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Abstract
Purpose  The aim of this investigation was to design a perfusion-based decellularization protocol to provide whole human 
uterine bio-scaffolds with preserved structural and componential characteristics and to investigate the in vivo properties of 
the decellularized tissues.
Methods  Eight human uteri, donated by brain-dead patients, were decellularized by perfusion of sodium dodecyl sul-
fate (SDS) through the uterine arteries using a peristaltic pump. The bio-scaffolds were evaluated and compared with 
native human uterus regarding histological, immunohistochemical, structural, and bio-mechanical properties, in addition to 
CT angiographies to examine the preservation of the vascular networks. Subsequently, we obtained acellular patches and 
implanted them on uterine defects of female Wistar rats to investigate the bio-compatibility and regenerative potential of 
the bio-scaffolds. Finally, we performed immunostaining to investigate the potential role of circulating stem cells in recel-
lularization of the implanted bio-scaffolds.
Results  The outcomes of this investigation confirmed the efficacy of the proposed protocol to provide whole human uterine 
scaffolds with characteristics and extra-cellular matrix components similar to the native human uterus. Subsequent in vivo 
studies demonstrated the bio-compatibility and the regenerative potential of the scaffolds and suggested a signaling pathway 
as an underlying mechanism for the regenerative process.
Conclusions  To the best of our knowledge, this investigation provides the first efficient perfusion-based decellularization 
protocol for the human uterus to obtain whole-organ scaffolds. The outcomes of this investigation could be employed in 
future human uterus tissue engineering studies which could ultimately result in the development of novel treatments for 
female infertile patients.

Keywords  Uterus · Extra-cellular matrix · Tissue engineering · Regeneration · Bio-scaffold

Introduction

The recent advancements in the field of tissue engineer-
ing provided new possibilities to rehabilitate or replace 
damaged organs. Previous investigations described the 
therapeutic potential of biological scaffolds as promising 
bio-materials for regeneration of different tissues and as 
substitutes for organ transplantation without the adverse 
effects of immunosuppressive therapies [1]. An optimized 
decellularization protocol sufficiently removes the nuclear 
components, providing scaffolds with low antigenicity 
and minimized immune reactions following transplants. 
Also, the bio-compatibility of the bio-scaffolds provides 
them with higher advantages for in vivo applications in 
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comparison with synthetic materials [2]. The applica-
tion of decellularized uterine tissues in animal models 
showed considerable regenerative potential and efficacy 
to repair full thickness uterine injuries [3]. Previous stud-
ies described different methods for decellularizing seg-
ments or the whole uterus of small and large animals. The 
investigations on perfusion-based decellularization of rat 
uterus resulted in the development of efficient protocols 
to obtain whole-organ bio-scaffolds. Subsequent in vitro 
and in vivo examinations confirmed the preservation of 
the extra-cellular matrix (ECM) with native-resembling 
characteristics as well as the regenerative potential and 
bio-compatibility of the provided bio-scaffolds [4, 5]. Fur-
thermore, Hellström et al. reported successful pregnancies 
in rat uterine defect models receiving engineered scaffolds 
on the defected areas [6]. Recently, investigations have 
been focused on development of whole-organ bio-scaffolds 
from large animals’ uteri to provide the required basis for 
human studies [7–9]. In 2017, Campo et al. described a 
decellularization protocol for pig uterus. They also carried 
out preliminary in vivo studies by implanting engineered 
patches in rat models to determine the bio-compatibility of 
the provided bio-scaffolds [7]. Nonetheless, previous stud-
ies reported more similarities between ovine and human 
uterine tissues in comparison with other animal models 
[10]. In a previously published study, we compared three 
different perfusion-based decellularization techniques 
and determined an optimized protocol to provide whole-
organ bio-scaffolds from the ovine uterus as a human-sized 
model [8]. Furthermore, Tiemann et al. evaluated three 
different decellularization protocols of the ovine uterus. 
The outcomes were in accordance with ours regarding the 
efficacy of sodium dodecyl sulfate (SDS) solution as the 
detergent agent to sufficiently remove the nuclear com-
ponents. However, the application of 2% sodium deoxy-
cholate (SDC) solution resulted in bio-scaffolds’ higher 
biomechanical strength [9]. These findings could pave the 
path for the development of novel treatments for female 
factor infertilities using bio-materials and regenerative 
medicine techniques, especially in patients who would 
benefit from uterus transplantations [11].

Based on the recent positive outcomes from previous 
studies on the development of whole uterus bio-scaffolds 
in small and large animals, in the present study we aimed 
to investigate the feasibility of utilizing these techniques on 
human donated organs to provide whole-organ scaffolds 
and design an efficient protocol for decellularization of the 
human uterus. Subsequently, we characterized the acellu-
lar organs and compared them with native human samples. 
Finally, we provided full-thickness patches from the bio-
scaffolds and implanted them on the uterine defects of eight 
female Wistar rats, to evaluate the bio-compatibility and 
in vivo properties of the acellular tissues.

Materials and methods

The organs were donated by ten brain-dead female patients 
(30–55 years of age), who underwent operations for dona-
tion of other organs. The diagnosis of brain death was 
based upon the absence of breathing and cranial nerve 
reflexes. Four specialist physicians including a neurologist, 
an anesthesiologist, an internist, and a neurosurgeon evalu-
ated and confirmed brain death of the patients according to 
national protocols. The research purpose and the protocols 
were explained to the donors’ families, and informed con-
sent forms were collected in the presence of a legal medi-
cine specialist. The participated animals had free access 
to food and water, and they were treated according to the 
guidelines of the “Guide for the Care and Use of Labora-
tory Animals”. The study protocol including the applica-
tion of human organs for research purposes and experi-
ments on animals were evaluated at Ethics Committee of 
National Institute of Health Researches and were approved 
with ethics approval number: IR NIMAD REC 1396–255.

Organ preparation and decellularization

An expert gynecologist performed total hysterectomy sur-
geries on ten brain-dead patients and harvested the uteri 
with preserved vessels and the surrounding tissues. The 
obtained organs were placed in a container filled with ster-
iled ice and were immediately transferred to the labora-
tory. Two organs were preserved to be evaluated as native 
uterus and eight uteri underwent the decellularization pro-
cess. The macroscopic characteristics of the organs were 
evaluated. Subsequently, we removed the surrounding 
adipose and connective tissues from the uteri, cannulated 
the uterine arties on both sides using 18-G catheters, and 
connected them to a peristaltic pump (CESCO Bellofeeder 
1300, CESCO Bioengineering, Taiwan) at flow rates of 
50 ml/min for each artery. Based on previous findings from 
decellularizing the ovine uterus as a close model of the 
human organ [8], in this study we initially performed a 
preliminary investigation to design an optimized protocol 
to produce whole-organ human uterus scaffolds by perfu-
sion of detergent agents through the uterine arties. We 
provided serial sections using needle biopsies throughout 
the decellularization process to determine the most effi-
cient time length and detergent agents’ concentrations to 
sufficiently remove the nuclear components while preserv-
ing the tissue structure and ECM components. Initially, 
the organs were washed with distilled water for 5 days to 
remove any remaining blood clots. Subsequently, a 2% 
SDS solution was perfused through the arteries as the 
detergent agent to remove the nuclear components. We 
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changed the solution every 24 h for 28 days. Finally, we 
carried out 5 days of perfusion with phosphate buffered 
saline (PBS) to remove the detergent agents’ remnants 
from the organ. We obtained full-thickness samples from 
the decellularized organs for further assessments.

Histological and immunohistochemical evaluations

The provided specimens were fixed by 10% neutral buff-
ered formalin (Merck, Darmstadt, Germany), dehydrated 
by ethanol graded series, paraffin blocked, and sectioned 
into 5-µm slices for histological and immunohistochemi-
cal (IHC) evaluations. We performed histological studies 
before and after the decellularization process using hema-
toxylin and eosin (H&E) and Masson’s trichrome staining to 
investigate the efficacy of the protocol to remove the nuclear 
components from all layers of the tissues and to compare 
the samples regarding their ECM structure and content. In 
addition, IHC studies were carried using specific antibodies 
for collagen I (sc-59772; Santa Cruz Biotechnology, Dal-
las, USA), collagen III (sc-271249; Santa Cruz Biotechnol-
ogy, Dallas, USA), elastin (ab9519; Abcam, Cambridge, 
UK), fibronectin (ab268020; Abcam, Cambridge, UK), and 
laminin (ab233389, Abcam, Cambridge, UK) to investigate 
the provided scaffolds’ ECM elements. Finally, we per-
formed image analysis (pixel/μm2) using ImageJ software 
(Wayne Rasband Analytics, National Institutes of Health, 
USA) to quantify the data and to compare the specimens’ 
ECM contents before and after the decellularization process.

DAPI staining and DNA quantification

We carried out 4,6-diamidino-2-phenylindole (DAPI) stain-
ing and DNA quantification tests to confirm the efficacy of 
the decellularization process to remove the nuclear DNA. In 
order to perform DAPI staining, the samples were preserved 
in 1 μg/ml DAPI solution (Sigma, St Louis, MO, USA) for 
15 min; they were subsequently washed with PBS for 15 min 
and were observed under a fluorescence microscope with a 
UV filter. Furthermore, we employed genomic DNA puri-
fication kit (Thermo Scientific, Lithuania) and Nanodrop 
spectrophotometry (Thermo scientific Nanodrop 1000) to 
extract and measure the DNA content of the specimens.

Scanning electron microscopy (SEM)

Initially, we provided samples from different segments 
of natural and acellular uterine tissues to investigate both 
endometrial and myometrial surfaces using SEM. Further-
more, we preserved the specimens in 2.5% glutaraldehyde 
at 4 °C for 45 min and dehydrated them using graded series 
of ethanol. The samples were gold-sputtered and visualized 
by SEM (Vega, TESCAN, Brno, Czech Republic) at 30 kV 

voltage to evaluate the ultra-structural features of the tissues 
before and after the decellularization process.

Biomechanical characterization

We obtained 20 × 10 mm2 full-thickness samples from acel-
lular and native uterine tissues to investigate and compare 
their biomechanical properties by performing a tensile test 
using a dynamic servohydraulic testing machine (Zwick/
Roell, Model: Hct 25–400, Germany) at 1 kN calibrated load 
cell and a rate of 10 mm/min. The ultimate tensile strength, 
elastic modulus, strain at failure, and stress–strain patterns 
were recorded and compared between the two groups.

Computer tomography (CT) angiography

Our research group employed CT angiography (BrightSpeed 
16, Tampa, FL) to illustrate and compare the organs’ vas-
cular networks before and after the decellularization and 
to determine the possible vascular damages of the organs’ 
conduits during the processes. We injected 50% iodixanol 
(GE Healthcare, Cork, Ireland) through the uterine arties as 
the radiocontrast agent to illustrate the conduits. The uteri 
were investigated in the arterial phase at 10 kV and 50 mA, 
and the images were reconstructed by a multi-segment 
algorithm.

Bio‑scaffold implantation and evaluation 
of the recellularization process

In order to evaluate the bio-compatibility and the in vivo 
features of the bio-scaffolds, we obtained 10 × 5 mm2 full-
thickness segments from each of the acellular uteri and 
implanted them on the uterine defects of eight fertile female 
Wistar rats (220–250 g). The animals were anesthetized by 
intramuscular injection of ketamine (80 mg/kg) and xyla-
zine (10 mg/kg), and the bladder was exposed by making 
a midline abdominal incision. We made 10-mm longitu-
dinal incisions on the right horns of the uteri, placed the 
prepared scaffolds on the defects, and fixed the scaffolds 
using 5.0 non-absorbable stitches on the corners. Finally, the 
implanted tissues were carefully covered by the omentum to 
create sandwich-like structures, and the muscular layer and 
the skin were sutured (Fig. 6a−d).

We performed a second surgery after 10 days to harvest 
the implanted tissues and opposite uterine horns which we 
aimed to evaluate as control samples. The extracted speci-
mens were fixed by 10% formalin (Merck, Germany) and 
were paraffin blocked for further examinations. We per-
formed H&E staining on both groups samples. Further-
more, IHC studies were carried out for cytokeratin (MAD-
211000Q, Master Diagnostica, Spain) and alpha-smooth 
muscle actin (α-SMA; M:0851, Dako, Denmark) markers 
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to illustrate the endometrium and the smooth muscle layers. 
We also employed IHC staining for CD31 (M: 0823, Dako, 
Denmark) and Ki-67 (MAD-020310Q, Master Diagnostica, 
Spain) to determine the angiogenesis and the proliferative 
capacity of the implanted scaffolds. In addition, IHC stain-
ing was performed by specific antibodies for C‐X‐C motif 
chemokine ligand 12 (CXCL12; orb11353, Biorbyt, Cam-
bridge, UK), C-X-C chemokine receptor type 4 (CXCR4; 
sc-53534, Santa Cruz Biotechnology, Dallas, USA), and 
C-X-C chemokine receptor type 7 (CXCR7; ab72100, 
Abcam, Cambridge, UK), the signaling axis influencing and 
promoting the chemoattraction of bone marrow-derived stem 
cells (BMDSCs) towards the endometrium, to investigate the 
possible role of circulating stem cells in recellularization of 
the implanted bio-scaffolds [12, 13].

Statistical analysis

Statistical Package for the Social Sciences (SPSS; version 
20, SPSS Inc., Chicago, IL, USA) was used for statistical 
analysis of the data. Numerical results were expressed as 

mean ± standard deviation (SD) and were tested by inde-
pendent sample t-test and analysis of variance (ANOVA). 
The level of significance was considered as p value < 0.05.

Results

Evaluation of the decellularized uteri

The organs were bleached after the decellularization pro-
cess but the density and macroscopic structure of the uteri 
remained intact (Fig. 1a,b). Histological evaluation of the 
acellular tissues by H&E staining demonstrated complete 
removal of the nuclear components following the process. 
The ECM structure showed no deformities, and the fib-
ers were preserved in all layers. The glandular elements 
of the endometrium were detectable in native and decel-
lularized samples (Fig. 1c,d,g,h). Furthermore, bio-scaf-
folds’ collagen fibers deposition was maintained following 
decellularization as demonstrated by trichrome staining. 
The mean collagen deposition rate was 34.15 ± 2.02% 

Fig. 1   Macroscopic and histological evaluation of native and decel-
lularized human uterus. Macroscopic examinations and comparison 
between native uterus (a) and acellular uterus (b) showed that the 
organs were whitened in decellularized group but gross formation and 
density of the tissues remained intact. H&E staining of native (c, d) 
and acellular (g, h) uteri was suggestive for complete removal of the 

nuclear components and preserved extra-cellular matrix (ECM) struc-
ture showed and the fibers in all layers. Trichrome staining in native 
(e, f) and decellularized (i, j) groups demonstrated that bio-scaffolds’ 
collagen fibers deposition were maintained following decellulariza-
tion
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for the native group and 38.61 ± 1.99% for the acellular 
group (Fig. 1e,f,i,j). IHC staining for collagen I and III 
fibers as predominant collagen types of the uterine tis-
sue was suggestive for similarities between two groups 
of samples regarding the concentration and formation of 
these fibers. The mean collagen types I and III expres-
sions were 32.45 ± 4.14% and 31.45 ± 4.71% in the native 
specimens and 30.21 ± 3.48% and 27.21 ± 6.57% in the 
acellular samples with no significant differences between 
the two groups. Furthermore, IHC studies confirmed the 
maintenance of ECM laminin, elastin, and fibronectin 
amount and formation in acellular specimens in com-
parison with native uterine tissues. Native and acellular 
groups IHC expressions were measured as 54.42 ± 2.34% 
and 46.13 ± 4.75% for elastin, 18.04 ± 2.35% and 

16.82 ± 3.42% for fibronectin, and 22.41 ± 3.24% and 
17.88 ± 3.11% for laminin as major ECM components 
with no significant differences between the two groups. 
Altogether, histological and immunohistochemical evalu-
ations for major ECM elements confirmed the preservation 
of the ECM content and structure following the proposed 
decellularization protocol (Fig. 2).

DAPI staining of the acellular samples depicted 
complete removal of the nuclei after the decellu-
larization as compared with control group (Fig.  3). 
In addition, DNA quantification of decellularized 
group samples (40.11 ± 20.59  ng/mg) demonstrated 
a significant decrease in comparison with the control 
group (2463.73 ± 320.87 ng/mg), confirming efficient 
nuclear components removal (p value < 0.05) following 

Fig. 2   Immunohistochemical assessment of native and decellular-
ized human uterus. Immunohistochemical evaluations for collagen I 
in native (a) and acellular (f) samples, in addition to collagen III in 
native (b) and decellularized (g) specimens showed similar contents 
comparing the two groups of samples. Immunostaining for elastin (c: 

native, h: acellular), fibronectin (d: native, i: acellular), and laminin 
(e: native, j: acellular) as major components of extra-cellular matrix 
showed with no significant differences between the two groups and 
confirmed the preservation of the contents and structures following 
the decellularization protocol

Fig. 3   DAPI staining of native 
and acellular uteri. DAPI stain-
ing of the control samples (a, 
b) and acellular samples (c, d) 
depicted complete and homog-
enous removal of the nuclei and 
confirmed the efficacy of the 
proposed protocol to provide 
decellularized whole uterine 
bio-scaffolds. These findings 
were also confirmed by DNA 
quantification of the samples
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decellularization. These findings approved the efficacy 
of the studied protocol to provide decellularized whole 
human uterine bio-scaffolds with preserved ECM.

CT angiography

We investigated the vascular network of the uteri before 
and after the decellularization by CT angiography to 
determine the impact of the detergent agent perfusion on 
organs’ conduits. CT angiography with contrast injection 
and 3-D reconstruction of the provided images confirmed 
the integrity of the uterine arteries and their branches 
on both sides of the scaffolds, in addition to maintained 
vascular anastomoses. Moreover, the conduits were filled 
with the contrast agent in both groups and no leakage was 
detected. Comparing the reconstructed images of native 
organs and whole uterus scaffolds was suggestive for the 
preservation of the uterine vascular network after the 
decellularization process (Fig. 4c,d).

Biomechanical properties

The ultimate tensile strength, elastic modulus, and strain 
at failure for the decellularized and native tissues were 
calculated. The ultimate tensile strength for native tis-
sues was reported as 168 ± 0.51 MPa for the native group 
and 0.247 ± 0.18 MPa for acellular samples. Young’s 
modulus was calculated as 1.2 ± 0.21 kPa for native and 
4.57 ± 1.1 kPa for acellular specimens (Fig. 4a,b).

Scanning electron microscopy

We obtained samples from different anatomical locations of 
the bio-scaffolds and the native uteri to determine the impact 
of the detergent agents and the proposed decellularization 
protocol on human uterine tissues at ultra-structural levels. 
The decellularized uterine samples lacked the cobblestone-
resembling structures, commonly interpreted as cellular 
components, in all samples confirming complete decellu-
larization of the specimens. The remaining ECM of the scaf-
folds were homogenously smoothened in endometrial and 
myometrial scanned areas. The acellular group specimens 
did not demonstrate any structural distortion or malforma-
tion. These findings were in accordance with histological 
and immunohistochemical data regarding the efficacy of 
the decellularization protocol to preserve ECM structural 
properties (Fig. 5).

Evaluation of bio‑scaffolds’ in vivo properties

After 10 days of follow-up, the implanted scaffolds were 
harvested and compared with intact rat uterine tissues as 
control samples. No mortalities or complications were 
observed in the operated animals during the follow-
up time. Histological studies of the extracted samples 
depicted recellularization of the implanted scaffolds, in 
addition to infiltration of acute and chronic inflammatory 
cells. Angiogenesis were detectable within the scaffolds as 
well as the host tissues adjacent to the grafts (Fig. 6e−h). 
Furthermore, IHC examinations revealed scattered pres-
ence of cytokeratin and α-SMA positive-stained cells 

Fig. 4   Biomechanical tests, CT 
angiography of native and acel-
lular samples. Biomechanical 
properties evaluations illustrated 
ultimate tensile strength as 
168 ± 0.51 MPa for the native 
group (a) and 0.247 ± 0.18 MPa 
for acellular samples (b). 
Young’s modulus was calcu-
lated as 1.2 ± 0.21 kPa for native 
and 4.57 ± 1.1 kPa for acellular 
specimens. CT angiography 
with contrast injection and 3-D 
reconstruction of native (c) 
and decellularized (d) human 
uterus confirmed the integrity 
of the uterine arteries and their 
branches, in addition to main-
tained vascular anastomoses 
following decellularization
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within the harvested scaffolds, suggestive for the initia-
tion of a regenerative process in endometrial and myo-
metrial layers of the implanted tissues. Cytokeratin stain-
ing, used to determine the endometrium in implant and 
control groups, showed reduced positive reaction in the 
middle portion of the endometrial surface of the grafts. 
The endothelium of the vessels was determined by IHC 

staining for CD31, indicative of increased angiogenesis in 
implant sites as well as the grafts, especially the periph-
eral areas, in comparison with control rat uteri. Also, 
Ki-67 staining was carried out to investigate the prolif-
erative processes in both groups of samples which showed 
prominent increased proliferative activity in lower layers 
of the grafted tissues. Altogether, the IHC findings of the 

Fig. 5   Scanning electron microscopy of native and acellular uteri. 
Scanning electron microscopic studies in native (a–d) and acellular 
(e–h) showed that the scaffolds were smoothened in endometrial and 

myometrial scanned areas without any structural distortion and mal-
formations. Also, the removal of cobble-stoned formations indicated 
cell removal from the specimens after the process

Fig. 6   Surgical implantation of bio-scaffold patches and histologi-
cal evaluations of the harvested grafts. We made 10-mm longitudi-
nal incisions on the right horns of the uteri, placed the prepared scaf-
folds on the defects, and fixed the scaffolds using 5.0 non-absorbable 
stitches on the corners (a–c, white arrows indicate the implant site). 

The implanted tissues were covered by the omentum to create sand-
wich-like structures surrounding the grafts (d). Histological studies 
by H&E staining of the implanted scaffolds (e–g) and control samples 
(h) showed signs of recellularization within the scaffolds, infiltration 
of acute and chronic inflammatory cells, and angiogenesis
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implanted bio-scaffolds and comparison with normal rat 
uterine tissues were in accordance with the primary histo-
logical outcomes regarding the recellularization capacity 
of the scaffolds, initiation of a regenerative process, and 
increased vascularization in the grafted samples (Fig. 7).

IHC evaluations for CXCR4, CXCR7, and CXCL12 mark-
ers, as a signaling pathway to attract BMDSCs and stimulate 
cell proliferation and angiogenesis, revealed increased posi-
tive reactions for CXCL12 and reduced CXCR4 and CXCR7 
positive reaction in the implanted grafts in comparison with 

Fig. 7   Immunohistochemical (IHC) evaluations of the harvested 
grafts and comparison with control tissue. IHC examinations for 
cytokeratin marker in grafts (a) and control samples (e) revealed the 
scattered presence of cytokeratin positive-stained cells within the har-
vested scaffolds. Similar findings were detectable in IHC staining for 
α-SMA in implanted tissues (b) and control group (f). IHC staining 

for CD31 in grafts (c) and control (g) specimens was indicative of 
increased angiogenesis in implant sites and the grafts, especially the 
peripheral areas. Ki-67 marker staining in implant (d) and control (h) 
groups was suggestive for prominent increased proliferative activity 
in lower layers of the grafted tissues

Fig. 8   Immunohistochemical (IHC) evaluations for CXCR4, CXCR7, 
and CXCL12 markers. IHC studies for CXCL12 in control samples 
(a, b) and grafted scaffolds (c, d) revealed increased positive reac-
tions in the implant group (67.49% vs 34.43% in control group). 
Reduced CXCR7 positive reaction in the implanted grafts (34.50%; 

g, h) in comparison with normal uterine tissues (54.20%; e, f) was 
detectable. IHC staining for CXCR4 in implanted scaffolds (k, l) was 
associated with scarce positive reaction (8.25%), as compared with 
control samples (25.70%) (i, j)
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normal uterine tissues. Furthermore, CXCL12 and CXCR7 
IHC studies demonstrated higher concentration of positive-
stained cells in the endometrial layers of all samples. IHC 
staining for CXCR4 in implanted scaffolds was associated 
with scarce positive reaction (Fig. 8).

Discussion

In this study, we initially developed a decellularization 
protocol for the human uterus by perfusion of chemical 
detergent agents through the uterine arteries that efficiently 
removes the nuclear components of all tissue layers and pro-
vides whole-organ bio-scaffolds with similar ECM struc-
ture and content to the native human uterus. Histological 
and immunohistochemical studies confirmed the preserva-
tion of major ECM components, and SEM assessment of 
native tissues and provided bio-scaffolds depicted the ECM 
integrity at ultra-structural level following decellularization. 
A maintained vascular network is a necessity for whole-
organ bio-scaffolds that provides the capability of in vitro 
recellularization and various in vivo applications [14]. The 
obtained results from CT angiography assessments with 3-D 
reconstruction in both groups were indicative of preserva-
tion of major uterine arteries and conduits network in whole 
decellularized uteri, as compared with normal organs’ vas-
culature. Nevertheless, biomechanical tests were suggestive 
for reduced elasticity and increased ultimate tensile strength 
and resistance against tensile force in acellular samples as 
compared with the control samples. In the second phase of 
this investigation, we implanted acellular patches on uterine 
defects of Wistar rats according to a previously described 
method [8] to confirm the bio-compatibility and the regen-
erative capacity of the scaffolds. We exercised a previously 
described surgical method to employ rich vascular network 
of the peritoneum as a natural bio-reactor for in vivo recel-
lularization by creating a sandwich like structure surround-
ing the grafts [15, 16]. Evaluation of the harvested grafts 
was suggestive for increased proliferation and angiogenesis 
within the bio-scaffolds and the implant sites, as well as the 
initiation of a regenerative process in endometrial and myo-
metrial layers. Furthermore, IHC studies were carried out for 
CXCR4, CXCR7, and CXCL12 to investigate the underly-
ing mechanisms for recellularization of the implanted scaf-
folds, indicating of CXCL12-positive cells and reduction of 
CXCR4 and CXCR7 expressions within the scaffolds. Previ-
ous studies illustrated the role of CXCL12 expressed by the 
endometrial stromal cells as a chemo-attractive and migra-
tion of stem cells. Also, increased CXCL12 and decreased 
expression of CXCR4 have been detected in leiomyomas 
and the myometrium of patients with leiomyoma in com-
parison with normal uterus [13, 17]. In addition, CXCL12 
treatment has been proposed in severe uterine damages and 

as a therapeutic option for Asherman’s syndrome due to its 
ability to prevent fibrosis and improve the organ’s function 
through recruitment of stem cell populations [18]. These 
findings are in accordance with the outcomes of the pre-
sent study which confirmed our hypothesis regarding the 
mediating role of CXCL12/CXCR4 and CXCR7 signaling 
pathways stem cells in chemo-attraction, proliferation, and 
initiation of a recellularizing process. Previous investiga-
tions on uterus tissue engineering therapeutics illustrated 
the advantages of application of biological scaffolds in 
regeneration of injured uterine tissues and rehabilitation of 
the organ’s function [19–21]. Considering the positive out-
comes of recent studies on development and utilization of 
uterine bio-scaffolds from large animal models [7–9], we 
hereby introduced an efficient perfusion-based method to 
provide whole human uterine scaffolds with similar features 
and structure to the native organ with the capacity of in vivo 
recellularization.

Previous studies on the application of SDS solution as a 
detergent agent for decellularization to provide whole-organ 
bio-scaffolds showed promising results in various organs and 
tissues [22–25]. The recellularization of the scaffolds pro-
vided by these techniques was associated with positive out-
comes regarding cell adherence, proliferation, and differenti-
ation. They also provide an optimal platform for ex vivo cell 
culture and toxicologic studies [23, 24]. Moreover, Shimoda 
et al. demonstrated that implantation of decellularized liver 
scaffolds in partial hepatectomy porcine models positively 
affects structural reorganization and liver regeneration [26]. 
Our study described an efficient protocol for human uterus 
decellularization and demonstrated the bio-compatibility of 
these scaffolds in small animal models. Further studies are 
needed to confirm the compatibility of these biomaterials 
in larger animal models. Also, the impact and therapeutic 
potential of in vitro recellularization of uterine scaffolds 
prior to implantation merits more investigations. Although 
our primary evaluations indicated that the required time for 
whole decellularization of the human uterus could be con-
siderably longer than the previously studied animal models 
due to its structural characteristics and stiffness, the time 
length of the introduced protocol could be considered as a 
limitation to this study. The hormonal cycles and alterations 
of the graft receiving animals were not determined which 
could considerably impact the in vivo processes and the final 
outcomes. Nevertheless, this investigation was a preliminary 
effort to generate and utilize whole human bio-scaffolds, 
and various aspects of this novel bio-materials merit further 
assessment. We suggest the future studies to investigate the 
scaffolds’ capacity for perfusion-based in vitro recellulari-
zation as an important step for engineering of the human 
uterus. Also, further investigations could focus on reducing 
the time period required to achieve complete decellulariza-
tion using more potent detergent agents.
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Conclusion

Conclusively, in this investigation we introduced an effi-
cient protocol to provide whole human uterine bio-scaf-
folds with ECM characteristics and components similar 
to the native uterus. To best of our knowledge, this is the 
first study to decellularize whole human uterus using a 
perfusion-based method. Our investigations confirmed 
the bio-compatibility and the regenerative potential of the 
obtained scaffolds by in vivo assessment in Wistar rats. 
The outcomes of this study also demonstrated the role 
of a signaling pathway as one of the possible underlying 
mechanisms of the regenerative process.
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