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Abstract

Purpose The main purpose of this investigation was to determine an efficient whole-organ decellularization protocol of a human-
sized uterus and evaluate the in vivo properties of the bioscaffold.

Methods Twenty-four ovine uteri were included in this investigation and were decellularized by three different protocols
(n 6). We performed histopathological and immunohistochemical evaluations, 4,6-diamidino-2-phenylindole (DAPI)
staining, DNA quantification, MTT assay, scanning electron microscopy, biomechanical studies, and CT angiography
to characterize the scaffolds. The optimized protocol was determined, and patches were grafted into the uterine horns of
eight female Wistar rats. The grafts were extracted after 10 days; the opposite horns were harvested to be evaluated as
controls.

Results Protocol III (perfusion with 0.25% and 0.5% SDS solution and preservation in 10% formalin) was determined as the
optimized method with efficient removal of the cellular components while preserving the extracellular matrix. Also, the
bioscaffolds demonstrated native-like biomechanical, structural, and vascular properties. Histological and immunohistochemical
evaluations of the harvested grafts confirmed the biocompatibility and recellularization potential of bioscaffolds. Also, the grafts
demonstrated higher positive reaction for CD31 and Ki67 markers compared with the control samples which indicated eminent
angiogenesis properties and proliferative capacity of the implanted tissues.

Conclusions This investigation introduces an optimized protocol for whole-organ decellularization of the human-sized uterus
with native-like characteristics and a prominent potential for regeneration and angiogenesis which could be employed in in vitro
and in vivo studies. To the best of our knowledge, this is the first study to report biomechanical properties and angiographic
evaluations of a large animal uterine scaffold.
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by Brinnstrom et al. led to the first live birth from a
transplanted uterus in 2015 [4]. Nevertheless, ischemic inju-
ries, mental conditions, etc. for the donor and the adverse
outcomes of immunosuppressant therapies of the recipient in
allograft transplantation are inevitable [2, 5]. Tissue engineer-
ing has the potential to provide a new source of organs to
overcome these limitations by autologous recellularization of
biological or synthetic scaffolds [5]. In the past recent years,
biological scaffolds have gained more interest due to the sim-
ilarities to the native tissues in biomechanical, functional, and
structural properties [6]. The initial efforts in uterine tissue
engineering were focused on the production of in vitro models
for investigations on malignant cells’ invasion [7].
Furthermore, several studies evaluated the efficacy of
engineered patches for uterine reconstruction [8]. The appli-
cation of acellular uterine tissue as a bioscaffold for tissue
regeneration has resulted in prosperous outcomes. The elimi-
nation of antigen-presenting cells during the decellularization
process prevents any immunological reactions against the
grafts. Also, the preserved extracellular matrix (ECM) com-
prises vital structural molecules in addition to growth factors
which stimulate cellular migration, proliferation, and differen-
tiation [6]. In this regard, investigations by Santoso et al. in
2014 and Hiroka et al. in 2016 provided proof of concept for
tissue regeneration by application of acellular uterine tissue
segments. The animals in both studies were able to reproduce
following the implantation [9, 10].

Recently, whole-organ decellularization has been proposed
as a technique to provide scaffolds with intact vascular net-
work and a three-dimensional structure similar to the native
tissue. These substantial features are advantageous for organ
recellularization through the vascular conduits. Also, preser-
vation of the organ structure provides the required biomechan-
ical properties for organ regeneration which is particularly
essential in the uterus due to its expansion during the pregnan-
cy [11]. Several protocols hitherto have been developed for rat
uterus decellularization. Miyazaki and Maruyama investigat-
ed the uterine decellularization by sodium dodecyl sulfate
(SDS) and Triton X-100, as well as subsequent in vitro
recellularization of the scaffold with uterine cells and mesen-
chymal stem cells [12]. Moreover, in a study by Hellstrom
et al., three protocols were compared regarding
decellularization efficacy and preservation of the ECM in rat
uterus [11]. A subsequent study by Hellstrom et al., as well as
the one by Miyazaki and Maruyama, included implantation of
recellularized uterine patches, and occurrence of normal preg-
nancies confirmed the preservation of the reproductive poten-
tial in the recipient rats in both studies [ 12, 13]. Although these
studies provided a basis for further application of tissue engi-
neering techniques, several steps are required to employ this
therapeutic strategy in human models. A major challenge is to
develop efficient whole-organ decellularization protocols in
large animal uteri. In this regard, Campo et al. described the
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first successful decellularization of pig uterus as a large animal
model using the detergent agents with and without a heat
shock [14].

In the present study, we successfully decellularized the
whole ovine uteri by three different perfusion-based protocols.
We evaluated the efficacy of each method for tissue
decellularization as well as the preservation of the ECM struc-
ture and components. The bioscaffolds’ biomechanical prop-
erties were characterized; the vascular network maintenance
was assessed, and biocompatibility or toxicity of the scaffolds
and removal of the detergent agents were studied.
Subsequently, we determined the optimized decellularization
protocol of the ovine uterus and implanted 10 x 5 x 5 mm’
segments of the bioscaffolds into the uterine horns of rat
models to investigate the in vivo characteristics of the bioma-
terial. Finally, the grafts were extracted after 10 days, and
histological and immunohistochemical evaluations were car-
ried out to assess the possible recellularization process as well
as the biocompatibility of the scaffolds.

Materials and methods

All the animal procedures were approved by The Animal Ethics
Committee of Tehran University of Medical Sciences and were
performed in accordance with the Animal Welfare Act and the
Guide for the Care and Use of Laboratory Animals.

Decellularization of the ovine uterus

We obtained 24 adult and fertile sheep uteri (mean body
weight 40 kg) regardless of their reproductive status from a
local slaughterhouse. The organs were kept in phosphate-
buffered saline (PBS; Life Technologies, Carlsbad, CA) solu-
tion at 4 °C and were immediately transferred to the laborato-
ry. Six uteri were kept in a PBS solution at 4 °C for further
evaluations as control models. As for the others, we stripped
the organs of the connective tissue, cannulated uterine arteries
by 20-G angiocatheters, and fixed the cannulas by 4-0 silk
ligatures. Subsequently, we connected the uterus to a peristal-
tic pump (CESCO Bellofeeder 1300, CESCO
Bioengineering, Taichung, Taiwan) and set the flow rate at
10 ml/min for each artery. All the procedures were performed
at room temperature unless mentioned otherwise. The uteri
were decellularized by three different protocols. We used dis-
tilled water as the diluent for all solutions. Six uteri were
perfused with PBS for 6 h to evacuate the remaining blood,
followed by 1% SDS (Merck, Darmstadt, Germany) perfusion
for 48 h, 1% Triton X-100 (Merck, Darmstadt, Germany) for
24 h, and 72 h of PBS to remove the remaining detergents
(protocol I/P1). Six uteri were decellularized by the second
protocol which was extracted from Hellstrom et al. method
of rat uterus decellularization [13]. This protocol consisted of
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perfusion with PBS for 6 h, 4% DMSO for 48 h, 1% Triton X-
100 for 16 h, and final PBS rinsing for 72 h (protocol 1I/P2).
Furthermore, six uteri were decellularized by a modified
method of porcine liver decellularization [15]. Previous stud-
ies have also employed liver decellularization protocols for
uterine tissue due to certain similarities of the tissue’s charac-
teristics [12]. The uteri were perfused by distilled water for
24 h, 0.25% SDS for 24 h, followed by 48 h of preservation in
0.25% SDS solution at 4 °C on a mechanical shaker regulated
at 60 RPM. Subsequently, the organs were perfused with 0.5%
SDS for 24 h, followed by distilled water perfusion for 24 h,
and 4 h of preservation in 10% neutral buffered formalin
(Merck, Darmstadt, Germany) at room temperature for colla-
gen cross-linking. Finally, the organs were washed by PBS
perfusion for 96 h to remove the chemical agents (protocol
[I/P3). We briefly summarized the steps to each protocol in
Table 1.

Histological and immunohistochemical evaluations
of the scaffolds

Following the decellularization process, we obtained l-cm®
segments from the middle portion of the native and acellular
uterine horn tissues for further evaluations and immediately
fixed the specimens in 10% neutral buffered formalin (Merck,
Darmstadt, Germany) overnight to prevent any degeneration
or distortion of proteins. Subsequently, the samples were
dehydrated by graded series of ethanol, were paraffin embed-
ded, sectioned into 5-pm slices, and stained with hematoxylin
and eosin (H&E), Masson’s trichrome, Picrosirius red, and
Alcian blue to evaluate the ECM content of the scaffolds.
Masson’s trichrome staining was employed to discriminate
between muscle, collagen fibers, and fibrin. Alcian blue stain-
ing was performed to determine the ECM content of glycos-
aminoglycans (GAGs). Picrosirius red staining was carried
out to determine the collagen fibers [type I collagen: yellow-
orange birefringence; type III collagen: green birefringence],
and the specimens were visualized under polarized light.
Furthermore, immunohistochemical assessments were carried
out for specific ECM components including type I collagen
(1:100, ab34710, Abcam, Cambridge, UK), type IV Collagen
(1:100, ab6586, Abcam, Cambridge, UK), elastin (1:100,

ab21610, Abcam, Cambridge, UK), fibronectin (1:100,
ab23751, Abcam, Cambridge, UK), and laminin (1:100,
abl11575, Abcam, Cambridge, UK) by specific antibodies.

Finally, to obtain quantitative data of positive-stained sam-
ples in all groups and verify the preservation of ECM integrity,
IHC slides undergone image analysis (pixel/um?) by ImageJ
software (Wayne Rasband Analytics, National Institutes of
Health, USA). Statistical analysis was performed to compare
the obtained quantitative data, and a P value of less than 0.05
was considered as the level of significance.

DAPI staining and DNA quantification

We evaluated the efficacy of the decellularization process by
4,6-diamidino-2-phenylindole (DAPI) staining of the remain-
ing nuclear DNA. We obtained 5-um sections of paraffin-
embedded samples, deparaffinized them, incubated the spec-
imens in 1 pg/ml DAPI solution (Sigma, St. Louis, MO,
USA) for 15 min, and rinsed them with PBS for another
15 min. A fluorescence microscope with a UV filter was
employed to visualize DAPI bound to A-T-rich regions of
dsDNA. The absence of nuclear materials was considered as
complete decellularization of the samples. To perform the
quantification test, the total DNA content was extracted from
each sample by a genomic DNA purification kit (Thermo
Scientific, Lithuania), and the concentration was determined
by NanoDrop spectrophotometry (Thermo Scientific
NanoDrop 1000) and agarose gel. Finally, we normalized
the data to the weight of each sample and compared between
the findings.

MTT assay

The scaffolds’ cytotoxicity and biocompatibility were evalu-
ated by 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium
bromide (MTT) assay. This test determines the cell viability
rate based on yellow tetrazolium salt MTT conversion to pur-
ple formazan crystals in the living cells’ mitochondria by mea-
suring the absorbance level of the samples using a spectropho-
tometer. We employed rat mesenchymal stem cells (MSCs) to
evaluate cells’ viability and to determine the efficacy of toxic
detergents’ removal from the scaffolds for each protocol. The

Table 1 The steps to each

decellularization protocol. The Protocol I (P1)

Protocol II (P2)

Protocol IIT (P3)

uteri were decellularized by three
different protocols. The peristaltic
pump flow rate was set at 10 ml/
min for each artery

* PBS perfusion for 6 h

* 1% SDS perfusion for 48 h
* 1% Triton X-100 for 24 h
* PBS perfusion for 72 h

* PBS perfusion for 6 h

* 4% DMSO for 48 h

* 1% Triton X-100 for 16 h
* PBS perfusion for 72 h

» Distilled water perfusion for 24 h

* Preservation in 0.25% SDS on shaker
plate for 48 h

* 0.5% SDS perfusion for 24 h

* Distilled water perfusion for 24 h

* Preservation in 10% formalin for 4 h
* PBS perfusion for 96 h
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test was performed as a previously described protocol with few
modifications [16]. Briefly, the MSCs were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) containing
10% fetal bovine serum at 37 °C in a CO, incubator for 1 week.
Subsequently, the cells were placed in a 96-well plate, and the
bioscaffolds were added; they were incubated for 72 h at 37 °C.
Finally, we added 100 pl of MTT solution (0.5 mg/ml in PBS)
to each well. Following 6 h of incubation at 37 °C, a multi-well
microplate reader (ICN, Switzerland) was employed to deter-
mine the optical density at 545 nm; the results were normalized
to the control optical density, and survival rates were calculated
for each group using the following formula. The tests were
carried out three times for each group.

OD of sampl
Toxity% = (1— fnean 17 o° samp e) % 100

mean OD of control

Viability% = 100—toxicity %

Scanning electron microscopy

We performed SEM evaluations to determine the efficacy of
the protocols for decellularization and preservation of the
ECM structure. We provided 1-cm® specimens from the body
and horns of native and acellular uteri. The samples were kept
in 2.5% glutaraldehyde at 4 °C for 45 min, washed with dis-
tilled water for three times, and were dehydrated by graded
series of ethanol and preservation under a laminar hood for
24 h. The samples were gold sputtered and visualized by SEM
(Vega, TESCAN, Brno, Czech Republic) at 30-kV voltage.

Biomechanical characterization

The biomechanical properties of the native tissue and acellular
scaffolds were assessed with a tensile test by a dynamic
servohydraulic testing machine (Zwick/Roell, Model: Hct
25-400, Germany). We provided 8 x 2 cm? segments from
the uterus horns for this test and attached them to the sample
holders. Subsequently, the samples were subjected to 1-kN
calibrated load cell with a rate of 10 mm/min at room temper-
ature until the force load vanished and tissue rupture was
detected by the device. The tests were performed with three
replicates for each sample (n 3), and force and displacement
data were recorded. Finally, we calculated the strain by divid-
ing the displacement by initial gauge length and analyzed the
data by SPSS software using ANOVA test. The results were
expressed as mean = SE, and a P value of less than 0.05 was
considered as the significance level.

Computer tomography angiography

Computer tomography (CT) angiograms were provided to
investigate the vascular pattern of the scaffolds and to
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compare the impact of the decellularization processes on the
vascular network and microvascular structure. In this regard,
20 ml of 50% iodixanol (GE Healthcare, Cork, Ireland) was
manually injected through the uterine arteries, and CT angi-
ography (BrightSpeed 16, Tampa, FL) was carried out in the
arterial phase at 10 kV and 50 mA. Finally, the images were
reconstructed by a multi-segment algorithm, and a double-
blinded expert in the field of CT angiographic studies ana-
lyzed both original and reconstructed images.

Bioscaffold implantation and evaluation
of the recellularization process

Following the evaluation and characterization of the acellu-
lar tissues, protocol III samples demonstrated the highest
amount of ECM content preservation, the highest level of
biocompatibility and cell viability, and the most affluent
vascular network while adequate removal of the nuclear
components. Thus, protocol III was determined as the opti-
mal decellularization method, and the obtained bioscaffolds
were employed for further in vivo investigation. We obtain-
ed eight 10 x5 x5 mm® segments of P3 scaffolds and im-
planted them into the right uterine horns of eight adult fertile
female Wistar rats (200-250 g of body weight) to investigate
the in vivo recellularization process as well as the biocom-
patibility of these scaffolds. The animals were anesthetized
by intramuscular injection of ketamine (80 mg/kg) and
xylazine (10 mg/kg); the lower abdominal area was shaved,
and the rats were placed in the supine position.
Subsequently, a midline abdominal incision was made to
expose the bladder which we gently shifted to the left side
and covered it by moist gauze to avoid dehydration.
Following the translocation, the rat uterus was detected pos-
terior to the bladder. The right uterine horn was clamped
using a microforceps; we made a 10-mm longitudinal inci-
sion on the right uterine horn and implanted the bioscaffold
patches using interrupted 5-0 nylon sutures. Finally, the
muscular layer and the skin were sutured in double layers
by continuous 5-0 Prolene stitches (Fig. 6). After 10 days of
follow-up, the grafts were harvested and fixed in 10% (w/v)
neutral buffered formalin (Merck, Darmstadt, Germany) for
further histological and immunohistochemical assessments.
Also, the opposite uterine horns of the rats were extracted
by electrocauterization and were fixed in 10% formalin for
further evaluations. The specimens were histologically stud-
ied by H&E, Alcian blue, and Masson’s trichrome staining.
Also, immunohistochemical evaluations were performed
using antibodies for cytokeratin (MAD-211000Q, Master
Diagnostica, Spain), alfa-smooth muscle actin (x-SMA; M:
0851, Dako, Denmark), CD31 (M: 0823, Dako, Denmark),
Ki-67 (MAD-020310Q Master Diagnostica, Spain), and
vimentin (M: 7020, Dako, Denmark).
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Statistical analysis

Statistical analysis was carried out by independent sample ¢
test of SPSS, V19 (IBM, SPSS Statistics, IBM Corporation.
Chicago, IL, USA). Tensile strength data was analyzed using
ANOVA. The results were expressed as mean =+ SE. The level
of significance was considered as p value < 0.05.

Results

Macroscopic, histological, and immunohistochemical
evaluation of the bioscaffolds

Macroscopic assessment

Following the decellularization process, all of the samples
became transparent which was considered as a sign of
decellularization. The macroscopic structure of the acellular
organs could not be distinguished from the native ones
(Fig. 1).

Histological staining of the bioscaffolds

Histological evaluation of the acellular scaffolds by H&E
staining demonstrated the absence of nuclear components in-
dicative of complete decellularization in all three groups.
These findings were confirmed by DAPI staining and DNA
quantification. The endometrial and myometrial ECM struc-
tures were maintained, and no considerable distortion could be
detected following the decellularization process. Also, vascu-
lar conduits were detectable in all of the samples which could
be considered as the preservation of the microvascular net-
work. Overall, H&E staining showed no prominent dissimi-
larity between the protocols. Masson’s trichrome staining of
P2 and P3 specimens showed an abundance of collagen fibers
and were similar to the native tissue indicating the preserva-
tion of the ECM after the decellularization; however, P1 sam-
ples showed slightly reduced bundles. In contrast to the native
samples, the absence of smooth muscle cells was observed in
all acellular scaffolds. Also, preservation of the vessel was a
notable finding in all three groups. Picrosirius red staining was
indicative of preservation of collagen and elastin fibers in all

Macroscopi H&E

-

Protocol Il Protocol | Control

Protocol Il

Fig. 1 Macroscopic evaluation: The whitening and transparency of the
organs were considered as a macroscopic sign of organ decellularization.
H&E staining: The absence of nuclear components is observed in all
specimens which is suggestive of tissue decellularization; ECM
structure is maintained, and endometrium and myometrium could be
detected in all three groups. Masson’s trichrome staining: The collagen
fibers in P2 and P3 samples do not demonstrate considerable differences

Masson’s trichrome

Alcian blue

Sirius red

comparing with the native tissue; the absence of smooth muscle cells
could be seen in all of the acellular specimens. Alcian blue staining:
GAG proteins demonstrate prominent preservation after the
decellularization in all three groups, and no considerable difference
could be seen comparing with the native samples. Sirius red staining:
Collagen and elastin fibers show notable preservation in all three layers
of P2 and P3 samples
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layers of P2 and P3 samples, while P1 specimens showed a
considerable loss of these fibers after the decellularization
compared with the native uterus. Alcian blue staining of the
specimens did not demonstrate any notable difference be-
tween the three protocols and the native samples, and the
findings were suggestive for the preservation of GAG proteins
after the decellularization in all three groups (Fig. 1).

Immunohistochemical staining and analysis

Immunohistochemical staining and the quantitative data
provided by image analysis of the samples showed a high
concentration of type I collagen in all study groups; how-
ever, type IV collagen was considerably reduced in P1
specimens. Also, elastin fibers did not show any signifi-
cant decrease in P2 and P3 compared with the native
group, while P1 samples demonstrated an immense loss
of elastin fibers. IHC assessment of the acellular scaffolds
showed that the concentration of fibronectin proteins was
prominently decreased in P1 and P3 samples. Laminin
fibers in P3 were statistically similar to the native speci-
mens, while P1 and P3 depicted a mild reduction
(p <0.05). Overall, P2 and P3 decellularization methods
resulted in prominently preserved tissue structure and
ECM components in the histological and immunohisto-
chemical evaluation (Fig. 2).

DAPI staining and DNA quantification

The decellularization of the uteri was confirmed by both DAPI
staining and DNA quantification, and the data were compared
with samples of the native tissue. In comparison, P1 was the
most efficient method for removal of cells and nuclear mate-
rials. In contrast, P2 samples showed the highest amount of
cellular remnants after the decellularization process in com-
parison with P1 and P3 (p <0.05). This data is presented in
Fig. 3.

MTT assay

The cell-scaffold biocompatibility is essential for further
in vitro and in vivo applications of acellular tissues. The bio-
compeatibility of the scaffolds was determined by MTT assay,
and each groups’ data were compared with a scaffold-free
control group. The cell viability was higher than 80% in all
ofthe samples; however, the lowest viability rate was detected
in P2 (83%). P1 and P2 samples demonstrated a significant
decrease in cell viability comparing with the control samples
which is probably due to detergent agents’ residuals
(p<0.05). Based on the data summarized in Fig. 3, P3 dem-
onstrated the highest level of cell viability and showed no
significant difference compared with the control group
(p <0.05) (Fig. 3).
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SEM

Scanning electron microscopy evaluations demonstrated
cobblestone-shaped elements in the native tissue which were
considered as cellular components. The replacement of these
elements with empty pores in acellular samples was indicative
of complete decellularization in all protocols. Also, acellular
samples showed no malformation or distortion comparing with
the native tissue. The samples provided from different areas of
the uterus did not demonstrate any notable divergence and
could not be discerned. These findings could be interpreted
as the preservation of the ECM ultra-structure following the
decellularization process. Altogether, SEM assessments indi-
cated the decellularization of the uteri as well as the preserva-
tion of the ECM structure, and no considerable difference was
detectable between the three protocols’ specimens (Fig. 4).

Biomechanical evaluations

The ultimate tensile strength, elastic modulus, and strain at
failure for each sample were calculated from stress-strain
curves. Figure 5 shows the results for the tensile strain and
stress of elasticity. Native tissue’s Young’s modulus was
0.8 MPa that was significantly lower than that of protocol 1
(4.5 MPa) and 2 (3.2 MPa) (p < 0.05). These findings could be
due to imperative loss of elastin and fibronectin fibers dem-
onstrated by IHC staining in P1 and P2 samples.

In comparison, Young’s modulus of protocol III
(1.63 MPa) was not significantly different from the native
tissue, and P3 samples showed the highest rate of elasticity
to the tensile force. The importance of these findings is related
to the physiological role of the uterine tissue and the require-
ment for expansion during the pregnancy time, and an optimal
substitute of the natural uterus should contain biomechanical
characteristic similar to the native tissue (Fig. 5).

CT angiography

Evaluation of the reconstructed CT angiography images
depicted intact uterine large vessels in all specimens. The
acellular tissues in P1 and P2 groups demonstrated consider-
ably preserved vascular network in comparison with the na-
tive organ; however, P3 samples showed the most affluent
microvasculature between the three protocols. The uterine ar-
teries and its branches were prominently maintained in P3
specimens. Overall, P3 displayed the highest capability of
conduits’ preservation (Fig. 5).

Bioscaffold implantation and the recellularization
process

The animals were healthy after 10 days, and all of them sur-
vived through the follow-up period; the implanted ovine
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Fig. 2 Immunohistochemical staining and analysis of the samples
showed higher than 60% positive reaction for type I collagen in all
study groups, and statistical analyses showed no significant difference
between the acellular samples and the native tissues (p >0.05). A
considerable loss of type IV collagen was observed in protocol I
specimens (approximately 30% positive reaction for type IV collagen).
The other two study groups demonstrated at least 60% positive reaction
for type IV collagen, and the difference was not significant comparing
with the native samples (p> 0.05). Elastin fibers did not show any
significant decrease in protocol II and protocol III compared with the
native samples, and positive staining was observed in higher than 60%
of surface. Nevertheless, protocol I revealed a significant decrease (nearly

scaffolds were harvested after 10 days and were examined by
histological and immunohistochemical techniques, and the re-
sults were compared with normal rat uterine tissue.

Histological staining of the harvested scaffolds

Histological evaluation of the grafted acellular tissues demon-
strated a fibro-connective tissue with rich vasculature and thin
endometrial layer. H&E and Alcian blue staining revealed the
endothelial layer as the inner epithelial layer in both implant
and control samples. Moreover, collagen fibers surrounded by

10% positive reaction) in elastin fibers compared with the native tissue
protocol I. The concentration of fibronectin proteins was significantly
decreased in protocol I and protocol III samples (nearly 10% positive
reaction). On the contrary, protocol II specimens showed prominent
preservation of fibronectin proteins, and the statistical evaluation was
indicative for no significant difference comparing with the cellular
tissue. Laminin fibers were highly maintained in protocol III samples
(80% positive reaction) which was similar to the control group, while
protocol I and protocol II depicted a considerable reduction in
comparison with the native samples (p < 0.05). P-I protocol I, P-II proto-
col II, P-III protocol III. Asterisk means significant difference (p < 0.05)

an abundance of smooth muscle fibers were observed in the
myometrium of both groups. Trichrome staining illustrated
collagen fibers as blue fibers in all of the specimens. Tissue
layers and components did not demonstrate any considerable
difference between the two groups; endometrium and
myometrium could be detected in the grafted and the normal
tissue, and these findings were confirmed by immunohisto-
chemical analyses. Also, we were not able to distinguish any
sign of inflammatory cell infiltration throughout the speci-
mens in high power field histological evaluations.
Furthermore, the increased number of small- to medium-
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a) DAPI Staining

b) DNA quantification

Sample ng of DNA / mg of dry tissue
Native tissue 180+64
Protocol I 24.3+6.3
Protocol II 54.3£21.7
Protocol IIT 44.7£10.3

C) MTT assay

150

100+

50+

Control P-l P-ll P-ll

Fig. 3 DAPI (a) staining and DNA quantification (b) of the native tissue
(A) and acellular samples (middle portion of the uterine horns) suggested
that protocol I (B) was the most efficient method for nuclear component
removal with 24.3+6.3 ng of DNA/mg of dry tissue. Protocol II (C)
samples showed the highest amount of cellular remnants with 54.3 +
21.7 ng/mg of DNA after the decellularization process in comparison
with protocol I and protocol III (D). DNA measurement of protocol I1I
demonstrated 44.7 =10.3 ng of DNA/mg of dry tissue which was signif-
icantly decreased compared with the native samples (p <0.05). MTT

sized vessels in the implanted tissues comparing with the con-
trols was suggestive of an angiogenesis process which was
subsequently confirmed by the IHC staining for CD31 endo-
thelial marker.

Immunohistochemical evaluation of the recellularized
samples

Immunohistochemical evaluation of the samples for
cytokeratin marker revealed the endometrium as the inner ep-
ithelial layer in native and grafted tissues. Alfa-SMA staining
showed a considerable positive reaction in both groups which
confirmed the presence of smooth muscle cells in the
myometrium of the native and grafted specimens. [HC exam-
ination for CD31 marker, as an indicator of the endothelial
layer, to investigate the angiogenesis in the implanted scaf-
folds showed diffused positive reaction in both groups.

@ Springer

assay (c) shows cell viability of higher than 80% in all of the bioscaffolds;
however, the lowest viability rate is detected in protocol II specimens
(83%), which is significantly lower than the control samples (p <0.05).
Protocol III demonstrates the highest level of cell viability with no sig-
nificant difference comparing with the native samples (p > 0.05). Protocol
I scaffolds demonstrate more than 85% of cell viability following the
decellularization process which is significantly lower than the control
samples (p <0.05). P-I protocol I, P-II protocol II, P-III protocol III.
Asterisk means significantly difference (p <0.05)

Nevertheless, the grafted samples demonstrated increased
CD31-positive cells which are suggestive of an angiogenesis
process within the recellularized tissue. We performed THC
staining for Ki-67 to determine the proliferative capacity of
the grafts. Native uterine tissue showed a weak positive reac-
tion for Ki-67 marker with a higher concentration of positive-
stained cells in the endometrium which is probably due to
endometrial shedding and typical characteristics of this layer.
On the contrary, the implanted samples demonstrated a prom-
inently higher positive reaction for Ki-67 marker both in the
endometrium and the myometrium of the tissues which could
be interpreted as the high proliferative capacity of the grafted
tissue and confirms the presence of a regenerative process in
the acellular tissue. IHC staining for vimentin illustrated the
fibro-connective tissue in the myometrium of both samples,
and no prominent dissimilarity could be detected between the
two groups. Overall, histological and immunohistochemical
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Fig. 4 SEM studies depicted that the replacement of the cobblestone-
shaped elements with empty pores in acellular samples (provided from
the body and the uterine horns) was indicative of complete
decellularization in all protocols. Also, acellular samples showed no

evaluations of the specimens were suggestive of a regenera-
tive process in the acellular tissue; endometrium and
myometrium were detected in the grafted scaffolds, and a
prominent vascularization process was observed in the im-
planted samples (Fig. 6).

Discussion

In this study, we decellularized ovine uteri by three different
protocols and investigated the scaffolds’ properties. This pre-
liminary study introduces an optimized uterine
decellularization method and paves the path for future studies
on various utilizations of the scaffolds.
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malformation or distortion comparing with the native tissue suggestive
for the preservation of the ECM ultra-structure following the
decellularization process

Application of acellular and tissue engineered natural scaf-
folds has already demonstrated a promising potential for sub-
stitution of various organs and regeneration of damaged tis-
sues such as pancreas [16], arteries [17], and myocardium [18,
19]. Therefore, various investigations have been focused on
the utilization of engineered tissues for regeneration of dam-
ages uteri or complete substitution of the organ by a non-
immunogenic uterus for AUFI patients [6, 20].
Determination of an optimal decellularization protocol to gen-
erate an ideal natural scaffold is necessary for the possible
clinical application of acellular tissues and organs. In 2014,
Hellstrom et al. compared the efficacy of three perfusion-
based protocols for decellularization of rat uterus and intro-
duced two efficient methods to provide bioscaffolds with
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Fig. 5 CT angiography (a)
assessment illustrates intact
uterine large vessels in all
specimens. Protocol 111
demonstrates the most affluent
microvasculature compared with
the other samples; protocol I and
protocol II illustrate maintained
large conduit network.
Biomechanical evaluation (b) of
the samples (n 3; (A) native, (B)
protocol I, (C) protocol II, (D)
protocol III) indicates that the na-
tive tissue’s Young’s modulus is
0.8 0.5 MPa which is signifi-
cantly lower than that of protocols
[(4.5+2.4MPa)and Il 3.2+
1.7 MPa) (p <0.05). Young’s
modulus of protocol III (1.63 +
0.9 MPa) is not significantly dif-
ferent from the native tissue and
shows the highest tensile strength
comparing with the other scaf-
folds (p >0.05)

Control

Protocol 11

Tensile stress MPa

0 20

0 20 40

similar characteristics to the natural tissue [11]. Moreover,
Miyazaki and Maruyama provided acellular rat uteri and in-
vestigated in vitro and in vivo recellularization capacity of the
bioscaffolds; the results were encouraging regarding epithelial
layer regeneration and angiogenesis [12]. Subsequently,
Hellstrom et al. demonstrated the first pregnancy in acellular
patch-implanted uterus of rat. The uteri were decellularized by
two perfusion-based protocols, and 5 x 20 mm patches were
implanted on the host tissue; however, no pregnancies oc-
curred on the grafted zone [13]. These studies provided the
basis for further investigations on uterine tissue engineering in
larger animal models.

Hereby, we compared the efficacy of three whole-organ
decellularization protocols of the ovine uterus as a large ani-
mal model’s organ. Preservation of the ECM and its protein
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fibers following the decellularization process is an imperative
feature of an optimal protocol due to the considerable role of
these proteins in the scaffolds’ properties and functionality
[21]. The outcomes of this study indicated that P2 (4%
DMSO and 1% Triton) and P3 (0.25% SDS, 0.5% SDS, and
10% neutral buffered formalin) scaffolds are associated with
the highest amount of preserved ECM proteins which is prob-
ably attributed to the usage of a lower percentage SDS. The
similarity of the ECM components to the native uterus tissue
is beneficial for further application of the scaffolds since it
provides a native-resembling environment for endometrial
and myometrial cells.

The biomechanical characteristic similarities between pro-
tocol I1I scaffolds and the native uterine tissue could be related
to the lower concentration of the detergents resulting in the
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Surgical procedure

Cytokeratin

Fig. 6 Scaffold implantation and histological and immunohistochemical
examination. The surgical procedure comprises (A and B) implantation of
10 x 5 mm? segments of protocol I1I scaffolds into the right uterine horns
of eight female rats using interrupted 5-0 nylon sutures. H&E staining of
the native rat uterus (C) and the grafted scaffolds (D) shows the endothe-
lial layer as the inner epithelial layer in both samples. The myometrium
including smooth muscle fibers and collagen fibers is detectable in both
samples (blue arrows indicate the endometrium, and brown arrows are
used to illustrate the myometrium). Alcian blue staining of the control
samples (E) and the implanted tissues (F) confirms the structural mainte-
nance of the ECM and recellularization of the grafted samples (blue
arrows indicate the endometrium, and brown arrows are used to illustrate
the myometrium). Trichrome staining of the controls (G) and the grafts
(H) illustrates muscle fibers with red color and the collagen fibers as blue
fibers in all of the specimens which are relatively similar in structure and

preservation of the ECM structure and components. The bio-
mechanical properties and viscoelasticity of a uterine scaffold
are of great importance due to the tissue’s requirement for
expansion during the gestation as well as postpartum [22].
P3 specimens were maintained in formalin to provide an ad-
equate level of modification for all layers of the scaffold.
Nevertheless, the toxicity of aldehyde-based chemical agents
requires a longer duration of PBS rinsing to remove a suffi-
cient amount of these elements. Previous investigations pro-
vided proof of concept that formalin could be employed as a
cross-linking agent to preserve the mechanical strength and
stability as well as preventing further tissue damages in col-
lagenous products [15, 23].

Alcian blue staining

Masson’s trichrome staining

z s >

content. Immunohistochemical evaluation (positive-stained cells are in
brown color; green arrows indicate stained cells) for cytokeratin marker
in the control (I) and the implanted samples (J) shows the endometrium as
intact inner epithelial layer in both groups. Alfa-SMA staining of natural
rat uterus (K) and implanted acellular samples (L) demonstrates a consid-
erable positive reaction in both groups which confirms the presence of
smooth muscle cells in the myometrium. CD31 marker staining of the
native (M) and grafted (N) tissues show diffused positive reaction in both
groups. The grafted samples demonstrate increased positive-stained cells.
IHC staining for Ki-67 in native tissue (O) shows a weak positive reac-
tion, and the implanted scaffolds (P) a prominently higher positive reac-
tion for Ki-67 marker both in the endometrium and the myometrium. IHC
staining for vimentin illustrated the diffuse fibro-connective tissue in the
myometrium of the native (Q) and grafted (R) specimens with no consid-
erable difference

CT angiographic studies indicated that P3 was the most
efficient protocol concerning the maintenance of the tissue’s
microvasculature. Thus, this decellularization protocol has
an eminent potential to be exercised in further investigations
on recellularization and application of uterine scaffolds.
Maintaining the vascular network of an acellular organ to
provide a transplantable scaffold with the capability of ex-
changing the essential molecules is a notable advantage of
whole-organ decellularized scaffolds [24]. On the other
hand, preservation of the conduits’ network through the
decellularization process is a prominent obstacle of this tech-
nique. Previous studies revealed that a principal challenge of
bioscaffold production is the maintenance of the organ’s
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vascular network following the decellularization process [25,
26].

We performed cytotoxicity evaluations by MTT assay
which determined P3 as the most viable scaffold, probably
due to the lower concentration of SDS. These findings showed
that this protocol merits further investigation of its potential
for in vitro, in vivo, and clinical application. Previous studies
illustrated that the remnants of detergent agents such as SDS
and Triton have a notable cytotoxic effect which could hamper
further in vitro and in vivo utilization of the acellular tissue
[27], 28].

Overall, our evaluations distinguished P3 as an optimized
decellularization protocol of the ovine uterus. Thus, we
grafted 10 x 5 x 5 mm”® segments of these acellular tissues to
the uterus of female rat models to illustrate the in vivo char-
acteristics, biocompatibility, and toxicity of the scaffold as
well as its potential for recellularization and uterine tissue
regeneration. The outcomes were compatible with previous
MTT assessments and confirmed the biocompatibility of pro-
tocol I scaffolds.

Histological and immunohistochemical examinations of
the implanted scaffolds were suggestive for a regenerative
process in the acellular tissues and recellularization in the
endometrium and myometrium. Previous studies suggested
that in vivo application of acellular tissues could result in
recellularization of the bioscaffold which is probably
pertaining to the host’s circulating and in situ source of stem
cells [16].

Moreover, a prominent angiogenesis process could be ob-
served in the grafts which were considerably higher than the
control samples. We investigated K-167 marker staining as an
indicator for proliferation which demonstrated a notably
higher reaction in the grafted specimens. Altogether, our eval-
uations were suggestive for recellularization of the endome-
trium and myometrium of the scaffolds; the prominent angio-
genic and proliferative capacity of the acellular tissues was
also demonstrated.

Previously, Campo et al. decellularized the porcine uterus
as a large model using SDS and Triton X-100. Although this
pioneering study and the comparison between free-thawed
and fresh tissues provided valuable data concerning the
whole-organ decellularization of large animal uteri, the limited
number of acellular organs (n 6) and the lack of comparison
between the efficacies of different detergent agents could be
considered as limitations of this study. Also, no data was re-
ported regarding the biomechanical characterization of the
generated scaffolds which is of eminent importance due to
the physiologic role of the organ [14].

This study is hampered by some limitations. We aimed
to develop an efficient decellularization protocol for a
human-sized uterus and evaluate the bioscaffold biocom-
patibility and its recellularization potential. This study
confirms uterine tissue regeneration after 10 days of

@ Springer

follow-up; however, further investigations are required
to confirm these findings after longer periods of time.
The absence of hydroxyproline content assessment is a
restriction of this investigation. In this preliminary study,
the assessment of the grafted samples and the rat uterus
was focused on the investigation of the regenerative po-
tential of the bioscaffolds. Histological staining provided
qualitative data on rat uterus and the grafted sample pro-
tein content. Subsequent studies could extend the findings
in this rather novel field of research by evaluation of the
protein content in the grafted and the host tissue. Western
blot analysis of uterine biomarkers could provide valuable
data regarding specific components of the scaffolds and
grafts which is absent in this study; therefore, we suggest
that future investigations should perform this technique
for better evaluation of the bioscaffolds’ properties.
Although we obtained the ovine uteri from adult and fer-
tile animals, the reproductive status, age, and the number
of gravidity and parity of the donors, which could affect
the tissue’s properties, were undetermined.

In conclusion, this investigation compared three methods
for decellularization of a human-sized uterus and introduced
an optimized protocol to obtain bioscaffolds with native-like
characteristics and a prominent potential for regeneration and
angiogenesis. To the best of our knowledge, this is the first
study to report biomechanical properties and angiographic
evaluations of a large animal uterine scaffold. The introduced
decellularization protocol could be employed in future in vitro
and in vivo studies, and the outcomes of this study would
bring us one step closer to the ultimate goal of whole human
uterus bioengineering. We believe that further investigations
in larger animal models for an extended period should be
carried out to examine various aspects of the application of
these bioscaffolds. Future studies could also be focused on
whole-organ recellularization of the acellular scaffolds in a
laboratory setting. Whole-organ bioengineering is still in its
initial stages of development.
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