
Vol.:(0123456789)1 3

Pediatric Surgery International           (2024) 40:13  
https://doi.org/10.1007/s00383-023-05591-y

ORIGINAL ARTICLE

Stomach engineering: region‑specific characterization 
of the decellularized porcine stomach

Yusuke Shigeta1,2 · Tarek Saleh1 · Giada Benedetti1 · Lorenzo Caciolli1,3 · Jinke Chang4 · Elisa Zambaiti5 · Lei Wu4 · 
Sahira Khalaf1 · Wulei Song4 · Alessandro Filippo Pellegata6 · Giovanni Giuseppe Giobbe1 · Paolo De Coppi1,7

Accepted: 1 November 2023 
© The Author(s) 2023

Abstract
Purpose Patients affected by microgastria, severe gastroesophageal reflux, or those who have undergone subtotal gastrec-
tomy, have commonly described reporting dumping syndromes or other symptoms that seriously impair the quality of their 
life. Gastric tissue engineering may offer an alternative approach to treating these pathologies. Decellularization protocols 
have great potential to generate novel biomaterials for large gastric defect repair. There is an urgency to define more reliable 
protocols to foster clinical applications of tissue-engineered decellularized gastric grafts.
Methods In this work, we investigated the biochemical and mechanical properties of decellularized porcine stomach tissue 
compared to its native counterpart. Histological and immunofluorescence analyses were performed to screen the quality 
of decellularized samples. Quantitative analysis was also performed to assess extracellular matrix composition. At last, we 
investigated the mechanical properties and cytocompatibility of the decellularized tissue compared to the native.
Results The optimized decellularization protocol produced efficient cell removal, highlighted in the absence of native cellular 
nuclei. Decellularized scaffolds preserved collagen and elastin contents, with partial loss of sulfated glycosaminoglycans. 
Decellularized gastric tissue revealed increased elastic modulus and strain at break during mechanical tensile tests, while 
ultimate tensile strength was significantly reduced. HepG2 cells were seeded on the ECM, revealing matrix cytocompatibility 
and the ability to support cell proliferation.
Conclusion Our work reports the successful generation of acellular porcine gastric tissue able to support cell viability and 
proliferation of human cells.

Keywords Extracellular matrix · Stomach · Tissue engineering · Decellularization

Introduction

Patients reporting congenital microgastria [1–4], gastric 
cancer [5], or post-gastrostomy for gastric rupture repair 
[6] have been described to present severe gastroesophageal 
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reflux (GER) and dumping syndromes, namely caused 
by the reduced volume of the stomach. Various surgical 
techniques have been described as potential treatments 
[1–3, 5]. However, these therapies have shown little ben-
eficial effects while introducing additional complications 
for patients [2]. The use of artificial materials for gastric 
repair has also been described [7–9]. However, these mate-
rials have been reported to display inadequate mechani-
cal compliance, plasticity, and ability to accommodate 
the native anatomy. Moreover, these studies have also 
described limitations in terms of tissue healing, remodel-
ling, and the ability to accelerate tissue maturation during 
the growth of the individual.

Decellularization technology is used to produce acel-
lular materials with a low risk of immune rejection upon 
transplantation [10, 11]. Furthermore, decellularized 
ECM scaffolds are dynamic, which leads to the continu-
ous extracellular matrix (ECM) deposition and renewal by 
the recipient’s cells upon migration and repopulation of 
the transplanted graft. This fact allows the graft to actively 
accommodate patients’ physiological growth over time, 
limiting the demand for follow-up surgeries [11]. Decel-
lularized ECM has already been described in several appli-
cations. For instance, the literature reports examples of 
decellularization protocols to derive ECM from intestine 
[12], trachea [13], heart [10], lungs [14], and liver [15]. 
Recent works have also shown the potential application of 
ECM for surgical repair for both human and animal recipi-
ents. Singh Rathore et al. reported the use of decellular-
ized buffalo diaphragmatic ECM for abdominal wall defect 
repair in four different animal models, including buffalo, 
cow, pig, and goat [11]. Meran et al. recently described the 
generation of autologous intestinal grafts based on human 
decellularized intestinal ECM as a proof-of-concept strat-
egy to treat intestinal failure in paediatric patients [16]. 
Decellularization protocols have also been applied in the 
field of gastric tissue engineering, as highlighted in the 
work performed by Zambaiti et al., Feng et al., and Hori 
et al. [17–19].

The primary goal of gastric tissue engineering is to main-
tain the generation of functional tissue grafts able to support 
tissue’s physiological functions (e.g., digestion and nutri-
ent absorption), while limiting the risk of granulation and 
ulcer formations upon transplantation. At the same time, 
grafts would also need to accommodate large surface areas, 
limiting life-threatening pathologies caused by reduced gas-
tric volumes. In this study, we report a method to obtain 
decellularized gastric tissue from porcine origin. Different 
anatomical regions of the stomach, including fundus, body, 
and antrum, were analysed. The decellularized grafts were 
subjected to biochemical and mechanical characterizations. 
Furthermore, the decellularized grafts were repopulated with 
HepG2 cells to investigate their cytocompatibility in vitro.

Materials and methods

Collection of organs and decellularization

Whole stomachs were collected from female piglets, weigh-
ing approximately 10 kg (obtained from Royal Veterinary 
College, Hawkshead Campus, UK). After sacrifice, the 
abdominal wall was disinfected with 70% ethanol (Sigma-
Aldrich) in MilliQ water, and a midline incision was per-
formed to expose the abdominal cavity. Then, stomachs 
were harvested, and their fundus and antrum were connected 
with Luer-lock connectors (Cole Parmer) using sutures with 
W792 Mersilk Suture (Size 00, Ethicon). Next, the stom-
achs were washed with abundant 1X phosphate-buffered 
saline (PBS; Sigma-Aldrich). After that, stomachs were 
decellularized by the continuous perfusion of the following 
reagents: 2% sodium deoxycholate (SDC; Sigma-Aldrich) 
for 5 h, distilled water (D.W.) overnight, DNase 30 µg/mL 
(EMD Millipore Corp) in 1X Hank’s Balanced Salt Solution 
(HBSS; Gibco) for 1 h, 1.5 mol/L sodium chloride in D.W. 
(NaCl, Sigma-Aldrich) for 30 min, and D.W. with 1% Peni-
cillin/Streptomycin (P /S, Sigma-Aldrich) for 48 h. All the 
decellularization steps were carried out at room temperature 
(RT). The perfusion of decellularizing reagents was achieved 
with an iPump i150 peristaltic pump (iPumps) set to produce 
a flow rate of 14 mL/min. Decellularized stomachs were 
stored in 1X PBS with 1% P/S at 4℃. Finally, scaffolds were 
sterilized via gamma irradiation (3560 Gy).

Histological staining

Decellularized scaffolds were fixed with 4% paraformalde-
hyde (PFA, Sigma-Aldrich) for 1 h at RT. After rinsing, they 
were embedded in optimal cutting temperature embedding 
medium (OCT; Thermo Scientific). Embedded samples were 
cryosectioned (Bright Instruments) to produce 7-µm-thick 
sections for histological staining. Tissue slides were stained 
with Haematoxylin and Eosin (H&E, Thermo Scientific), 
Masson’s Trichrome (MT) (RAL Diagnostic), Elastica Van 
Gieson (EVG, EMD Millipore corp.), and Alcian Blue (AB, 
Sigma-Aldrich) stains. Native porcine stomach tissue sam-
ples from fundus, body, and antrum regions were used as 
positive controls to ensure that histological stains were cor-
rectly performed.

Immunofluorescence staining

For immunofluorescence (IF) staining, tissue slides were 
dried and washed with 1X PBS to remove excess OCT. Tis-
sue sections were quenched by incubating them in 50 mM 
 NH4Cl (BDH Laboratory) for 1 h at RT. Subsequently, slides 
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were blocked and permeabilized with 0.3% Triton X-100 
(Sigma-Aldrich) in PBS (PBS-T) supplemented with 1% 
bovine serum albumin (BSA, Sigma-Aldrich) for 10 min at 
room temperature. Primary antibodies were diluted in 0.1% 
PBS-T supplemented with 1% BSA and applied overnight 
at 4 °C. Slides were incubated with Alexa Fluor secondary 
antibodies (Invitrogen) for 1 h at room temperature. Finally, 
slides were mounted with Anti-Fade Fluorescence Mount-
ing Medium (Abcam). Immunofluorescence images were 
acquired on a Zeiss LSM710 confocal microscope (ZEISS). 
Primary antibodies used in this study were anti-Fibronectin 
(dilution = 1:500, Abcam, ab23751), and anti-Collagen-1 
(dilution = 1:500, Novus Biologicals, NB600-450). Sec-
ondary antibodies used in this study were  AlexaFluor® 
anti-rabbit 568 (dilution = 1:200, Thermo Fisher, A11011), 
 AlexaFluor® anti-mouse 594 (dilution = 1:200, Thermo 
Fisher, A11012), and Hoechst 33,342 (Thermo Fisher, 
H1399) at 10 μg/mL.

DNA quantification

Tissue fragments, ranging from 15 to 25 mg, were cut from 
each tissue (decellularized and native porcine stomach). 
DNA was extracted with  DNeasy® Blood & Tissue Kit 
(QIAGEN), according to the manufacturer’s instructions. 
DNA concentration was measured with NanoDrop One 
(Thermo Fisher).

Glycosaminoglycan quantification

Sulfated glycosaminoglycans content (sGAG) was extracted 
from native and decellularized tissues (weighing 15–25 mg) 
using the Blyscan GAG Assay Kit (Biocolor), according to 
the manufacturer’s instructions. The absorbance was meas-
ured at 636 nm using  SpectraMax® i3x Multi-Mode Micro-
plate Reader (Molecular devices).

Soluble collagen quantification

Native and decellularized tissues (weighing 10–20 mg) were 
used for quantifying the soluble collagen.  Sircol™ Soluble 
Collagen Assay Kit (Biocolor) was used according to the 
manufacturer’s instructions. The absorbance was measured 
at 556 nm using  SpectraMax® i3x Multi-Mode Microplate 
Reader (Molecular devices).

Elastin quantification

Elastin content was extracted from native and decellular-
ized tissues (5–10 mg) with Fastin™ Elastin Assay Kit 
(Biocolor), according to the manufacturer’s instructions. The 
absorbance was measured at 513 nm with  SpectraMax® i3x 
Multi-Mode Microplate Reader (Molecular devices).

Mechanical tensile test

Mechanical tensile tests were performed to detect Young’s 
elastic modulus (MPa), ultimate tensile strength (MPa), 
and strain at break (%) of decellularized tissues and fur-
ther highlight the effect of the decellularization process on 
tissue’s mechanical properties. Instron 5565 tensile testing 
system (Instron) was used to detect the mechanical param-
eters. Native and decellularized gastric tissues were cut into 
30 mm x 6 mm tissue stripes. Stripes were pinched from 
both sides so the final working tissue size was 15 mm × 
6 mm. The mechanical testing speed was set to 10 mm/min. 
Mechanical tests were carried out for the stomach’s body 
regions only.

HepG2 cell culture

HepG2 cells were cultured on tissue culture plates coated 
with 0.1% gelatin embryo culture water (Millipore corp.), 
supplied by Dulbecco’s Modified Eagle’s Medium (DMEM, 
Gibco supplemented with 10% foetal bovine serum (FBS, 
Gibco), 1% L-glutamine (Gibco), and 1% Penicillin–Strep-
tomycin (Sigma-Aldrich). HepG2 cells were split 1:3 using 
TrypPLE reagents (Gibco) and passaged on coated culture 
plates. HepG2 cells were applied to check the cytocompat-
ibility of the decellularized samples.

Indirect cytocompatibility

Decellularized scaffolds were processed with a biopsy 
punch (diameter = 4 mm, Stiefel) to obtain decellular-
ized gastric mucosal discs. They were incubated with 
HepG2 culture medium at 37 degree for 72 h with agita-
tion. The scaffold-conditioned medium was used to assess 
the indirect effect of the scaffolds in terms of HepG2 
cell viability and proliferation. In particular, the culture 
medium supernatant (conditioned medium) was further 
used for the culture of HepG2 cells in gelatinized tissue 
culture plates as previously described (“Test” condition). 
A medium containing 20% dimethyl sulphoxide (Sigma-
Aldrich)   and an unconditioned medium were used as 
positive and negative controls, respectively. At 24 h and 
96 h of culture, cellular viability was assessed using the 
live/dead viability/cytotoxicity assay (Molecular Probes, 
Invitrogen Corp.). This assay utilizes the fluorescent dyes 
ethidium homodimer and calcein. Ethidium homodimer 
(red) increases in fluorescence intensity upon binding 
to DNA. Calcein (green) is hydrolysed by intracellular 
hydrolases found in living cells and subsequently under-
goes an increase in fluorescence intensity. Therefore, in 
this assay, viable cells fluoresce green while non-viable 
cells fluoresce red. Live/dead assay was performed as 
per the manufacturer’s instructions. Imaging was carried 
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out with Axio Observer A1 (Zeiss) and images were fur-
ther processed with ImageJ (Version Windows 32-bit) 
software to count the percentage of live/dead cells. The 
1-(4,5-dimethylthiazol-2-yl)-3,5-diphenylformazan 
(MTT) assay (Sigma-Aldrich) was also used to assess 
cellular proliferation via quantification of the enzyme 
mitochondrial dehydrogenase. MTT assay was performed 
according to the manufacturer’s instructions. The absorb-
ance at 570 nm was measured by the  SpectraMax® i3x 
Multi-Mode Microplate Reader (Molecular devices).

 Direct cytocompatibility

The decellularized gastric mucosal discs were top-seeded 
with 20 µL of HepG2 cells (1.5 × 105). Repopulated gas-
tric discs were cultured in tissue culture plates supplied 
with HepG2 culture medium for 72 h at 37, 5%  CO2. They 
were then stained by H&E staining to check the cellular 
attachment. Cellular proliferation was also confirmed by 
performing immunofluorescence staining for the Ki67 
marker (dilution 1: 200, Abcam, ab15580).

Statistical methods

For three parameters, a one-way ANOVA was performed 
using GraphPad Prism 9 (National Institutes of Health, 
V1.52). In the case of two parameters, a T-test was per-
formed with GraphPad Prism 9. In all the presented fig-
ures, statistical significance is expressed as ***p < 0.0001, 
**p < 0.01, *p < 0.05. Quantitative results are expressed as 
mean ± standard deviation (SD).

Results

Histological analysis shows ECM preservation 
in decellularized tissues from the fundus, body, 
and antrum

The macroscopic appearance of the whole organ before and 
after decellularization was comparable in shape (Fig. 1a), 
suggesting that the technique did not disrupt the macrostruc-
ture of the organ. Nonetheless, the decellularized organs 
were whitened compared to the native, as a consequence 

Fig. 1  a Macroscopic appearance of decellularized porcine stomachs 
showing preservation of the macroscopic structure compared to the 
native stomach. The  bottom panel showing the opened decellular-
ized stomach, with the different regions annotated. Scale bar = 2 cm. 
b Characterization by histology and immunofluorescence for each 

location. Haematoxylin and eosin (H&E), Masson’s Trichrome (MT), 
Elastica Van Gieson (EVG) and Alcian Blue (AB) staining, and 
immunostaining against fibronectin and collagen I (in red) in decel-
lularized porcine stomachs compared to native stomachs. Scale bar 
1000 μm for histologies. Scale bars 100 µm for immunostaining
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of the removal of all cellular components (Fig. 1a). Moreo-
ver, the opening of the decellularized stomach sac displayed 
an intact inner layer, as no obvious damage was visible 
(Fig. 1a).

After stomach dissection into its three regions (fundus, 
body, antrum), histological analysis was performed to com-
pare native and decellularized tissue. H&E staining in the 
native samples showed the layered structure of the stomach 
(Fig. 1b). The decellularized samples showed no detectable 
nuclei in all regions, and the overall ECM ultrastructure was 
maintained (Fig. 1b). The collagen fibres were identified by 
MT staining. At all regions, the collagen fibres were pre-
served in the decellularized samples compared to the native 
tissue (Fig. 1b). The AB staining was used to detect acidic 
polysaccharides, such as glycosaminoglycans. In the native 
tissue, there was the evident presence of pink nuclei marking 
the cells, mucous cells were identified by light blue cyto-
plasm, and the glycocalyx was evident on top of the gastric 
glands layer (Fig. 1b). In the decellularized tissue, only a 
fade light blue ECM structure was persistent, proving once 
again the removal of cells, but also the decrease in GAGs 
composition. EVG staining was used to confirm their reten-
tion in the decellularized tissues (Fig. 1b).

The different regions of native or decellularized sam-
ples were also analysed by immunofluorescence staining 
for ECM components (fibronectin and collagen I), with cell 
nuclei counterstained with Hoechst. In the native tissues, 
the stomach wall layering was evident, with a clear gland 

ultrastructure defined by the nuclei (Fig. 1b). No signal 
marking the nuclei was detected in the decellularized tissue, 
whereas the fibronectin was kept intact (Fig. 1b). Addition-
ally, collagen I fibres were preserved in the decellularized 
tissue compared to the native (Fig. 1b).

These macroscopic and histological appearances indi-
cated that decellularization treatment could remove cells 
successfully while preserving ECM microstructure.

ECM characterization in decellularized tissues 
from the fundus, body, and antrum

To further assess the changes in ECM composition, specific 
assays were performed to quantify the differences between 
native and decellularized tissue. First, DNA quantification 
was performed to measure the residual nuclear contents 
left in the decellularized scaffold. The DNA amount in the 
decellularized tissue was significantly lower compared to the 
native tissue at each location (p < 0.05) (Fig. 2a).

Coherently with the histology results, quantification of 
soluble collagen showed no significant difference between 
native and decellularized tissues for each location (Fig. 2b). 
There was a significant reduction of sGAG in the decel-
lularized tissue compared to the native tissue. In particu-
lar, the difference was statistically significant in the fundus 
(p < 0.0001) and in the body (p < 0.05), while a non-signif-
icant reduction was present at the antrum (Fig. 2c). Quan-
tification of elastin showed no significant differences at the 

Fig. 2  a DNA quantification in native and decellularized tissue in 
the  fundus, body, and antrum (p < 0.05). b Soluble collagen quanti-
fication in native and decellularized tissue in the  fundus, body, and 
antrum. c  Sulfated glycosaminoglycan (sGAG) in native and decel-
lularized tissue in the  fundus, body, and antrum (fundus p < 0.001: 

body p < 0.05). d Elastin quantification in native and decellularized 
tissue in the fundus, body, and antrum (body p < 0.05). NF native fun-
dus, DF decellularized fundus, NB native body, DB decellularized 
body, NA native antrum, DB decellularized antrum



 Pediatric Surgery International           (2024) 40:13 

1 3

   13  Page 6 of 9

fundus/antrum between native and decellularized tissues, 
while it exhibited significantly higher level in decellular-
ized body tissue (p < 0.05) (Fig. 2d).

Mechanical tensile assays

To evaluate the mechanical properties of the decellularized 
tissue compared to the native, 30-mm-long stripes of gas-
tric body tissue were cut and pinched by the tensile test-
ing machine, leaving a final working tissue size of 15 mm 
(Fig. 3a). The tensile test showed a significant increase in 
stiffness in the decellularized tissue (p < 0.05), as shown by 
the Young’s modulus (Fig. 3b). The strain at break (dis-
played as stretched length rate when the tissue was broken) 
showed a significant increase in the decellularized tissue 
(p < 0.005) (Fig. 3c), while the ultimate tensile strength 
(the force required to break the material) was significantly 
reduced in the decellularized tissue (p < 0.005) (Fig. 3d).

The decellularized tissue is cytocompatible

After culturing HepG2 cells for 1 day and 4 days with the 
different conditioned media, Live/Dead assay and MTT 
assay were performed. Test and negative groups looked com-
parable in the Live/Dead assay, while the DMSO group (pos-
itive control) clearly showed increased percentage of dead 
cells (Fig. 4a). Our observation was confirmed upon quan-
tification and there were no significant differences between 
the test and negative control groups at the different time 

points in terms of the percentage of live cells (Fig. 4b). Simi-
larly, the MTT assay showed that there was no significant 
difference between the test and negative groups on either day 
1 or day 4, (Fig. 4c). To further test the cytocompatibility 
of the scaffold, cells were directly seeded on top of it and 
allowed to grow for 72 h. H&E-stained sections showed the 
presence of a monolayer of cells over the scaffold patch. The 
sections were also stained for the proliferation marker Ki67, 
showing that cells were alive and proliferating also when 
cultured on the scaffold (Fig. 4d).

Discussion and conclusion

The stomach is a vital organ responsible for the accumula-
tion of food, hormone secretion, chemical and mechanical 
digestion, and absorption of some nutrients [20].

Pathological conditions that result in gastric volume 
reduction, such as microgastria and other disorders that 
arise consequently to gastrectomy for gastric cancer or 
gastric perforation, lead to various complications and a 
decreased quality of life. Therefore, several suggestions for 
surgery improvement and other procedures have been pro-
posed [1–3]. Although promising, those surgeries are quite 
invasive for children, and shunting surgery alone does not 
solve the problem of gastric volume improvement, nor does 
it compensate for the complex role of signal coordination as 
earlier described. Therefore, regenerative medicine research 
is essential.

Gastric regenerative medicine research focuses on the use 
of tissue engineering to expand stomach volume, with a spe-
cial focus on tissue transplantation into gastric wall defects 
[19]. Based on the literature, collagen sponge scaffolds 
derived from porcine skin, reinforced with a felt derived 
from polyglycolic acid, were transplanted into the stomach 
of a dog [19]. The inner surface was covered by the gastric 
epithelium, which would have been a good result at the time. 
However, the experiment required silicone sheet removal, 
increasing the number of procedures required to fulfil the 
aim. After this, several experiments have been conducted 
with various materials and cells [21, 22]. An innovative 
approach was investigated by Ueno et al. by transplanting 
a porcine small intestinal submucosal sheet (SIS) into rats. 
The gastric mucosa covered the inner surface of the stom-
ach, showing signs of revascularization. When mesenchymal 
stem cells (MSCs) were seeded on SIS, smooth muscle was 
also observed [23]. In a rat-rat transplantation experiment 
conducted by Maemura et al., neonatal rat gastric epithe-
lial organoids were cultured in a biodegradable polymer 
and transplanted into the omentum. As a result, a cystic 
structure with gastric epithelium was obtained, which was 
then used to replace the stomach of recipient rats. The trans-
planted rats showed no nutritional differences compared to 

Fig. 3  a Tissue sample size is 30  mm x 6  mm. The samples are 
stretched by pinches to both directions. b–d Tensile test between 
native and decellularized body tissue in (b) Modulus (p < 0.05), 
(c) Strain at Break (p < 0.005), and (d) Ultimate Tensile Strength 
(p < 0.005). NB native body, DB decellularized body
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controls [24]. Moreover, G cells and parietal cells were iden-
tified. However, the new stomach obtained by this method 
was smaller than the stomach of a neonatal rat [24]; hence, 
further research is needed to develop a technique that can 
compensate for a larger area while still providing excellent 
physiological function.

Unlike the oesophagus, none of the published gastric 
studies have yet been clinically tested in humans [25]. A 
possible reason for this is the need for larger grafts to be of 
significance in clinical practice. At present, the largest sizes 
used in animal models are 4 cm × 4 cm by Hori et al. [19, 
26], and 5 cm by Araki et al. [27], and these sizes do not 
meet the demand. Moreover, the grafts will have to func-
tionally reproduce the original gastric functions, such as 
migration and engraftment of stable recipient-derived cells, 
peristalsis by muscle tissue, and absorption.

To answer this unmet need, we have developed an 
SDC/DNase-based decellularization protocol for the por-
cine stomach. Our aim is to reproduce the physiological 

functions of the human stomach by engrafting human cells 
onto the physiological ECM components of the decellular-
ized porcine stomach. This will ultimately allow the pro-
duction of larger grafts while reducing the risk of immune 
rejection, viral and bacterial infections, etc. Our study pro-
posed the characterization of the ECM in the three main 
regions of the stomach: fundus, body, and antrum.

First, the procedure maintained an intact macrostructure 
with no damage on the inner layer. Histological analysis 
and immunostaining proved the efficiency of the decel-
lularization protocol adopted, as cells were successfully 
removed, while maintaining the ECM components. Further 
quantifications identified no significant difference in the 
amount of soluble collagen between native and decellu-
larized tissue in all three regions. Similarly, no significant 
difference for the same comparison was visible for elas-
tin quantification, except for the body region, where the 
elastin significantly increased in the decellularized tissue. 

Fig. 4  a, b Live/Dead assay showing the percentage of live cells 
between test medium and negative control medium for each period 
(day 1, day 4) and DMSO medium. Scale bar = 400 µm (p < 0.0005). 
c MTT assay showing the proliferation levels in test medium and 

negative control medium for each period (day 1, day 4), and DMSO 
medium (p < 0.001 for day 1, p < 0.05 for day 4). d  H&E and immu-
nostaining with Ki67 staining of HepG2 cells seeded on decellular-
ized scaffold sections. Scale bar = 50 µm
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On the other hand, a decrease in sGAG was found in the 
decellularized samples, consistently with the AB staining.

The absence of differences in the ECM composition in 
the three regions could suggest the possibility of using body 
decellularized tissue (the largest region, therefore the easi-
est scaffold to be produced) as main source for large grafts 
production to be used at any region. Therefore, we tested the 
mechanical properties and cytocompatibility of body decel-
lularized tissue.

Regarding the mechanical test, Young’s elastic modulus 
and strain at break of the decellularized body were signifi-
cantly higher compared to the native tissue, while the ulti-
mate tensile strength was significantly lower. The increase of 
the modulus accounts for the elastic properties of the tissue. 
The changes in strain at break and UTS point at the ability 
of the material to increase deformation at lower pressures. 
Although it was difficult to strictly standardize the orien-
tation of the muscle fibres in the tensile test, we can still 
indicate the decellularization process to be predominantly 
responsible for the difference in tissue strength. It is unclear 
how these differences would affect the outcome of trans-
plantation: the increased elasticity suggests that it would 
be best to avoid using tissue smaller than the defect at the 
time of transplantation. Of note, it would be interesting to 
investigate whether in vivo degradation by recipient-derived 
cells and ECM remodelling after transplantation could revert 
elasticity to physiological tissue strength.

Finally, we showed that HepG2 cells (human-derived 
cells) could be seeded on porcine stomach-derived ECM or 
grown in an ECM-conditioned medium. They were able to 
grow and proliferate, proving the produced ECM scaffold 
is cytocompatible. To further improve the complexity of 
the graft for transplantation, it will be necessary to use cell 
types such as gastric epithelial cells, fibroblasts, myocytes, 
endothelial cells, and enteric nervous system cells. Indeed, 
the use of HepG2 cells, which is a cell line derived from 
a human tumour, could bias our observation on the cellular 
proliferation rate, which could be higher than gastric epithe-
lial cells. Therefore, the use of gastric epithelial organoids as 
a cell source for seeding the ECM patch could be an interest-
ing and reliable solution.

Overall, we could reliably produce decellularized porcine 
patches from the three main gastric regions. The absence 
of differences in ECM composition among the different 
regions allowed us to identify the body as the main source 
of scaffold, allowing the production of large-size patches. It 
is important to note that our ECM did not show any toxicity 
effect on human cells, which grew on decellularized porcine 
tissue. These results introduce this system as a potential can-
didate for future animal transplantation studies.
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