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a b s t r a c t 

Engineered neural tissue (EngNT) promotes in vivo axonal regeneration. Decellularised materials (dECM) 

are complex biologic scaffolds that can improve the cellular environment and also encourage positive 

tissue remodelling in vivo . We hypothesised that we could incorporate a hydrogel derived from a de- 

cellularised tissue (dECMh) into EngNT, thereby providing an alternative to the currently used purified 

collagen I hydrogel for the first time. Decellularisation was carried out on bone (B-ECM), liver (LIV-ECM), 

and small intestinal (SIS-ECM) tissues and the resultant dECM was biochemically and mechanically char- 

acterised. dECMh differed in mechanical and biochemical properties that likely had an effect on Schwann 

cell behaviour observed in metabolic activity and contraction profiles. Cellular alignment was observed 

in tethered moulds within the B-ECM and SIS-ECM derived hydrogels only. No difference was observed 

in dorsal root ganglia (DRG) neurite extension between the dECMh groups and collagen I groups when 

applied as a coverslip coating, however, when DRG were seeded atop EngNT constructs, only the B-ECM 

derived EngNT performed similarly to collagen I derived EngNT. B-ECM EngNT further exhibited similar 

axonal regeneration to collagen I EngNT in a 10 mm gap rat sciatic nerve injury model after 4 weeks. 

Our results have shown that various dECMh can be utilised to produce EngNT that can promote neurite 

extension in vitro and axonal regeneration in vivo . 

Statement of significance 

Nerve autografts are undesirable due to the sacrifice of a patient’s own nerve tissue to repair injuries. 

Engineered neural tissue (EngNT) is a type of living artificial tissue that has been developed to overcome 

this. To date, only a collagen hydrogel has been shown to be effective in the production and utilisation of 

EngNT in animal models. Hydrogels may be made from decellularised extracellular matrix derived from 

many tissues. In this study we showed that hydrogels from various tissues may be used to create EngNT 

and one was shown to comparable to the currently used collagen based EngNT in a rat sciatic nerve injry 

model. 

© 2022 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Peripheral nerve injury (PNI) can be debilitating and, although 

here have been improvements in microsurgical techniques, clini- 
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al outcomes following repair remain poor [1] . For large gaps, in 

hich it is impossible to achieve tension-free end-to-end repair, 

he current therapeutic gold standard is an autologous transplant, 

hereby nerve tissue from elsewhere in the patient’s body is re- 

oved and used to bridge the injury site [ 1 , 2 ]. Autografts contain

tructural and biochemical cues, in the form of site-appropriate ex- 

racellular matrix (ECM) and tissue resident cell populations, pro- 

iding an environment that is supportive of axonal regeneration 
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cross the gap. Embracing advances in biomaterials, cell biology, 

ngineering and biomechanics, nerve guidance conduits (NGCs) 

im to mimic components of the autograft whilst overcoming the 

isadvantages of donor site morbidity, morphometric mismatch, 

he requirement for two surgeries and limitations in availability 

 3 , 4 ]. Desirable features of NGCs include biocompatibility with the 

urrounding tissue, flexibility, the ability to be sutured into the 

njury site, and the incorporation of chemotactic, structural, and 

opographical cues for directional axonal regeneration [ 3 , 4 ]. Tis- 

ue derived NGCs have included autologous transplants of skele- 

al muscle, with its basal lamina and anisotropy, tendon, and vein 

5] , or rinsed small intestinal segments [6] , with each displaying 

ariable abilities to repair peripheral nerve lesions. Decellularised 

erve allografts have shown promise in bridging small gap injuries 

 1 , 2 ] and, whilst they contain tissue specific ECM, they lack the

ecessary cellular support required for regeneration across long 

aps [ 2 , 7 ]. 

Previously we have described a method of producing highly 

ligned sheets of cells embedded in a purified collagen I matrix, 

nown as engineered neural tissue (EngNT), that can act as a sub- 

trate for directional neurite extension in vitro and may also be 

olled into conduits that promote in vivo axonal regeneration [ 8 , 9 ].

o date, we have investigated a variety of cell types including rat 

erived Schwann cells [9] , differentiated adipose-derived stem cells 

10] and clinical grade neural stem cells [ 8 , 11 ]. The main material

omponent has remained a purified collagen I hydrogel derived ei- 

her from rat tail [12] or bovine skin [13] . 

The ECM exists in a state of dynamic reciprocity with its cel- 

ular microenvironment and is intrinsically involved in the main- 

enance and regeneration of tissues following injury [14] . Decel- 

ularised ECM (dECM), derived by removing cellular and antigenic 

omponents from mammalian tissues, is biologically complex; it 

ontains structural proteins with naturally occurring motifs for cell 

dhesion and ligand binding, acts as a reservoir for growth factors, 

nd its degradation products have been shown to promote positive 

issue remodelling in vivo [14] . It is further possible to partially 

igest lyophilised dECM powder into a thermoresponsive and pH 

ensitive hydrogel (denoted dECMh) that can be directly injected 

o injury sites [15–18] or used as a cell delivery system [ 19 , 20 ]. 

The use of dECMh for nervous system repair has largely fo- 

ussed on the central nervous system with injectable hydrogels 

tilised for traumatic brain injury [ 21 , 22 ] and as cell/ drug carriers

or spinal cord repair [23] , however recently, considerable research 

as expanded the use of dECMh for the repair and regeneration of 

eripheral nerves [24–26] . Within peripheral nerve repair, dECMh 

ave predominantly been used as acellular materials [ 24 , 25 , 27 ] or

o deliver growth factors [ 26 , 27 ]. We hypothesise that due to the

igh evolutionary conservation of ECM [28] and its innate struc- 

ural and biochemical cues, dECMh derived from a range of tissues 

ill possess the ability to modulate neural cell behaviour. These 

aterials may therefore provide an environment that improves the 

onditions of implanted cells within EngNT, subsequently enhanc- 

ng the neural cell milieu within an injury, and thus enhancing pe- 

ipheral nerve repair outcomes. Herein we present three dECMh 

erived from bovine cancellous bone (B-ECM), porcine liver (LIV- 

CM) and porcine small intestinal submucosa (SIS-ECM). The re- 

ultant hydrogels are required to be predominantly fibrillar in or- 

er to accommodate the formation of EngNT via uniaxial tension. 

herefore, dECM derived from peripheral nerve was not consid- 

red due to its high collagen IV content, thus requiring higher 

ydrogel concentrations to achieve sufficient gelation [ 29 , 30 ]. B- 

CM is 90% collagen I [31] ; a B-ECM derived hydrogel has previ- 

usly shown similar mechanical properties to a collagen I hydro- 

el [32] , and, moreover, some growth factors commonly found in 

emineralised bone matrix (DBM) can be neurotrophic [33] . There- 

ore B-ECM was chosen as a candidate for the present study. With 
125 
espect to B-ECM, similarities in mechanical properties and dis- 

arities in biochemical composition led us to investigate LIV-ECM. 

erve conduits fashioned from SIS-ECM have been reported with 

ome promise, although not in hydrogel form [ 34 , 35 ], and so SIS-

CM was selected to be investigated. Each of the dECMh candidate 

aterials were characterised in vitro in order to select one candi- 

ate to be taken forward into an in vivo injury model. 

. Materials and methods 

.1. Bone preparation and decellularisation 

Bovine tibias were procured from an EU certified butcher 

J. Broomhall Ltd., Dursely, UK). 12–24 month-old animals were 

laughtered, and the bones were sliced into 5 mm segments to be 

hipped on the same day. The segments were stored at -20 °C un- 

il required. After defrosting to room temperature, the bone was 

rocessed to separate the bone marrow and cortical tissue from 

he cancellous bone. Only the cancellous segments were used and 

hese were washed in phosphate-buffered saline (PBS) contain- 

ng 0.1% w/v Gentamicin (Invitrogen, Paisley, UK). These segments 

ere then snap frozen in liquid nitrogen and ground into pieces 

o larger than 4 mm x 4 mm x 4 mm. The pieces were then fur-

her submerged in liquid nitrogen and ground into a powder in a 

ommercial coffee grinder (Krups F203). 

An adapted version of a previously described method [32] was 

tilised to remove the mineral content of the cancellous bone 

ranules. The material was suspended in 0.5 N HCl (20 ml/g bone) 

y agitating using a magnetic stirrer at 300 rpm for 24 hours at 

oom temperature and then rinsed several times in distilled water. 

he resultant demineralized bone matrix (bDBM) had lipid con- 

ent extracted via a one hour exposure to a mixture of 1:1 chloro- 

orm and methanol (Fisher Scientific, Loughborough, UK) followed 

y rinsing in methanol and then PBS. The material was then snap 

rozen in liquid nitrogen, lyophilized for 48 hours and then stored 

t -20 °C. 

The lyophilized bDBM was then subjected to an adapted enzy- 

atic decellularization treatment [36] . A solution of 0.05% trypsin 

Sigma-Aldrich, Poole, UK) and 0.02% ethylene-diamine tetraacetic 

cid (EDTA) (Sigma) was used to decellularize the bDBM under 

onstant agitation at 300 rpm at room temperature for 24 hours. 

his material, now known as bovine decellularized matrix (B-ECM) 

as agitated in PBS for 24 hours at room temperature to remove 

ny remaining cellular material. The B-ECM was then lyophilized 

nto a powder for 48 hours and then stored at 4 °C for later use. 

.2. Liver preparation and decellularisation 

Porcine liver was harvested from animals 3-6 months old and 

rocured on the day of slaughter (RB Elliot, Chesterfield, UK). The 

iver was segmented, connective tissue removed and stored at - 

0 °C for later use. Prior to decellularization, the liver segments 

ere further processed into 3mm slices using a mandolin slicer 

Amazing Kitchenware, London, UK). 

A previously described method was adapted [37] . The 3mm 

iver slices were placed in conical flasks and first washed in dH 2 O 

or 15 minutes x three times on a magnetic stirrer at 300 rpm at 

oom temperature. The water was drained, and the slices placed 

ack into the flasks. Three consecutive treatments were then ap- 

lied: 0.02% trypsin/0.05% EDTA (Sigma) at 37 °C, 3% Triton X-100 

Sigma) at room temperature and 4% sodium deoxycholate (Sigma) 

t room temperature. All treatments were for 1 hour and per- 

ormed at 300 rpm on a magnetic stirrer and between treatments 

he slices were gently massaged over a sieve before being washed 

hree times at room temperature in dH 2 O at 300 rpm. The resul- 

ant LIV-ECM was stored at 4 °C in dH2O for 16 hours and weighed. 
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epyrogenation was performed using 0.1% peracetic acid in 4% 

thanol for 2 hours at room temperature and at 300 rpm on a 

agnetic stirrer. After sequential washing in PBS and dH 2 O, both 

or 15 minutes, the dECM was snap frozen, lyophilized into a pow- 

er and stored at 4 °C for later use. 

.3. Small intestinal submucosa preparation and decellularisation 

Porcine small intestine was harvested from animals 3-6 months 

ld and procured on the day of slaughter (RB Elliott). A previously 

escribed method was adapted to process the small intestine [38] . 

he jejunum was separated from the large intestine, connective tis- 

ue was removed, and it was cut into lengths of approximately 1m. 

he tissue was washed extensively by running H 2 O through the 

umen until the runoff became clear, before being sliced longitudi- 

ally. 

The tissue was then everted luminal side facing up and a por- 

ion of the tunica serosa removed through gentle abrasion. The tis- 

ue segment was then inverted to be abluminal side facing up and 

he muscular externis removed via mechanical abrasion; a motion 

hat further removes the tunica serosa underneath. The resultant 

ubmucosa was washed in PBS on a mechanical shaker at 300 rpm 

t room temperature. Subsequently, the SIS was treated with 0.1% 

eracetic acid in 4% ethanol for 2 hours followed by two sequential 

ashes in PBS and deionised water; all treatments performed on a 

echanical shaker at 300 rpm at room temperature. The resultant 

IS-ECM sheets were then frozen at -80 °C for 24 hours, lyophilised 

nd stored at 4 °C. Sheets were milled into powder before digestion. 

.4. ECM hydrogel formation 

.4.1. Digestion and solubilisation 

A previously described method was employed to achieve dECM 

olubilisation [32] . Lyophilised dECM powders were added to 1 

g/ml pepsin in 0.01 N HCl solution to make up a final dECM con- 

entration of 10 mg/ml. In other words, 1 g dry dECM was mixed 

ith 100 mg pepsin in 100 ml 0.01 N HCl. The suspension was 

ixed on a magnetic stirrer at room temperature for 48 hours 

LIV-ECM, SIS-ECM) or 72 hours (B-ECM) until no visible partic- 

late was observed. Now known as an “ECM digest” these were 

ubsequently centrifuged at 20 0 0 rpm for 5 minutes, aliquoted and 

tored at - 20 °C or used immediately. 

.4.2. Neutralisation and gel formation 

Gelation was achieved via basic neutralisation as previously de- 

cribed [32] . All solutions were kept at 4 °C. Briefly, ECM digests 

ere mixed with 0.1 N NaOH (1/10 volume of pre-gel solution) 

nd 10X PBS (1/9 volume of pre-gel solution). 1X PBS was further 

sed to adjust the solution to the desired concentration and vol- 

me before raising the temperature to 37 °C to promote gelation. 

revious work showed that 2 mg/ml collagen I hydrogels showed 

ptimal contraction and alignment [39] , however, at this concen- 

ration dECMh were not able to form a robust hydrogel. As such, 

he experiments in this work used 4 or 6 mg/ml dECMh. 

.5. dECM characterisation 

.5.1. Histology 

Tissue was fixed in 3.7% (w/v) paraformaldehyde (PFA), using a 

0:1 ratio (PFA:Tissue), straight after each experiment. The tissue 

as incubated in PFA for 48 hours before rinsing with the same 

olume PBS. An automated tissue processor (Leica TP1020) was 

sed to penetrate the tissue with melted paraffin wax. Briefly, the 

issue was dehydrated using increasing concentrations of ethanol 

25%; 50%;75%; 95%; 100%) to fully remove water content from 

he tissue. Once the tissue was fully penetrated by ethanol, the 
126 
thanol was replaced by Histoclear, a clearing agent that is misci- 

le in ethanol and paraffin wax. In the final step, Histoclear was 

eplaced with melted paraffin wax ( ∼60 °C). Following this pro- 

ess, the tissue was wax embedded using a wax embedder (Le- 

ca EG1160). Briefly, the tissue was placed in a stainless-steel base 

ould, orientated as required and then covered with melted wax 

efore left to set on a cooled plate (-20 °C) until fully hardened. 

he histopathology unit at Queens Medical Centre (QMC) Notting- 

am (UK) conducted sectioning, staining and imaging. Tissue sec- 

ions were cut into 5 mm sections. Three sections were taken per 

ample. A Hamamatsu Nanozoomer NDP slide scanner was used to 

can all slides. 

The following stains were chosen for histological analysis: 

aematoxylin & Eosin (nuclei and cytoplasm), Alcian blue (gly- 

osaminoglycans), and picrosirius red (collagen). 

.5.2. dsDNA quantification 

An adaptation of a previously reported method was used to 

uantitatively measure double stranded DNA (dsDNA) content [40] . 

CM powders of known weight were digested in a proteinase k so- 

ution containing 0.5M EDTA, 10% Sodium dodecyl sulphate (SDS), 

M Sodium chloride (NaCl) for 24 hours at 60 °C. DNA was ex- 

racted from the proteinase k digests by addition of 25:24:1 (v/v/v) 

henol/ chloroform/ isoamyl alcohol. A DNA pellet was formed 

hrough precipitation at -80 °C from the aqueous phase via addi- 

ion of 3 M sodium acetate (pH 5.2) and 100% ethanol followed 

y centrifugation at 10,0 0 0 g for 10 minutes. Pellets were washed 

n ethanol, dried, and then resuspended in 1 x TE buffer (PanReac 

ppliChem, Italy). Total dsDNA concentration was calculated using 

 Quant-iT TM PicoGreen dsDNA assay kit (Invitrogen, Paisley, UK). 

tandard curves of 0 to 10 0 0 ng/ml were produced and the DNA 

xtracts were diluted and absorbances read using a plate reader 

Tecan Infinite 200. Tecan, Reading, UK). 

.5.3. Glycosaminoglycan quantifications 

DMMB reagent, a light-sensitive cationic dye that specifically 

inds to sulphated glycosaminoglycans (sGAG), was produced via 

issolving 16 mg/L of 1,9-dimethylmethylene blue in 5 mL of 100% 

thanol and addition of 40 mM glycine 40 mM NaCl. The pH of the 

MMB solution was adjusted to 1.5 pH using HCl. 

ECM powders of known weight were digested in 0.125 mg/ml 

apain in phosphate buffer supplemented with 0.01 M cysteine 

nd 0.01 M EDTA at 60 °C for 24 hours. The digests were then di-

uted and placed in a 96 well-plate before adding DMMB solution. 

 standard curve was produced of 0 -75 μg/ml chondroitin sul- 

hate from shark cartilage and absorbance was measured at 540 

m with a reference of 620 nm using a Tecan 200 plate reader. 

.5.4. Rheological characterisation of dECM hydrogels 

Rheological measurements were carried out using a Physica 

CR 301 rheometer. The apparatus was cooled in a humidified 

hamber to 4 °C prior to digest addition and then warmed to 37 °C 

o induce gelation. 200 μl of ECM digest was added to the lower 

arallel plate, cooled to 4 °C; there was a 0.2 mm gap between the 

wo 25 mm parallel plates. A time sweep of 20 minutes at constant 

ngular frequency (1 rad/s) and amplitude (1% oscillatory strain) 

ith readings every 30 s was first performed to record gelation 

inetics. The gel was then subjected to an amplitude sweep from 

.1% to 200% oscillatory strain with a constant angular frequency of 

 rad/s to record strain stiffening behaviour and maximum moduli. 

.6. Cell culture 

.6.1. F7 Schwann cell culture 

SCL4.1/F7 (Health Protection Agency, UK) Schwann cells were 

aintained in culture medium (Dulbecco’s modified eagle’s 
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Fig. 1. dECM and dECM hydrogel production with biochemical and rheological analysis. [A] Decellularisation of tissues, pre-gel production via pepsin digestion and neutrali- 

sation to pH 7.4 form hydrogels under physiological conditions. [B-C] Biochemical analysis: dsDNA content of native and decellularised tissues to confirm decellularisation [B] 

with sGAG quantification of dECM [C]. [D-E] Rheological analysis: Time sweep of 4 mg/ml dECM hydrogels to observe gelation profile [D] and strain sweep of 4 mg/ml dECM 

hydrogels to observe material response to strain [E]. Data are mean ± SEM, n = 4 [B-C], n = 3 [D-E]. One-way ANOVA with Tukey’s multiple comparisons test. Statistical 

significance is designated as ns = not significant , ∗∗P < 0.01, ∗∗∗P < 0.001, ∗∗∗∗P < 0.0 0 01. 
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edium (DMEM), Sigma) supplemented with penicillin (100 

/ml)/ streptomycin (100 mg/ml) (Sigma) and 10% v/v foetal 

ovine serum (Thermo Fisher Scientific) in standard cell culture 

asks. 

.6.2. Dorsal root ganglia preparation and culture 

All experimental procedures involving animals were conducted 

n accordance with the UK animals (Scientific Procedures) Act 

1986) and approved by the UCL animal ethics advisory group. Dis- 

ected dorsal root ganglia (DRGs) were prepared from adult (200- 

00g) Sprague Dawley rats, the spinal nerve, ventral and dorsal 

oots removed before incubation in 0.125% collagenase (Sigma) for 

.5 hours at 37 °C. Dissociation was aided by trituration followed by 

wo washes in cell culture medium (DMEM). The suspension was 

lated onto cell culture flasks coated with poly-d-lysine (Sigma) 

PDL) and incubated for 24 hours with cytosine arabinoside (0.01 

M) to deplete satellite glia. 

.6.3. Cellular hydrogel production 

dECM digests were neutralised and made up to desired con- 

entrations and volumes using a buffer solution containing 0.1 N 

aOH (Sigma), 10X MEM (Thermo Fisher Scientific) and 1X PBS 

Sigma). Following neutralisation, cell laden pre-gels were pre- 

ared by using 90% v/v dECMh (4 or 6 mg/ml) with 10% v/v F7 cell

uspensions with the correct cell number to achieve the desired 

nal density. Gelation was then induced by incubation at 37 °C for 

5 minutes. 75 μl gels were prepared for the 96-well plate con- 

raction assay, whereas 400 μl gels were prepared and placed in 

ethering moulds in 6-well plates to create aligned anisotropic en- 

ineered neural tissue (EngNT). Tethering moulds were made from 

olyether ether ketone and consisted of a rectangular chamber 

5 × 3 × 6 mm with two vertical posts at each end ( Fig. 1 B) [41] .

or the contraction assay the gels were mechanically removed from 

he edge of the well plate and 200 μl of DMEM added to each well
127 
o form “free-floating” cellular gels. For the alignment assay, fol- 

owing gelation in the tethered moulds enough DMEM was added 

o each 6-well plate to cover the entire mould. All gels were fur- 

her incubated at 37 °C in a humidified incubator with 5% CO 2 / 95%

ir for 24 hours. 

.6.4. EngNT sheet production 

Plastic compression was performed by removing the hydrated 

ellular gels from their 400 μl moulds and placing them under- 

eath raft absorbers, separated by a fabric mesh for 15 seconds 

SIS-ECM), 25 seconds (B-ECM), 45 seconds (LIV-ECM), and 3 min- 

tes (Collagen I); different times associated with different EngNT 

tructural integrity. The resultant sheets of EngNT were then ei- 

her placed in media for co-culture with neurons or fixed in 4% 

araformaldehyde overnight at 4 °C for immunostaining. 

.7. Cell assays 

.7.1. 3D CellTiter-Glo®

dECM and collagen I (Collagen Solutions, UK) hydrogels at con- 

entrations of 6 mg/ ml were formed, seeded with F7 Schwann 

ells at a concentration of 0.5 × 10 6 cells/ ml, and placed in a cell 

ulture incubator at 37 °C and 5% CO 2 / 95% air for 1 hour. DMEM

as aspirated and the gels placed in a black 96-well plate. 1:1 

MEM: CellTiter-Glo® reagent was added and the plate placed on 

 shaker at 120 rpm for 20 min. Luminescence was measured using 

 microplate reader. 

.7.2. Neurite outgrowth assay 

Neurons obtained from DRG cultures were seeded on top of 

9 mm cover slips coated with 50 μg/ml poly-d-lysine (PDL; 

igma-Aldrich) followed by either 50 μg/ml collagen I or 50 μg/ml 

ECM. Cultures were covered in DMEM-complete and maintained 

t 37 °C in a humidified incubator with 5% CO / 95% air for 72
2 
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ours, following which they were washed in PBS and fixed in 4% 

araformaldehyde overnight at 4 °C for immunostaining. 

.7.3. Neurite co-culture assay 

Dissociated DRGs were seeded on top of EngNT sheets in 6- 

ell plates (around 2 DRGs per construct), allowed to settle for 30 

inutes before addition of enough DMEM-complete to completely 

over the constructs and incubated at 37 °C in a humidified incu- 

ator with 5% CO 2 / 95% air for 72 hours. Following incubation, the 

onstructs were washed with PBS and fixed in 4% paraformalde- 

yde overnight at 4 °C for immunostaining. 

.8. Repair of 10-mm sciatic nerve defect 

All experimental procedures involving animals were conducted 

n accordance with the UK animals (Scientific Procedures) Act 

1986) and approved by the UCL animal ethics advisory group. 

emale Wistar rats (200-225 g) were used for the following ex- 

eriments due to their decreased growth rate, when compared to 

ales. 

The left sciatic nerves of each rat were transected at mid-thigh 

evel to form a 10 mm gap. 12 mm silicone tubes were introduced 

nto the injury site either as empty tubes or filled with 400 μl 

ngNT derived from purified rat tail collagen I or B-ECM hydro- 

els. 1 mm of the distal and proximal nerve stumps were inserted 

nto corresponding ends of the devices and sutured in place with 

pineural sutures (Ethilon 10/0: Ethilon-Johnson & Johnson, Brus- 

els, Belgium). The muscular layer was closed with sutures (Ethilon 

/0) and the wounds closed with wound clips. Animals were mon- 

tored for 28 days post-surgery. 

Following the 28-day experimental period, animals were culled 

ia overdose of anaesthesia. Sciatic nerves were harvested under a 

issecting microscope: connective tissue around the conduits was 

eparated from the muscle and the nerves cut approximately 6 

m from the distal and proximal sutures (Supplementary Fig. 4). 

erves were immediately placed in 4% paraformaldehyde on ice 

nd fixed overnight at 4 °C. The silicone tubes were then removed, 

nd the nerves were then placed in 15% sucrose in PBS overnight, 

r until sunk, before being placed in 30% sucrose overnight. The 

erves were then dissected as depicted in Supplementary Fig. 5 

nd embedded in 1:1 v/v sucrose in PBS: optimal cutting tem- 

erature (OCT; Leica) solution within a cryosection mould (TAAB). 

oulds were placed in liquid nitrogen to snap-freeze the samples 

hat were then stored at -20 °C for sectioning. 

.9. Image analysis 

.9.1. Measurement of contraction 

Following their 24-hour incubation time, images were captured 

f each gel following removal of culture media. Percentage contrac- 

ion was calculated in ImageJ by measuring the area of each gel as 

 percentage of the total area of the well. 

.9.2. Quantification of cellular alignment 

Z-stacks of cellular constructs were imaged from specified re- 

ions of the gel and imported into Volocity TM (Perkin Elmer, UK) 

or 3D image analysis. The software was used to assign each cell 

s an “object” with parameters applied to separate touching ob- 

ects and to exclude objects outside a designated size range. Each 

bject was then assigned a length corresponding to their longest 

xis, and the software was then used to calculate their angle of 

eviation from the longitudinal axis of the construct. 

.9.3. Measurement of neurite length in vitro 

Neurite length was automatically calculated using the “Simple 

eurite Tracer” plugin in ImageJ. 3 whole gels/ coverslips per con- 
128 
ition were used for data collection. Mean neurite length was cal- 

ulated as the mean length of neurites within each field, whilst 

ongest neurite was calculated as the longest neurite extending 

rom each DRG neuron. 

.9.4. Automatic counting of neurofilament positive axons from 

n vivo experiments 

Tile scan confocal images were obtained from a Zeiss LSM710 

onfocal microscope. These were used to quantify the number of 

eurofilament positive axons present in each region of the graft 

ollowing surgical nerve repair. Volocity TM software was used to 

utomate this process. Briefly, the endoneurium was selected as 

he region of interest and the image cropped. This was followed 

y the assignment of objects of a minimum threshold of intensity, 

orresponding to axons, as well as size exclusion of objects and 

eparation of touching objects. Three areas on each section were 

andomly selected for manual counting to compare with the au- 

omated protocol to ensure accuracy. The protocol was accepted if 

he two separate counts fell within 10% range. 

.9.5. Blood vessel counting and lumen diameter measurement 

A Zeiss AxioLab.A1 fluorescence microscope was used to count 

ECA-1 positive blood vessels. Blood vessels were only counted if 

hey contained a clear lumen. Measurement of blood vessel diam- 

ter was conducted on fluorescence images using ImageJ. 

.10. Statistical analysis 

Normality tests were conducted to assess distribution of data. 

ne-way or two-way analysis of variance (ANOVA) tests were fol- 

owed by a Tukey test (with Kramer correction for unequal sample 

izes, as noted). For all tests, ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001,

nd 

∗∗∗∗P < 0.0 0 01 were considered to be significant. All data are 

xpressed as mean ± SEM. 

. Results 

.1. Biochemical characterisation of dECM powders 

Following decellularisation treatments the resultant tissues ap- 

eared white or translucent ( Fig. 1 A). Decellularisation was con- 

rmed via a lack of observable nuclei in H&E staining (Supplemen- 

ary Fig. 1) and over 90% reductions in dsDNA content ( Fig. 1 B).

GAG were further present in all dECM materials ( Fig. 1 C), however 

-ECM presented the lowest sGAG content with 0.380 ± 0.04 μg/ 

g dry tissue weight, whereas the SIS-ECM possessed the highest 

ith 3.90 ± 0.27 μg/ mg. Picosirius red staining revealed an abun- 

ance of collagenous fibrils throughout all three dECM scaffolds 

Supplementary Fig. 1) and the maintenance of both the LIV-ECM 

nd SIS-ECM native collagen architecture. The Alcian blue staining 

hows a strong retention of sGAG within the SIS-ECM and some 

etention within the LIV-ECM when compared with their native 

taining. 

.2. Rheological characterisation of dECM hydrogels 

Robust hydrogels were formed from all three dECM materi- 

ls ( Fig. 1 A). A sigmoidal gelation profile was observed for each 

f the hydrogels ( Fig. 1 D). B-ECM hydrogel had the highest com- 

lex modulus of 17.57 ± 0.69 Pa, followed by the LIV-ECM hydro- 

el (13.25 ± 1.90 Pa), whilst the SIS-ECM hydrogels had the low- 

st complex modulus of 11.45 ± 1.6 Pa. Every material began to 

tiffen at around 25% strain ( Fig. 1 E); however, the SIS-ECM hydro- 

el reached its maximum modulus at 47.6% strain, in contrast to 

he B-ECM and LIV-ECM hydrogels maximum moduli occurring at 

9.5% and 73.9% strain respectively. The B-ECM hydrogel had the 
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Fig. 2. F7 Schwann cell response to dECM hydrogels. [A] Free-floating dECM hydrogels containing different seeding densities of F7 Schwann cells following a 24-hour 

incubation time, scale bars = 2 mm. [B] 4 mg/ml dECM hydrogel seeded with 4 × 10 6 F7 Schwann cells inside a tethered mould. [C-E] Contraction profiles for B-ECM 

[C], SIS-ECM [D], and LIV-ECM [E] 4 mg/ml and 6 mg/ml hydrogels at different seeding densities, mean ± SEM, N = 3 from 3 independent experimental gel digest batches. 

Contraction is displayed as a percentage and calculated via comparing the area of the top of the gel to the area of the well. [F] Contraction profile of 4 mg/ml dECM hydrogels 

seeded with 4 × 10 6 F7 Schwann cells and different concentrations of anti-CD49 α to block integrin α1. [G-I] Confocal micrographs of F7 Schwann cells seeded at 4 × 10 6 

in B-ECM [G], SIS-ECM [H], and LIV-ECM [I] 4 mg/ml hydrogels, scale bars = 100 μm. [J] Angle of Schwann cell deviation from long axis of cellular constructs [K]. Shape 

factor analysis for F7 Schwann cells within dECM hydrogels. [L] Metabolic activity of F7 Schwann cells seeded at 0.5 × 10 6 in 6 mg/ml dECM hydrogels as a percentage 

to collagen controls (red dotted line). Data are mean ± SEM, n = 5 gels per condition from 3 independent experimental gel digest batches. One-way ANOVA with Tukey’s 

multiple comparisons test. Statistical significance is designated as ns = not significant , ∗∗P < 0.01, ∗∗∗P < 0.001, ∗∗∗∗P < 0.0 0 01. 
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argest strain stiffening response, followed by SIS-ECM, whilst LIV- 

CM had the lowest. Data for 8 and 6 mg/ml hydrogels are shown 

n Supplementary Fig. 2. 

.3. F7 Schwann cell mediated contraction in dECM hydrogels 

Following a 24-hour incubation, 4 and 6 mg/ml hydrogels 

eeded with F7 Schwann cells were seen to have contracted away 

rom the edges of 96 well-plates ( Fig. 2 A) and tethering moulds 

 Fig. 2 B). dECM hydrogel contraction was dependent on both dECM 

nd cell seeding concentrations ( Fig. 2 C-E). Contraction was high- 

st for 4 mg/ml B-ECM hydrogels seeded with 4 × 10 6 cells/ml 

80.7 ± 6.8%) and lowest for the 6 mg/ml LIV-ECM hydrogels 

eeded with 0.5 × 10 6 cells/ml (11.0 ± 2.2%). When further incu- 

ated with anti-CD49 α to disrupt α1 integrin-mediated cell-matrix 

nteraction, F7 Schwann cell-seeded 4 mg/ml dECM hydrogel con- 

raction was inhibited in a dose-dependent manner ( Fig. 2 F). Inte- 

rin blocking was most effective for the B-ECM hydrogels, reduc- 

ng contraction from 67.7 ± 8.1% to 9.0 ± 1.7%. Contraction was 

educed from 49.3 ± 6.7% to 12.7 ± 4.7% and 53.7 ± 5.1% to 22.3 

4.5% in LIV-ECM and SIS-ECM hydrogels respectively. 

.4. dECM hydrogels support F7 Schwann cell alignment 

Fig. 2 G-I shows that the magnitude of cellular self-alignment of 

7 Schwann cells differed between the dECM hydrogels following a 

4-hour incubation. F7 Schwann cells within B-ECM and SIS-ECM 

ydrogels appeared to show a higher level of alignment with re- 

pect to their LIV-ECM derived counterpart and this was supported 

ia the measurement of the angle of deviation of single cells from 

he long axis of the gel constructs ( Fig. 2 J). F7 Schwann cells fur-

her presented an elongated, bipolar morphology within B-ECM 

nd SIS-ECM hydrogels ( Fig. 2 G &H) and appeared more rounded 

ithin the LIV-ECM hydrogels ( Fig. 2 I); this was confirmed through 

hape factor analysis of individual cells ( Fig. 2 K). The metabolic ac- 

ivity of the F7 Schwann cells was highest for B-ECM gels and low- 

st for the SIS-ECM gels, respectively 158.9 ± 6.2% and 96.5 ± 3.2% 

f the collagen control. Within the LIV-ECM, the F7 Schwann cells 

ere observed to have 128.7 ± 5.8% metabolic activity of the col- 

agen control ( Fig. 2 L). 

.5. dECM coated coverslips support DRG neurite outgrowth 

dECM coatings were applied to coverslips to investigate interac- 

ions between the biochemical components of the different dECM 

n primary neuronal cell cultures. DRG neurite extension was ob- 

erved on each of the dECM coatings as well as on the colla- 

en I comparator ( Fig. 3 A-D). No significant difference was found 

etween the groups for either mean neurite length ( Fig. 3 E) or 

ongest neurite lengths ( Fig. 3 F). Mean neurite lengths for B-ECM 

nd collagen I coatings were both found to be 108.9 ± 10.7 μm and 

01.3 ± 9.0 μm, respectively, whilst LIV-ECM and SIS-ECM coatings 

ere 93.1 ± 8.3 μm and 94.0 ± 2.8 μm, respectively. 

.6. dECM EngNT support DRG neurite outgrowth 

Primary DRG cultures were further cultured onto EngNT sheets 

ade using dECM or collagen I to investigate neurite extension as 

 function of ECM components within a 3D in vitro model. Follow- 

ng stabilisation, the EngNT derived from SIS-ECM hydrogels ap- 

eared to lose its structural integrity in comparison to the other 

aterials (Supplementary Fig. 3). All types of EngNT supported 

eurite outgrowth ( Fig. 3 G-J). B-ECM EngNT had the highest mean 

eurite length of 170.7 ± 6.6 μm, equivalent to 170.3 ± 3.5 μm 

bserved on the collagen I derived EngNT ( Fig. 3 K). Mean neu- 

ite lengths on LIV-ECM and SIS-ECM EngNT however were signifi- 

antly lower: 114.1 ± 3.1 μm and 107.5 ± 6.6 μm, respectively ( P < 
130 
.001). Whilst neurites extending on B-ECM, SIS-ECM and collagen 

 derived EngNT ( Fig. 3 G, H, & J) were seen to align along the long

xis of the gel, those on the LIV-ECM derived EngNT extended in a 

on-directional manner ( Fig. 3 I). 

.7. B-ECM EngNT promotes similar axonal regeneration to collagen I 

erived EngNT in vivo 

At 28 days post transplantation in a rat sciatic nerve injury 

odel, tissue regeneration across the 10 mm gaps varied between 

he groups. When compared with the empty silicone tube, a more 

obust tissue can be observed to bridge the proximal and distal 

tumps of both EngNT groups, however the tissue was not as sub- 

tantial as that seen in the autograft (Supplementary Fig. 5). His- 

ological analysis of the proximal sections (Supplementary Fig. 4) 

howed that, in all groups, nerve tissue densely populated with 

xons had infiltrated the conduits and grafts ( Fig. 4 A). Quantitative 

nalysis showed that the autograft and EngNT groups showed sim- 

lar axon counts at the proximal region of the graft whilst slightly 

ower axon counts were observed in the empty tube ( Fig. 4 B). The

istal region counts show more variation with 85.8 ± 68.0 axons 

een in the distal region of the empty tube group compared to the 

098.7 ± 660.0 axons in the autograft group. 2461.2 ± 1082.9 ax- 

ns were observed at the distal region of the B-ECM EngNT group 

hilst 1966.7 ± 402 axons were counted in the collagen I derived 

ngNT group. Fig. 4 C shows that axonal regeneration was similar 

etween the B-ECM EngNT and collagen I EngNT groups (32.4 ±
2.8% and 28.1 ± 6.5% of the proximal region, respectively). This 

as significantly ( P < 0.0 0 01) higher than that observed in the 

mpty silicone tube control (1.4 ± 1.1% of the proximal region). The 

utograft, however, showed 75.2 ± 6.4% axonal regeneration. 

S100 and neurofilament staining within the empty tube re- 

ealed small, yet organised areas of tissue ( Fig. 5 ). Neurofilament 

ositive axons and S100 positive cells may be seen across the lon- 

itudinal sections of the B-ECM EngNT and collagen I derived En- 

NT groups. In both groups the axons and Schwann cells appear 

ore ordered at the proximal regions when compared to the distal. 

n comparison, the autograft group showed a sparser organisation 

f Schwann cells, although this structure was largely maintained 

hroughout toward the distal end ( Fig. 5 ). 

Fig. 6 shows that the autograft group had the highest blood ves- 

el counts at both the proximal (55.2 ± 4.8) and distal (55.1 ± 8.6) 

ections. In contrast the empty tube, B-ECM EngNT, and collagen I 

erived EngNT all possessed similar blood vessel counts of 40.4 ±
.4, 43.3 ± 4.1, and 39.0 ± 6.7 at the proximal region, respectively 

nd 37.0 ± 2.0, 37.9 ± 4.3, and 38.1 ± 3.8 at the distal region of 

he graft, respectively. Blood vessel diameters appeared consistent 

ithin all groups at around 10 μm at the distal and proximal re- 

ions. 

. Discussion 

Previously described EngNT utilised a purified collagen I hydro- 

el as a biomaterial for the delivery of a variety of cell types for 

eripheral nerve repair [ 8 , 9 , 11 ]. Here we present three alternative

iomaterials in the form of dECMh derived from a range of dif- 

erent tissues. dECM are complex biomaterials that can improve 

he regenerative potential of cell therapies via the presentation of 

tructural and biochemical cues that are more representative of 

hose observed in vivo [ 14 , 42 ]. 

The three dECM materials were biochemically distinct. Lower 

sDNA contents, whilst indicative of a more complete decellu- 

arisation process, were associated with a lower sGAG content. 

chieving sufficient removal of antigenic material whilst retaining 

iologically active soluble factors is important when considering 

he effect dECM materials have in vitro and in vivo . In particular 



S.C. Kellaway, V. Roberton, J.N. Jones et al. Acta Biomaterialia 157 (2023) 124–136 

Fig. 3. Dorsal root ganglia response to dECM and dECM EngNT. Rat DRGs after 48 hour incubation seeded on coverslips coated with 50 μg/ml B-ECM [A], SIS-ECM [B], 

LIV-ECM [C], and collagen I [D]. Scale bars = 100 μm. Mean neurite length [E] and longest neurite length [F] for DRGs seeded on dECM and collagen I coated coverslips. 3D 

co-cultures of DRGs seeded on B-ECM [G], SIS-ECM [H], LIV-ECM [I], and collagen I [J] derived EngNT. Scale bars = 200 μm. Mean neurite length [K] and longest neurite 

length [L] for 3D co-culture models. Data are presented as means ± SEM, N = 3 (coverslips) N = 5 (co-culture). One-way ANOVA with Tukey’s post hoc test, ∗P < 0.05, ∗∗∗P 

< 0.001, ∗∗∗∗P < 0.0001. 
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Fig. 4. B-ECM EngNT promotes similar axonal regeneration to collagen I EngNT in vivo . Representative confocal micrographs of neurofilament positive axons in the proximal 

and distal regions of empty tubes, collagen I EngNT, B-ECM EngNT, and autografts 28 days post-surgery. Scale bars = 100 μm [A]. Axon counts for the proximal and distal 

location of each group via the quantification of neurofilament positive axons in each region [B]. Percentage of axons in distal graft compared to proximal graft [C]. Data are 

mean ± SEM N = 6 animals for the B-ECM and collagen EngNT, N = 5 animals for the autograft, and N = 4 animals for the empty tube. Two-way ANOVA with Tukey’s 

multiple comparisons test (with Kramer correction for unequal sample sizes) [A]. One-way ANOVA with Tukey’s multiple comparisons test (with Kramer correction for 

unequal sample sizes) [B]. Statistical significance is designated as ns = not significant , ∗∗P < 0.01, ∗∗∗P < 0.001, ∗∗∗∗P < 0.0 0 01. 
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or xenogeneic dECM, residual cellular material such as dsDNA or 

ipids can cause adverse inflammatory responses [43] , whereas re- 

oval of soluble components such as growth factors and sGAG can 

ignificantly impair the bioactivity of the scaffolds [ 44 , 45 ]. Addi- 

ionally, some harsh decellularisation treatments that achieve high 

ellular removal have the potential to cause irreversible structural 

amage to the ECM components and so it cannot be assumed that 

 more decellularised tissue is inherently superior to a less decel- 

ularised tissue [ 46 , 47 ]. There was a higher metabolic activity of

7 Schwann cells in the B-ECM, which had a lower dsDNA content 

hereas there was lower metabolic activity in the SIS-ECM which 

ad a higher dsDNA content. This may be due to a greater level of 

ellular survival within the B-CM hydrogel. 
132 
Sigmoidal gelation curves were observed unsurprisingly, due to 

hese dECM primarily being collagen based and this behaviour has 

een shown before in B-ECM derived hydrogels [32] . However, the 

train stiffening responses differed greatly, likely due to their dif- 

erences in collagen I content [ 32 , 48 ], and this may have affected

he way in which these materials react to the generation of EngNT. 

-ECM hydrogels began to stiffen at much higher strains, and so 

his likely accounts for their improved structural integrity follow- 

ng contraction and plastic compression. 

Cellular hydrogel contraction is a prerequisite for cellular self- 

lignment in the process of producing EngNT constructs [39] . Con- 

raction assays showed a similar dependency on hydrogel and 

ell concentrations to those observed in collagen I hydrogels by 
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Fig. 5. Neurofilament positive axons and S100 positive Schwann cells within the implanted grafts. Representative confocal micrographs of NF and S100 staining of 6 mm 

longitudinal sections of autograft, B-ECM EngNT, collagen I EngNT, and empty tube groups 28 days post-surgery. Scale bar = 500 μm. 
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’Rourke, Drake, Cameron, Loughlin and Phillips [39] . Moreover, 

hrough the CD49 α inhibition assay, the magnitude of dECM hy- 

rogel contraction was found to be largely dependent on cell- 

ollagen interactions involving α1 integrin. Contraction did not 

ecessarily directly correlate with the self-alignment of the F7 

chwann cells; SIS-ECM and LIV-ECM hydrogels showed similar de- 

rees of contraction at 4 × 10 6 cells/ml and 4 mg/ml hydrogel 

oncentrations, however, F7 Schwann cells seeded in LIV-ECM hy- 

rogels did not align. On the other hand, F7 Schwann cells within 

he B-ECM and SIS-ECM hydrogels displayed high levels of cellu- 

ar alignment. A feature which might contribute to the success of 

chwann cell implantation is the influence the biomaterial has on 

ncouraging a repair Schwann cell phenotype [49] . In line with 

revious work [ 39 , 50 ], greater magnitudes of cellular alignment, 

nd subsequent tissue anisotropy, were associated with an elon- 

ated, bipolar F7 Schwann cell morphologies; a hallmark of the re- 

air Schwann cell phenotype [49] . 

Improving neurite extension is a multifaceted challenge; the 

xtracellular and cellular components of substrates can affect the 

peed and directionality of extending neurites. For example, some 

GAG have been reported to increase neurite extension [51] , whilst 

thers are inhibitory [ 52 , 53 ]. Structural ECM components can af- 

ect neurite extension: laminin increases neurite extension [54–

6] , whilst there are conflicting reports with collagen I [55–57] . It 

as therefore surprising that coating coverslips with dECM showed 

hat the biochemical profiles of the dECM appeared to have little 

irect effect on elongation of neurites. On the other hand, the in- 

eractions between the cellular dECM EngNT and neurites seems 

rucial. It is possible to attribute the reduced growth of the neu- 

ites on the LIV-ECM EngNT to the lack of cellular alignment as 

here is consensus that aligned substrates consistently result in in- 

reased in vitro neurite extension [ 51 , 58 ]. Higher neurite extension 
133
n the B-ECM EngNT may further be explained by the mechanical 

roperties of the B-ECM hydrogel. It was shown to have a higher 

omplex modulus, even more so through its strain stiffening re- 

ponse, and so it is likely the structural integrity of the artificial 

issue was maintained and a more robust substrate for neurite ex- 

ension provided. The lower neurite extension on the SIS-ECM En- 

NT may be due to lower cell viability of the F7 Schwann cells 

ithin SIS-ECM hydrogels, thus affecting the neurite extension as 

hown in Georgiou, Bunting, Davies, Loughlin, Golding and Phillips 

12] . Aligned, robust EngNT is therefore likely necessary for provid- 

ng a substrate that is supportive of neurite extension. The results 

rom these in vitro models led to the selection of the 4 mg/ml B- 

CM hydrogel for further investigation within an in vivo rat injury 

odel. 

A 10-mm sciatic defect was repaired using silicone tubes con- 

aining either B-ECM derived EngNT and collagen I derived EngNT. 

ur model used empty silicone tubes and autografts to provide a 

floor” and a “ceiling” of regeneration respectively, and was based 

n previous data published by our group [59] . Central to improv- 

ng functional outcomes following peripheral nerve injury is pre- 

enting chronic denervation via increasing the rate at which axons 

xtend through NGCs or grafts [60] . Axon counts were therefore 

aken at the distal region of the implanted grafts and controls and 

ompared to the axon counts within the proximal region to assess 

ow the rate of regeneration differs between the groups. The key 

nding from this experiment was that B-ECM EngNT is as support- 

ve of nerve regeneration as collagen I derived EngNT. Although the 

utograft group was superior in terms of axonal regeneration, this 

as in line with previous work by Muangsanit, Roberton, Costa 

nd Phillips [50] where the experimental groups lie within a spec- 

rum of axonal regeneration provided by the empty conduit and 

utograft groups at either margin. By increasing the time point 



S.C. Kellaway, V. Roberton, J.N. Jones et al. Acta Biomaterialia 157 (2023) 124–136 

Fig. 6. Vascularisation of B-ECM EngNT is similar to that of collagen I EngNT. Representative fluorescence micrographs of RECA-1 positive blood vessels within the proximal 

and distal regions of empty tubes, collagen I EngNT, B-ECM EngNT, and autografts 28 days post-surgery. Scale bars = 100 μm [A]. Quantification of RECA-1 positive blood 

vessels at the proximal and distal regions of each group [B]. Blood vessel diameter [C]. Box plots show min, max, and median with lower and upper quartile. Data are 

presented as mean ± SEM. n = 6 animals for the B-ECM and collagen EngNT, n = 5 animals for the autograft, and n = 4 animals for the empty tube. 
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f the model, regeneration within the EngNT groups may match 

hat observed in the autograft group. Moreover, due to the limita- 

ions in size of the EngNT sheets, the majority of space within the 

xperimental conduits is unoccupied. Therefore, regeneration may 

e improved by the employment of multiple sheets of EngNT per 

onstruct, providing a more robust bridging tissue that could be 

 more supportive substrate for axonal regeneration. Within these 

tudies a larger gap should be employed, as well as functional tests 

uch as electrophysiological assessments, to gain further insight 

nto how these materials may be aiding the regeneration process. 

. Conclusion 

In summation, dECM hydrogels were diverse in biochemical 

omposition and thus, different cellular responses to each dECM 

as observed. The results from this study have shown, for the first 

ime, that hydrogels derived from xenogeneic non-tissue specific 

issues, when incorporated into EngNT, can promote neurite ex- 

ension in vitro as well as axonal regeneration in vivo . This study 
134 
herefore sets a precedent for further investigating the utilisation 

f more sophisticated biomaterials, such as dECMh, to be incorpo- 

ated into EngNT for peripheral nerve repair. 
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