycin/fungizone 10K/10K/25 µg
	Lonza
	Cat# 17-745E

	Fetal bovine serum
	Life Technologies
	

	Quant-iT™ PicoGreen™ dsDNA assay
	Life Technologies
	Cat# P7589

	AlamarBlue™
	Thermo Scientific
	Cat# Y00-025

	Herring sperm DNA
	Promega
	Cat# D1811

	Vitamin D3
	Cayman 
	CAS# 32222-06-3; Cat# 71820

	Antibodies
	
	

	Anti-Alkaline Phosphatase
	Abcam
	Cat# ab95462

	Tissue Non-Specific antibody 
	Abcam
	Cat# ab65834

	Anti-Osteopontin antibody 
	Abcam
	Cat# ab8448

	Anti-Collagen I antibody 
	Abcam
	Cat# ab34710

	Goat Anti-Rabbit IgG (Alexa Fluor® 647)
	Abcam
	Cat# ab150079

	Biological samples
	
	

	Human FBMSCs
	Bone and Joint Research Group, University of Southampton
	Southampton & South West Hampshire Local Research Ethics Committee (LREC296/100). License (PPL 30/2762)

	Software and algorithms
	
	

	GraphPad Prism 5.04
	GraphPad
	https://www.graphpad.com/scientific-software/prism/

	Imaris
	Oxford Instruments IMARIS
	https://imaris.oxinst.com/

	Bluehill 3
	Instron
	https://www.instron.com/en-gb/products/materials-testing-software

	QuPath
	Quantitative Pathology & Bioimage Analysis
	https://qupath.github.io/

	ImageJ/Fiji
	Fiji
	https://fiji.sc/

	Bonej
	Bonej
	https://bonej.org/
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Method details
Arrays of 3D Polymer Scaffolds 
The arrays of porous polymers were generated using UV-photopolymerization at < 0oC with various porogenic solutions (DMSO and the polymerization solutions, in polypropylene 96-well plates (80 µL well). The polymerization solutions (Table 1) consisted of acrylate monomers, the cross-linker 1,6-hexanediol diacrylate and the photoinitiator 2-hydroxy-2-methylpropiophenone. For freezing the arrays were cooled to 5 °C for 16 hours, sealed inside a polyethylene box and subsequently further cooled to -20° over 4 hours. UV-polymerization (UV cross-linker CL-1000L 8W, 365 nm, 30 min) was accomplished on top of an aluminium cooling plate (128 x 86 x 10 mm) placed on a dry ice bath. After UV curing the arrays were washed with ethanol/water (1:1, 2 days) followed by water (2 days) at 37 ºC inside an oven before freeze-drying (2 days). 
Scale up of the 3D Scaffolds 
[bookmark: _Hlk56351532]Larger porous scaffolds (12 x 12 x 2 mm) were prepared in a similar approach as above with the solutions placed inside a custom polystyrene mould (10 x 10 x 7 mm) and cooled at 5 °C for 16 hours and then frozen at - 20 °C for 4 hours before UV-photopolymerization for 60 min. Subsequently, the scaffolds were extracted from the mold and placed in falcon tubes with water – ethanol (1:1 for 3 days) and then water (5 days) at 37 °C inside an oven before freeze-drying (3 days). The wash process resulted in a modest swelling of the scaffolds to their final size (12 x 12 x 2 mm).
Micro-CT Morphological Analysis of 3D Porous Scaffolds
A cuboid generated by stacking 12 different samples of 3D polymer scaffolds was arranged and scanned through 360 degrees with a step of 0.48 degrees between the exposures using a Skyscan 1172 desktop micro-CT (Bruker, Kontich, Belgium). Micro-CT was set up with a 34 kV source voltage, 210 µA source current and with an exposure time of 1764 ms with a resolution of 5.94 µm with 4 frames taken at each position and averaged to reduce noise. Skyscan NRecon v1.6.9 (Bruker, Kontich, Belgium) was used to reconstruct the data using a thresholding window of 0.00 to 0.05 in CT attenuation coefficient without beam hardening correction. Volumes of interests of reconstructed micro-CT scans were binarized and characteristics of the scaffolds was analysed with the ImageJ plugin BoneJ 28. Porosity was defined as the fraction between the volume of pores and the scaffolds total volume. Pore size along with the thickness of the scaffold walls were defined as the average diameter of a theoretical sphere of the same volume to that of the volume of these constructions. 3D images of the scaffolds were constructed with the contour surface mode of Imaris. 

Mechanical Characterization 
An Instron compression system (model 3367) equipped with the software Bluehill 3 (Norwood, USA), a flat cylindrical (diameter 1 mm) indenter (made in house) in addition to a 50 N cell were used for compression to mechanically characterize the re-hydrated 3D scaffolds (12 x 12 x 2 mm). Samples were compressed for 20% of the strain (average height measured with Vernier calipers was about 1.7 mm) at a strain rate of 5% per minute. Relaxation at constant stress was measured for 5 min. The indentation modulus was determined using a linear model for semi-infinite media (ratio surface of the sample to its high ≥ 3) previously described 30,31,72. A linear model was applied with load-displacement curves locally between four strain regions; 0%-5%, 5%-10%, 10%-15% and 15%-20%. The relaxation load (%) was determined as the percentage reduction of load after 5 min relaxation 34,35.
Protocol for FBMSCs Culture in the Arrays and Scaffolds
[bookmark: _Hlk54522185]Human FBMSCs were provided by Dr Stefanie Inglis and Ms Suzanne Renz, University of Southampton. The cells were isolated as per ethical approval obtained from Southampton & South West Hampshire Local Research Ethics Committee (LREC296/100). FBMSCs were cultured and expanded to confluence up to passage 4 in basal culture medium (alpha-MEM supplemented with 10% FBS and 1% penicillin/streptomycin/fungizone) before seeding. The polymer scaffolds were sterilized under UV irradiation (overnight). In the case of the array of 3D polymer scaffolds, 96-well plates were used as molds (dimensions 6.4 mm x 5 mmm, Ø x h), cells were seeded in suspension (10,000 cells in 150 µL) and were incubated in a humidified atmosphere (37 °C and 5% CO2) with media changed every 2 days. Scaled up 3D scaffolds (dimensions 12 mm x 12 mm x 2 mm, L x W x h) were placed inside cell culture inserts and seeded with a suspension of cells (40,000 cells in 110 µL of basal media). FBMSCs were left for 45 min for attachment before covering with media (2 ml) which was changed every 2 days. Osteogenic differentiation media; basal media supplemented with 2-phospho-L-ascorbic acid (50 µg/mL) and calcitriol (10 nM).73 Mineralization media; basal media supplemented with dexamethasone (10 nM), 2-phospho-L-ascorbic acid (50 µg/mL) and β –glycerophosphate (20 mM).45,74,75.
Proliferation Assay with AlamarBlue™ in the Array
[bookmark: _Hlk117941159]An AlamarBlue™ assay was used to assess FBMSCs viability on the array of 3D polymer scaffolds. At the appropriate time (day 2, 7, 14 or 21), basal culture medium was removed to add 100 µL per well of AlamarBlue™ solution (10% v/v) in media. Incubation was carried out in humidified atmosphere (37 °C and 5% CO2) for 4 hours before collecting the supernatant to determine fluorescence intensity (λex/em = 530/590 nm) in a microplate reader (GloMax®, Promega). The arrays were washed with PBS to remove excess of AlamarBlue™ solution and basal media added (150 µL/well) to maintain the FBMSCs in culture until the next time point. 
Total Collagen in the Array
The total collagen content of the FBMSCs cultured with basal medium, in the array of 3D polymer scaffolds, was assessed using a previously published colorimetric method 41,42. Briefly, FBMSCs on porous scaffolds following 21 days incubation were digested with pepsin (1 mg/mL pepsin, 0.1 M acetic acid and 0.5 M NaCl) for 48 hours at 5 °C and 100 µL from each digested solution was dried in a 96-well plate at 37 ºC overnight. Dried samples were treated with 100 µL of Sirius red solution (1 mg/mL) in saturated picric acid (1.3% in water) for one hour before washing (3 x 5 min) the excess with HCl solution (0.1 N). 100 µL of NaOH solution (0.1 N) was used to resolve the staining and a microplate reader was used to record absorbances (λ = 550 nm).
ALP Expression in the Array
FBMSCs cultured in basal medium in the array of 3D polymer scaffolds were first washed with PBS prior to addition of CelLytic M (1 hour, 37 °C) to lyse the cells. 10 µL of cell lysate was placed in a fresh 96-well plate with 90 µL of ALP substrate solution (0.04 g phosphatase substrate in 10 mL of 1.5 M alkaline buffer solution (Sigma A9226) buffer solution made up to a final volume of 30 mL with distilled H2O). Samples were incubated at 37 °C for between 10 to 60 min and the reaction was stopped by the addition of 100 µL of NaOH (1 M). A standard calibration curve (0 to 2 µM) was constructed using serial dilutions of p-nitrophenol (10 mM) in assay buffer. The assay buffer for the standards was prepared by addition of 30 µL of Igepal CA-630 to 5 mL of 1.5 M alkaline buffer solution (Sigma A9226) and made up to a final volume of 15 mL with distilled H2O. Absorbance was read on a microplate reader (λ = 410 nm) and ALP concentration calculated as nmoles of p-nitrophenol per mL/hour. ALP expression was normalized to the DNA concentration using a Quant-iT™ PicoGreen™ dsDNA assay kit. A standard calibration curve (0 to 1000 ng/ml) was constructed using serial dilutions of herring sperm DNA (10 mg/ml) in TE buffer and fluorescence intensity determined using a microplate reader (λex/em = 480/520 nm).
Scanning Electron Microscopy (SEM)
FBMSCs cultured with basal medium in the 3D porous scaffolds (12 x 12 x 2 mm) were first washed with PBS (2 x 5 min) and subsequently fixed with paraformaldehyde (PFA, 4% w/v) for 30 min. Excess PFA was removed with cacodylate buffer (0.1 M, 1 h) and subsequently the scaffolds were treated with osmium tetroxide (1%, 15 min) in cacodylate buffer (0.1 M). After a further wash with cacodylate buffer (15 min) the scaffolds were dehydrated with acetone (50%, 70%, 90% and 100%) and liquid CO2 (critical point drying) before coating the samples with gold/palladium. Hitachi S-4700 scanning electron microscope was used to image the specimens. 
Chorioallantoic membrane (CAM) assay
The CAM protocols were conducted under Home Office Approval UK (Project license — PPL 30/2762). Chicken eggs were incubated (1-hour rotation) in a Hatchmaster incubator (Brinsea, UK) for 10 days at 37 °C in a 60% humidified atmosphere. After 10 days post-fertilisation, a scalpel was used to create a 5 x 5 mm window on the eggshell under sterile conditions. The polymeric scaffolds (n=10) of size (10 x 10 x 5 mm) were pre-conditioned with or without FBMSCs (40,000 cells per scaffold), which were cut into 5 x 5 x 5 mm cubes and implanted. The eggs were sealed with sterile parafilm and the eggs candled every day to inspect for embryo development. After a further 7 days of incubation in basal medium, the samples were harvested, and CAM integration inspected using a stereomicroscope with a digital camera (Canon Powershot G2). Gestational processes were terminated under specific Home Office guidelines. Chick eggs that followed the same procedure with the exception of the implantation of the scaffolds were used as controls (empty). Animal procedures were undertaken in accordance with the guidelines and regulations of the Animals Act 1986, UK.
Immunostaining of FBMSCs on the 3D Scaffold
FBMSCs were seeded on scaled-up 3D scaffolds and maintained in basal and osteogenic media for the desired time points (days 2, 7 and 21). At the end of the culture period, the scaffolds were washed with PBS and fixed with 4% PFA for 30 mins. Thereafter, excess fixative was removed and the cells on the scaffolds treated with the appropriate blocking solutions and permeablised as necessary (ALP: 1% BSA+10% normal goat serum in 0.1% Tween, Collagen I: 5% BSA, Osteopontin: 1% BSA+10% normal goat serum in 0.1% Tween) for 1 h. The scaffolds were washed thoroughly with PBS followed by exposure to the appropriate primary antibody (incubation overnight), washed with PBS and treated with a secondary antibody for 1 hour. Finally, the scaffolds were washed with PBS and subjected to confocal microscopy using a ZEISS LSM 880 confocal microscope.
Enzyme-linked immunosorbent assay (ELISA) on the 3D Scaffold
FBMSCs were seeded on scaled-up 3D scaffolds and maintained for 21 days in basal medium. At the end of the culture period, the scaffolds were washed with PBS and the cells solubilized using 400µL 1X extraction buffer. The scaffolds were crushed and the lysate was incubated in ice for 15 mins. It was then centrifuged at 15000 x g for 20 min at 4 °C. The supernatants were collected and passed through PierceTMProtein Concentrator PES, (30000K MWCO, 2-6ml) and the samples obtained were stored at -80 °C. The total protein was quantified using BCA assay kit for low protein concentrations (ab207002). ELISA was performed using Human Pro-Collagen I SimpleStep ELISA Kit (abcam) according to manufacturer’s instructions with absorbance determined at 450nm in a microplate reader.
Imaging of the cell aggregates on 3D Scaffold
FBMSCs were seeded on scaled-up 3D scaffolds and maintained for 21 days in basal medium. The 3D Scaffolds were washed and stained using a Live/Dead staining kit (Invitrogen) according to the manufacturer’s instructions. Finally, the scaffolds were subjected to confocal microscopy using a ZEISS LSM 880 confocal microscope.
In vivo subcutaneous implantation in mice and analysis
The subcutaneous surgeries were conducted under Home Office Approval UK (Project license — PPL 30/2762). Balb/c nu/athymic mice were grown until 3-months old and a weight of ~33 g, before the implantation took place. The animals were anaesthetized with an intra-peritoneal injection of a hypnorm-hypnovel (1:1) mix. An incision on the back of the mouse skin was made with 2-3 pockets generated for the implantation of scaffolds. The incision was then stitched, and animals allowed to recover under constant supervision. Three groups were assessed: i) samples of polymer 2 with FBMSCs conditioned in basal and osteogenic media and ii) polymer 2 without cells conditioned in basal medium. The polymeric scaffolds were cut into 5 x 5 x 5 mm cubes. The animals were scanned at weeks 2 and 4 post-surgery using micro-computed tomography (µCT) (Bruker Skyscan 1176, equipped with micro-focus X-ray source, 20-90 kV, 25W) and terminated at week 4 for sample collection. Atotal of seven mice were used with 2/3 scaffolds per side (4/6 per mouse) to provide a total n = 8 scaffolds for each of 4 groups (total 36 scaffolds). Animal procedures were undertaken in accordance with the guidelines and regulations of the Animals Act 1986, UK.
Histology analysis
Recovered samples were fixed overnight at 4°C (paraformaldehyde, 4%) and then dehydrated in auto-processing machine Shandon Citadel 200 (Thermofisher, UK) for 1 hour each through 50%, 90% and 100% ethanol, followed by two dehydration steps in 100% Histoclear (Fisher Scientific UK, 12624077). The dehydrated samples were then embedded in hot wax twice for 1 hour each. To ensure full wax penetration into the scaffolds, the samples were further embedded under vacuum in a Vacutherm oven (Heraeus, Thermofisher, UK) for 1 hour at 60°C. Sections were cut once, at room temperature, to 7 µm on a Microm330 microtome (Optec UK) and transferred to glass slides (preheated at 37 °C for approximately 2 h). The samples were stained as previously described 8,76. Briefly, prior to staining, the tissue slide sections were brought to room temperature and rehydrated through a series of steps: Histoclear (2 × 7 min) and decreasing ethanol solutions: 2 × in 100% ethanol, 90% ethanol and 50% - all for 2 min. For Alcian Blue/Sirius Red, the Weigert’s Hematoxylin (Fisher Scientific UK, 10181710) was applied for 10 min to stain the cell nuclei. Any excess stain was removed by immersing into 1% (v/v) hydrochloric acid / 70% (v/v) ethanol solution and washed in H2O. Slides were immersed in 0.5% Alcian blue 8GX (Fisher Scientific UK, 40046-0100) in 1% acetic acid for proteoglycan expression. Slides were treated in 1% molybdophosphoric acid (Sigma-Aldrich UK, 221856) prior to staining with 1% Sirius red F3B (Direct Red 80, Sigma 365548) to collagen visualisation. For Goldner’s Trichrome, the sections were stained again with Wiegert’s Hematoxylin and washed in 1% (v/v) HCl / 70% (v/v) EtOH. The samples were then treated with Ponceau-Fuchsin and Axophloxin solutions (0.75% (v/v) ponceau de xylidine, 0.25% (v/v) acid fuchsin and 0.5% (v/v) azophloxin dissolved in 1% acetic acid solution) for muscle and cytoplasm visualisation. Slides were treated in 0.6% (w/v) molybdophosphoric acid with 0.4% (w/v) Orange G (Sigma, UK, O3756) to visualise erythrocytes. The slides were washed in 1% acetic acid solution and stained with 0.2 (w/v) Light green SF (Sigma, UK, L5382) to visualize collagen. Any excess stain was rinsed off with H2O (for Alcian Blue/Sirius Red) or 1% acetic acid (for Goldner’s Trichrome) and slides were again dehydrated in increasing concentrations of ethanol and Histoclear, before mounting with dibutyl phthalate xylene (DPX) (Fisher Scientific UK, 10050080) and imaging on a Zeiss Axiovert200 digital imaging system. For immunohistochemistry, heat mediated antigen retrieval was undertaken for 20 min in citrate-based buffer (BOND Epitope Retrieval Solution 1, pH6; Leica Biosystems) for detection of VEGFR-2. Following a peroxidase block for 10 min, the sections were incubated for 60 min at room temperature with VEGFR-2 antibody (Millipore 07-1294) at a 1:100 dilution. Sections were subsequently incubated with anti-rabbit horseradish-peroxidase labelled polymer for 15 minutes and thereafter with the diaminobenzidine for 10 min. The slides were then counterstained for 5 min with hematoxylin (BOND Polymer Refine Detection Kit; Leica Biosystems) and thereafter dehydrated, cleared and mounted. For H&E staining, samples were dewaxed and rehydrated. The samples were placed in haematoxylin for 5 min and washed in running water for 20 s. Thereafter they were differentiated in 1% acid alcohol followed by Scott’s Tap Water Substitute for 2 min. The eosin solution was used to stain for 2 min followed by washing in running water for 20 s. The samples were then dehydrated, cleared in xylene and mounted.
[bookmark: _Hlk55731823]Evaluation of the number of lumens/vascular
Lumens and vascular-like structures were evaluated using histological sections stained with H&E and the software QuPath. Lumens and vascular structures were counted manually and normalized by scaffold area. 
Supplemental information
Full experimental section and additional figures. 
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