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Statement of Significance 

Nerve tissue engineering provides a potential way to overcome the limitations associated 

with current clinical grafting techniques for the repair of severe peripheral nerve injuries. 

However, the therapeutic cells within engineered nerve tissue require effective 

vascularisation in order to survive. This work therefore aimed to develop engineered nerve 

constructs containing aligned tube-like structures made from endothelial cells. Not only did 

this provide a method to improve vascularisation, it demonstrated for the first time that 

aligned endothelial cells can outperform Schwann cells in promoting nerve regeneration in 

the rat sciatic nerve model. This has introduced the concept of developing pre-vascularised 

engineered nerve tissues, and indicated the potential usefulness of endothelial cell 

structures in tissue engineering for peripheral nerve repair. 

 

 

 

Abstract 

Vascularisation is important in nerve tissue engineering to provide blood supply and 

nutrients for long-term survival of implanted cells. Furthermore, blood vessels in 

regenerating nerves have been shown to serve as tracks for Schwann cells to migrate along 

and thus form Bands of Büngner which promote axonal regeneration. In this study, we have 

developed tissue-engineered constructs containing aligned endothelial cells, or co-cultures 

of both endothelial cells and Schwann cells to test whether these structures could promote 

regeneration across peripheral nerve gaps. Type I rat tail collagen gels containing HUVECs 

(Human Umbilical Vein Endothelial Cells, 4×106 cells/ml) were cast in perforated tethering 

silicone tubes to facilitate cellular self-alignment and tube formation for 4 days of culture. For 

co-culture constructs, optimal tube formation and cellular alignment was achieved with a 

ratio of 4:0.5×106 cells/ml (HUVECs:Schwann cells). An in vivo test of the engineered 

constructs to bridge a 10 mm gap in rat sciatic nerves for 4 weeks revealed that constructs 

containing only HUVECs significantly promoted axonal regeneration and vascularisation 

across the gap, as compared to conventional aligned Schwann cell constructs and those 

containing co-cultured HUVECs and Schwann cells. Our results suggest that tissue-

engineered constructs containing aligned endothelial cells within collagen matrix could be 

good candidates to treat peripheral nerve injury. 
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 Introduction 1

Vascularisation is essential for tissue-engineered constructs in terms of support for cell 

survival after implantation and overall healing efficacy in vivo [1]. The ingrowth of blood 

vessels from the host to the implanted tissue construct often takes time, resulting in limited 

nutrients, hypoxic conditions and potential necrosis of the implant [2]. To date, several 

studies have aimed to develop vascularised tissue-engineered constructs to improve the 

efficacy of tissue regeneration [3-5], however studies focussed on the optimisation of 

vascularisation in peripheral nerve tissue engineering are lacking. 

In the peripheral nervous system, in addition to providing perfusion, blood vessels can act as 

guidance cues for Schwann cell migration and neuronal regeneration [6-9]. Endothelial cells, 

which mainly constitute the inner lining of blood vessels, are known to synthesise several 

factors that are supportive of nerve regeneration. When subventricular zone explants from 

the adult rat brain are co-cultured with endothelial cells, neurite outgrowth and migration of 

neurons are enhanced [9]. Similarly, vitronectin and heparin sulphate proteoglycans, 

glycoproteins expressed on the surface of endothelial cells, are involved in neurite activity 

and growth [10]. A study by Jauhiainen et al. (2019) showed that fibronectin and leucine-rich 
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transmembrane protein-3 (FLRT3), an axon guidance-related factor, regulates both VEGF-

signalling and endothelial cell functions [11]. Furthermore, Grasman and Kaplan (2017) 

reported that human umbilical cord vein endothelial cells (HUVECs) enhanced axonal growth 

from rat dorsal root ganglia by secreting neurotrophic factors, specifically brain-derived 

neurotrophic factor (BDNF), and growing axons were found to be in close proximity to 

clusters of HUVECs [8]. The surface of the blood vessel itself has also been demonstrated to 

support Schwann cell migration and formation of the bands of Büngner that help axonal 

regeneration following nerve injury [7].  

The intrinsic vasculature of the nerves predominantly exhibits a longitudinally oriented 

pattern, which is anastomosed to the adjacent vasa nervorum, suggesting the relevance of 

incorporating aligned micro-vessels in nerve engineered substitutes. Although some 

vascularised nerve grafting approaches have been used in the clinic, the use of donor nerve 

that can remain attached to vascular pedicles is the primary selection criteria for such grafts, 

which involves limited availability and leads to donor site morbidity [12-15]. As a result, pre-

vascularised tissue-engineered nerve constructs provide a useful new opportunity for 

investigation. 

Several approaches to enhance the vascularisation of tissue-engineered constructs have 

been developed, such as incorporating angiogenic growth factors [16, 17] or using 

genetically modified cells that over-express angiogenic genes [18, 19]. However, these 

approaches promote vascularisation by driving the angiogenic response in the surrounding 

host tissue, which may not vascularise larger grafts rapidly enough to support engrafted cell 

survival. A variety of approaches to generate engineered micro-vessels in vitro have been 

investigated. For example, mouse aortic endothelial cells seeded in a mixture of collagen gel 

and fibronectin, embedded in polydimethylsiloxane (PDMS) microchannels, formed vessels 

in vitro under laminar shear stress from fluid flow [20]. Other investigators have successfully 

developed blood vessels using endothelial cells embedded in fibrin-coated dextran 

microbeads or endothelial cell spheroids entrapped in fibrin gels and shown the ability to 

orient these vessels by applying tensional forces or magnetic fields [21, 22]. Some 

researchers also employed an intrinsic capability of endothelial cells to self-assemble into a 

network of micro-vessels within an ECM scaffold [23-26]. For example, HUVECs co-cultured 

with fibroblasts in collagen scaffolds supplemented with chitosan and glycosaminoglycan 

promoted the spontaneous formation of capillary networks [24]. Other studies showed that 

self-aligned tethered co-cultures of HUVECs and pericytes in fibrin gels formed highly 

interconnected microvascular patches for use as a component in cardiac tissue engineering 

[27, 28].  
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For nerve tissue engineering, aligned cellular scaffolds have been developed to mimic the 

supportive anisotropic Schwann cell environment present within nerve autografts, which are 

the current preferred clinical option for repairing severe nerve damage. Aligned Schwann 

cell-populated collagen gels tethered within silicone tubes undergo cellular self-alignment to 

form an anisotropic guidance substrate to support and guide neuronal regeneration [29]. 

Subsequent translational research has developed this concept further, incorporating stem 

cell-derived therapeutic cells, additional stabilisation steps, and bioresorbable outer tube 

materials [30-32]. However, implantation of dense cellular conduits can lead to challenges 

associated with local hypoxia and ischaemia, potentially causing the engrafted cells to adopt 

a phenotype that prioritises angiogenesis over regeneration support [33], or resulting in cell 

death and wastage of valuable therapeutic cells. Incorporating pre-engineered vascular 

structures may therefore offer a suitable approach to improve perfusion and overcome the 

problem of necrosis in tissue-engineered cellular nerve grafts, while simultaneously 

providing an additional directional growth substrate to support and guide neuronal 

regeneration [7]. 

The aim of this study was to develop aligned vascular structures using endothelial cells in 

tethered collagen hydrogels as a new approach for nerve tissue engineering. The addition of 

Schwann cells to the aligned endothelial cell structures was also investigated, yielding 

constructs containing both aligned tube-like endothelial cell structures and Schwann cells, 

which mimics key cellular components and architecture of native nerve tissue. The ability of 

these constructs to support and guide neuronal regeneration and vascularisation in vivo was 

investigated using a rat sciatic nerve injury model. 
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4×0.9 mm holes 

 Method 2

2.1 Cell culture 

Human umbilical vein endothelial cells (HUVECs; PromoCell) were grown in complete 

Endothelial Cell Growth Media (EGM) (PromoCell). They were used between passages 4 

and 10. Schwann cells were from the rat Schwann cell line SCL4.1/F7 (Health Protection 

Agency) and were grown in culture medium (Dulbecco’s Modified Eagle’s Medium , DMEM; 

Gibco). They were used between passages 4 and 20. All media were supplemented with 

10% v/v heat-inactivated foetal bovine serum (FBS; Thermo Fisher Scientific) and 1% v/v 

Penicillin/Streptomycin (Gibco) and replaced every 2 days. All cell cultures and subsequent 

experiments were maintained in a humidified incubator with 5% CO2/95% air at 37 ºC. 

2.2 Tissue engineering 

2.2.1 Creation of tethering holes in silicone tubes 

Medical-grade silicone tubes (inner diameter, 1.98 mm and outer diameter, 3.17 mm; 

Syndev) were cut to be 12 mm in length. Two rings of eight square holes (approximately 0.9 

mm sides) around each end of the silicone tube (16-hole construct, figure 1) were made with 

a 19-gauge hypodermic needle under a dissection microscope. The holes allowed the 

collagen gels that were subsequently formed within the tubes to become tethered exclusively 

at the ends of the tubes during contraction [29]. 

 

 

 

 

 

 

Figure 1. Schematic diagram showing the tethering holes in the walls of each end of the 

silicone tube. 

2.2.2 Fabrication of collagen gels 

To prepare 1 ml of collagen gel, 100 µl of 10× minimum essential medium (Sigma-Aldrich) 

was mixed with 800 µl of type 1 rat tail collagen (2 mg/ml in 0.6% acetic acid; FirstLink) and 

the mixture was neutralised using 43 µl of sodium hydroxide (diluted 1:10 in phosphate-

buffered saline, PBS; Gibco) before an addition of 100 µl of cell suspension (culture medium 
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containing 0.5-4.0×106 cells/ml as required). For multi-well plate assays, 75 µl of the mixture 

was added to individual wells of 96-well plates. For aligned gels, the engineered neural 

tissue (EngNT) system was used according to methods described previously [34]. Briefly, 

400 µl of the collagen and cell mixture was added to each rectangular EngNT mould at 4 C 

and incubated at 37 C for 15 min to allow gels to set. Cellular gels were then immersed in 

culture medium and incubated at 37 C in a humidified chamber with 5% CO2/95% air for at 

least 24 h to allow alignment to develop. This cellular self-alignment process has been 

characterised in detail previously and involves simultaneous organisation of cells and 

collagen fibrils [35]. Aligned cellular gels were then stabilised via plastic compression using 

RAFT absorbers (Lonza, Germany) for further use in vivo. For fully-hydrated gels in 

perforated silicone tubes, 100 μl of cellular collagen gel was made. To ensure cells were 

evenly distributed within the hydrogel, cells were resuspended in the 100 μl of neutralised 

collagen solution by slowly mixing with a pipette (10 cycles were sufficient to distribute cells) 

before injecting 50 μl into the silicone conduit from one end using the pipette. The remaining 

50 μl was used to fill and bridge between each tethering hole from the outside, then gels 

were incubated at 37oC for 15 min to set. Following gel setting, constructs were cultured for 

1-4 days depending on the experiment. Contraction of the tethered gels resulted in an 

aligned cellular hydrogel of length 10 mm forming between the attachment points, leaving a 

1 mm space at each end of the 12 mm silicone tubes to accommodate insertion of the nerve 

stumps. Final constructs for the in vivo tests were kept in cold Hibernate-A medium until 

surgical implantation. 

2.3 Surgical repair of rat sciatic nerve 

All surgical procedures were performed in accordance with the UK Animals (Scientific 

Procedures) Act (1986) / European Directive (2010/63/EU) and approved by the UCL 

Animal Welfare and Ethics Review Board. Eighteen wildtype male Wistar rats (225-300g) 

were randomised to three groups: Schwann cell (n=6), HUVEC (n=6), and Schwann cell-

HUVEC combined (n=6). All the rats were given daily injections of the immunosuppressant 

cyclosporine A (Sandimmune, Novartis at 10 mg/kg body weight i.p., diluted in saline 

solution), to prevent immune response to the transplanted cells. Dosing began three days 

prior to surgery and was continued daily for the duration of the experiment. Rats were deeply 

anesthetised by inhalation of 5% isoflurane in O2 in an induction chamber, and anaesthesia 

maintained with 2-2.5% isoflurane delivered via a mask throughout surgery. The left sciatic 

nerve was exposed at mid-thigh level and transected to create a 10 mm gap. In all groups 

the conduit was implanted by insertion of the proximal and distal nerve stumps 1 mm into the 

12 mm tube and coaptation to the conduit by two epineurial sutures (Ethilon 10/0; Ethicon-
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Johnson & Johnson, Brussels, Belgium) at each stump. Wounds were then closed in layers 

and animals were allowed to recover for 4 weeks. 

2.4 Preparation of nerves for histological analysis 

At the end point, rats were culled using CO2 asphyxiation and repaired nerves were excised 

and fixed in 4% paraformaldehyde (Sigma-Aldrich) for 24 h at 4 ºC. Fixed nerves were 

washed thoroughly with PBS and the silicone tube was removed and discarded. Nerves 

were incubated in 15% sucrose in PBS for ~30 min until tissues became submerged and 

then transferred to 30% sucrose in PBS overnight at 4 ºC. Nerve samples were then 

dissected into pieces for further analysis as shown in Figure 2. The segments were 

incubated for 2-4 h in 1:1 v/v 30% sucrose in PBS: optimal cutting temperature (OCT; Leica) 

solution. Samples were embedded in that 1:1 mixture in a cryosection mould (TAAB) and 

snap frozen in liquid nitrogen before storage at -80 ºC.  

Figure 2. Schematic diagram of the nerve tissue preparation for histological analysis. 

Red dotted lines indicate the locations of the transverse sections. 

Transverse sections (15 µm thick) were prepared from the proximal and distal stumps, at 

defined distances into the nerve stumps from the injury site, using a cryostat (Leica 

CM1860). The sections were adhered to glass slides (Superfrost TM Plus, Thermo Fisher 

Scientific) for histological analysis. The transverse sections that were used for analysis were 

from positions 1 mm into the proximal and distal stumps, or 1 mm into the proximal and 

distal parts of the repair site, measured from the repair boundaries (suture sites) in each 

case (Figure 2). 

2.5 Fluorescence labelling 
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For immunofluorescent staining, nerve sections were washed in PBS three times for 5 

min each wash. They were then permeabilised using 0.3% Triton X-100 (Sigma-Aldrich) 

for 30 min, blocked using 10% goat serum (Sigma-Aldrich) for 1 h, and then incubated in 

primary antibodies (Table 1) overnight at 4 °C. All primary antibodies reacted with rat 

tissue with the exception of CD31 (DAKO), the mouse monoclonal antibody JC/70A which 

specifically detects human endothelial cells, providing a method to identify transplanted 

HUVECs within rat tissues. All antibody dilutions were performed in PBS with 10 % goat 

serum. The following day, tissue sections were washed three times for 5 min in PBS then 

incubated with appropriate DyLight-conjugated secondary antibodies at room temperature 

for at least 1 h. Finally, sections were washed three times with PBS for 5 min each wash 

and mounted using VECTASHIELD Hard-set Mounting Medium with DAPI (Vector 

Laboratories). For Isolectin GS-IB4 staining, the same protocol was used, with nerve 

sections incubated in the fluorescent conjugated Isolectin (1:50) for at least 1h, followed 

by washing and mounting as for immunofluorescence. 

Cellular hydrogels from in vitro studies were fixed in 4% paraformaldehyde in PBS for 24 h at 

4 C, washed twice for 10 min with PBS, and then permeabilised in 5% Triton X-100 for 30 

min at room temperature. Gels were then washed three times with PBS for 10 min each 

followed by incubating with 5% goat serum for 30 min at room temperature to block non-

specific binding. Primary antibody (Table 1) was diluted in PBS and gels were incubated 

overnight at 4 C. The following day the gels were washed six times for 5 min each wash in 

PBS and incubated with secondary antibody in PBS (1:250) for 90 min at room temperature 

then washed again with PBS. Finally, gels were stained with Hoechst 33258 (1:1000) for 5 

min at room temperature and washed once more with PBS for 5 min.  

For phalloidin staining, cellular hydrogels were permeabilised in 5% Triton X-100 for 30 min 

at room temperature. Gels were then washed three times with PBS for 10 min each followed 

by incubation with phalloidin diluted 1:40 in PBS for 30 min at room temperature. Gels were 

washed three times with PBS for 10 min each. Finally, gels were stained with Hoechst 33258 

for 5 min at room temperature and washed once more with PBS for 5 min. 

Table 1. Antibody/isolectin/phalloidin manufacturers, dilutions and incubation times. 

Fluorescence labelling reagents 

Name Target 

species 

Brand Product code Dilution 
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2.6 Microscopy and image analysis  

Confocal micrographs of fluorescently labelled cells were captured using Zeiss LSM 710 

confocal microscopy at 20x magnification. Laser power and wavelength intensity settings 

were kept consistent and fields were selected using a standardised sampling protocol. For 

each cellular gel, three z-stacks were acquired in the side regions and middle regions, each 

containing 20-30 images (depending on the intensity of the signal at various depths). The 

emission signals of Alexa Fluor-488, Alexa Fluor-549, Alexa Fluor- 647 and DAPI were 

assigned to the green, red, magenta and blue channels respectively. Images were then 

exported using Zeiss LSM Image Browser software.  

Micrographs of cellular collagen hydrogels within the perforated silicone tubes were captured 

using a digital transmitted light inverted microscope (InvitrogenTM EVOSTM XL Core Imaging 

System). Image Composite Editor (Microsoft) was used to stitch overlapping images to 

generate a full view of the construct. For contraction analysis, gels were imaged after setting 

(0 h) and at 24 h and ImageJ software was used to determine the percentage change in 

area [36]. 

The degree of tube-like structure formation was measured using the Angiogenesis Analyser 

in ImageJ Software. For each gel, three maximum intensity z-stack confocal projections from 

both the middle and the side were reversed to 8-bit black and white for best recognition of 

individual structures by the Angiogenesis Analyser. The projections were cropped to remove 

regions where cobblestone layers were prominent, to prevent the software falsely 

recognising these as angiogenic structures. The mean tube length and orientation of tube-

CD31 Human Dako JC70A 1:200 

S-100 Rat Dako Z0311 1:400 

Neurofilament Rat Eurogentec SMI-35-050 1:1000 

Phalloidin - Thermo Fisher 

Scientific 

A12379 1:40 

Isolectin GS-IB4 Rat Thermo Fisher 

Scientific 

I32450 1:50 

DyLight 549  

anti-mouse IgG 

Mouse Vector 

Laboratories 

DI-2549 1:250 

DyLight 488  

anti-rabbit IgG 

Rabbit Vector 

Laboratories 

Di-1488 1:250 
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like structures were quantified using Volocity™ software (Perkin Elmer, Waltham, MA) 

running automated 3D image analysis protocols. 

For the analysis of axon growth in vivo, high contrast tile-scan confocal micrographs were 

used to quantify all the neurofilament positive axons present in each section. Counting 

was performed via Volocity™ software. The protocol settings remained consistent for each 

confocal micrograph. For each location within each nerve sample, three tissue sections were 

analysed. For the analysis of blood vessels in vivo, ImageJ software was used to count and 

measure the diameter of blood vessels in sections (three tissue sections measured per 

condition from 6 separate animals). For Schwann cell area measurement, the reconstructed 

confocal micrographs were converted to 8-bit greyscale using ImageJ software, the area 

corresponding to the nerve bridge or fibre was then selected, thresholded and made binary. 

The create selection function was used to automatically outline the thresholded area and 

then the stained area was quantified using the measurement function. 

2.7 Statistical analysis 

Statistical analyses of data were performed using GraphPad Prism 8.0.1. Prior to the 

statistical test, a Shapiro-Wilk normality test was used to determine whether repeats have a 

Gaussian distribution. For comparisons of experiments with two parameters a Student’s T-

test was performed for statistical significance and the standard error (SEM) was calculated 

for all. For experiments with multiple treatments for comparison, a one-way ANOVA 

statistical assessment (or Kruskal-Wallis test for non-parametric distribution) or a two-way 

ANOVA test was performed, accompanied by multiple comparison tests. Data showed in all 

graphs represent mean ± SEM, unless otherwise stated. Differences were considered 

significant when p < 0.05.  
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 Results 3

3.1 HUVECs form aligned tube-like structures in tethered collagen gels  

Self-alignment of cells in tethered collagen gels requires sufficient tension from the 

interaction between cells and matrix, which can be investigated by assessing the contraction 

of free-floating cellular gels. Determining the cell seeding density and culture time that 

achieves a certain threshold percentage contraction in free-floating gels (contraction profile), 

predicts the parameters likely to produce alignment throughout tethered gels [37]. Figure 3a 

shows the results of a 96-well plate assay used to quantify the contraction profile of HUVECs 

over a range of four cell densities: 0.5, 1, 2 and 4×106 cells/ml of collagen. Contraction 

increased with greater cell density, with almost 60% contraction achieved from 4×10
6
 

cells/ml (Figure 3b). It has been suggested that a cell seeding density that provides between 

50-80% contraction produces highly aligned cells in tethered gels [37]. Therefore 4×106 

cells/ml of collagen was used in the construction of tethered gels because this was the 

minimum density sufficient for alignment. Higher cell densities may have increased 

contraction further, but would increase the risk of over-contraction and detachment in 

tethered gels. Representative images of Phalloidin stained HUVECs within the gels and 

quantification of the network characteristics after 2, 4 and 8 days in culture are shown in 

Figure 3c-3h. The majority of cells within the gels were highly aligned at all time points, with 

the 4-day period showing the greatest alignment (Figure 3d). Tube-like structures were 

detected after 4 days of culture, whereas at day 2 the majority of cells had elongated 

individually but not formed structures, exhibiting a significantly lower number of meshes, 

branches, junctions and lengths Figure 3e-3h). After 8 days of culture, tube-like structures 

were not significantly improved in terms of average length and alignment when compared to 

4 days in culture, therefore a 4-day culture period was established as the optimum culture 

time to achieve tube-like structures.  
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Figure 3. HUVECs formed highly aligned tube-like structures in tethered collagen gels 

using rectangular EngNT moulds. Free-floating collagen gels containing HUVECs at 

different seeding densities after 24 h in culture (dotted yellow line indicates the area of the 

top surface of the hydrogel after contraction) (a), enabled construction of a contraction profile 

(b), mean ± SEM, n=4 gels per condition from a total of three experimental gel batches. 

Percentage contraction was calculated by comparing the area of the top surface of each gel 

to the area of the well. The photographs were from slightly different angles of the same 96-

well plate to accurately show the size of the contracted gels. (c) Confocal micrographs show 

aligned HUVECs and vascular networks following 3 culture periods: 2, 4 and 8 days, z -

distance 20 µm, step size 1 µm. White arrow indicates the longitudinal axis of the tethered 

gels. Scale bars, 120 µm. (d) 3D image analysis was used to calculate the angle of deviation 

between HUVEC tube-like structure alignment and the longitudinal axis of the gel. Boxes 

show interquartile range and median values; whiskers indicate maximum and minimum 

angles (n=270 cells from 3 different experimental gel batches). The Kruskal-Wallis test was 

used to compute statistical significance for data in the box and whisker plot. Number of 

meshes (e), junctions (f), branches (g) and total branching length (h) were compared in 2-

day, 4-day and 8-day cultured gels. Graphs show mean value ± SEM. n=7 gels. 

****P<0.0001, ***P<0.001, **P<0.01, *P<0.05, one-way ANOVA with Dunn’s multiple 

comparisons test was used for data in the bar graphs. 

Having established the ability of HUVECs to form aligned tube-like structures in tethered 

collagen gels, the formation of such structures in co-culture with Schwann cells was 

investigated. To optimise the ratio between Schwann cells and HUVECs, engineered tissues 

were made with four different Schwann cell seeding densities while the number of HUVECs 

remained constant at 4×106 cells/ml gel. It was observed that a HUVEC:Schwann cell ratio 

of 4:0.5 showed significantly greater endothelial cell network formation compared with the 

other 3 ratios (Figure 4). Although there was no significant difference in the endothelial 

network formation in the 4:1 group compared to 4:0.5, the number of meshes (Figure 4d), 

junctions (Figure 4e), branches (Figure 4f), and total branching length (Figure 4g) of the 

4:0.5 group were greater overall than in the other groups. In all cases, tube-like structures 

and Schwann cells were aligned with the longitudinal axis of the gels. From this experiment, 

the 4×106:0.5×106 ratio of HUVECs to Schwann cells was selected as the optimal co-culture 

seeding condition to yield both organised endothelial cell structures and aligned Schwann 

cells within a tethered collagen gel.   
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Figure 4. Aligned HUVEC tube-like structures in co-culture with Schwann cells in 

tethered collagen gels using rectangular EngNT moulds. (a, b) Confocal micrographs 

show HUVEC tube-like structures and Schwann cells aligned in co-culture at four different 

ratios: 4:4, 4:2, 4:1 and 4:0.5 (×106 cells/ml of gel). White arrow indicates longitudinal axis of 

the tethered gels. Scale bars, 100 µm. (c) Confocal 3D reconstruction illustrates tube-like 

vascular network and Schwann cell alignment at 4:0.5 ratio. Using ImageJ’s Angiogenesis 

Analyser plugin, number of meshes (d), number of junctions (e), number of branches (f) and 

total branching length of the tube-like structures (g) was obtained and compared at the four 

different ratios. Data are means ± SEM.  n=6 gels per condition from a total of two 

experimental gel batches. ****P<0.0001, ***P<0.001, **P<0.01, *P<0.05 by one-way ANOVA 

with Tukey’s multiple comparisons test. (h, i) Box-and-whisker plot of Schwann cell and 

endothelial tube-like structure alignment, respectively (n=270 cells from 3 different 

experimental gel batches). The Kruskal-Wallis test was used to compute statistical 

significance. Scale bars, 100 µm.  

3.2 HUVECs align and form tube-like structures in collagen hydrogels tethered 
within silicone tubes  

As shown in Figure 4, aligned HUVEC tube-like structures can be produced via cellular self-

alignment in tethered rectangular collagen gels. Implantation of these types of engineered 

tissues normally requires stabilisation to allow the gel to be removed from the tethering 

mould without loss of tension and structure [30-34]. However, when plastic compression was 

used to stabilise the aligned HUVEC gels, HUVEC viability and alignment were maintained 

but there was a ~50% reduction in tube-like structures (data not shown). As a result, the 

perforated silicone tube tethering system developed by Phillips et al. (2005) was applied in 

this study [29]. This system involves tethering the cellular gel within a silicone tube, using 

circumferential perforations at each end, enabling the tethered gel to be implanted whilst 

tension is maintained by the tube.  

HUVECs at a density of 4×106 cells/ml were incorporated within the collagen hydrogels that 

were cast within the silicone tubes. Figure 5 shows that HUVEC gels attached to the pores 

created in the silicone tubes and tethered the gels to maintain tension during contraction and 

cellular self-alignment (Figure 5a, b). HUVECs formed tube-like structures tethered within 

the silicone tubes over 4 days (Figure 5c). Also, a representative confocal orthogonal 

projection shows lumen structures enclosed by HUVECs (Figure 5d). Formation of 

endothelial structures associated with angiogenesis in the silicone tube system was 

equivalent to the results seen in rectangular EngNT moulds (Figure 5e-5h).  
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Figure 5. HUVECs aligned and formed tube-like structures in the silicone tube 

tethering system. HUVECs were seeded within collagen gels at 4×106 cells/ml which then 

integrated with the tethering points at the ends of the silicone tubes and allowed to contract 

in vitro. (a) Representative images showing a silicone tube with contracted cellular hydrogels 

inside at day 4 of culture. (b) Representative images of the hydrogel contraction in a silicone 

tube over 90 min at a density of 8×106 cells/ml. Scale bars, 1 mm. (c) Representative 

fluorescence micrographs showing HUVEC tube-like structures within the middle region of a 

gel tethered within a silicone tube and within a rectangular EngNT mould for 4 days of 

culture, immunostained for CD31. White arrow indicates longitudinal axis of the tethered 

gels. Scale bar, 52 µm. (d) Representative orthogonal view of xy confocal z slice and its 

respective xz (bottom) and yz (right) plane, depicting lumens of HUVEC tube-like structures 

(arrowheads) within a gel tethered in a silicone tube. Scale bar, 52 µm. Comparison of 

number of meshes (e), junctions (f), branches (g), and total branching length of tube-like 

structures (h) between two tethering systems: standard rectangular EngNT mould and 

perforated silicone tube. Data are means ± SEM. n=3 gels. 

3.3 Tethered aligned HUVEC and Schwann cell constructs support nerve 
regeneration and vascularisation in vivo 

A 10 mm gap rat sciatic nerve transection model was used to evaluate the potential of 

HUVEC-seeded aligned fully-hydrated tethered collagen constructs to promote peripheral 

nerve regeneration in vivo over 4 weeks of recovery. Six animals for each of the three 

groups (Schwann cell, HUVEC and HUVEC-Schwann cell) underwent surgery. Because 

immunocompetent wild-type rats were used, they were injected daily with cyclosporine-A to 

prevent immune rejection of the HUVECs. All animals received daily immunosuppression 

regardless of experimental group to avoid any confounding effects of the treatment. 

Constructs were assessed in vivo up to 4 weeks post-implantation, however 3/6 rats in the 

Schwann cell group and 3/6 rats in the HUVEC-Schwann cell group were terminated before 

the endpoint of the experiment due to signs of autotomy.  

Repaired nerves were dissected and analysed using transverse sections through the 

proximal and distal end of the repair site and proximal and distal stumps (Figure 6a). All 

groups exhibited a similar number of axons in the proximal stumps (Figure 6b). In the 

proximal device, distal device and distal stump there were more axons present in the 

HUVEC group compared with either the Schwann cell group or the HUVEC-Schwann cell 

group (Figure 6b,6c).  
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Figure 6. Tethered aligned HUVEC gels supported more neurite growth across a 10 

mm nerve repair than gels containing Schwann cells. (a) Representative confocal 

micrographs of transverse sections showing neurofilament (NF) positive neurites at four 

different positions in the repaired nerves; the proximal stump, proximal device, distal device 

and distal stump.  Scale bars, 100 µm. Insets show lower magnification views of the whole 

cross-sections (scale bars, 100 µm). (b) Quantification of the total number of neurofilament-

positive axons per transverse section at the four different positions across the repair site. (c) 

Axons in the distal device and distal stump expressed as a percentage of the number of 

axons in the proximal part of the device in each case. Data are mean ± SEM. n=3 for 

Schwann cell group and HUVEC-Schwann cell group and n=6 for HUVEC group. Two-way 

ANOVA showed significant differences between the three treatment groups (P<0.01), the 

four sampling positions (P<0.0001), but no significant difference in the interaction between 

them. Tukey’s multiple comparisons test was used to compare the three treatment groups at 

each sampling position and significant differences are indicated as *P<0.05, ***P<0.001.  

The vascularisation of the implanted constructs was investigated via histochemical staining 

of transverse sections using Isolectin IB4 (detects all blood vessels, both from host rat and 

implanted human endothelial cells) and CD31 (specifically detects HUVECs) (Figure 7a, 7b). 

The majority of both CD31+ and Isolectin IB4+ blood vessels were present near the tube 

wall, with a few located within the collagen matrices. The HUVEC-only group showed a 

significantly higher number of Isolectin IB4+ blood vessels in both the proximal device and 

distal device region compared with the Schwann cell-containing groups (Figure 7c). 

Immunolabeled-CD31 showed that some transplanted HUVECs survived and formed blood 

vessels in both regions, although there was considerable variability in the number of CD31+ 

blood vessels in the distal device region with one animal in the HUVEC group showing no 

CD31+ blood vessels in this position (Figure 7d). There were no significant differences in the 

diameter of blood vessels between different locations and groups (Figure 7e).   
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Figure 7. Vascularisation of the constructs following rat sciatic nerve repair. (a) 

Representative fluorescence micrographs of Isolectin IB4+ (detects all blood vessels, both 

from host rat and implanted human endothelial cells) and CD31+ (specifically detects human 

endothelial cells) blood vessels in transverse sections from proximal device and distal device 

positions, 4 weeks following repair of 10 mm rat sciatic nerve gap. Scale bars, 100 µm. Inset 

images show close-up lumen structures (Scale bars, 20 µm). Graphs show number of 

Isolectin IB4+ (b) and CD31+ blood vessels (c), and (d) diameter of Isolectin IB4+ blood 

vessels at each location. Box plots show min, max and median, with lower and upper 

quartile. Data are mean ± SEM. n=3 for Schwann cell group and HUVEC-Schwann cell 

group and n=6 for HUVEC group. Two-way ANOVA with Tukey’s multiple comparisons test 

revealed a significant difference (P<0.0001) in the number of Isolectin IB4+ blood vessels 

and number of CD31+ (human endothelial cells) blood vessels between the proximal and 

distal positions analysed, and significant differences between groups, ***P<0.001, *P<0.05. 

In order to determine Schwann cell migration following injury and repair, the total area of 

positive Schwann cell staining in transverse sections at the proximal device and distal device 

regions was examined in the three groups (Figure 8a). Schwann cells appeared to be mostly 

distributed close to the tube wall at the proximal device site and not in the collagen matrices, 

whereas they were more evenly distributed across the distal device site. Interestingly, there 

were significantly more Schwann cells present in the HUVEC group compared to the 

Schwann cell group at the proximal device region (Figure 8b). This trend was also present at 

the distal device region, however this was not significant. In contrast, there was no difference 

in the number of Schwann cells between the Schwann cell and HUVEC-Schwann cell group. 

Schwann cells were closely associated with the regenerated axons at the proximal device 

sites and the distal device sites in all groups (Figure 8c). 
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Figure 8. Area of Schwann cells in the constructs following rat sciatic nerve repair. (a) 

Representative fluorescence micrographs of S100+ Schwann cells in transverse sections 

from proximal device and distal device positions, 4 weeks following repair of a 10 mm rat 

sciatic nerve gap. Scale bars, 100 µm. (b) Area of S100+ Schwann cells at each location. 

Data are mean ± SEM. n=3 for Schwann cell group and HUVEC-Schwann cell group and 

n=6 for HUVEC group. (c) NF and S100 double immunohistochemistry of transverse 

sections from proximal device sites and distal device sites. Scale bars, 100 µm. Two-way 

ANOVA with Tukey’s multiple comparisons test revealed a significant difference (P<0.05) in 

area of S100+ Schwann cells between the proximal and distal position, and significant 

differences between groups, *P<0.05.  
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 Discussion 4

Vascularisation in nerve tissue engineering is important, to supply nutrients and oxygen to 

cellular constructs and to enhance nerve regeneration. In this study, the primary objective 

was to develop aligned endothelial cell structures in collagen hydrogels and to assess their 

efficacy in nerve repair. By using the natural ability of endothelial cells to self-align in 

response to cell-generated tension within tethered collagen gels, aligned 3-dimensional 

engineered tissues were formed. These contained highly organised tube-like human 

endothelial cell structures after 4 days in culture. Co-cultures of HUVECs and Schwann cells 

in tethered collagen gels enabled the formation of Schwann cell constructs containing 

microvascular network structures, providing a more sophisticated way to engineer potential 

nerve repair constructs that incorporate more than one cell population found in the nerve 

graft. This study used a tubular tethering system to deliver aligned cellular conduits into a 

nerve repair environment in a rat model, allowing the ability of engineered neural tissues 

containing aligned endothelial cell structures to support nerve regeneration to be tested in 

vivo.   

HUVECs were used in this study because they are relatively easy to obtain, are robust in 

culture, and are capable of endothelial cell tube formation in vitro [38, 39]. Human 

endothelial cells have been shown previously to contract collagen gels [40, 41]. The 

optimised cell seeding density to generate aligned cells within tethered collagen constructs 

was identified here using a multi-well plate assay [37]. 4×106 HUVECs showed 

approximately 60% gel contraction which yielded highly aligned cells within tethered collagen 

gels. It has been demonstrated previously with 1.5 mg/ml collagen gels that 3×106 HUVECs 

exhibited around 65% gel contraction [41]. This is consistent with our study since cellular 

gels tend to contract less with higher concentrations of collagen (2 mg/ml in this case), which 

means more cells are needed to achieve the same contraction percentage.  

The presence of aligned interconnected endothelial cell tube-like structures in collagen gels 

after 4 days in culture is consistent with several previous studies [25, 26, 42, 43]. In the 

tethered gels, after a 2-day culture period endothelial cells had started to fuse and form 

tubules, with the majority being individually elongated cells at this stage. Sieminski et al. 

reported that HUVECs formed elongated tube-like structures with lumens within 2 days in 

culture in 1.5 mg/ml constrained collagen gels [43]. Also, HUVEC-coated fibrin beads have 

been shown to produce sprouts at day 2 and within 5 days lumens were formed [39]. Here, 

tube-like structures in an 8-day gel were similar to those in 4-day gels, which is consistent 

with previous work that showed no great changes in network appearance, or lumen size, 

when endothelial cells are cultured for longer periods in collagen gels [43].  
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In addition to creating engineered HUVEC structures in collagen gels, the present study 

explored the addition of HUVEC structures to the aligned Schwann cell environment that has 

been used previously to support neuronal regeneration [29, 34]. Co-culture experiments in 

vitro can be challenging due to the different media requirements for individual cell 

populations, but in this case EGM was used because Schwann cells were shown to grow 

normally in this media (data not shown). Endothelial cells failed to survive and form networks 

when Schwann cells were present at a greater ratio than 4×106:1×106 (HUVEC:Schwann 

cell) in the gels. This is consistent with a previous study which demonstrated that Schwann 

cells can produce soluble substances, mainly TIMP-2, that inhibit angiogenesis as well as 

endothelial cell proliferation rate [44]. Previous work using a mouse endothelial cell line (3B-

11) cultured on a matrix of basement membrane extract showed that the density of cells has 

a profound impact on tube formation [45]. Insufficient cells per volume yields minimal tube 

formation and networks, whilst at high cell density, cells appear to clump together or form 

monolayers. In the present study, there were few tubes and little network formation with 

fewer than 4×10
6 
HUVECs per ml in the gels. As a result, the number of HUVECs was kept 

constant at 4×106 and the number of Schwann cells was varied, allowing different ratios to 

be explored and revealing that of the four options tested the ratio 4×106 HUVECs:0.5×106 

Schwann cells resulted in optimal endothelial network formation and alignment.  

Removal of aligned cellular gels from the tethering mould would result in loss of tension and 

structure. To overcome this, manufacture of EngNT using Schwann cells and various other 

therapeutic cell types requires stabilisation of gels using plastic compression with RAFT 

absorbers [30-34]. Here, it was found that RAFT stabilisation was detrimental to the integrity 

of the endothelial tube structures, so an alternative method for implanting the cellular gels in 

their tethered fully hydrated state was applied. We adapted the method developed by Phillips 

et al. (2005), where a silicone tube was perforated circumferentially near each end to create 

tethering sites, then used to demonstrate self-aligned Schwann cell-seeded collagen gels 

supported nerve regeneration across a 5 mm rat sciatic nerve injury gap at 8 weeks [29]. We 

found that HUVECs self-aligned and formed tube-like structures in the perforated tube 

tethering system after 4 days, and this was then used to deliver the cellular gels for in vivo 

tests. It should be noted that a silicone conduit was used as an outer sheath during 

transplantation in this study. Silicone conduits have been used extensively in animal models 

to investigate peripheral nerve regeneration [46-48] and also used in a 5-year follow-up 

clinical study by Lundborg et al. (2004) [49]. Silicone is not an ideal conduit material for 

clinical nerve repair due to its mechanical mismatch and non-biodegradability, which can 

cause nerve compression syndrome requiring a second operation to remove the silicone 

tube [50, 51]. Further studies could explore the use of degradable biomaterials that could 
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form a suitable outer sheath component to tether cellular gels and replace the silicone tubes 

for future translation to clinical application. 

The rat sciatic nerve injury model was used to investigate whether a 10 mm aligned HUVEC-

based engineered tissue could support nerve regeneration, and how this might compare to a 

construct containing Schwann cells as a more conventional approach. An additional co-

culture group was included to explore the potential benefit of having both endothelial cell 

structures and Schwann cells present in the same material. The HUVEC constructs 

demonstrated a significantly greater capacity for supporting neuronal extension across the 

repair site when compared with the other two groups which contained Schwann cells. The 

HUVEC group also showed the greatest extent of vascularisation and Schwann cell 

infiltration, the latter being despite the additional Schwann cells delivered to the repair site in 

the other two groups. In this experiment it was not possible to distinguish between host and 

implanted Schwann cells, but based on the observations made here it would be interesting 

to explore the interaction between implanted and host Schwann cells in future studies . 

HUVECs were identifiable post-implantation through the use of human-specific CD31 

antibody labelling, confirming that transplanted HUVECs survived to the 4-week end point 

and were present as integrated vascular structures. This corresponds to several previous 

studies which reported accelerated anastomosis of implanted endothelial cell-seeded 

hydrogel scaffolds in animal tissues [52-54]. Overall, the results of our in vivo study showed 

that engineered tissues containing aligned endothelial tube-like structures could be good 

candidates to treat nerve repair.  

Future work could involve testing this construct in a longer gap model over a longer time, in 

order to establish efficacy in terms of morphometric data and functional outcomes compared 

with current clinical approaches (conduits and autografts). Different early time points could 

also be considered to examine the effect of the tissue-engineered constructs during the early 

stages of nerve regeneration. It would be interesting to explore why and how HUVEC tube-

like structures alone outperformed similar constructs containing combinations of HUVECs 

and Schwann cells, since both cell types have been implicated as being beneficial in nerve 

repair. It is possible that the Schwann cells in the co-culture condition may have released 

factors that reduced the capacity of the HUVECs to form robust integrated vascular 

structures after implantation. Newly-formed blood vessels within the nerve bridge that forms 

after transection injury can serve as a scaffold to support Schwann cells adhesion and 

migration, resulting in enhanced axonal regeneration [7]. In this study, the HUVEC group 

increased Schwann cell recruitment into the nerve bridge, showing a significant difference 

near the proximal end of the conduit, which is consistent with the idea that vascular 

structures promote Schwann cell migration from nerve stumps into the repair site. It is 
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possible that the interaction between Schwann cells and HUVECs in the co-culture 

constructs, which was apparently detrimental to regeneration, vascularisation and Schwann 

cell migration, could be improved by decreasing the Schwann cell seeding density, the 

addition of exogenous angiogenic factors or the incorporation of supportive stromal cells 

such as fibroblasts and pericytes [52, 55, 56]. 

 Conclusions 5

In conclusion, this study has shown that engineered tissues which contain aligned networks 

of endothelial cell tube-like structures can be generated in 4 days using tethered collagen 

gels. Engineered tissues made using HUVECs outperformed those containing Schwann 

cells in terms of neuronal growth, vascularisation and Schwann cell infiltration in a 10 mm rat 

sciatic nerve model at 4 weeks. These results highlight the dual potential of pre-vascularised 

engineered neural tissue constructs to provide enhanced vascularisation and direct support 

for regenerating axons. Future studies will need to explore the functional benefits from using 

nerve conduits containing aligned tube-like vascular structures to bridge longer gaps in vivo, 

over longer time points in comparison with approaches currently used in the clinic. 
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