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Abstract

Oesophageal tissue engineering is a therapeutic alternative when oesophageal replace-

ment is required. Decellularised scaffolds are ideal as they are derived from tissue-specific

extracellular matrix and are non-immunogenic. However, appropriate preservation may sig-

nificantly affect scaffold behaviour. Here we aim to prove that an effective method for short-

and long-term preservation can be applied to tissue engineered products allowing their

translation to clinical application. Rabbit oesophagi were decellularised using the detergent-

enzymatic treatment (DET), a combination of deionised water, sodium deoxycholate and

DNase-I. Samples were stored in phosphate-buffered saline solution at 4˚C (4˚C) or slow

cooled in medium with 10% Me2SO at -1˚C/min followed by storage in liquid nitrogen

(SCM). Structural and functional analyses were performed prior to and after 2 and 4 weeks

and 3 and 6 months of storage under each condition. Efficient decellularisation was

achieved after 2 cycles of DET as determined with histology and DNA quantification, with

preservation of the ECM. Only the SCM method, commonly used for cell storage, main-

tained the architecture and biomechanical properties of the scaffold up to 6 months. On the

contrary, 4˚C method was effective for short-term storage but led to a progressive distortion

and degradation of the tissue architecture at the following time points. Efficient storage

allows a timely use of decellularised oesophagi, essential for clinical translation. Here we

describe that slow cooling with cryoprotectant solution in liquid nitrogen vapour leads to reli-

able long-term storage of decellularised oesophageal scaffolds for tissue engineering

purposes.

Introduction

Tissue engineering can offer effective alternatives to conventional treatments through the

development of bio-constructs that can restore or replace damaged tissue and organs. To fully
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respond to rising clinical needs it is now necessary to reconsider tissue engineering from a

manufacturing point of view, scaling up clinical grade scaffold production in a cost-effective

manner [1]. The goal of an ‘off-the-shelf’ scaffold availability can only be achieved if the entire

process is refined, with particular focus on storage conditions. As tissue engineering pro-

gresses, tissue preservation increasingly becomes a bottleneck limiting the entire field. The

storage, transport and quality control of engineered tissues and organs are vital for success.

Oesophageal tissue engineering is an expanding area where artificial constructs will soon

represent a therapeutic alternative to congenital and acquired oesophageal diseases [2–4]. An

ideal scaffold for tissue engineering should i) mimic the structure of the tissue/organ that

needs to be replaced, ii) facilitate cell delivery and colonisation and iii) be non-immunogenic.

With this view in mind, natural-derived decellularised scaffolds appear to represent an optimal

bio-engineered option to fit medical needs. Their application in animal models has been stud-

ied in replacement of organs such as the intestine [5], kidney [6,7], liver [8,9] and lung [10].

Most importantly, decellularised scaffolds have reached clinical application in humans in the

substitution of bladder [11], urethra [12] and trachea [13,14]. Nevertheless, one of the major

limitations of decellularised scaffold use is the lack of consensus on the most appropriate stor-

age methodology.

Preservation of extracellular matrix (ECM) composition and micro-architecture is pivotal

in facilitating cell-matrix interaction, maintaining an organised 3D structure, retaining impor-

tant structural and functional signals and stimulating a local immunological response capable

of promoting cell survival [5,15–17]. At present, even though several methods have been devel-

oped to create decellularised scaffolds, no ideal methodology has been described for long-term

storage of decellularised oesophagi [18]. Moreover, despite the advances in scaffold develop-

ment, the feasibility of the process itself in a large animal model has yet to be developed. In

order to advance this work from the laboratory to the clinic it is necessary to identify a storage

methodology that allows anticipatory preparation of the scaffold coupled with appropriate

bio-banking [19].

In this study we generated a decellularised scaffold from a large animal model and investi-

gated the effect of different storage conditions on ECM component and structure preservation

with the aim of identifying a suitable technique for short- and long-term storage.

Methods

Organ harvest

Oesophagi were obtained from syngeneic male New Zealand White rabbits (2.0–2.5 kg) fol-

lowing ethics approval by the University College London ethics committee and under UK

Home Office Project Licence PPL 70/7504. Rabbit were euthanized by terminal anaesthesia

and exsanguination. A midline laparotomy was performed, the oesophagus was harvested up

to the gastro-oesophageal junction and washed with phosphate buffered saline containing 1%

antibiotic/antimycotic (PBS/AA; Sigma, UK).

Decellularisation protocol

A detergent-enzymatic treatment (DET) was used for decellularisation as previously described

in a porcine model [20]. The oesophageal lumen was perfused with continuous fluid delivery

(Masterflex L/S, UK) at 1 ml/min. Each DET cycle was composed of deionised water (dH2O)

at 4˚C for 24 hrs, 4% sodium deoxycholate (SDC; Sigma, UK) at room temperature (RT) for 4

hrs, and 2000 Kunitz DNase-I (Sigma, UK) in 1 M NaCl at RT for 3 hrs. The process was

repeated for three cycles.
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Storage protocols

Slow cooling medium (SCM). Samples were cooled slowly (-1˚C/min) while immersed in

90% medium (RMPI; Sigma, UK) and 10% dimethyl sulfoxide (Me2SO; Sigma, UK). Slow

cooling was achieved using appropriate Nalgene freezing containers kept at -80˚C overnight.

Samples were then placed and stored in the vapour phase of liquid nitrogen at approximately

-160˚C. Cooling tanks were screened for temperature fluctuations using an electronic moni-

toring system. For thawing, oesophagi were rapidly thawed in a 37˚C water bath.

Four degrees (4˚C). Samples were placed in PBS/AA and stored at 4˚C.

Scaffold analyses

Scaffolds were analysed after each decellularisation cycle and compared to the fresh tissue. Fur-

thermore, scaffold characterisation was performed after 2 weeks, 4 weeks, 3 months and 6

months of storage at the 2 different conditions (SCM and 4˚C). A minimum of 4 samples from

distinct animals was used for each analysis (n�4).

Histology. Samples were fixed for 24 hours in 10% neutral buffered formalin solution in

PBS (pH 7.4; Sigma, UK) at RT, washed in dH2O, dehydrated in graded alcohol, embedded in

paraffin and sectioned at 5μm. Tissue slides were stained with haematoxylin and eosin (H&E;

Leica, Germany), Masson’s Trichrome (MT; Leica, Raymond A Lamb, BDH Chemicals Ltd),

Elastin Van Gieson (EVG; VWR, Leica, Raymond A Lamb), and Alcian Blue (AB; BDH Chem-

icals Ltd, Cellpath Ltd) stains.

DNA quantification. DNA was isolated using a tissue DNA isolation kit following the

manufacturer’s instructions (PureLink Genomic DNA MiniKit, Invitrogen, UK), as previously

described [16].

ECM component quantification. Collagen, elastin and glycosaminoglycan (GAG) con-

tent were quantified as previously described [16] using the total collagen assay kit (Biocolor,

UK), the FASTIN elastin assay and the GAG assay kit (Biocolor, UK) respectively.

Synchrotron-based x-ray phase contrast imaging (XPCI). XPCI was performed as previ-

ously described [21]. Briefly, measurements were performed at the biomedical beamline

(ID17) of the European Synchrotron Radiation Facility in Grenoble, France. The samples were

placed approximately 150 m from the source on a PI miCos rotation stage and the detector

was placed at 3.45 m from the sample. The beam was monochromatised by a fixed-exit Laue/

Laue silicon double crystal to 26 keV (ΔE/E ~ 0.02%) and filtered using 0.8 mm of copper and

3 mm of aluminium. Images were recorded by a FReLoN CCD camera coupled to a 47 μm

thick Gd3Ga5O12 scintillator. Images were phase-retrieved using the “single-distance” method

developed by Paganin et al, and 3D reconstructions were performed using standard filtered

back-projections [22].

Chicken chorioallantoic membrane assay (CAM). The angiogenic properties of the

decellularised scaffolds were assessed using the CAM assay, as previously described [23]. Ferti-

lised chicken eggs were incubated at 37˚C and constant humidity. At day 3 of incubation an

oval window of approximately 3 cm in diameter was cut into the shell and sealed with tape. At

day 8 of incubation, 2 mm diameter decellularised scaffolds, negative (polyester soaked in

PBS) and positive controls (polyester soaked in 200ng/ml vascular endothelial growth factor;

Sigma, UK) were placed on the CAM. Images were taken up day 18 of incubation with a ste-

reomicroscope. The number of blood vessels less than 10 μm in diameter converging towards

the placed tissues was counted blindly by multiple assessors (n = 4), with the mean of the

counts being considered.

Biomechanical testing. To evaluate the biomechanical properties of decellularised

oesophagi, specimens were tested and subjected to uniaxial longitudinal tension until failure,
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as previously described [5]. Uniaxial tension was applied using an Instron 5565, with speci-

mens in the form of flat dumbbells (20 mm) loaded at a constant tension rate of 100 mm/min.

The thickness of the samples was measured using a digital electronic micrometer (RS compo-

nents, US) at three places of the dumbbell and averaged. Four samples were considered for

each evaluated time point.

Scanning electron microscopy (SEM). Samples were fixed in 2.5% glutaraldehyde

(Sigma, UK) in 0.1 M phosphate buffer and left for 24 hrs at 4˚C. SEM was performed as previ-

ously described [16].

Statistics. Data were calculated and are reported as mean ± standard deviation, unless

otherwise stated. Significance for continuous data was determined by performing one-way

analysis of variance with post-hoc Bonferroni tests and two-tailed unpaired Student’s t-test. A

p-value of less than 0.05 was considered to be significant. Statistical analysis was performed

using GraphPad Prism 6 (GraphPad Software, US).

Results

Development of a decellularised oesophageal scaffold

Macroscopic imaging showed the oesophagi turning translucent after 1 DET cycle (Fig 1A).

H&E staining demonstrated a progressive loss of cells with each cycle of decellularisation (Fig

1A). After 2 DET cycles no nuclei could be detected within the scaffold. Decellularisation effi-

ciency was confirmed by DNA quantification with a significant decrease in the DNA content

after each DET cycle compared to the fresh tissue (p<0.01), with no difference between cycles

2 and 3 (Fig 1A). Gel electrophoresis indicated that after DET cycle 2 there was no genomic

DNA, since no bands were detected (S1 Fig). The fresh oesophagus sample had a distinct geno-

mic band while at cycle 1 there was a fading band, indicating that the DNA was broken down

and gradually removed from the oesophagi samples.

MT staining confirmed nuclear material absence and demonstrated ECM structure preser-

vation in the lamina propria, submucosa and intermuscular septae (Fig 1B, MT). PR staining

showed collagen preservation in the submucosa (Fig 1B, PR) and enucleated intermuscular

fibres (Fig 1B, PR, inset). EVG staining determined the presence of elastin (black) in the sub-

mucosa as circular strands, around blood vessels and surrounding enucleated muscle fascicles.

The submucosal and vascular elastin was well preserved (Fig 1B, EVG), with muscular elastin

fading following 3 DET cycles (Fig 1B, EVG, inset). AB staining demonstrated GAG preserva-

tion (Fig 1B, AB). A significant reduction in collagen content after the first and the second

DET cycle was detected (p<0.01 and p<0.05 respectively). While there was no significant loss

in elastin after the first 2 DET cycles, 3 DET cycles displayed a significant decrease of elastin

amount compared to both the fresh (p<0.01) and 2 DET cycles (p<0.05). Decellularisation

also led to lower GAG levels after the first DET cycle (p< 0.01), with no further changes after

the following cycles (Fig 1C).

Synchrotron-based XPCI imaging allowed a deeper investigation of preservation of the

micro-architecture across a large scaffold segment. The analysis of the decellularised scaffold

after 2 DET cycles confirmed ECM preservation in both the lamina propria and submucosa

(Fig 2A). The muscularis mucosae showed maintained morphology and organisation (Fig 2B).

Furthermore, an intact basement membrane was also evident in the cross section image (Fig

2C). 3D reconstruction demonstrated preservation of the muscularis and the basement mem-

brane across the whole thickness of the tissue (S1 Video).

Following placement on the CAM numerous blood vessels were seen converging towards

the scaffold in a spoke wheel manner while fewer vessels were detected in the negative control

sample (Fig 2D). Blinded quantification of the converging blood vessels indicated that there
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Fig 1. Decellularisation efficiency and scaffolds characterization. (A) Efficient cell removal after 2 DET

cycles was evident by macroscopic appearance, H&E staining and DNA quantification. (B) Immunohistochemistry

for extracellular matrix composition. Masson’s Trichrome and Picrosirius Red staining demonstrated collagen

preservation in both submucosa and among muscle fibers (inset). Elastin Van Gieson staining showed elastic

fibers in the submucosa, around blood vessels and surrounding muscle fascicles both in the fresh and DET

tissues. Muscular elastin staining was reduced after 3 DET cycles (inset). Alcian Blue staining indicated

Long-term cryopreservation of decellularised oesophagi
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was a significant difference in the number of vessels attracted by the scaffold at day 10 com-

pared to day 0 after seeding (p<0.01) and to the negative control at day 10 (p<0.01). There

were no significant differences between the scaffold and the positive control loaded with

VEGF (Fig 2D).

Decellularised scaffolds were analysed for stiffness and elasticity using the stress/strain

curve, ultimate tensile stress (UTS) and Young’s Modulus. There was no significant difference

in the UTS among fresh and decellularised samples after 1 or 2 cycles (Fig 2E). Characteristic

stress-strain curves showed that with increasing number of DET cycles the curve became

steeper and more S-shaped, while the tensile stress at which the samples break remained the

same (Fig 2F).

Comparison of storage protocols

From a macroscopic perspective, SCM scaffolds had a pink hue due to immersion in medium

supplemented with phenol red. Except for the colour, SCM samples were comparable with

freshly decellularised scaffolds. While 4˚C samples stored for 2 and 4 weeks were macroscop-

ically comparable to freshly decellularised oesophagi, after storing for longer periods the

matrix showed degradation and loss of consistency (Fig 3A).

SEM was performed for further understanding of scaffold ultrastructure. In Fig 4B we

report the images obtained for the 2 storage methods at the last time point (6 months), with a

subdivision for the different structural elements: lumen, submucosa and muscularis. Cross-

glycosaminoglycan preservation (bar = 100μm). (C) Extracellular component quantification demonstrated a

gradual decrease in collagen after the first and second DET cycle. Elastin decreased after 3 DET cycles.

glycosaminoglycan were partially reduced by the first DET cycle. DET = Detergent-Enzymatic Treatment,

MT = Masson’s Trichrome, PR = Picrosirius Red, EVG = Elastin Van Gieson, AB = Alcian Blue. *p<0.05;

**p<0.01.

https://doi.org/10.1371/journal.pone.0179341.g001

Fig 2. Functional analysis of decellularised scaffolds. (A,B) Synchrotron analysis after 2 DET cycles

confirmed extracellular matrix preservation in the lamina propria, submucosa and muscularis. (C) An intact

basement membrane was detected across the entire scaffold segment. (D) Blood vessels were seen

converging towards the scaffold in a spoked wheel manner after 10 days from placement on the CAM as

confirmed by blinded quantification of the vessels compared to the negative control (**p< 0.01). (E) The

maximum tensile stress at which the samples broke and the elasticity modulus remained comparable to fresh

after decellularisation. (F) Characteristic stress-strain curves showing that by increasing the number of DET

cycles the tensile stress at which the samples break remains the same as seen in E. DET = Detergent-

Enzymatic Treatment, CAM = Chicken chorioallantoic membrane assay.

https://doi.org/10.1371/journal.pone.0179341.g002
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sections of SCM oesophagi showed a similar preservation of the strata with detectable intact

blood vessels in the submucosa of the SCM scaffold (insert). The 4˚C-stored oesophagi dem-

onstrated detachment of the mucosa and layers of the muscularis. The ECM was destroyed

with collagen and elastin fibres forming spherical bundles. Lumen examination at higher mag-

nification showed no substantial differences between protocols, with preservation of the ridges

Fig 3. Macro- and microscopic appearance of stored decellularised scaffolds at 6 months. (A)

Macroscopic appearances varied in the two protocols. (B) Scanning electron microscopy analysis. While SCM

scaffolds demonstrated a good preservation of all oesophageal layers, in 4˚C samples extracellular matrix

was falling apart with signs of degradation. SCM = slow cooling medium, 4˚C = 4˚C in PBS.

https://doi.org/10.1371/journal.pone.0179341.g003

Fig 4. Composition and mechanical properties of decellularised scaffolds after storage. (A) Masson’s

Trichrome staining demonstrated a progressive loss of architecture in 4˚C-treated scaffolds. (B) Elastin

staining showed maintenance of this protein in SCM scaffolds. Elastin was progressively lost in 4˚C scaffolds.

(C) Alcian Blue staining showed glycosaminoglycan maintenance in both storage methods. (D) Samples

stored for 6 months with SCM maintained comparable ultimate tensile stress with 2 week-stored scaffolds

despite a decreased Young’s modulus with no impact on the maximum stress that the material could

withstand. While 4˚C samples at 2 weeks showed similar values to SCM, prolonged 4˚C storage had a

profound impact on the scaffold with a reduction of both values. *p<0.05 (bar = 100μm). SCM = slow cooling

medium, 4˚C = 4˚C in PBS.

https://doi.org/10.1371/journal.pone.0179341.g004
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of the (now acellular) stratified epithelium. Analysis of submucosa showed clear differences

between storage methodologies: SCM samples had a compact submucosa with the collagen

fibres still present in bundles, whereas the submucosa in the 4˚C samples was completely dis-

organised with the collagen bundles dispersed as single fibres. The muscularis was well pre-

served in SCM oesophagi with clear demarcation between the inner circular and outer

longitudinal layers, while it was only partially preserved with fragmented bundles in 4˚C sam-

ples (Fig 3B).

Histological analysis showed further differences between the storage methods. MT staining

demonstrated preserved ECM architecture in SCM-stored oesophagi throughout all time

points. 4˚C-stored scaffolds showed good preservation of the collagen up to 4 weeks, with pro-

gressive deterioration in later time points, namely increasingly thinning muscle bundles and

detachment (Fig 4A). EVG staining highlighted changes in the elastin fibres present in the

ECM. SCM-stored oesophagi demonstrated a well-maintained presence of vascular and sub-

mucosal elastin. Conservation of the perimuscular elastin was similar across samples and time

points. 4˚C-stored samples demonstrated a good preservation of vascular and submucosal

elastin only at the first time point, after which the submucosa was increasingly disorganised

with poor and scattered elastin staining (Fig 4B). AB staining in the stored oesophagi showed

preservation of GAG in the submucosa across protocols and time points (Fig 4C).

A deeper analysis was performed at each time point using quantitative assays. No significant

differences in GAG, collagen or elastin were detected between the SCM or 4˚C storage time

points (Table 1).

Furthermore, biomechanical testing was used to evaluate four samples for each condition.

Comparison of Young’s modulus and UTS at the first and last time points (2 weeks and 6

months) showed that samples stored in SCM maintained the same UTS after long-term stor-

age despite a decreased Young’s modulus. Conversely, while 4˚C-stored samples showed UTS

and Young’s modulus values similar to the SCM group at 2 weeks there were significant differ-

ences following 6 months of storage. Prolonged 4˚C storage had a profound impact on the

scaffold with a reduction in both values. The material became less resistant and could not with-

stand the applied stress, with lower UTS compared both to the previous time point and to

SCM group (Fig 4D).

Discussion

The rapid evolution of the tissue engineering field is pushing decellularised scaffolds into pre-

clinical and clinical use, highlighting limitations that have not been fully addressed yet. In par-

ticular, the lack of an established methodology for accurate long-term scaffold storage could

limit clinical application. For consistent and controlled use, scaffolds need to be efficiently

Table 1. Quantification of extracellular matrix components in samples stored with the SCM protocol.

DET2 2 weeks in SCM 4 weeks in SCM 3 months in SCM 6 months in SCM

COLLAGEN ug/mg 15.40 ± 0.28 19.09 ± 3.32 16.14 ± 2.04 25.62 ± 2.86** 27.27 ± 7.87**

ELASTIN ug/mg 8.71 ± 2.92 8.64 ± 3.66 12.94 ± 4.54 11.27 ± 0.65 11.92 ± 2.01

GAG ug/mg 0.16 ± 0.05 0.24 ± 0.06* 0.25 ± 0.06* 0.29 ± 0.06* 0.30 ± 0.03*

Extracellular matrix content in decellularised rabbit oesophagi prior and after SCM storage. A relative increase of collagen and glycosaminoglycan (GAG)

content was detected in stored samples. No significant differences were found between 2 weeks storage and the following time points for each of the

analysed components.

*p<0.05

**p<0.01.

https://doi.org/10.1371/journal.pone.0179341.t001
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stored and made readily available for surgical implantation. Therefore, we studied the short-

and long-term storage feasibility of a decellularised oesophageal scaffold from a large animal

model that could potentially be used for tissue engineering approaches. After having identified

an effective decellularisation protocol and used it to prepare clinical grade scaffolds [24], we

compared the use of a cryoprotectant with standard storage of acellular scaffolds to verify the

potential of this storage method. We show here for the first time that the decellularised

oesophagus could be preserved long-term using Me2SO and liquid nitrogen, a well-established

methodology for cell storage.

Firstly, we have proven that the DET protocol could be applied for rabbit oesophagus decel-

lularisation, similarly to what we have shown for other organs and species [5–9,14,20,23–25].

DNA quantification, staining and gel electrophoresis showed effective DNA removal after 2

DET cycles with no differences in DNA content found after further cycles. Structural analyses

were performed in order to verify that the ECM architecture was appropriately preserved.

While multiple staining assays (MT and AB) showed a good preservation of collagen fibres

and GAG after decellularisation, staining for elastin (EVG) proved a clear decline of elastin

presence after the 3 DET cycles. Quantification of matrix composition confirmed no differ-

ences in collagen and GAG content between DET cycle 2 and 3, but a clear drop in elastin con-

tent. Synchrotron images confirmed the preservation of the different strata. Based on these

findings we proved that 2 DET cycles were efficient in removing the cellular components

while preserving ECM integrity. The drop in ECM components at cycle 3 demonstrates that

excessive decellularisation destroys the matrix, as shown previously [16]. The presence of enu-

cleated muscle fibres after decellularisation has been reported in other studies where the DET

protocol was used for the decellularisation of muscles [20,26]. This result is not related to low

decellularisation efficiency and seems to be important for the mechanical properties of the

resulting matrix. Assessment of the mechanical properties showed that the decellularised scaf-

fold did not lose its elastic characteristics and its ability to withstand a maximum stress when a

longitudinal force was applied to its extremities, corresponding to a preserved Young’s modu-

lus and UTS respectively. Moreover, the scaffold elicited a pro-angiogenic effect as seen at the

CAM assay, which would facilitate its integration within the host tissue. These results are in

line with our previous studies on DET application for tissue decellularisation in the trachea,

lung, liver and small intestine [5,16,24,25,27]. The same protocol has been previously success-

fully applied for the decellularisation of porcine oesophagi, allowing the development of a scaf-

fold which preserved biomechanical characteristics of the original tissue [20]. In this study we

confirm the versatility and reliability of the DET treatment in achieving a good decellularisa-

tion in another large animal model.

Following scaffold development, we compared two methodologies commonly used for tis-

sue storage. Cryobiology was first developed in 1949 when Polge discovered the cryoprotective

properties of glycerol when storing cells at low temperatures [28]. Since then, other stabilising

agents have been used including Me2SO, a cell-permeating agent able to protect proteins from

denaturation through electrostatic interactions and reduce the rates of ice nucleation and crys-

tal growth [29]. The current gold standard for preserving cells and allografts is controlled rate

freezing with Me2SO. Slow cooling coupled with Me2SO cryoprotection has been shown to

preserve ECM integrity following heart valve storage [30]. We thus used slow cooling (-1˚C/

min) of tissues immersed in 90% medium and 10% Me2SO followed by storage in liquid nitro-

gen vapour as a first comparison (i.e. SCM).

Storage at 4˚C in PBS/AA is another common storage protocol, especially for short-term

periods. It has been previously proven that the immunological and mechanical characteristics

of decellularised pig scaffolds were unaffected by a 2-month storage in PBS at 4˚C [25]. Analy-

ses at later time points with storage of decellularised tracheas stored at 4˚C for 1 year showed
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generalised damage of the ECM architecture and mechanical properties, being considered

unsuitable for cell seeding and transplantation [31]. Bonenfant et al evaluated 4˚C storage for

decellularised mouse lungs demonstrating ECM damage after 3 months [32]. Thus, the second

group we compared was storage in PBS/AA at 4˚C.

We analysed the scaffolds after short- and long-term storage to mimic the clinical need of

off-the-shelf availability. From a macroscopic perspective, no major differences were noted in

the short-term, apart from a pink nuance of the SCM scaffold due to the medium used, that

could be solved by avoiding phenol red in future applications. On the contrary, long-term stor-

age led to major changes in 4˚C samples with clear loss of consistency. From an ultrastructural

perspective, SEM analysis confirmed the superiority of the SCM storage protocol in long-term

preservation of the architecture and the characteristics of the scaffold’s strata: lumen, submu-

cosa and muscularis.

Studying the structure of the stored scaffolds with histology and quantification assays for

ECM components, we found that collagen fibres were preserved in SCM and 4˚C samples

after 2 and 4 weeks of storage, but analysis performed after 3 and 6 months showed collagen

preservation only in SCM samples. These results, confirmed the notion that the 4˚C methodol-

ogy is appropriate only for short-term storage. No major changes were detectable in GAG dis-

position between protocols, while elastin fibres were clearly well preserved at 3 and 6 months

only in SCM samples. To confirm the ability of the SCM protocol to preserve ECM composi-

tion both after short and long-term time points, we quantified these components detecting no

changes or an increase in collagen/elastin/GAG composition during SCM storage period,

from 2 weeks up to 6 months. This increase could be due to the fact that we perform the nor-

malization of collagen/GAG amount on the weight of wet tissue, which is not ideal. The fresh

tissue contains cells and other molecules that are replaced by water after decellularization,

making very difficult to compare weights before/after decellularization. The ideal experimental

set up would be to measure the weight of a same tissue sample fresh and after decellularization

for normalization of amount of collagen/GAG on the total weight. This is extremely difficult

to perform as the decellularization is conducted on the whole oesophagus and not on single

small tissue segments as for the collagen assay. Another way to avoid the total reference weight

mismatch would be using dry tissue (for both fresh and decellularized), but this would intro-

duce further variables related to time and technique of re-hydration. Another hypothesis is

that after SCM, a certain amount of insoluble cross-linked collagen from the ECM becomes

available to the extraction of hydroxyproline, affecting the total quantification which was

carried out by hydroxyproline determination. This was also affecting the biomechanical prop-

erties of the scaffold after SCM storage, as demonstrated by the tests performed to assess

whether the structural preservation allowed a functional advantage. Despite a decrease of the

Young’s Modulus after 6 months compared to 2 weeks post storage, the UTS did not differ

over time showing that while scaffolds became less stiff they did not lose the ability to respond

to a longitudinal stress and withstand the applied force. This was opposed to what detected in

4˚C-stored samples, showing a decrease in Young’s modulus with a concomitant reduction in

UTS proving that the scaffold lost both elasticity and strength.

All together these data demonstrate the superiority of the SCM protocol for long-term stor-

age, suggesting it would be an appropriate choice for use to reach the off-the shelf availability

required by clinical translation. While this technique has been widely tested for cell freezing

and banking, its efficiency in decellularised oesophageal scaffolds storage was still not formally

analysed and confirmed. A number of studies have extrapolated the cell storage technique

based on Me2SO/medium immersion and slow cooling in other tissues. Several studies on

the cryopreservation of heart valves have shown that conventional cryopreservation causes

alteration of crucial leaflet matrix structures [30,33,34]. Interestingly, biochemical testing
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demonstrated no significant differences between the amounts of collagen, desmosine, and elas-

tin of fresh and cryopreserved specimens [33]. In one of these papers, slow cooling of porcine

heart valves with Me2SO was also compared to ice-free cryopreservation using a vitrification

solution. The two approaches showed overall comparable results, with lower, but not statisti-

cally significant, ECM preservation with the first technique, while leaflets and artery tissues

were significantly less viable in the latter. Nevertheless, these studies were conducted on fresh

porcine heart valves without any decellularization process. The absence of cells in a cryopre-

served ECM-derived scaffold could change the effect of the storage method on the structure,

composition and biomechanical properties of the tissue of interest. Gallo et al decellularised

porcine aortic valve conduits and randomised 12 Vietnamese Pigs to receive either decellu-

larised or decellularised and cryopreserved conduits in a transplantation model [35]. No signs

of dilatation, stenosis or regurgitation were seen in either group by echocardiography and

cryopreserved conduits allowed cell repopulation and tissue renewal, although demonstrating

signs of deterioration in some areas, suggesting a need to fine-tune the cryopreservation proto-

col. A comparison with specific ice-free cryopreservation protocols (vitrification) for rabbit

decellularized oesophagi would be interesting [36], providing further insight for the determi-

nation of the best storage technique without affecting the important feature of the ECM.

It is known that different decellularisation methods can affect composition, structure and

biomechanical properties of the resulting ECM [37]. Nevertheless, even though we compared

the efficacy of the 2 storage techniques only on DET-derived decellularised scaffolds, we

believe that the SCM protocol, due to the mechanisms of cryoprotection, will allow optimal

preservation of other decellularised scaffolds regardless of species origin, size or decellularisa-

tion methodology. A major challenge will be to optimise an effective homogeneous delivery of

the cryoprotectant when bigger or more complex organs will be processed for storage.

Conclusions

Tissue engineering is becoming a valid alternative for organ replacement owing to the

improvements in natural scaffold production. However, moving from bench-to-bedside

requires the development of new strategies for scaffold storage and shipping. In this study we

successfully decellularised rabbit oesophagi using the previously described DET method. Most

importantly, we demonstrated how slow cooling in medium and Me2SO following by long-

term storage in liquid nitrogen vapour represents an effective technique for preservation of the

structural and mechanical properties of the decellularised scaffold.
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detected across the whole scaffold segment.

(MOV)

Acknowledgments

The authors are grateful to the personnel of beamline ID17 at the European Synchrotron Radi-

ation Facility for their help in setting up and running the synchrotron experiment.

Long-term cryopreservation of decellularised oesophagi

PLOS ONE | https://doi.org/10.1371/journal.pone.0179341 June 9, 2017 11 / 14

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0179341.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0179341.s002
https://doi.org/10.1371/journal.pone.0179341


Author Contributions

Conceptualization: LU AM PM PDC GT.

Data curation: LU AM MM PM GT CC.

Formal analysis: LU AM PM SE CKH AO.

Funding acquisition: LU PDC SE AB AO.

Investigation: LU MM AM PM CKH GT CC.

Methodology: LU MM AM PM CKH GT CC.

Project administration: LU PDC AO.

Resources: PM LU PDC AO.

Supervision: SE PDC LU AO AB.

Writing – original draft: AM PM LU.

Writing – review & editing: AM LU PDC.

References
1. Mansbridge J. Commercial considerations in tissue engineering. J. Anat. 2006; 209: 527–532. https://

doi.org/10.1111/j.1469-7580.2006.00631.x PMID: 17005024

2. Ferlay J, Shin HR, Bray F, Forman D, Mathers C, Parkin DM. Estimates of worldwide burden of cancer

in 2008: GLOBOCAN 2008. Int. J. Cancer. 2010; 127: 2893–2917. https://doi.org/10.1002/ijc.25516

PMID: 21351269

3. Spitz L. Oesophageal atresia. Orphanet J. Rare Dis. 2007; 2: 24. https://doi.org/10.1186/1750-1172-2-

24 PMID: 17498283

4. Zani A, Pierro A, Elvassore N, De Coppi P. Tissue engineering: an option for esophageal replacement?

Semin. Pediatr. Surg. 2009; 18: 57–62. https://doi.org/10.1053/j.sempedsurg.2008.10.011 PMID:

19103424

5. Totonelli G, Maghsoudlou P, Garriboli M, Riegler J, Orlando G, Burns AJ, et al. A rat decellularized

small bowel scaffold that preserves villus-crypt architecture for intestinal regeneration. Biomaterials.

2012; 33: 3401–3410. https://doi.org/10.1016/j.biomaterials.2012.01.012 PMID: 22305104

6. Nakayama KH, Batchelder CA, Lee CI, Tarantal AF. Decellularized Rhesus Monkey Kidney as a Three-

Dimensional Scaffold for Renal Tissue Engineering. Tissue Eng. Part A. 2010; 16: 2207–2216. https://

doi.org/10.1089/ten.TEA.2009.0602 PMID: 20156112

7. Ross EA, Abrahamson DR, John PLS, Clapp WL, Williams MJ, Terada N, et al. Mouse stem cells

seeded into decellularized rat kidney scaffolds endothelialize and remodel basement membranes.

2012; 8: 49–55. https://doi.org/10.4161/org.20209 PMID: 22692231

8. Barakat O, Abbasi S, Rodriguez G, Rios J, Wood RP, Ozaki C, et al. Use of decellularized porcine liver

for engineering humanized liver organ. J. Surg. Res. 2012; 173: 11–25.

9. Shupe T, Williams M, Brown A, Willenberg B, Petersen BE. Method for the decellularization of intact rat

liver. Organogenesis. 2010; 6: 134–136. PMID: 20885860

10. Ott HC, Clippinger B, Conrad C, Schuetz C, Pomerantseva I, Ikonomou L et al. Regeneration and ortho-

topic transplantation of a bioartificial lung, Nat. Med. 2010; 16: 927–933. https://doi.org/10.1038/nm.

2193 PMID: 20628374

11. Atala A, Bauer SB, Soker S, Yoo JJ, Retik AB. Tissue-engineered autologous bladders for patients

needing cystoplasty. Lancet. 2006; 367: 1241–1246. https://doi.org/10.1016/S0140-6736(06)68438-9

PMID: 16631879

12. Raya-Rivera A, Esquiliano DR, Yoo JJ, Lopez-Bayghen E, Soker S, Atala A. Tissue-engineered autolo-

gous urethras for patients who need reconstruction: an observational study. Lancet. 2011; 377: 1175–

1182. https://doi.org/10.1016/S0140-6736(10)62354-9 PMID: 21388673

13. Hamilton NJ, Kanani M, Roebuck DJ, Hewitt RJ, Cetto R, Culme-Seymour EJ, et al. Tissue-Engineered

Tracheal Replacement in a Child: A 4-Year Follow-Up Study, Am. J. Transplant. 2015; 15: 2750–2757.

https://doi.org/10.1111/ajt.13318 PMID: 26037782

Long-term cryopreservation of decellularised oesophagi

PLOS ONE | https://doi.org/10.1371/journal.pone.0179341 June 9, 2017 12 / 14

https://doi.org/10.1111/j.1469-7580.2006.00631.x
https://doi.org/10.1111/j.1469-7580.2006.00631.x
http://www.ncbi.nlm.nih.gov/pubmed/17005024
https://doi.org/10.1002/ijc.25516
http://www.ncbi.nlm.nih.gov/pubmed/21351269
https://doi.org/10.1186/1750-1172-2-24
https://doi.org/10.1186/1750-1172-2-24
http://www.ncbi.nlm.nih.gov/pubmed/17498283
https://doi.org/10.1053/j.sempedsurg.2008.10.011
http://www.ncbi.nlm.nih.gov/pubmed/19103424
https://doi.org/10.1016/j.biomaterials.2012.01.012
http://www.ncbi.nlm.nih.gov/pubmed/22305104
https://doi.org/10.1089/ten.TEA.2009.0602
https://doi.org/10.1089/ten.TEA.2009.0602
http://www.ncbi.nlm.nih.gov/pubmed/20156112
https://doi.org/10.4161/org.20209
http://www.ncbi.nlm.nih.gov/pubmed/22692231
http://www.ncbi.nlm.nih.gov/pubmed/20885860
https://doi.org/10.1038/nm.2193
https://doi.org/10.1038/nm.2193
http://www.ncbi.nlm.nih.gov/pubmed/20628374
https://doi.org/10.1016/S0140-6736(06)68438-9
http://www.ncbi.nlm.nih.gov/pubmed/16631879
https://doi.org/10.1016/S0140-6736(10)62354-9
http://www.ncbi.nlm.nih.gov/pubmed/21388673
https://doi.org/10.1111/ajt.13318
http://www.ncbi.nlm.nih.gov/pubmed/26037782
https://doi.org/10.1371/journal.pone.0179341


14. Macchiarini P, Jungebluth P, Go T, Asnaghi MA, Rees LE, Cogan TA, et al. Clinical transplantation of a

tissue-engineered airway. Lancet. 2008; 372: 2023–2030. https://doi.org/10.1016/S0140-6736(08)

61598-6 PMID: 19022496

15. Fishman JM, Lowdell MW, Urbani L, Ansari T, Burns AJ, Turmaine M, et al. Immunomodulatory effect

of a decellularized skeletal muscle scaffold in a discordant xenotransplantation model. Proc. Natl. Acad.

Sci. U. S. A. 2013; 110: 14360–14365. https://doi.org/10.1073/pnas.1213228110 PMID: 23940349

16. Maghsoudlou P, Georgiades F, Tyraskis A, Totonelli G, Loukogeorgakis SP, Orlando G, et al. Preserva-

tion of micro-architecture and angiogenic potential in a pulmonary acellular matrix obtained using inter-

mittent intra-tracheal flow of detergent enzymatic treatment. Biomaterials. 2013; 34: 6638–6648.

https://doi.org/10.1016/j.biomaterials.2013.05.015 PMID: 23727263

17. Shojaie S, Ermini L, Ackerley C, Wang J, Chin S, Yaganeh B, et al. Acellular lung scaffolds direct differ-

entiation of endoderm to functional airway epithelial cells: requirement of matrix-bound HS proteogly-

cans. Stem Cell Reports. 2015; 4: 419–430. https://doi.org/10.1016/j.stemcr.2015.01.004 PMID:

25660407

18. Luc G, Durand M, Collet D, Guillemot F, Bordenave L. Esophageal tissue engineering. Expert Rev.

Med. Devices. 2014; 11: 225–241. https://doi.org/10.1586/17434440.2014.870470 PMID: 24387697

19. Schuurman HJ. Regulatory aspects of clinical xenotransplantation. Int. J. Surg. 2016; 23: 312–321.

20. Totonelli G, Maghsoudlou P, Georgiades F, Garriboli M, Koshy K, Turmaine M, et al. Detergent enzy-

matic treatment for the development of a natural acellular matrix for oesophageal regeneration. Pediatr.

Surg. Int. 2013; 29: 87–95. https://doi.org/10.1007/s00383-012-3194-3 PMID: 23124129

21. Hagen CK, Maghsoudlou P, Totonelli G, Diemoz PC, Endrizzi M, Rigon L, et al. High contrast micro-

structural visualization of natural acellular matrices by means of phase-based x-ray tomography. Sci.

Rep. 2015; 5: 18156. https://doi.org/10.1038/srep18156 PMID: 26657471

22. Paganin D, Mayo SC, Gureyev TE, Miller PR, Wilkins SW. Simultaneous phase and amplitude extrac-

tion from a single defocused image of a homogeneous object. J. Microsc. 2002; 206: 33–40. PMID:

12000561

23. Baiguera S, Jungebluth P, Burns A, Mavilia C, Haag J, De Coppi P, et al. Tissue engineered human tra-

cheas for in vivo implantation. Biomaterials. 2010; 31: 8931–8938. https://doi.org/10.1016/j.

biomaterials.2010.08.005 PMID: 20800273

24. Elliott MJ, De Coppi P, Speggiorin S, Roebuck D, Butler CR, Samuel E, et al. Stem-cell-based, tissue

engineered tracheal replacement in a child: a 2-year follow-up study. Lancet. 2012; 380: 994–1000.

https://doi.org/10.1016/S0140-6736(12)60737-5 PMID: 22841419

25. Jungebluth P, Go T, Asnaghi A, Bellini S, Martorell J, Calore C, et al. Structural and morphologic evalua-

tion of a novel detergent–enzymatic tissue-engineered tracheal tubular matrix, J. Thorac. Cardiovasc.

Surg. 2009. 138: 586–593. https://doi.org/10.1016/j.jtcvs.2008.09.085 PMID: 19698839

26. Piccoli M, Urbani L, Alvarez-Fallas ME, Franzin C, Dedja A, Bertin E, et al. Improvement of diaphrag-

matic performance through orthotopic application of decellularized extracellular matrix patch. Biomateri-

als. 2016; 74: 245–255. https://doi.org/10.1016/j.biomaterials.2015.10.005 PMID: 26461117

27. Maghsoudlou P, Totonelli G, Loukogeorgakis SP, Eaton S, De Coppi P. A decellularization methodol-

ogy for the production of a natural acellular intestinal matrix. J. Vis. Exp. 2013. 7: 80.

28. Polge C, Smith AU, Parkers AS. Revival of spermatozoa after vitrification and dehydration at low tem-

peratures. Nature. 1946; 164: 666.

29. Bakhach. The cryopreservation of composite tissues: principles and recent advancement on cryopres-

ervation of different type of tissues. Organogenesis. 2009: 5: 119–126. PMID: 20046674

30. Brockbank KGM, Schenke-Layland K, Greene ED, Chen Z, Fritze O, Schleicher M, et al. Ice-free cryo-

preservation of heart valve allografts: better extracellular matrix preservation in vivo and preclinical

results. Cell Tissue Bank. 2012; 13: 663–671. https://doi.org/10.1007/s10561-011-9288-7 PMID:

22212702

31. Baiguera S, Del Gaudio C, Jaus MO, Polizzi L, Gonfiotti A, Comin CE, et al. Long-term changes to in

vitro preserved bioengineered human trachea and their implications for decellularized tissues. Biomate-

rials. 2012; 33: 3662–3672. https://doi.org/10.1016/j.biomaterials.2012.01.064 PMID: 22349289

32. Bonenfant NR, Sokocevic D, Wagner DE, Borg ZD, Lathrop MJ, Lam YM, et al. The effects of storage

and sterilization on de-cellularized and re-cellularized whole lung. Biomaterials. 2013; 34: 3231–3245.

https://doi.org/10.1016/j.biomaterials.2013.01.031 PMID: 23380353

33. Schenke-Layland K, Madershahian N, Riemann I, Starcher B, Halbhuber KJ, König K, et al. Impact of

cryopreservation on extracellular matrix structures of heart valve leaflets. Ann Thorac Surg. 2006 Mar;

81(3):918–26. https://doi.org/10.1016/j.athoracsur.2005.09.016 PMID: 16488695

Long-term cryopreservation of decellularised oesophagi

PLOS ONE | https://doi.org/10.1371/journal.pone.0179341 June 9, 2017 13 / 14

https://doi.org/10.1016/S0140-6736(08)61598-6
https://doi.org/10.1016/S0140-6736(08)61598-6
http://www.ncbi.nlm.nih.gov/pubmed/19022496
https://doi.org/10.1073/pnas.1213228110
http://www.ncbi.nlm.nih.gov/pubmed/23940349
https://doi.org/10.1016/j.biomaterials.2013.05.015
http://www.ncbi.nlm.nih.gov/pubmed/23727263
https://doi.org/10.1016/j.stemcr.2015.01.004
http://www.ncbi.nlm.nih.gov/pubmed/25660407
https://doi.org/10.1586/17434440.2014.870470
http://www.ncbi.nlm.nih.gov/pubmed/24387697
https://doi.org/10.1007/s00383-012-3194-3
http://www.ncbi.nlm.nih.gov/pubmed/23124129
https://doi.org/10.1038/srep18156
http://www.ncbi.nlm.nih.gov/pubmed/26657471
http://www.ncbi.nlm.nih.gov/pubmed/12000561
https://doi.org/10.1016/j.biomaterials.2010.08.005
https://doi.org/10.1016/j.biomaterials.2010.08.005
http://www.ncbi.nlm.nih.gov/pubmed/20800273
https://doi.org/10.1016/S0140-6736(12)60737-5
http://www.ncbi.nlm.nih.gov/pubmed/22841419
https://doi.org/10.1016/j.jtcvs.2008.09.085
http://www.ncbi.nlm.nih.gov/pubmed/19698839
https://doi.org/10.1016/j.biomaterials.2015.10.005
http://www.ncbi.nlm.nih.gov/pubmed/26461117
http://www.ncbi.nlm.nih.gov/pubmed/20046674
https://doi.org/10.1007/s10561-011-9288-7
http://www.ncbi.nlm.nih.gov/pubmed/22212702
https://doi.org/10.1016/j.biomaterials.2012.01.064
http://www.ncbi.nlm.nih.gov/pubmed/22349289
https://doi.org/10.1016/j.biomaterials.2013.01.031
http://www.ncbi.nlm.nih.gov/pubmed/23380353
https://doi.org/10.1016/j.athoracsur.2005.09.016
http://www.ncbi.nlm.nih.gov/pubmed/16488695
https://doi.org/10.1371/journal.pone.0179341


34. Schenke-Layland K, Xie J, Heydarkhan-Hagvall S, Hamm-Alvarez SF, Stock UA, et al. Optimized pres-

ervation of extracellular matrix in cardiac tissues: implications for long-term graft durability. Ann Thorac

Surg. 2007 May; 83(5):1641–50. https://doi.org/10.1016/j.athoracsur.2006.12.005 PMID: 17462373

35. Gallo M, Bonetti A, Poser H, Naso F, Bottio T, Bianco R, et al. Decellularized aortic conduits: could their

cryopreservation affect post-implantation outcomes? A morpho-functional study on porcine homografts.

Heart and Vessels. 2016; 31: 1862–1873. https://doi.org/10.1007/s00380-016-0839-5 PMID:

27115146

36. Brockbank KG, Wright GJ, Yao H, Greene ED, Chen ZZ, Schenke-Layland K. Allogenic heart valve

storage above the glass transition at -80˚C. Ann Thorac Surg. 2011 Jun; 91(6):1829–35. https://doi.org/

10.1016/j.athoracsur.2011.02.043 PMID: 21536250

37. Balestrini JL, Liu A, Gard AL, Huie J, Blatt KMS, Schwan J, et al. Sterilization of lung matrices by super-

critical carbon dioxide. Tissue Eng Part C Methods. 2016; 22: 260–269. https://doi.org/10.1089/ten.

TEC.2015.0449 PMID: 26697757

Long-term cryopreservation of decellularised oesophagi

PLOS ONE | https://doi.org/10.1371/journal.pone.0179341 June 9, 2017 14 / 14

https://doi.org/10.1016/j.athoracsur.2006.12.005
http://www.ncbi.nlm.nih.gov/pubmed/17462373
https://doi.org/10.1007/s00380-016-0839-5
http://www.ncbi.nlm.nih.gov/pubmed/27115146
https://doi.org/10.1016/j.athoracsur.2011.02.043
https://doi.org/10.1016/j.athoracsur.2011.02.043
http://www.ncbi.nlm.nih.gov/pubmed/21536250
https://doi.org/10.1089/ten.TEC.2015.0449
https://doi.org/10.1089/ten.TEC.2015.0449
http://www.ncbi.nlm.nih.gov/pubmed/26697757
https://doi.org/10.1371/journal.pone.0179341

