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Abstract

Purpose To develop a new protocol for whole-ovary decellularization for the production of a 3D bioscaffold suitable for
in vitro/ex vivo studies and for the reconstruction of a bioengineered ovary.

Methods Porcine ovaries were subjected to the decellularization process (DECELL; n=20) that involved a freeze-thaw cycle,
followed by sequential incubations in 0.5% SDS for 3 h, 1% Triton X-100 for 9 h, and 2% deoxycholate for 12 h. Untreated
ovaries were used as a control (CTR; n=6). Both groups were analyzed to evaluate cell and DNA removal as well as ECM
preservation. DECELL bioscaffolds were assessed for cytotoxicity and cell homing ability.

Results DECELL ovaries maintained shape and homogeneity without any deformation, while their color turned from red
to white. Histological staining and DNA quantification confirmed a decrease of 98.11% in DNA content, compared with the
native tissue (CTR). Histochemical assessments demonstrated the preservation of intact ECM microarchitecture after the
decellularization process. This was also confirmed by quantitative analysis of collagen, elastin, and GAG contents. DECELL
bioscaffold showed no cytotoxic effects in co-culture and, when re-seeded with homologous fibroblasts, encouraged a rapid
cell adhesion and migration, with repopulating cells increasing in number and aggregating in cluster-like structures, consist-
ent with its ability to sustain cell adherence, proliferation, and differentiation.

Conclusion The protocol described allows for the generation of a 3D bioscaffold that may constitute a suitable model for
ex vivo culture of ovarian cells and follicles, as well as a promising tool for the reconstruction of a bioengineered ovary.
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Introduction of hormones [3]. Infertility is currently considered a multiple

medical and psychosocial challenge, since it is accompanied

Ovary dysfunction and premature ovarian failure (POF) rep-
resent the maiARG001784sn causes of infertility, with an
alarming incidence of one out of 1000 women, under the age
of 30, rising to 1.0-1.5% in women younger than 40 years
[1, 2]. Patients affected are not able to undergo physiological
cycles and/or release oocytes, nor they produce normal levels
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by severe menopause symptoms, such as osteoporosis, cardio-
vascular disease, autoimmune disorders, and depression [4].
Several potential causes have been identified, including viral
infections, environmental factors, metabolic and autoimmune
disorders, and genetic predisposition [2, 5, 6]. Furthermore,
the recent advances in cancer therapy have significantly
increased the number of tumor survivors who suffer from
therapy-induced ovarian failure [7]. To date, several options
to restore ovarian functions have been developed and used in
clinics, including embryo and oocyte cryopreservation [8—15].
More recently, ovarian fragment or whole ovary preserva-
tion, followed by allogeneic transplantation into the patient,
has been also proposed as a possible solution, with no issues
related to rejection or need for immunosuppression [16-22].
However, since this procedure is largely devoted to cancer
patients, the high risk of re-introduction of malignant cells
poses a severe limit to its use in clinical practices [23-25]. It
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is therefore evident an urgent need for a safe and effective
alternative to restore female fertility. In this perspective, bio-
engineered ovary reconstruction is one of the most promis-
ing strategies recently proposed. Currently, there is a growing
interest on decellularization techniques, wherein living cells
are removed from an organ to produce extracellular matrix
(ECM)-based 3D bioscaffolds. In contrast to gel matrices
previously used, these supports retain intact ECM structures
that are able to recreate in vitro the complex in vivo milieu,
facilitating the necessary interactions between cells and their
surroundings and ensuring a correct cell growth, differen-
tiation, and function [26]. These features make ECM-based
bioscaffolds a predictive and reliable in vitro model for study-
ing organ functions and pathologies, as well as a promising
tool for drug testing and bioengineered organ reconstruction.
Indeed, the absence of cells and the low immunogenicity of the
decellularized ECM make it an ideal tool for allotransplanta-
tion [27]. To date, the use of decellularization processes has
been reported in different organs, such as the heart [28], lung
[29], liver [30], kidney [31], muscle [32], trachea [33], esopha-
gus [34], urinary tissue [35], arteries [36], derma [26], and
vagina [37]. However, limited studies have been performed in
the reproductive system, and, more specifically, in the ovarian
tissue [38, 39]. The first attempt was described in 2015, when
decellularized ECM was successfully obtained from bovine
ovaries, suggesting for the first time the possibility to preserve
organ macro- and micro-structures, suitable for creating a sup-
portive niche for ovarian cell growth [39]. Subsequently, simi-
lar protocols were applied to ovarian tissue fragments isolated
from different species [40—43], while the decellularization of
one entire ovary was limited to the bovine [39] and the mouse
[43, 44]. In particular, the creation of a bioprosthetic organ
able to re-establish ovarian hormonal activity in ovariecto-
mized animals, leading to the generation of healthy offspring,
was demonstrated in murine species [43, 44]. Implementation
of this approach and its application to large animal models
would increase the hopes of translating this technology to
human patients. In the present study, we selected the porcine
specie based on its anatomical and physiological similarities
to the humans. We produced a whole ovary decellularized
bioscaffold to be used as a reliable and predictive 3D model for
in vitro studies of ovarian development, function, and pathol-
ogy. We suggest that the generated scaffold may constitute a
suitable niche for ex vivo culture of ovarian cells and folli-
cles, as well as a promising tool for the reconstruction of a
bioengineered ovary.

Materials and methods

All reagents were purchased from Sigma unless otherwise
indicated.
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Ovary collection

Ovaries were collected from gilts weighing approximately
120 kg at the local slaughterhouse and transported to the
laboratory in cold sterile PBS. They were randomly allo-
cated to the untreated control (CTR; n=6) or to the decel-
lularized treated (DECELL; n=23) group. CTR samples
were immediately fixed in 10% buffered formalin for his-
tological evaluations or subjected to DNA quantification
analysis. DECELL group ovaries were subjected to the
decellularization process.

Decellularization process

Whole ovaries were removed from PBS, placed in 50-ml
tubes (Sarstedt) and frozen at — 80 °C for at least 24 h. Entire
organs were then thawed at 37 °C in a water bath for 30 min
and treated with 0.5% sodium dodecyl sulfate (SDS; Bio-
Rad) in deionized water (DI-H,O) for 3 h, followed by an
overnight incubation in 1% Triton X-100 in DI-H,0. Sam-
ples were extensively washed in DI-H,O for 9 h and, subse-
quently, immersed in 2% deoxycholate in DI-H,O for 12 h.
Lastly, decellularized whole ovaries were washed in DI-H,O
for 6 h with changes every 2 h. All steps were carried out
using an orbital shaker at 200 rpm at room temperature. At
the end of the procedure, 3 DECELL ovaries were subjected
to SEM analysis. DNA content was analyzed in the remain-
ing DECELL ovaries (n=20) by cutting small pieces (10
fragments, ranging from 15 to 25 mg) from each of them.
Subsequently, 8 out of 20 DECELL ovaries were fixed for
histology, 4 were used for protein quantification studies, and
8 were subjected to in vitro studies (n =4 for cytotoxicity
assessment and n =4 for re-seeding of bioscaffolds).

Scanning electron microscopy

Three DECELL ovaries were rinsed in deionized water to
remove detergent residues and cut with a scalpel to expose
regions of interest. Samples were fixed in 2.5% glutaralde-
hyde plus 4% paraformaldehyde aqueous solution at 4 °C
overnight and, subsequently, gradually dehydrated via an
increasing graded ethanol-water series up to 100% ethanol
(30%, 70%, 80%, 90%, and 100%, 15 min each). Samples
were then immersed respectively into 1:3, 1:1, and 3:1
hexamethyldisilazane (HMDS; Merck):ethanol for 20 min
and 100% HMDS solution overnight to air-dry in a fume
hood. They were mounted on aluminum foil covered with
carbon tape, coated with a thin layer of gold (SEMPrep 2,
Nanotech) and imaged using a LEO 1430 SEM (Zeiss) at
7 kV accelerating voltage.
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Histological evaluations

Eight DECELL ovaries were fixed in 10% buftered formalin
for 24 h at room temperature, dehydrated in graded alcohols,
cleared with xylene, and embedded in paraffin. After dewax-
ing and re-hydration, serial microtome sections (5 pm thick)
were stained with hematoxylin and eosin (H&E, Bio-Optica)
to evaluate the general structural aspects of all samples. To
confirm the efficient cell removal, sections were stained
with 4',6-diamidino-2-phenylindole (DAPI; Thermo Fisher
Scientific).

ECM structures were qualitatively analyzed with Masson
(Bio-Optica) and Mallory trichrome staining (Bio-Optica)
for the detection of collagen and collagen/elastic fibers,
respectively. Gomori’s aldehyde-fuchsin (Bio-Optica) was
used to detect elastic fibers alone, Alcian blue (pH 2.5; Bio-
Optica) for total glycosaminoglycans (GAGs), and Alcian
blue/periodic acid-Schiff (PAS) for distinguishing neu-
tral from acid GAGs. For each staining, 10 sections were
obtained from each DECELL ovary and 5-10 histological
fields per section were evaluated. Specimens were observed
under an Eclipse E600 microscope (Nikon) equipped with
a digital camera (Nikon). Pictures were acquired with the
NIS-Elements Software (Version 4.6; Nikon).

Cell density

Cell number was counted in 15 tissue sections obtained from
3 DECELL (5 sections for each) and 3 control ovaries (5 sec-
tions for each). In each section, 5 randomly selected fields
at X 100 total magnification were analyzed. Cell density
was evaluated per square millimeter. Pictures were taken
with constant exposure parameters in order to be analyzed
with the image analysis software ImagelJ (http://rsbweb.nih.
gov/ij/index.html), using the specific Cell Counter plugin.
Briefly, threshold adjustments were applied on generated
8-bit black-and-white images. Images were then segmented
with a thresholding algorithm to highlight areas occupied by
the nuclei and remove the background. Data acquired were
transformed in binary form. Size and circularity parameters
were set, and nuclei were automatically counted.

DNA quantification

Ten fragments, ranging from 15 to 25 mg, were cut from
all DECELL ovaries (n=20). Fragment weights were anno-
tated for the subsequent DNA content calculations. Genomic
DNA was extracted with the PureLink® Genomic DNA Kit
(Thermo Fisher Scientific), following the manufacturer’s
instructions. DNA concentration was assessed with Nan-
oDrop 8000 (Thermo Fisher Scientific).

Collagen quantification

Biophysical active collagen content was analyzed in frag-
ments obtained from 4 DECELL ovaries using the Insoluble
Collagen Assay — Sircol " kit (Tebu-bio SRL), according to
the manufacturer’s instructions. Briefly, 20 mg of wet sample
was homogenized in 0.1 M HCl-pepsin solution. Fragmenta-
tion reagent was added and incubated for 3 h at 65 °C, vor-
texing every 30 min. Subsequently, Sircol dye reagent and
collagen content were measured at a wavelength of 550 nm.
The experiments were performed at least in triplicate.

Elastin quantification

Elastin was quantified in 4 DECELL ovaries using the Fas-
tin Elastin Assay kit (Tebu-bio SRL). Samples were heated
at 100 °C with 0.25 M oxalic acid for three 1-h periods,
to solubilize the elastin. The latter was then precipitated
for 15 min, centrifuged, and stained with Fastin dye rea-
gent containing 5,10,15,20-tetraphenyl-21H,23H-porphine
tetrasulfonate (TPPS) in a citrate-phosphate buffer for
90 min. Absorbances were read at 513 nm. The analyses
were carried out at least in triplicate.

Glycosaminoglycan quantification

Sulfated GAG content was analyzed in 4 DECELL ovaries
using the Glycosaminoglycan Assay Blyscan™ kit (Tebu-
bio SRL), following the manufacturer’s instructions. Briefly,
20 mg (wet weight) of each sample was digested in 1 ml of
Papain extraction reagent for 3 h at 65 °C, occasionally vortex-
ing. After centrifuge at 10,000g for 10 min, Blyscan dye (1,
9-dimethylmethylene blue) was added and incubated using a
mechanical shaker for 30 min. GAG content was measured at
656 nm. The experiments were performed at least in triplicate.

Isolation and culture of porcine fibroblasts

Primary porcine skin fibroblast cultures were established from
fresh biopsies. Fragments of tissue of approximately 2 mm?
were transferred to a 0.1% pig gelatin pre-coated Petri dish
(Sarstedt) and cultured in DMEM with 20% FBS (Thermo
Fisher Scientific), 2 mM glutamine, and antibiotics. After
4 days, primary fibroblast cultures started to grow out of the
tissue fragments which were carefully removed. Cells were
cultured under standard conditions [45] and passaged twice a
week in a 1:3 ratio.

Cytotoxicity assessment

3(4,5-Dimethylthiazole-2-yl)-2,5-diphenyltetrazolium-bro-
mide (MTT, Roche) assay was performed on 4 DECELL

@ Springer


http://rsbweb.nih.gov/ij/index.html
http://rsbweb.nih.gov/ij/index.html

1332

Journal of Assisted Reproduction and Genetics (2020) 37:1329-1339

ovaries to determine the cytotoxicity of decellularized whole
ovaries. Briefly, porcine fibroblasts were seeded onto flat-
bottom 96-well plates at a concentration of 5 x 10° cells/ml
(100 pl per well). After 24 h, DECELL ovaries were steri-
lized using 70% ethanol and 2% antibiotic solution in sterile
H,O0 for 30 min, extensively washed in PBS, and cut in halves
with a scalpel to expose the regions of interest and accurately
separate the cortex from the medulla. A total of 20 mg tissue
obtained by mixing 10 mg of cortical and 10 mg of medullary
region of each DECELL ovary was added to cells in tripli-
cates and co-cultured for 1, 3, and 7 days. Ten microliters of
MTT solution was then added to media and incubated for
4 h. Formazan salt crystals were dissolved in 100 pl of 10%
SDS in 0.01 M HCI overnight. The optical density (OD) was
measured at 550 nm. The same cell number seeded without
decellularized whole-ovary fragments was used as control.

Re-seeding of bioscaffolds

Four DECELL ovaries were sterilized using 70% ethanol and
2% antibiotic solution in sterile H,O for 30 min and exten-
sively washed in PBS. Twelve scaffolds 7 mm in diameter and
1 mm thick were obtained from each ovary, using sharp scal-
pel. A total of 7 x 10° porcine fibroblasts were seeded onto
scaffolds and cultured in 4-well multidishes (Nunc, Thermo
Fisher Scientific) with 300 pl of standard culture medium
[45]. Half medium volume was changed every 2 days. Seeded
scaffolds were maintained in a 37 °C incubator with 5%
CO,. Culture was arrested for histological evaluations and
DNA quantification after 24 h and 3 and 7 days.

Statistical analysis

Statistical analysis was performed using Student’s ¢ test or
ANOVA with Tukey’s post hoc (SPSS 19.1; IBM). At least
three experiments were carried out for all analyses. Data
were reported as mean + standard deviation (SD). Differ-
ences of p <0.05 were considered significant.

Results

Whole-ovary decellularization eliminates cellular
components

Macroscopic observations during the decellularization pro-
cess showed that ovaries maintained their shape and homo-
geneity without any deformation (Fig. 1a—c). However, their
color turned from red to white, indicating changes in cellular
components (Fig. 1a—c).

Both H&E and DAPI staining showed that the obtained
bioscaffolds were devoid of cells. Indeed, H&E demonstrated
the absence of basophilic staining in DECELL ovaries
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(Fig. 1e). In contrast, both the basophilic and eosinophilic
staining were visible in CTR ovaries (Fig. 1d). DAPI and cell
density results were consistent with those of H&E, confirm-
ing a significantly lower number of nuclei in DECELL tissues
(Fig. 1g, h) compared with the untreated ones (CTR; Fig. 1f, h).

In agreement with this, DNA quantification showed a
98.11% decrease of the DNA content in DECELL ovaries
compared with the native tissue (CTR). In particular, a
content of 0.03+0.01 pg DNA/mg of tissue was measured
in DECELL vs. 1.59+0.08 pg DNA/mg of tissue in CTR
(Fig. 11).

Whole-ovary decellularization preserves
microarchitecture and ECM components

Scanning electron microscopy (SEM) assessment showed
microarchitecture integrity of DECELL ovaries (Fig. 2a-h).
Low magnification demonstrated successfully cell removal
with cell-free preserved cavities and empty space where it
once contained follicles, stromal cells, and blood vessels
(Fig. 2a—c). Higher magnification images showed the ovar-
ian surface epithelium in the cortical area (Fig. 2d) and
revealed intact ECM framework and the maintenance of
well-connected and oriented collagen fibers (Fig. 2e—h).
Histochemical assessments demonstrated the preservation
of ECM after the decellularization process. In particular,
both Masson (Fig. 3a, b) and Mallory trichrome staining
(Fig. 3c, d) showed the persistence of collagen fibers after
the decellularization process (Fig. 3b, d). Collagen displayed
a comparable distribution between DECELL (Fig. 3b, d)
and CTR tissues (Fig. 3a, c), showing a diffuse localization
both in the cortex and in the medullary regions. These mor-
phological observations were confirmed by collagen con-
tent analyses, where no significant differences were detected
between CTR (52.8 +4.1 pg/mg of tissue) and treated
(DECELL; 49.9 +5.7 pg/mg of tissue) groups (Fig. 3k). In
parallel, Mallory trichrome staining (Fig. 3c, d) indicated the
maintenance of elastic fibers (red magenta) after the decel-
lularization process. This was also confirmed by Gomori’s
aldehyde-fuchsin staining demonstrating DECELL tissues
displaying elastic fibers scattered throughout the ovary,
especially concentrated near the vessels (Fig. 3f). A simi-
lar distribution was detected in untreated CTR ovaries
(Fig. 3e). Furthermore, elastin quantification studies sup-
ported these results, showing comparable amount of elastin
before (37.2 + 1.5 pg/mg of tissue) and after (35.1 +1.7 pg/
mg of tissue) the decellularization process (Fig. 31). Alcian
blue staining revealed GAG retention in DECELL tissues
(Fig. 3h). This was also confirmed by quantitative analysis
that displayed no significant reduction in total GAG con-
tent in DECELL ovaries (5.2 +0.4 pg/mg pg/mg of tissue)
compared with CTR samples (5.7 +0.3 pg/mg of tissue;
Fig. 3m). Accordingly, Alcian blue/PAS staining indicated
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Fig.1 Macro/microscopic evaluations and DNA quantification in untreated
(CTR) and decellularized (DECELL) ovaries. a, b CTR and DECELL ova-
ries display comparable shapes and homogeneity, while their color turns
from red (CTR; a) to white (DECELL; b). ¢ Chronological macroscopic
images illustrating the decellularization process. d, e Hematoxylin-eosin
staining shows the presence of both basophilic (cell nuclei) and eosinophilic
(cell cytoplasm and ECM) staining in untreated tissue (CTR; d), while cell
nuclei and the related basophilic staining are absent in DECELL ovaries (e).
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f, g DAPI staining displays the presence of nuclei in CTR ovaries (f) and
their disappearance after the decellularization process (DECELL; g). h Cell
density demonstrates a significantly lower number of nuclei in DECELL tis-
sues compared with that in the untreated ones (CTR). Data are expressed as
the mean =+ standard error of the mean (SEM), *p<0.05. i DNA quantifica-
tion analysis showed a significant decrease in the DNA content of DECELL
ovaries compared with that of the native tissue (CTR). Data are expressed as
the mean =+ standard error of the mean (SEM). *p <0.05
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Fig.2 Scanning electron microphotographs of decellularized (DECELL)
ovaries. a Decellularized hemiovary section. b, ¢ Efficient cell removal,
preservation of 3D microarchitecture, and ECM integrity are revealed
after the decellularization process. Porous structures once populated by

comparable distribution of acid (Alcian blue, blue) and
neutral (PAS, red magenta) GAGs between decellularized
(Fig. 3j) and untreated tissue (Fig. 3i).

Decellularized ovarian tissue shows no cytotoxic
effects

MTT assay demonstrated no cytotoxic effects exerted by
DECELL tissue. In particular, no significant differences
in OD values were detected between cells co-cultured
with DECELL and those of control (CTR; Fig. 4a).
The two groups displayed comparable viability at day
1 and day 3 of culture (Fig. 4a). In addition, even pro-
tracted exposure (7 days) indicated the absence of cyto-
toxic response and confirmed the efficient removal of
the detergent compounds used during decellularization
(Fig. 4a).
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different cell types and complex fiber network are visible. d—h The ovar-
ian surface epithelium and well-organized collagen fibers within pore
walls are distinguishable

Decellularized ovarian tissue supports cell adhesion

Re-seeded porcine fibroblasts rapidly migrated into the
bioscaffolds, adhering and colonizing the ECM within 24 h
(Fig. 4c, day 1). During the subsequent days of culture, an
increasing number of cells and the formation of cluster-like
structures were visible (Fig. 4c, day 3) and steadily maintained
up to 7 days (Fig. 4c, day 7), when culture was arrested.

These observations were supported by H&E and DAPI
staining, which demonstrated the presence of cells into the
bioscaffolds already after 24 h of co-culture (Fig. 4d—f, day
1). Interestingly, cell number increased in the following days
(Fig. 4d—f, Day3) and were steadily maintained up to 7 days
(Fig. 4d—f, day 7).

In agreement with all morphological data, DNA quanti-
fication analyses demonstrated an increasing DNA content
during the entire length of the experiments. In particular,
0.25+0.02, 1.18 £0.07, and 1.39+0.08 pg of DNA/mg of
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Fig.3 ECM microarchitecture and composition in untreated (CTR)
and decellularized (DECELL) ovaries. a, b Masson’s trichrome stain-
ing shows the persistence of collagen fibers (blue) and their comparable
distribution between CTR (a) and DECELL (b) tissues. ¢, d Mallory’s
trichrome staining demonstrates the maintenance of intact collagen (blue)
and elastic fibers (pink) after the decellularization process (DECELL,; d).
e, f Gomori’s aldehyde-fuchsin staining confirms that DECELL tissues
(f) retain elastic fibers scattered throughout the ovary, similarly to CTR
ovaries (e). g, h Alcian blue staining reveals GAG retention in DECELL
tissues (h). i, j Alcian blue/PAS staining indicates comparable distribu-

tion of neutral (magenta) and acid (blue) GAGs between DECELL (j)
and CTR tissue (i). k Collagen content analysis demonstrates no signifi-
cant differences between CTR and DECELL groups. Data are expressed
as the mean + standard error of the mean (SEM) (p>0.05). 1 Elastin
quantification shows comparable amount of the protein before (CTR)
and after the decellularization process (DECELL). Data are expressed as
the mean =+ standard error of the mean (SEM) (p>0.05). m Total GAG
analysis contents display no significant reductions in DECELL ovaries
compared with CTR ones. Data are expressed as the mean =+ standard
error of the mean (SEM) (p>0.05)

@ Springer



1336

Journal of Assisted Reproduction and Genetics (2020) 37:1329-1339

tissue were detected after 1, 3, and 7 days of culture, respec-
tively (Fig. 4g).

Discussion

Assisted reproduction techniques and hormone replacement
therapies presently used for clinical treatments do not provide
a definitive solution for female fertility restoration, and safe
and effective alternatives are mandatory. Ovarian bioengineer-
ing may represent a promising approach and is currently the
focus of several researches with the final goal of obtaining
structures that could be used in patients, from childhood to
adult age, for initiating puberty, restoring endocrine dysfunc-
tions, or, more in general, re-establishing reproductive ability.
The use of decellularized tissues that maintain an intact ECM
with which cells interact and integrate according to their spe-
cific requirements has been recently proposed [46, 47]. In the
present study, we describe for the first time a new protocol to
successfully decellularize whole ovaries obtained from a large
mammal, selecting the pig as a model, based on its anatomi-
cal and physiological similarities to the human. We propose a
four-step procedure that involves a freeze-thaw cycle, followed
by sequential incubations with SDS, Triton X-100, and deoxy-
cholate, which are generally considered strong, intermediate,
and weak reagents, respectively [26].

At the end of the decellularization process, macroscopic
evaluations revealed the maintenance of ovarian shape and
homogeneity, without any deformation, with color changing
from red to white and suggesting the occurrence of signifi-
cant reduction in the cellular components. A similar color
variation was previously reported by Hassanpour [42], who
applied a decellularization process to human ovarian frag-
ments that resulted in a drastic decrease in cell content. This
was confirmed by our histological evaluations that demon-
strated the absence of basophilic and DAPI staining, indicat-
ing a significant decrease in cell nuclei. In addition, these
morphological observations were further corroborated by
the DNA quantification analysis that showed a decrement
of 98.11% in DNA content after decellularization. Previous
experiments carried out on ovarian tissue fragments reported
a DNA residual ranging from 15% [39] to 0.33% [41]. Alto-
gether, these results demonstrate the effectiveness of the
protocol proposed in the present manuscript and, more in
details, suggest that the correct use of a freeze-thaw cycle, in
combination with specific detergents, allows for the obtain-
ment of whole-ovary decellularized bioscaffolds, with an
intact macrostructure and only 1.89% of DNA content.

It is important to remember that a fundamental aspect
in the decellularization protocol is the balance between
an effective removal of the cellular compartment and
the maintenance of the original ECM microstructures,
including fibers and macromolecules. In this context, the
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Fig.4 Cytotoxicity and re-seeding of decellularized ovarian tissue.
a MTT assay demonstrates no significant differences in OD values
between cells co-cultured with DECELL and those of control (CTR)
at the different time points analyzed. Data are expressed as the mean
+ standard error of the mean (SEM) (p>0.05). b Images illustrating
the scaffold before re-seeding. ¢ Re-seeded porcine fibroblasts rap-
idly migrate into the bioscaffolds within 24 h (day 1). An increasing
number of cells and the formation of cluster-like structures are vis-
ible at day 3 and steadily maintained at day 7. d H&E staining dem-
onstrates the presence of cells into the bioscaffolds after 24 h of co-
culture (day 1), with an increment during the following days (day 3
and day 7). e DAPI staining confirms the positivity for nuclei from
24 h onward. f Cell density shows bioscaffold re-population after
24 h (day 1), with a higher cell number at day 3 and day 7. Data are
expressed as the mean + standard error of the mean (SEM). Different
superscripts denote significant differences (p <0.05). g DNA quanti-
fication analysis demonstrates the presence of cells at day 1, which
increases in number at day 3 and is steadily maintained at day 7. Data
are expressed as the mean + standard error of the mean (SEM). Dif-
ferent superscripts denote significant differences (p <0.05)

use of SDS is still debated and needs to be further clari-
fied. Indeed, while previous studies showed SDS ability
to successfully eliminate cells and create DECELL ovary
scaffolds able to restore hormone function [39, 48], home
MSCs [43], or human follicles [40], other authors sug-
gested a detrimental effect of this detergent, with dam-
ages to structural proteins, such as collagen fibers [49, 50]
and GAGs [51]. In the present study, scanning electron
microscopy analysis confirms an efficient cell removal and
demonstrates microarchitecture integrity of DECELL ova-
ries. In particular, preserved cavities and empty spaces,
once containing follicles, stromal cells, and blood vessels,
were visible together with intact ECM framework with
well-connected and oriented collagen fibers. In addition,
histochemical analysis demonstrated the preservation of
intact collagen and elastic fibers as well as the persistence
of an unaltered distribution of neutral and acid GAGs in
decellularized whole ovaries. These morphological obser-
vations were also confirmed by quantitative analysis of
the related proteins, which revealed no significant changes
between control (CTR) and treated (DECELL) groups for
collagen, elastin, and GAG content. These results are very
encouraging and in agreement with a recent work by Hen-
ning et al., where almost all matrisome proteins obtained
from porcine decellularized ovaries were clearly read and
mapped across the cortical and medullary compartments
by relative abundance [52]. A possible explanation for the
optima protein preservation could be found in the reduction
of SDS incubation period/tissue size ratio. Indeed, studies
currently present in literature describe the occurrence of
ECM damages when similar experimental conditions were
applied to smaller ovarian fragments [40, 41, 43], suggest-
ing for the need to identify a distinct balance between time
of exposure to the detergent and tissue weight. Similarly,
detergent remnants within the decellularized bioscaffolds
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are a crucial point and may impair the subsequent recel-
lularization and biocompatibility, both in vitro and in vivo
[53]. Cytotoxicity, evaluated by MTT, revealed no signifi-
cant differences in OD values between cells co-cultured
with decellularized whole-ovary fragments and those of
the CTR group. These results are very encouraging and
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allow us to consider any toxic effect exerted by the bioscaf-
fold in culture as very unlikely. Indeed, its re-seeding with
porcine fibroblasts demonstrated a rapid cell adhesion and
migration within the first 24 h, with repopulating cells
increasing in number and aggregating in cluster-like struc-
tures. Interestingly, histological and DNA content analysis
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demonstrated a steady maintenance of cell distribution and
homing within the scaffold for as long as 7 days, when cul-
ture was arrested, suggesting the regenerative potential of
the whole-ovary bioscaffold here described and implying
its ability to sustain cell adherence and proliferation. These
evidences appear even more interesting in light of previous
observations by Laronda et al. who suggest the use of per-
sonalized medicine techniques in the future of a safe arti-
ficial ovary for human use [54]. In particular, the cell type
selected for our re-seeding experiments well fits with the
possible use of iPS-derived ovarian cells (obtained from
recipient dermal fibroblasts) to repopulated decellularized
ovarian tissue from a xenogeneic source or from human
cadaveric organ donors [39]. Although, these results are
still preliminary, they pave the way toward further research
that will use primary ovarian cell populations for bioscaf-
fold re-seeding, with interesting implications in the field of
reproductive biology and biotechnology [55]. In particular,
this novel decellularization protocol, that combines physi-
cal and chemical methods and preserves shape, architec-
ture, and ECM of the original organ, may represent the first
step toward the obtainment of whole-ovary bioscaffolds
that may constitute a suitable niche for ex vivo culture of
ovarian cells and follicles, as well as a promising tool for
the reconstruction of a bioengineered ovary.
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