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Abstract

Dried and sterile acellular esophageal matrix was obtained within a new
drying process based on the use of supercritical carbon dioxide (SE-CO
Experiments were performed coupling a conventional detergent enzymatic
treatment with two different drying methods: (i) SC-Qlying alone; (ii)
dehydration in ethanol and a subsequent SG-Qidying. Long term
preservation was achieved for several months after drying, demonstrating the
maintenance of extracellular matrix (ECM) structure, mechanical properties
and biocompatibility within cell repopulation studies in vit©verall, the
results highlighted the potential of this novel technology to obtain a dry and
sterile acellular matrix that can be easily stored for oesophageal
regeneration in patients with emergency need.

Keywords: decellularized tissue; supercritical drying; carbon dioxide; tissue
engineering; long term storage
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1. Introduction

Congenital and acquired diseases may involve surgical esophagus substitution. In adult
population, esophageal cancer is the eighth most common cancer in the world [1] while
esophageal atresia is a congenital anomaly in children that occurs in 1/2500 to 1/4000 live
births [2,3]. Esophageal tissue engineering is an emergent alternative for the development
of esophageal substitute as repairing technology [4]. Several esophageal engineered
substitutes have been explored using synthetic and natural derived scaffolds and materials
[5], however, at present, tissue engineering applications to esophageal replacement are
limited to enlargement plasties with absorbable non-cellular matrices [6]. Therefore the
development and reinforcement of alternative approach are needed to improve the current
state of the art. The use of natural matrices in tissue engineering has become extremely
promising as tissue substitute for organ reconstructidetural acellular matrices are
derived from animal or human organs/tissues within a decellularization process which is
able to remove cells and immunogenic material [7]. The result is a natural derives scaffold
that retains the architecture of the original tissue and also the molecular components of the
native extracellular matrix (ECM). Organ decellularization for tissue engineering has
become more and more promising for the organ/tissue replacement with preliminary
promising clinical experience [8]. Organ decellularization can be successfully applied to
esophagus, resulting in a scaffold that maintains ultrastructure and composition of the
native extracellular matrix (ECM) [9]. In a clinical scenario, long term preservation and
banking of sterile decellularized organs ready for transplantation would be desirable for
patients with emergency needs. However, once produced, decellularized scaffolds can't be
stored for long time because sterilization and preservation technologies are still lacking.
Improvement of the current state of art could be obtained within supercritical carbon
dioxide (SC-CQ) drying. SC-CQ drying has been already used in for the production of
biomaterials such as 3D porous scaffolds [10] and hydrogel [11]. Within SCiGidg

the vapor-liquid interface can be avoided with a minor capillary stress for the product that
maintains the original structure. SC-gkas a low critical temperature that doesn’t degrade
thermo sensitive components. SC-Chias also bactericidal properties and it has been
deeply investigated as alternative pasteurization and sterilization methods [12,13].

In this scenario the aim of this work is the development of a novel method for the
sterilization and long maintenance of decellularized tissue using SCH@AQQ.

2. Materialsand Methods

Porcine esophagus was chosen as test sample. Esophagi were collected from white
domestic piglets $us scrofa domesticugrom 25 to 40 kg in weight. All surgical
procedures and animal handling were carried out in accordance with UK Home Office
guidelines under the Animals (Scientific Procedures) Act 1986 and the local ethics
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committee. Esophageal decellularization was achieved by using a detergent enzymatic
treatment (DET) as previously reported [9]. Two different experimental procedures have
been explored for the drying: a single step SG-@ing at 35°C and 10 MPa up to 360

min, and a combined double step with ethanol (EtOH) for 80 min followed by SC-CO
drying (EtOH+SC-C@) at 35°C and 10 MPa up to 90 min. A high pressure sapphire
window cell (Separex S.A.S.) was used to carry out the experiments. The internal
temperature and pressure were set with a thermostatic bath and an HPLC pump (Gilson
25SC). CQ (purity 99.990%, Messer) was flowed into the reactor at a constant flow rate of
23 ml/min until 10 MPa; then the pressure was maintained constant by tuning on a
micrometric valve. The vessel was depressurized opening the valve at the end of the drying.
Samples were packaged for long-term storage in sterile plastic bag at 4°C up to 6 months.
Samples were weighted after the treatment assuming that all weight loss was due to the
moisture removal from the ECM. Weight reduction was expressed as the ratio of %
WendWstars With Weng and Wiiare €Xpressing respectively the weight of the sample after and
before the treatment. Microbiological analysis were performed by means of the standard
plate count techniques as previously reported [14] for mesophilic bacterial, mesophilic
bacterial spores and yeasts and molds. The enumeration was referred to the weight of initial
product and expressed in colony forming units CFU/g. The degree of inactivation was
calculated considering the log(NJN where N (CFU/g) and N (CFU/g) is the number of

CFU per gram in the untreated and treated sample, respectively. Mechanical
characterization was performed with tensile tests with a Midi 10 electromechanical testing
machine (Messphysik Materials Testing) at a speed of 0.1 mm/s on regular rectangular
peaces fixed at the loading frame. Before testing, the dried samples were rehydrated for 24
h in Phosphate Buffer Saline (PBS-Sigma). Histological analysis were performed on
tissue’s slice for Haematoxylin and Eosin (H&E), Masson’s trichrome (MT) and Alcian
blue (all from Bio-Optica). Cytochemistry analyses on tissue’s slices were performed using
Alexa Fluor 488 Phalloidin (Thermo Fisher) 1:200 and Hoechst (Sigma Aldrich) 10 uM
diluted in PBS with 0.1% Triton X-100 (Sigma Aldrich). Color and fluorescence images
were obtained using a color camera mounted on fluorescence inverted microscope (Leica
DMI4000). Human bone marrow mesenchymal stem cells (hBMMSCs) were provided by
the Cell factory of Policlinico Hospital (Milan, IT) and they were used for scaffold
repopulationn vitro. Cell repopulation experiments were performed up to 8 days of culture

in customized microwell evaluating the cell adhesion and viability. Cultured samples were
analyzed with Live/Dead viability/cytotoxicity kit for mammalian cells (Thermo Fisher)
according to manufacturer’s instructions

3. Resultsand Discussion

Two methods were investigated for the obtainment of a dried acellular esophagus. A
successful dried matrix was reached in a shorter time using the combined ethanol and SC-
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CO2 treatment. The addition of EtOH as co-solvent during the process positively
influenced the solubility of polar solvent in SC-CO2 [15] and therefore reduced the time of
drying. In Fig 1 is represented a cylindrical portion of decellularized esophagus before and
after the supercritical drying, and after the rehydration in PBS.

Not dried SC-CO2 dried Rehydrated

Fig. 1. Picture of cylindrical section of esophagus before (not dried) and after the supercritical
drying and the subsequent rehydration in PBS.

Certain shrinkage was observed after the rehydration; mechanical tests didn't show
significant differences between the two processes (data not shown) and also a good
maintenance of mechanical properties during time (data not shown). The preservation of the
esophageal architecture was demonstrated with the presence of the three layers with
histological analyses: mucosa, submucosa and muscular layers in all the analyzed samples
for H&E (data not shown). MT staining pointed out the maintenance of the collagen in the
lamina proprig submucosandintermuscular septaf themuscularis externaAB staining

did not show a further decrease of glycosaminoglycan (GAG) after the drying (data not
shown). The preservation of the architecture were obtained till 6 months for the H&E (Fig 2
Top) and confirmed with MT and AB (data not shown). Live and Dead analysis
demonstrated good biocompatibility in vitro up to 8 days of culture for the samples dried
with the combined process, meaning that SG-@lOne was not able to remove some toxic
component from decellularization (data not shown). Repopulation tests demonstrated the
presence of live cells on the surface; the repopulation was possible also after 3 and 6
months of storage. Fig 2 (centre and bottom) shows the live and dead analysis at the surface
for the total nuclei (Hoechst) in blue and for the dead cells in red (Ethidium). Cells shown
high viability in vitro and therefore good biocompatibility even after 8 days of culture in the
samples stored for 6 months. The initial load of natural flora population is shown in Table
1. A complete inactivation of the microorganisms was obtained after the EtOH-C-CO
process, while SC-COdrying alone was not able to inactivate completely mesophilic
bacterial and spores (data not shown).
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Fig. 2. H&E staining (Top), live and dead analysis for nuclei with Hoechst (centre) and with
Ethidium (bottom) at different storage time.

Table 1. Initial microbiological load of the decellularized esophagus before the treatment

Microorganism Log No [CFU/q]
Mesophilic bacteria 8.22+0.89
Mesophilic spores. 0.57+0.12

Yeast and molds 8.27+0.66

4. Conclusions

Overall the results highlighted the potential of this novel method to obtain a dry acellular
matrix that can be stored for long term without substantial change of properties from the
native tissue. SC-COdrying represents a promising alternative for the long term
maintenance of decellularized tissue.
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