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ABSTRACT: Uterus tissue engineering may dismantle limitations in current uterus transplantation protocols. A uterine biomaterial populated
with patient-derived cells could potentially serve as a graft to circumvent complicated surgery of live donors, immunosuppressive medication and
rejection episodes. Repeated uterine bioengineering studies on rodents have shown promising results using decellularised scaffolds to restore
fertility in a partially impaired uterus and now mandate experiments on larger and more human-like animal models. The aim of the presented
studies was therefore to establish adequate protocols for scaffold generation and prepare for future in vivo sheep uterus bioengineering
experiments. Three decellularisation protocols were developed using vascular perfusion through the uterine artery of whole sheep uteri
obtained from slaughterhouse material. Decellularisation solutions used were based on 0.5% sodium dodecyl sulphate (Protocol 1) or 2%
sodium deoxycholate (Protocol 2) or with a sequential perfusion of 2% sodium deoxycholate and 1% Triton X-100 (Protocol 3). The scaffolds
were examined by histology, extracellular matrix quantification, evaluation of mechanical properties and the ability to support foetal sheep
stem cells after recellularisation. We showed that a sheep uterus can successfully be decellularised while maintaining a high integrity of the
extracellular components. Uteri perfused with sodium deoxycholate (Protocol 2) were the most favourable treatment in our study based on
quantifications. However, all scaffolds supported stem cells for 2 weeks in vitro and showed no cytotoxicity signs. Cells continued to express
markers for proliferation and maintained their undifferentiated phenotype. Hence, this study reports three valuable decellularisation protocols
for future in vivo sheep uterus bioengineering experiments.
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Introduction

Novel tissue engineering techniques may be used to overcome lim-
itations in current uterus transplantation (UTx) protocols. By using
a uterus-like biomaterial that is populated with the patient’s own
cells, a patient-specific grafting material may instead be developed to
treat uterus factor infertility. Such grafting material would not require
live donor surgery or the use of immunosuppressive drugs following
transplantation. Much research attention has been focused on various
synthetic or biological biomaterials. A popular approach is to use
decellularised tissue as scaffolding for organ and tissue reconstruction
(Campo et al., 2017b; Hellström et al., 2017). This approach includes
nuclear- and intra-cellular component removal from donated tissue.
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The obtained acellular organ-specific extracellular matrix (ECM) is
believed to have no or very low immunogenicity and may thus serve as
an excellent scaffolding for the patient-derived cells and form a patient-
specific tissue or organ (Gilbert et al., 2006; Badylak et al., 2011).
Hence, the donor material does not need tissue matching, can be
harvested from any deceased donor and may therefore also provide a
near-limitless supply of donor organs. These methods are continuously
being optimised in animal models for a variety of tissues, e.g. heart
(Ott et al., 2008), liver (Shupe et al., 2010; Uygun et al., 2010), kidney
(Song et al., 2013) and reproductive organs such as the ovaries (Shea
et al., 2014; Laronda et al., 2015; Alshaikh et al., 2019) and uterus
(e.g. Hellström et al., 2014; Campo et al., 2017a; Padma et al., 2017;
Campo et al., 2019; Miki et al., 2019). Several studies have shown that
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decellularised tissues are advantageous grafting material in a uterine
wall injury model in rodents (Miyazaki and Maruyama, 2014, Santoso
et al., 2014; Hellström et al., 2016; Hiraoka et al., 2016). Specifically,
these patch studies showed that fertility could be restored with bioengi-
neered uterine grafts and that it may be a relevant treatment option for
patients who have a partially impaired uterus due to e.g. malformations,
extensive resection of myoma or invasive placentation. These reas-
suring results from experiments in small experimental animal models
mandate the continuation of uterus bioengineering experiments in
larger animal models. Recently, uterus decellularisation protocols were
successfully optimised for larger mammals such as the rabbit (Campo
et al., 2019) and the pig (Campo et al., 2017a). However, the sheep
is by many the preferred non-primate large animal model for uterus-
related studies for its close resemblance to the human in terms of
the uterus size, shape, pregnancy characteristics and vascular anatomy
(Dahm-Kahler et al., 2008; Emmerson and Gargett, 2016; Andraus et
al., 2017). Preliminary results using sheep uteri proposed that SDS may
be a suitable detergent for decellularisation (Daryabari et al., 2019).
However, the physical and bioactive properties of uterine scaffolds
vary significantly due to protocol differences in scaffold generation.
Differences in scaffold generation impact graft functionality in vivo,
and it is consequently essential to evaluate this prior to any in vivo
application. Additionally, further developments in this field may also
lead to improved drug screening assays or facilitate research into fun-
damental biochemical events underpinning central development that
may benefit from sophisticated three-dimensional in vitro systems that
mimic normal tissue better than standard in vitro conditions (Olalekan
et al., 2017).

The aim of the present study was to establish a sound uterine
biomaterial of the sheep using the decellularisation technique. Three
different protocols were developed, and the resulting scaffolds were
extensively examined on the basis of its ECM content, mechanistic
properties and ability to support heterogeneous sheep foetal bone
marrow stem cells for the recellularisation phase.

Materials and Methods

Animal work and uterus isolation
In total, 121 ovine uteri were isolated from female sheep at a local
abattoir that processed animals (8–24 months old; Swedish Finull and
Dutch Texel breeds) for food production. Each uterus was obtained
within 5 min after an induced lethal head trauma, and the uterus was
dissected free from surrounding organs on the back-table where the
uterine arteries were freed and cannulated (20G, BD Neoflon, Becton
Dickinson GmbH, Heidelberg, Germany). Each uterus was then per-
fused slowly through both arteries with ice-cold phosphate-buffered
saline (PBS) including lidocaine (0.04 g/l; AstraZeneca, Gothenburg,
Sweden) and heparin (5000 IU/l; Vianex S.A., Athens, Greece) until
specimen blanched. Organs were kept on ice and transported to the
laboratory submerged in PBS. At the laboratory, each uterus was
dissected free from the surrounding tissue and frozen (−20◦C) in
the transport solution until further use (including all material used
as control tissue). To reduce variability that could negatively affect
the experiments, 32 similar-sized organs (mean = 36.42 g; ± 2.42 g
SEM) were selected for the study and randomly divided into four

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

different groups (n = 8), including one normal sheep uterus control
group. Animal ethics approval was not needed for these experiments
since all animals were killed for food production.

Decellularisation of whole sheep uterus with
three different protocols
After initial technical optimisation, various decellularisation agents were
evaluated on the selected thawed whole sheep uteri by placing each
organ in a custom-made decellularisation perfusion set-up that was
connected to silicone tubing (5-mm inner diameter; VWR, Gothen-
burg, Sweden) and a Masterflex perfusion pump (Cole-Parmer Instru-
ments, Chicago, USA) that maintained a constant perfusion speed of
2–2.5 ml/min per uterine artery with a pressure that remained under
100 mmHg throughout the decellularisation procedure (Fig. 1A). All
procedures were conducted at room temperature unless otherwise
stated. Each uterus was first perfused with an ethylenediaminete-
traacetic acid (EDTA) solution (1.86 g/l in deionised water, DW)
overnight (ON) which was followed by a 2-h perfusion with DW
to remove any blood remnants and cell debris after thawing. Organs
were then treated with one of the following decellularisation regimens
(summarised in Table I).

Protocol 1 (P1; n = 8): each uterus was exposed to 8-h perfusion
with sodium dodecyl sulphate (SDS; 0,5% in DW) followed by DW
perfusion for 26 h. The organ was then perfused with PBS overnight,
then for an additional hour with Dulbecco’s PBS (dPBS, Thermo
Fisher, Stockholm, Sweden) at 37◦C to prime the conditions for the
subsequent perfusion of a recirculating DNase I solution (8000 IU
DNase I/organ; D5025, Sigma Aldrich, Stockholm, Sweden) kept at
37◦C for 1 h. The organ was then washed for 1 h with DW at room
temperature. Immediately after the wash, a second cycle was initiated,
repeating the first series of treatments starting with the SDS exposure
for 8 h. After the second DNase treatment, the organ was washed for
48 h in DW, then frozen at −20◦C.

Protocol 2 (P2; n = 8): the sequence of events was identical to those
described in P1 except for the detergent. In P2, sodium deoxycholate
(SDC; 2% in DW) was used instead of SDS, then each organ was frozen
at −20◦C.

Protocol 3 (P3; n = 8): a combination of two detergents; SDC (2%
in DW) and Triton X-100 (1% in DW) was evaluated. The uterus was
first perfused with the SDC solution for 4 h, then washed for 6 h using
DW before starting the Triton X-100 perfusion for 12 h. This treatment
was followed by a DW wash for 36 h, and then the whole cycle was
repeated a second time. After the completion of the second cycle, a
DNase I treatment was conducted in the same way as described above.
Each uterus was then washed for 48 h in DW, then frozen at −20◦C.

The sterilisation procedure
Each decellularised uterus was thawed and sterilised by the perfusion
of peracetic acid (0.1% in a 0.9% NaCl) for 1 h. The acid was then
removed, and the decellularised uterus was washed by perfusing sterile
PBS for 48 h. Under aseptic conditions, multiple circular ring segments
from each decellularised uterus was then evenly cut from one horn
to enable biological and biophysical assessments. All tissues were then
frozen in −20◦C, including the excised biopsies so that assessments and
quantifications would represent tissue processed in identical ways and
also to enable thawing and use for potential future in vivo applications.
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Figure 1 The sheep uterus was decellularised with three optimised protocols using a custom built perfusion system. The perfusion
system (A) enabled four uteri to be decellularised simultaneously. Normal sheep uteri (B) maintained its vascular architecture after perfusion, evident
by the created three-dimensional plastic model of the intact vascular network (C; Batson’s #17 Plastic Replica Corrosion Kit; Polysciences, Eppelheim,
Germany). Complete sheep uterus decellularisation (D) with the various decellularisation protocols was obtained in 8 days (including washing steps),
and there were no apparent macroscopic differences between the protocols. DNA quantification (E; mean ±SEM) and DAPI-staining (F) confirmed
effective DNA removal in all tissue layers of the uterus (DAPI images represent the myometrium-endometrium interphase). Normal, non-decellularised
sheep uterus; P, protocol. Scale bars; B–D = 4 cm; F = 75 μm. Significant level = ∗∗∗∗P < 0.0001.

Table I Summary of the perfusate used and the respective exposure time in the three
decellularisation protocols used in the study.

Protocol 1 Protocol 2 Protocol 3
.................................................................................................................................................

8 h SDS (0.5% in DW) 8 h SDC (2% in DW) 4 h SDC (2% in DW)
26 h DW

Overnight in PBS
1 h DNase I (37◦C; 8000 IU in PBS)

1 h DW
Repeat once

6 h DW
12 h Triton X-100 (1% in DW)

36 h DW
Repeat once
1 h DNase I

(37◦C; 8000 IU in PBS)
.................................................................................................................................................

48 h DW
Frozen in DW (−20◦C)

Thawed and sterilised with peracetic acid (1 h; 0.1% in NaCl 0.9%)
48 h sterile PBS

Frozen in DW (−20◦C)

Plastic replica of the vasculature
To investigate the patency of the vasculature after uterus perfusion,
Batson’s plastic replica and corrosion kit was used according to the
manufacturer’s instructions (catalog #07349, Polysciences Europe
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GmbH, Eppelheim, Germany). In brief, the polymer resin was mixed
and then immediately injected into respective uterine artery while the
specimen was kept submerged in ice-cold water to reduce the effect
from the exothermic resin reaction. The injected specimen was then
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kept submerged overnight in the fridge (+4◦C) and was then fully
emerged in a 50◦C KOH solution (20% in DW) for 24 h upon all soft
tissue had dissolved and a plastic replica of the sheep uterus vasculature
remained.

Histology, immunohistochemistry and
electron microscopy
A thawed ring-shaped segment from each decellularised uterus was
formalin-fixed and dehydrated in ethanol/xylene baths and was then
paraffin-embedded before being cross-sectioned (5 μm) on a micro-
tome. All sections were then rehydrated prior to further processing.
The general morphology was investigated by light microscopy after
hematoxylin and eosin (H&E) staining. The content of DNA was
detected using fluorescent stain (4′,6′-diamidino-2-phenylindole, DAPI;
Life Technologies, Stockholm Sweden). Standard protocols were used
for Verhoeff–van Gieson (VVG) staining (to detect elastin), Masson’s
trichrome (MT) staining (to detect collagen) and Alcian Blue (AB) stain
to detect glycosaminoglycans (GAGs; all chemicals from Histolab AB,
Gothenburg, Sweden). One sample from each organ was also prepared
for scanning electron microscopy (SEM) using standard procedures
(conducted at the Center for Cellular Imaging, Sahlgrenska Academy,
University of Gothenburg).

DNA, protein and ECM quantification
All biopsies (n = 8 per group and analysis) for the quantifications were
thawed from −20◦C and placed on dry filter paper to remove excess
fluid and weighed. For DNA quantification, biopsies were indepen-
dently homogenised in an ATL Buffer (including proteinase K) with a
steel bead in a TissueLyser (Qiagen, Sollentuna, Sweden). Qiagen’s
DNA extraction kit DNeasy Blood & Tissue was used following the
manufacturer’s protocol. The DNA was eluded in 30 μl, and the
concentration was established using a NanoDrop (Thermo Scientific,
Wilmington, USA). The leftover DNA from five samples per decellu-
larised group, including the DNA extraction from one normal uterus,
was then loaded on a 2% agarose gel and run together with a DNA
ladder to evaluate the size of the remaining DNA fragments in the
decellularised uterine tissues.

Total protein quantification was conducted by Bradford Coomassie
protein assay (#1856209; Thermo Scientific) according to standard
protocols. ECM macromolecule composition of the decellularised
sheep uterine tissue was evaluated using the colourimetric-based
assays developed by Biocolor (Carrickfergus, UK) by following the
manufacturer’s instructions. To quantify soluble and insoluble collagen,
the Sircol S1000 and S2000 were used, respectively. Elastin was
assessed by Fastin F2000 Elastin Assay, and sGAGs were quantified
using BlyscanTM B1000.

Mechanical tests
Ring-shaped biopsies (1 mm wide and containing segments of all
uterine layers) from each decellularised uterus (P1, n = 24; P2, n = 24;
P3, n = 24) were compared to control sheep uterus samples (n = 22).
In brief, mechanical properties were evaluated with a zwickiLine testing
machine (Zwick/Roell Z1.0; Zwick, Ulm, Germany). A preload of
0.1 N and a test speed of 20 mm/minute were used. The accuracy of
the tensile tester was 0.5% in force and 0.5% in elongation (nominal)
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based on calibrations performed regularly according to ISO 7500-
1:2016 and ISO 9513:2012. The maximum load, work required to
completely deform the hooked tissue rings and elongation to first break
were recorded. Since there was a small variability in the width between
the biopsy rings, all recorded data was normalised to the width of the
individual samples to exclude influence from this sampling deviation.
Hence, the obtained data have the unit ‘load per mm of sample width’.
The selected parameters for evaluation were chosen based on the
shape of the deformation diagrams.

Toxicity tests using MTT
To evaluate potential cytotoxic remnants from the decellularisation
process, samples from the storage solution used for the decellularised
uteri were thawed and analysed with a Cell Proliferation Kit I (n = 6 per
protocol; #11465007001, Sigma-Aldrich) as per the manufacturer’s
protocol. In short, human embryonic kidney 293 cells were seeded
(5000 cells) in a 96-well plate with a 100-μl standard cell culturing
medium. After 24 h in culture, a 100-μl thawed storage solution from
each decellularised specimen was added to a well. Some wells received
100 μl DMSO instead, which served as toxic positive control wells
(for toxicity detection). Normal culturing conditions served as negative
control. After 4 h, 10 μl MTT Labelling Reagent was added to each
well, then the plate was incubated overnight. A kit-specific solubilisation
solution was added to each well before the wells were analysed at
565 nm in a plate reader.

Sheep foetal bone marrow stem cell
isolation and characterisation
A female sheep foetus, estimated to be 6–8 weeks old based on
published criteria (Richardson et al., 1976), was isolated from one of
the pregnant uteri collected at the slaughterhouse. Unsorted, hetero-
geneous sheep foetal bone marrow stem cells (SF-SCs) were then iso-
lated by flushing the femurs of the foetus with Leibovitz’s L-15 Medium
(Thermo Fisher) supplemented with 1% Antibiotic-Antimycotic (anti-
anti; Thermo Fisher) using a 30-G needle. The cells were transferred to
a cell culture flask and incubated at 37◦C with air enriched with 5% CO2

and cultured in a standard culture medium (DMEM with Glutamax,
10% foetal bovine serum and 1% anti-anti (Thermo Fisher). The female
sex of the foetus was determined and confirmed by PCR on isolated
genomic DNA from expanded cells using validated primers from an
earlier publication (Asadpour et al., 2015). To confirm the stem cell-
ness of isolated cells and evaluate potential expression similarities with
uterus cells, immunocytochemistry was conducted using antibodies
from Abcam (Cambridge, UK) targeting CD166 (ab235957; 1:200),
α-smooth muscle cell actin (SMA; ab32575; 1:500), vimentin (VIM;
ab8978; 1:1000), Ki67 (ab15580; 1:300), oestrogen receptor-α (ER-
α; ab66102; 1:100), oestrogen receptor-β1 (ER-β; ab187291; 1:100),
progesterone receptor (PR; ab2765; 1:100) and cytokeratin (ab9377;
1:1000). Cells were cultured in 8-well chamber slides (Thermo Fisher),
then washed with PBS and blocked for 1 h at room temperature with
normal goat serum (10%) in PBS and Triton X-100 (0.2%). Antibodies
were diluted in the same blocking solution and added to the cells for
1 h. Cells were then washed three times with PBS, then incubated with
the appropriate fluorescent secondary antibody (CY3 or Alexa Fluor
488; Thermo Fisher; both diluted 1:300 in blocking solution). Cells
were then washed again with PBS, then DAPI-treated for 1 min, then
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quickly washed again in PBS before being coverslipped using fluorescent
mounting media.

Recellularisation assessment
Rings of decellularised sheep uteri (0.3–0.5-mm thickness) from
each protocol were recellularised using the isolated SF-SCs. The
in vitro recellularisation experiments were carried out in triplicates
and repeated three separate times (n = 3 × 3; ntotal = 9) for each
experimental setting (Day 3 and Day 14 post recellularisation, with
1 million or 10 million cells per scaffold ring at each time point).
Cells were introduced to each ring by ten separate injections using
a 30-G needle (100 000 or 1 000 000 cells per injection, aimed to
cover the entire ring). The experiments were terminated on Day 3
and on Day 14 after recellularisation. Each sample was fixed in a 4%
buffered formaldehyde solution, then processed and embedded in
paraffin for sectioning and histological analysis. Additionally, sections
from each sample was rehydrated, boiled in a pressure cooker with
citric acid (pH = 6.0) and then washed with PBS and stained for the
same antibodies as described above.

Statistics
All statistics were performed using GraphPad Prism 8 (GraphPad, CA,
USA). All the data sets were tested for normality using the Shapiro–
Wilk test. When data values passed the normality test, ordinary one-
way ANOVA and multiple-group comparison were used, corrected
by Tukey’s honest significant difference post hoc test. These data
sets were plotted in bar graphs (mean ± standard error of mean,
SEM) and include the graphs from the DNA quantification, total
protein, GAGs, and soluble collagen, insoluble collagen and total
collagen content. For data that was not normally distributed, values
were presented in box plots with median and interquartile range
(10–90%). The non-parametric Kruskal–Wallis test was used and
Dunn’s post hoc test to correct for multiple-group comparisons. Non-
parametric data included the graphs for elastin and the mechanical
tests.

Results

Decellularisation of whole sheep uterus with
three protocols
Optimal cannulation and organ perfusion were achieved, evident by
the vascular network plastic replica model of the perfused sheep uterus
and the white uterus ECM structure that remained after 8 days of decel-
lularisation procedures (Fig. 1A–D). DNA quantification and DAPI
staining confirmed effective removal of nuclear material (Fig. 1E and F),
and DNA significantly decreased from normal control uterus (mean
value 398.4 ng/mg ± 61.4 SEM; P < 0.0001) to 4.5 ng/mg (±4.5 SEM;
P1), 2.3 ng/mg (±2.3 SEM; P2) and 3.7 ng/mg (±3.7 SEM; P3).
Electrophoresis also confirmed that only low amounts of remaining
DNA were present after decellularisation, and this could only be
visualised after post photo enhancement of the gel (increased contrast
and brightness; Supplementary Fig. S1). This method further revealed
that lingering DNA fragments were less than 500 bp in size after each
decellularisation treatment.
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Confirmation of morphologically preserved
ECM structures
Stained normal and decellularised sheep uterus sections (Fig. 2) also
revealed the removal of intracellular components. Alcian blue, which
stains GAGs, showed a remaining uniformly distributed GAG content
in all uterine tissue layers after decellularisation (for all protocols
evaluated), suggesting a well-preserved GAG organisation. There was
however a reduction in colour intensity in the processed uteri as
compared to control tissue. This indicated a reduced GAG content in
processed uterine tissue. Similar observations were seen after assessing
VVG-stained slides that detected the elastin fibre content (black-
/brown) and collagen (red). Masson’s trichrome staining that identifies
keratin and muscle fibres in red, and collagens in blue, indicated a
substantial reduced staining intensity for keratin and muscular fibres,
while collagens seemed evenly distributed following all decellularisation
methods.

The ultrastructure of the decellularised tissue, imaged by SEM
(Fig. 3A–H), also showed the retention of continuous ECM protein
fibres, leaving a porous structure after the cells had been removed.
The SDS-treated sheep uteri following P1 treatment resulted in a well-
organised porous structure (Fig. 3C) while the SDC-based treatments
in P2 and P3 seemed to have caused a slightly more compact scaffolding
structure (Fig. 3E and G). At higher magnification, this difference was
harder to identify (Fig. 3D, F and H).

Quantification of protein and ECM content,
and the mechanical properties
The decellularised uterus reduced its total mean protein concentration
to 7% (P1), 11% (P2) and to 6% (P3) compared with normal uterine
tissue (Fig. 4A). The median elastin content was reduced to 71 and to
72% of its original content in P2 (P = 0.024) and P3 (P = 0.016), respec-
tively. The median elastin content in P1-treated uteri was reduced
to 86% of its original pretreatment content (P = 0.351; Fig. 4B). The
sGAG content was significantly decreased to 3.2% (P1), 4.8% (P2) and
4.0% of its original content after decellularisation (Fig. 4C; P < 0.0001).
Interestingly, the soluble collagen levels measured were not significantly
different between any of the groups (Fig. 4D). However, there was a
reduction in the insoluble collagen to 59% of its original content after
P1 treatment (P=0.0011) and to 55% after P3 treatment (P=0.0003).
Total collagen content after decellularisation followed the same pattern
with a reduction to 66% after P1 (P = 0.003) and to 68% after P3
(P = 0.0056; Fig. 4E and F). Protocol 2-treated uteri did not significantly
lose their insoluble or total collagen content in the process (P = 0.0814
and P = 0.0507, respectively).

Even if many of the ECM molecules were reduced by the decellulari-
sation protocols, mechanical evaluation of circular biopsies before and
after decellularisation (Fig. 5A–C) showed that the treatments made
the tissue significantly stronger (maximum load; Fig. 5A; normal vs. P1,
P = 0.001; P2, P = 0.0332; P3, P < 0.0001). However, the maximum
work needed to completely destroy the decellularised tissue remained
unchanged in P1- (P = 0.0809) and P2-treated uteri (P = 0.0598) and
only significantly affected the tissue exposed to P3 which leads to an
increased work effort (P<0.0001; Fig. 5B). Furthermore, the tissues’
ability to extend was only significantly different for P1-treated uterine
tissue (P = 0.0069) which increased its tissue extendibility (Fig. 5C).

https://academic.oup.com/molehr/article-lookup/doi/10.1093/molehr/gaaa009#supplementary-data
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Figure 2 Histologically assessed normal and decellularised sheep uterus defined a morphologically preserved ECM using a range
of different staining techniques. All hematoxylin positive cells were removed during the decellularisation process in all protocols (H&E; A–D).
Alcian blue (AB), which stains glycosaminoglycans (GAGs), showed uniformed staining in all uterine tissue layers (E–H), suggesting a maintained GAGs
organization. However, there was a reduction in colour intensity following decellularisation, possibly due to a reduced GAGs content. Verhoeff–
van Gieson staining (VVG; I–L showed a reduced intensity in the elastin fibre staining (black/brown), but collagen (red) remained evenly disbursed
throughout the tissue layers following decellularisation. Masson’s trichrome (MT; M–P) staining that identify keratin and muscle fibres in red, and
collagens in blue, indicated a substantial loss in keratin and muscular fibres, while collagens seemed evenly dispersed following all decellularisation
methods. Normal, non-decellularised sheep uterus; P, protocol. Scale bars = 500 μm.

Hence, P2-treated uteri seemed mechanically less affected following
decellularisation and were more similar to unprocessed native sheep
uterus.

Cell characterisation and recellularisation in
vitro
Cytotoxicity was not detected in any of the scaffolds using the MTT
assay, suggesting that the scaffolds were free from any toxic remnants
from the decellularisation process (Supplementary Fig. S2). Viable cells
were observed within the scaffolds in all protocols for up to 14 days
after recellularisation (Fig. 6). The cells predominantly remained in the
injection site and in the superficial layers of the scaffold structures. This
was independent of the initial cell density injected into the uterine scaf-
folds since we did not detect any obvious difference in recellularisation
efficiency to constructs repopulated with 1 million cells or to those
repopulated with 10 million cells (Fig. 6 and Supplementary Fig. S3).
Under normal cell culturing conditions, the SF-SCs used for the recel-
lularisation were stained positive for CD166, SMA, VIM and ER-β
(Fig. 7A and E) and were negative for cytokeratin, ER-α and PR (data
not shown). Many cells were also positive for the proliferation marker
Ki67 (Fig. 7I). No obvious change in expression for these proteins was
noticed after the cells were cultured together with the scaffolds for two
weeks (Fig. 7B–D, F–H and J–L).
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Discussion

This study is one of only a few that explored the principles to cre-
ate bioengineered uterine tissue for the repair of surgical injuries or
malformations or in the longer perspective, for donor material in
a uterus transplantation. The latter procedure is now at the clinical
experimental stage after proof-of-concepts demonstration of success-
ful transplantation with live birth (Brännström et al., 2015; Brännström
et al., 2019). This was achieved after extensive systematic animal-
based research, with the sheep animal model being an important
intermediate translational step from rodents to humans (Brännström
et al., 2012). Our new project follows the same translational approach,
and we acknowledge that it will take several more years until the
principle of bioengineered uterine tissue reaches the starting point
for a human clinical trial. The results of the present study show how
the different protocols used for the decellularisation process affect
scaffold composure, specifically in regards to the collagen, elastin
and sGAG content and to the mechanical properties of the scaf-
folds. We further show that a human-sized whole-uterus scaffold
can be constructed by the three decellularisation methods presented
herein.

The sheep is regarded by many as a suitable preclinical large animal
model for uterus-related studies and is widely used as an experimental
animal for research on reproduction. The uterus size is similar to the
human uterus, as compared to the much larger, and anatomically quite

https://academic.oup.com/molehr/article-lookup/doi/10.1093/molehr/gaaa009#supplementary-data
https://academic.oup.com/molehr/article-lookup/doi/10.1093/molehr/gaaa009#supplementary-data
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Figure 3 Scanning electron microscopy (SEM) showed a porous and fibre rich ECM after all decellularisation treatments. SEM
pictures were taken at ×100 and ×3000 magnification. The SDS-treated sheep uteri following P1 resulted in a well-organised porous structure (C)
while the SDC-based treatments in P2 and P3 seemed to have caused a more compact ECM (E, G). However, this difference was less obvious at
higher magnification (D, F, H). P, perimetrium/protocol; M, myometrium; E, endometrium; L, lumen; Normal, non-decellularised sheep uterus. E–H
represent images taken from the stroma compartment. Scale bars; SEM (×100) = 200 μm; SEM (×3000) = 5 μm.

different uteri of, for example, the pig and cow (Krause and Goh, 2009;
Couri et al., 2012). It has thus become the preferred non-primate
large animal model for uterus transplantation practice and associated
research questions (Dahm-Kahler et al., 2008; Andraus et al., 2017;
Padma et al., 2019), including uterine bioengineering (Daryabari et al.,
2019). Hence, novel fertility treatments using uterus bioengineering
applications should be extensively optimised and evaluated on the
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sheep model prior to any clinical cases to study safety, graft survival
and functionality.

The choice of detergents used for the decellularisation process
affect the characteristics of the bioengineered construct. We therefore
aimed to find various protocols that efficiently removed intracellular
components while preserving the native ECM disposition, resulting in
uterine scaffolds that could support added cells in the recellularisation
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Figure 4 Decellularisation affects protein content of uterine tissue.Total protein (A), elastin (B), sulphated glycosaminoglycans (sGAGs; C),
soluble collagen (D), insoluble collagen (E) and the total collagen (F) content per milligram wet tissue were quantified before and after decellularisation
(bars = mean ± SEM; box plot = median ± IQR10–90%). The elastin content was better preserved in the SDS protocol (P1) compared to P2 and P3,
but this treatment significantly removed the original insoluble collagen. Protocol 2 maintained the collagen content but significantly affected the original
elastin content of the sheep uterus. Protocol 3 seemed more aggressive than the two alternative protocols since the decellularised uterine tissue in this
group had significantly reduced elastin and collagen content compared to non-decellularised sheep uterus tissue.

Figure 5 The mechanical properties of uterine tissues were assessed before and after decellularisation. Even if many of the ECM
molecules were reduced by the decellularisation protocols, mechanical assessments of circular biopsies before and after decellularisation showed that
the treatments made the tissue significantly stiffer (A). However, the maximum work needed to completely destroy the decellularised tissue only
significantly increased in P3-treated uteri (B), and the tissues’ ability to extend was only significantly different for P1-treated uterine tissue which led to
an increased tissue extensibility (C). Significant levels = ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001; ∗∗∗∗P < 0.0001; see main text for the exact P values.

process. Our first protocol (P1) was based on 0.5% of the detergent
SDS. This is a strong, effective and frequently used detergent for
scaffold generation and was concluded to be the best detergent for
sheep uterus decellularisation in an earlier study (Daryabari et al.,
2019). For the second protocol (P2), we exchanged SDS to the milder
SDC detergent (2%) since we have seen some potentially negative
downstream effects after the use of SDS on ovarian and blood vessel
bioengineering studies (Simsa et al., 2018; Alshaikh et al., 2019). Our
third protocol (P3) was based on a combination of the detergents SDC
and Triton X-100. Triton X-100 is considered a very mild detergent
and has been shown to be effective (in combination with DMSO) for
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the decellularisation of the much smaller rat uterus with a weight of
∼1% of the sheep uterus (Hellström et al., 2014; Sun et al., 2016).
Moreover, this Triton X-100/DMSO protocol led to better in vivo
outcomes in the rat compared with SDS or SDC-related protocols
(Miyazaki and Maruyama, 2014; Hellström et al., 2016). However, we
did not reach effective decellularisation during our initial experiments
using Triton X-100 and DMSO for the sheep uterus, which seems to
correlate to the work published by Daryabari et al. (2019). Instead,
our three defined protocols presented herein all resulted in scaffolds
containing minute donor DNA. This is essential in order to create
immune system-inert scaffolds to avoid a host response and infiltration
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Figure 6 Hematoxylin and eosin stained sections from uterine scaffolds produced by Protocols (P) 1, 2 and 3 and recellularised
with 1 million foetal sheep stem cells per scaffold ring. Cells did not migrate much from the injection sites during the two weeks assessed
in vitro (E–H). On the contrary, they predominantly remained in isolated clusters within the construct or in the superficial tissue layers near the cell
culturing media. Scale bars = 50 μm.

Figure 7 Cells were characterised for expression patterns after the recellularisation process. The heterogeneous sheep foetal stem
cells (SF-SCs) expressed oestrogen receptor-β1 (ER-β) and CD166 (A–D), vimentin (VIM) and α-smooth muscle cell actin (SMA; E–H) and Ki67
during standard culturing conditions (A, E and I). The same expression pattern was seen after being cultured with the uterus scaffolds for 2 weeks
(B–D, F–H, J–L). The same cells were found negative for the uterus-related proteins cytokeratin, oestrogen receptor-α and progesterone receptor
(data not shown). Scale bars = 25 μm.

of inflammatory cells after engraftment (Keane et al., 2012; Aamodt
and Grainger, 2016). Based on histology and extensive ECM quantifi-
cation conducted on the three differently produced uterus scaffolds,
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we found that the SDS-based protocol (P1) generated scaffolds with
similar elastin content compared with pretreated tissues. The sGAG
content decreased significantly after all protocol treatments compared
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with the normal sheep uterus tissue. This significant decrease may
be explained by water solubility of sGAGs and that these molecules
can be broken by the ionic detergents used in the decellularisation
protocols. This reduction may however be compensated for by the
addition of soluble sGAGs before recellularisation or engraftment, or
by the cells themselves used for the reconstruction of the decellularised
tissue (Chi Ting Au-Yeung et al., 2017). Interestingly, the milder SDC-
based protocol (P2) seemed better to preserve the original collagen
content compared with the other protocols evaluated. Collagen is
one of the major ECM components and is highly relevant for tissue
regeneration and bioengineered scaffolds as it forms the base for
cell attachment. Hence, P2 in this study may have an advantage over
the other developed protocols. However, the scaffolding structure
may also be preconditioned with collagen prior to recellularisation or
engraftment to compensate for losses during the decellularisation.

Scanning electron microscopy imaging suggested that the SDS-based
protocol (P1) generated a more porous acellular biomaterial compared
with the other two tested protocols that featured a more dense
fibre structure. Mechanically, only subtle protocol differences were
observed. Scaffolds generated by P2 were more similar to native uterus
tissue compared to the other structures developed. The work to
fully destroy the tissue increased marginally after all decellularisation
treatments, suggesting that the tissue became stronger. This may be the
result of a denser ECM-fibre structure caused by the removal of cellular
components. In sample preparation, we did not take into consideration
whether the samples in the decellularised groups included more ECM-
fibres compared with normal uterus tissue, which may happen if the
decellularisation process reduced the organ size and created a denser
fibre structure compared with normal tissue. However, we did not
quantify any potential organ size reduction following decellularisation
in these experiments, but is a point worthy to be considered in future
experiments since it may impact the interpretation of the mechanical
data. Nevertheless, the increased stiffness did not negatively affect the
ability of the scaffold to extend before breaking, a physical attribute
that may become beneficial in the event of a pregnancy after engraft-
ment. Scaffold porosity and stiffness have long been known to play
an important role in stem cell proliferation and migration (Trappmann
et al., 2012; Watt and Huck, 2013; Lane et al., 2014) and may play a
role in how added cells modulate the ECM microenvironment following
recellularisation (Yue, 2014; Chi Ting Au-Yeung et al., 2017).

We evaluated the ability of the scaffold to support foetal sheep
stem cells in vitro. The recellularisation was most efficient around the
injection site, in the peripheral surface area and in the inner lining on
the uterine ring. The scaffold areas with limited cell population and
distribution may be a consequence from a sub-optimal recellularisation
technique, or perhaps deeper cell migration was limited by insufficient
scaffold penetration by the culture medium. However, all scaffold types
provided a vital cell culture environment for 2 weeks. Immunocy-
tochemistry confirmed that the cells maintained the expression of
proteins related to mesenchymal stem cells throughout the experiment
and that the cells continued to proliferate 2 weeks after attachment
to the scaffold. This indicates that the cell density within the scaffolds
may improve if more time is used for the reconstruction phase.
However, earlier in vivo rodent studies using constructs with the same
limited recellularisation efficacy suggest that uterine tissue engineering
strategies are effective, can stimulate regeneration and restore fertility
after a severe injury to the uterine wall (Miyazaki and Maruyama, 2014;
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Hellström et al., 2016) even without the recellularisation of decellu-
larised tissues (Santoso et al., 2014; Hiraoka et al., 2016; Miki et al.,
2019). The cells used herein did not show any signs of differentiating
into uterus-specific cell types. Thus, it may be appropriate to evaluate
more uterus-like cells in future experiments for the recellularisation,
e.g. autologous sheep endometrial mesenchymal stem cells (Emmer-
son et al., 2019) or combining multiple cell types (Hellström et al.,
2016). However, we believe that the therapeutic effects often seen
following mesenchymal stem cell transplantation can be advantageous
in the initial stages following the engraftment of decellularised uterus
tissue and perhaps even protect the graft from degradation when larger
constructs are used (Dorin et al., 2008). For these reasons, we there-
fore consider it useful to further optimise and improve recellularisation
strategies on scaffolds used for uterus bioengineering. The cells used
in the present study remained viable for up to 14 days in culture, sug-
gesting a non-toxic scaffolding environment and therefore should also
be safe to use as grafting material for future transplantation studies on
the sheep model. Furthermore, recellularised constructs may also be
used for preclinical three-dimensional in vitro experiments that better
mimic the in vivo complexity compared to standard two-dimensional
cell culturing conditions (Olalekan et al., 2017). Sophisticated in vitro
systems to explore developmental biology processes or cancer cell
migration, or to study drug delivery dynamics, are warranted (Park et
al., 2003; Benbrook et al., 2008; Sengupta et al., 2008; Meng et al.,
2009), including ex vivo multi-organ test systems (Schenke-Layland and
Nerem, 2011) and organs-on-chips models (Xiao et al., 2017).

In summary, we present herein three promising novel sheep uterus
scaffold designs that can be useful for future uterus bioengineering
applications. Our research showed that an organ resembling the size
of a human uterus can successfully be decellularised by using mild
detergents resulting in a uterus-specific ECM scaffolding structure.
Histological analysis and extensive ECM and mechanical quantifications
of the decellularised tissue suggested that our SDC-protocol (P2)
may be the most favourable protocol tested herein. However, the
heterogeneous bone marrow-derived sheep foetal stem cells we used
for recellularisation showed to be supported by all scaffolds for up
to 2 weeks in vitro. Hence, all three developed scaffolds may prove
valuable for future sheep uterus bioengineering investigations. We fur-
ther addressed a major hurdle in the bioengineering field: the difficulty
of establishing an efficient recellularisation across the whole scaffold.
Hence, future studies will include improving the tissue reconstruc-
tion, perhaps by preconditioning with beneficial components or with
improved cell application methods and/or using better cell culturing
platforms that stimulate cell migration into the deeper layers of the
scaffolds. Achieving an effective recellularisation will likely improve the
outcomes following engraftment of a bioengineered uterine tissue and
is therefore a major research topic that we intend to explore further.
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