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A B S T R A C T

The ischemic/hypoxic window after Ovarian Tissue Transplantation (OTT) can be responsible for the loss of 
more than 60 % of follicles. The implantation of the tissue supplemented with endothelial cells (ECs) inside 
dermal substitutes represents a promising strategy for improving graft revascularization. Ovarian biopsies were 
partly cryopreserved and partly digested to isolate ovarian ECs (OVECs). Four dermal substitutes (Integra®, 
made of bovine collagen enriched with chondroitin 6-sulfate; PELNAC®, composed of porcine collagen; Myriad 
Matrix®, derived from decellularized ovine forestomach; and NovoSorb® BMT, a foam of polyurethane) were 
compared for their angiogenic bioactive properties.

OVECs cultured onto the scaffolds upregulated the expression of angiogenic factors, supporting their use in 
boosting revascularization. Adhesion and proliferation assays suggested that the most suitable scaffold was the 
bovine collagen one, which was chosen for further in vivo experiments. Cryopreserved tissue was transplanted 
onto the 3D scaffold in immunodeficient mice with or without cell supplementation, and after 14 days, it was 
analyzed by immunofluorescence (IF) and X-ray phase contrast microtomography. The revascularization area of 
OVECs-supplemented tissue was doubled (7.14 %) compared to the scaffold transplanted alone (3.67 %). 
Furthermore, tissue viability, evaluated by nuclear counting, was significantly higher (mean of 169.6 nuclei/ 
field) in the tissue grafted with OVECs than in the tissue grafted alone (mean of 87.2 nuclei/field).

Overall, our findings suggest that the OVECs-supplementation shortens the ischemic interval and may 
significantly improve fertility preservation procedures.
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1. Introduction

In the last decades, improved diagnosis and treatments for female 
prepubertal cancer patients have increased survival among 
reproductive-age women [1,2]. Most anti-cancer treatments are gona
dotoxic, resulting in ovarian endocrine dysfunction and early depletion 
of ovarian reserve [2]. Furthermore, chemotherapeutics can damage 
both vascular networks and stromal cells and determine an early 
menopausal status [3]. Premature menopause not only negatively af
fects fertility potential but may also seriously impact the quality of life, 
increasing the risk of cardiovascular diseases, neurodegenerative pa
thologies, and osteoporosis [4]. Thus, fertility preservation represents a 
fundamental goal for the quality of life among young cancer survivors 
[5]. Both the American Society of Reproductive Medicine (ASRM) and 
the European Society of Human Reproduction (ESHRE) indicate embryo 
or oocyte cryopreservation as the first-line fertility preservation option 
[6,7]. Nevertheless, these methods display severe limitations: women 
need to be fertile, and ovarian stimulation for in vitro fertilization 
(IVF)/intracytoplasmic sperm injection (ICSI) may delay the start of 
anti-cancer treatments. Moreover, despite being an effective approach, 
embryo cryopreservation requires the presence of a male partner [8].

Ovarian Tissue Cryopreservation (OTC), followed by its trans
plantation (Ovarian Tissue Transplantation, OTT), is the only available 
option for prepubertal girls [9]. Since the first pregnancy resulting from 
this procedure in 2004 [10], conceiving and live birth rates have 
continued to climb steadily with an exponential increase, reaching more 
than 130 live births in June 2017 [2], and the number is currently ex
pected to exceed 200 [11].

Revascularization is one of the key factors in ensuring a successful 
transplantation [12]. In fact, the hypoxic period after reimplantation 
lasts at least 5–7 days, and functional perfused blood vessels can be 
observed only after 7–10 days [2,13]. Regardless of the initial insult, the 
optimal healing of ischemic tissue depends on the balance between 
pro-inflammatory and pro-healing responses of innate immunity [14]. 
The ischemic window after OTT causes the loss of more than 60 % of 
follicles [15], requiring the development of novel strategies to reduce 
this interval.

Biomaterials used as 3D scaffolds are designed to replace and support 
damaged or diseased tissue regrowth. They are designed and synthe
sized to provide hope in overcoming challenges in reproductive tissue 
engineering. In the field of tissue engineering, some biomaterials can not 
only directly interact with biological organisms but also guide the 
reconstruction of the basic structure and morphology of organs, has
tening tissue regeneration. Moreover, biomaterials are commonly sup
plemented with cells, growth factors, and drugs rather than used 
independently. This combination can significantly improve the long- 
term retention of cells in the body and serve as carriers for drugs and 
growth factors [16].

Over the last decades, several attempts have been performed to 
curtail the ischemic/hypoxic damage of auto-transplanted ovarian tis
sue, in particular the supplementation with different growth factors (e. 
g., Vascular Endothelial Growth Factor-VEGF [17], or basic Fibroblast 
Growth Factor-bFGF [18]), hormones (e.g., Human Menopausal 
Gonadotropin-HMG [19], or Anti-Mullerian Hormone-AMH [20]), or 
antioxidants (e.g., vitamin E [21], or N-acetylcysteine [22]). Further
more, some groups have attempted to support OTT by using mesen
chymal stem cells (MSCs), and particularly Adipose-Derived Stem Cells 
(ADSCs), due to their well-known anti-inflammatory and pro-angiogenic 
effects [23–25]. Numerous studies on murine animal models have 
indicated that adding human mesenchymal or bone marrow cells helps 
restore function to ovaries in premature ovarian failure [26–29]. Since 
graft resident endothelium is essential for tissue recovery after trans
plantation, the supplementation of grafts with an autologous source of 
endothelial cells (ECs) before transplantation, a procedure known as 
inosculation [30], may be a promising approach to reduce the ische
mic/hypoxic period.

The use of commercially available specialized matrices has been 
widely explored in regenerative medicine to develop novel biomaterials 
for reproductive tissue engineering [16,31,32]. In 2016, Oktay et al. 
reported the first live birth after the transplantation of frozen ovarian 
tissue combined with a scaffold [33]. In the field of tissue bioengi
neering, the scaffold serves as a template in which cells and/or growth 
factors are implanted to reproduce the extracellular matrix (ECM) fea
tures. For this reason, a suitable scaffold should possess several char
acteristics, such as high porosity, pore interconnectivity, 
biocompatibility, biodegradability, mechanical properties, non-toxic 
and non-immunogenic properties, along with antifungal, antibacterial, 
and antitumor properties [34].

In the context of revascularization, studies on the application of 3D 
scaffolds to wound healing are well-established. A skin substitute works 
as a scaffold stimulating the synthesis of new dermal tissue, allowing 
host cells to proliferate, delivering or augmenting the production of 
cytokines and growth factors [35].

In the current study, we tested four different dermal substitutes (i.e., 
Integra® Bilayer Matrix Wound Dressing, PELNAC®, Myriad Matrix®, 
and NovoSorb® BTM) for their ability to induce pro-angiogenic re
sponses. Integra® is a two-layer system: the outer layer is a silicone 
membrane that covers a three-dimensional matrix made of cross-linked 
bovine collagen type I (80 μm diameter mean pore size) with the addi
tion of shark chondroitin sulfate, a glycosaminoglycan [36,37]. PEL
NAC® is a bilaminar sponge made of cross-linked pig atelocollagen (85 
μm diameter mean pore size), covered by a silicone film layer [37,38]. 
Myriad Matrix® derives from decellularized propria submucosa isolated 
from ovine forestomach tissue [39]. It retains the native collagen 
structure of normal tissue ECM, as well as more than 150 functional 
secondary molecules crucial for cell adhesion, migration, proliferation, 
and rapid development of capillary networks [40]. Lastly, NovoSorb® 
BMT is a synthetic dermal matrix composed of a biodegradable foam of 
polyurethane (188 μm diameter mean pore size) with an overlying 
temporary non-biodegradable polyurethane membrane [41].

Since the revascularization process is one of the key aspects, using a 
pre-vascularized scaffold may have a crucial impact on the engraftment 
success rate [42]. We previously demonstrated that the interaction be
tween ECs and the most widely used dermal substitutes induced the 
expression of multiple angiogenic factors by ECs. Furthermore, dermal 
substitutes combined with ECs promoted engraftment and vasculariza
tion in vivo, suggesting that this approach may represent a promising 
strategy for tissue revascularization [43]. In this work, we propose the 
development of an Advanced Therapeutic Medicinal Product (ATMP) 
combining the ovarian tissue with a dermal substitute, used as a 3D 
scaffold inosculated with ovarian ECs (OVECs) in order to reduce the 
ischemic window and improve graft survival and tissue viability. Using 
an in vivo mouse model of ovarian xenograft, we evaluated whether 
adding autologous human EC could increase the vascularization of the 
transplanted tissue using 3D scaffolds as a biologically active “sponge” 
to cell application and transplanted tissue support. The 3D scaffold was 
chosen among clinically used dermal substitutes based on its 
pro-adhesive, pro-proliferative, and pro-angiogenic characteristics on 
ovarian ECs. The evaluation of the increase in vascularization on the 
excised tissues was analyzed using various techniques, including 
confocal immunofluorescence (IF) and X-ray microtomography.

2. Materials and methods

2.1. Reagents and antibodies

The following antibodies were used: mouse mAb anti-human CD34 
(#MA5-15331), Alexa Fluor 647 donkey anti-mouse IgG (H + L) (#A- 
31571), Alexa Fluor 594 donkey anti-goat IgG (H + L) (#A-11058), and 
Alexa Fluor 488 donkey anti-rabbit IgG (H + L) (#A-21206) were pur
chased from ThermoFisher Scientific (Massachusetts, USA); rabbit mAb 
anti-human CD31/PECAM1 (#ZRB1216) from Sigma-Merck (Missouri, 
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USA); mouse mAb anti-human von Willebrand Factor (vWF; #M0616), 
rabbit pAb anti-human vWF (#IS527), rabbit pAb anti-human CD34 
(#Qbend10), rabbit mAb anti-human CK8/18 (#M3652), mouse mAb 
anti-human CD31/PECAM1 (#M0823), mouse anti-human CD68 (#14- 
0688-80), and goat anti-mouse FITC-conjugated F(ab)’ (#F0479) from 
Dako (Milan, Italy); mouse mAb anti-human podoplanin (#MABT855) 
was bought from Abcam (Cambridge, UK); mouse mAb anti-human VE- 
cadherin was obtained through the courtesy of Prof. Dejana (Mario 
Negri Institute, Milan, Italy); goat mAb anti-mouse CD31/PECAM-1 
(#AF3628) from R&D Systems (Minnesota, USA); rabbit pAb anti-NG2 
Chondroitin Sulfate Proteoglycan (#AB5320) was purchased from 
Merck (Darmstadt, Germany); goat anti-rabbit FITC-conjugated (#11- 
4839-81) was purchased from Jackson ImmunoResearch (Milan, Italy); 
mouse anti-human CD31 FITC-conjugated (#557508) was bought from 
BD Bioscience (New Jersey, USA); anti-rabbit Horseradish Peroxidase 
(HRP) conjugated (#A120-113P) was bought from Fortis Life Sciences 
(Massachusetts, USA), while chicken anti-mouse HRP-conjugated 
(#AP126P) from Sigma-Merck.

All chemicals were purchased from Sigma-Merck.

2.2. Matrices

Four different Acellular Dermal Matrices (ADMs) were tested, and 
their features are listed in Table 1. Briefly, the matrices compared were: 

● Integra® Bilayer Matrix Wound Dressing (named bovine collagen; 
Integra Life Sciences Corporation, Plainsboro, NJ, USA), composed of 
cross-linked bovine collagen type I and shark chondroitin-6-sulfate 
with a silicone layer [44–46];

● PELNAC® (named porcine collagen; Gunze Corp., Osaka, Japan), 
which is a bilaminar membrane composed of a silicone film layer and 
a porcine tendon collagen sponge layer [37];

● Myriad Matrix® (named D.O.F.; AROA BIOSURGERY, Auckland, 
New Zealand), a collagen matrix derived from decellularized ovine 
forestomach, which maintains biological structure and functions of 
the ECM [40,47];

● NovoSorb® BTM (named P-U; Polynovo, Melbourne, Australia), 
which is made of biodegradable polyurethane [48].

2.3. Patient enrollment

Ovarian samples were obtained from patients undergoing ovariec
tomy/adnexectomy during sex reassignment surgery or patients 
suffering from benign gynecological diseases unrelated to ovaries (e.g., 
leiomyomas). Patients (n = 17) were enrolled at the Institute for 

Maternal and Child Health, IRCCS Burlo Garofolo (Trieste, Italy), after 
signing an informed consent form (Supplementary Table S1). Patients 
were divided into two main categories: patients manifesting Gender 
Dysphoria [G.D., n = 8; mean age = 28.6 years old (y), standard devi
ation (SD) = 5] and patients undergoing ovariectomy/adnexectomy for 
other benign gynecological diseases (n = 9; mean age = 51.3 y, SD =
11.6). The study was reviewed and approved by the Regional Ethical 
Committee of FVG (CEUR, Udine, Italy; prot. 0010143/P/GEN/ARCS 
2019). Tissues were cut in three parts: the first one was sliced for tissue 
cryopreservation, the second part was minced for cell isolation, and the 
latter was fixed in 10 % buffered formalin, paraffin-embedded, and 
stored at 4 ◦C for immunohistochemical evaluation (Supplementary 
Fig. S1).

2.4. Immunohistochemical analysis

Sections were deparaffinized and rehydrated. Antigen retrieval was 
performed in Tris-HCl/EDTA buffer, pH 9, for 20 min at 95 ◦C. Endog
enous peroxidases were inhibited with 3 % v/v H2O2 for 5 min. Sections 
were then incubated with dPBS +1 % horse serum for 30 min to block 
unspecific binding, followed by incubation with anti-human vWF 
(1:300) or anti-human CD34 (1:300) overnight (ON) at 4 ◦C. After 
washing the sections, anti-rabbit horseradish peroxidase (HRP)-conju
gated (1:500) or anti-mouse HRP-conjugated (1:250) were incubated for 
30 min at room temperature (RT), prior to detection by using AEC kit 
(Vector Laboratories). Sections were counterstained with Mayer’s he
matoxylin (DiaPath) and examined under a Leica DM 2000 optical mi
croscope. Images were collected using a Leica DFC 7000 T digital camera 
(Leica Microsystems, Wetzlar, Germany).

2.5. Vitrification and thawing of ovarian tissue

The cryopreservation of ovarian tissue slices was performed 
following the instructions of the Medicult Vitrification Cooling kit 
(CooperSurgical Fertility Companies, Trumbull, Connecticut, USA). 
Briefly, the ovarian slices were incubated for 30 min at RT with Equi
librium Medium containing 7.5 % v/v ethylene glycol (EG) and 7.5 % v/v 
1–2 propanediol (PROH). Then, samples were transferred to Vitrifica
tion Medium (15 % v/v EG, 15 % v/v PROH, and 0.5M sucrose). After 20 
min at RT, the slices were directly placed in liquid nitrogen, then 
transferred to a pre-cooled cryovial, and stored in liquid nitrogen.

The thawing procedure was conducted following the instructions of 
the MediCult Vitrification Warming kit (CooperSurgical Fertility Com
panies, Trumbull, Connecticut, USA). Cryovials were kept for 40 s at RT 
before placing the ovarian slices in the Thawing Medium containing 1M 
sucrose for 1 min at 37 ◦C. Samples were then transferred in Diluent 
Medium I, with 0.5M sucrose, for 3 min, and subsequently in Diluent 
Medium II, with 0.25M sucrose. After 3 min in Diluent Medium II, 
ovarian tissues were washed thrice in Washing Medium for 3 min (each 
washing step). Eventually, ovarian slices were employed for in vivo ex
periments or fixed for morphological analyses.

2.6. Cell isolation and culture

OVarian Endothelial Cells (OVECs) were isolated from ovarian 
samples collected as mentioned above. Ovarian biopsies were minced 
into small pieces. After a first digestion in 0.1 % trypsin, the solution was 
replaced by 3 mg/ml collagenase type I. The positive selection of OVECs 
was performed by using a mixture of Dynabeads® CD31 and UEA-lectin 
(Ulex Europeus Aglutinine-Lectin)-conjugated magnetic beads. Positive 
cells were seeded on a fibronectin-gelatin coated flask and cultured in 
Human Endothelial Serum Free Medium (HESFM; Gibco, Carlsbad, CA) 
supplemented with 20 ng/mL bFGF, 10 ng/mL Epidermal Growth Factor 
(Immunological Sciences), 1 % penicillin-streptomycin (Sigma-Merk), 
10 % v/v fetal bovine serum (FBS; Life Technologies), 10 % v/v human 
serum (Sigma-Merck), and 1 μg/mL hydrocortisone (Sigma-Merck). 

Table 1 
Schematic representation of the tested Acellular Dermal Matrices.

Commercial Name Scaffold 
Name

Image Composition

Integra® Bilayer Matrix 
Wound Dressing

Bovine 
coll.

Silicone film layer 
Bovine tendon collagen 
type I 
Shark chondroitin-6- 
sulfate

PELNAC® Porcine 
coll.

Silicone film layer 
Porcine tendon collagen 
sponge layer

Myriad Matrix® D.O.F. Decellularized Ovine 
Forestomach

NovoSorb® BTM P-U Polyurethane

Adapted from Agostinis et al. [43].
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Cells were maintained in culture at 37 ◦C in a 5 % v/v CO2 incubator, in a 
humidified atmosphere, and split about every 72 h.

2.7. Immunofluorescence

Cells were seeded onto 8-chamber culture slides (Corning, New York, 
USA) pre-coated with fibronectin (2 μg/cm2). Confluent cells were fixed 
with 1 % paraformaldehyde (PFA) for 15 min in the dark. In order to 
perform quenching, blocking, and permeabilization, cells were incu
bated with a solution of 1 % BSA (Bovine Serum Albumin), 0.1 % Triton 
X-100, and 50 mM glycine in dPBS (Dulbecco’s Phosphate Saline Buffer, 
Sigma Aldrich) for 30 min at RT. Anti-human CD31/PECAM1 (1:50), 
anti-human vWF (1:50), anti-human VE-cadherin (1:2), or anti-human 
CD34 (1:100) diluted in dPBS-2 % BSA-0.7 mM Ca2+-0.7 mM Mg2+

were added for 1 h at RT. Then, anti-rabbit (1:500) or anti-mouse FITC- 
conjugated (1:300) secondary antibodies were incubated for 30 min at 
RT. Nuclei were stained with DAPI. Glass slides were mounted with a 
Fluorescence Mounting Medium (Dako), and images were acquired with 
Leica DM3000 microscope (Leica, Wetzlar, Germany) using a Leica 
DFC320 digital camera (Leica).

For in vivo experiments, samples were retrieved and fixed in 2 % PFA 
at 4 ◦C ON. Tissues were then equilibrated in 30 % sucrose at 4 ◦C ON, 
before embedding in OCT (Bio-Optica). Sections were permeabilized 
with 0.5 % v/v Triton X-100 in dPBS for 20 min, and blocked in 5 % BSA 
in dPBS for 1 h. Samples were incubated ON at 4 ◦C with the primary 
antibody diluted 1:100 in 1 % BSA-0.1 % Tween-20 in dPBS. Subse
quently, secondary antibodies were diluted 1:500 in 1 % BSA-0.1 % 
Tween-20 in dPBS for 2 h at RT. Nuclei were counterstained with DAPI. 
Slides were mounted using Mowiol mounting medium. Images were 
acquired with a Nikon Eclipse Ti-E inverted fluorescent microscope 
equipped with DC- 152Q-C00-FI using NIS V4.30 software (Nikon) and a 
ZEISS LSM 880 with Airyscan. For each sample, at least four images 
were acquired. Images were analyzed using ImageJ2 (Fiji) software. Z 
projection was performed at maximum intensity. Stitched images were 
acquired using NIS V4.30 software (Nikon).

2.8. Flow cytometry

Cells (5x105) were fixed in 3 % PFA for 15 min in the dark. Next, they 
were incubated with anti-human CD31/PECAM1-FITC (1:25), anti- 
human vWF (1:50), or anti-human CK8/18 (1:50) diluted in saponin A 
(Farmitalia Carlo Erba, Milan, Italy) for 45 min on ice. Incubation with 
FITC-conjugated secondary antibodies was performed for 30 min on ice 
in the dark. Cells were resuspended and fixed in 1 % PFA. Fluorescence 
was acquired with Attune NxT Flow Cytometer (ThermoFisher Scienti
fic), and data were processed using Attune Cytometric v6.0 Software 
(ThermoFisher Scientific).

2.9. Adhesion assay

Scaffolds (bovine collagen, porcine collagen, D.O.F., and P-U) were 
cut into small pieces (8 mm in diameter) using a biopsy punch in sterile 
conditions. Before seeding, cells were stained with 10 μg/mL of the 
fluorescent dye FAST DiI (Molecular Probes, Invitrogen) diluted in dPBS. 
After 15 min at 37 ◦C in a 5 % v/v CO2 incubator, cells (2.5x105) were 
resuspended in HESFM supplemented with 10 % FBS and hydrocorti
sone, and seeded onto the scaffolds. After 5, 15, or 30 min at 37 ◦C in a 5 
% v/v CO2 incubator, non-adherent cells were removed by washing with 
dPBS-0.7 mM Ca2+-0.7 mM Mg2+. Cells were lysed, and fluorescence 
was immediately measured using Infinite200 (TECAN Italia, Milan, 
Italy).

2.10. Proliferation assay

Cells (1.5x105) were seeded onto bovine or porcine collagen cut with 
a biopsy punch (8 mm of diameter) or onto a coating of fibronectin in a 

24-well plate (Corning), and cultured in HESFM + 10 % FBS + hydro
cortisone at 37 ◦C in a 5 % v/v CO2 incubator. After 72 h, CellTiter 96® 
AQueous One Solution Reagent (Promega, Wisconsin, USA) was added 
and incubated for 1 h. Absorbance was read at 490 nm using a plate 
reader spectrophotometer (PowerWaveX, Bio-Tek Instruments).

2.11. A1R MP confocal multiphoton microscope (Nikon) acquisition

OVECs (9x105) were seeded onto bovine collagen for 1 h (t0) to allow 
cell adhesion to the scaffold or for 48 h (t48). Then, cells were fixed with 
3 % PFA and stained with phalloidin-FITC (1:25, Invitrogen, Thermo
Fisher Scientific). Nuclei were stained with Hoechst (ThermoFisher 
Scientific). Images were acquired with A1R MP confocal multiphoton 
microscope (Nikon).

2.12. Real-time quantitative PCR

OVECs were cultured for 48 h onto bovine collagen, porcine 
collagen, or in 2D condition (fibronectin). RNA was isolated by using 
TRIzol™ Plus RNA Purification Kit (ThermoFisher Scientific), and RNA 
quantification was performed via NanoDrop® spectrophotometer (Life 
Real). RNA was converted to cDNA using SensiFAST™ cDNA Synthesis 
Kit (Meridian Bioscience, Memphis, TN, USA), as previously described 
[49]. The expression level of the following genes was evaluated: 
VEGF-A, PGF, ANGPT1, SEMA3A, KDR, FLT1, NRP1, TEK, MMP2, IL6, 
and IL8. The sequences of the primers used are included in Supple
mentary Table S2. The reaction was performed by the Rotor-Gene 6000 
(Corbett, Explera), via 40 cycles made up of two steps: the denaturation 
step (10 s at 95 ◦C) and the combined annealing and amplification step 
(40 s at 60 ◦C, melting temperature of the primers). The expression level 
of the genes was then evaluated via comparative quantification by Rotor 
Gene 1.7 Software (Corbett Research) and normalized with the expres
sion of the housekeeping genes (GAPDH and TBP) [50]. Data for genes 
that were not detectable (ND) were expressed as the Ct value of the 
housekeeping gene (TBP) and the target genes (TNF, MMP9, and 
MCP1/CCL2). A positive control of gene expression was used to monitor 
the PCR reaction.

2.13. In vivo OTT model

Ovarian biopsies were partially cut into organotypic tissue slices 
(800–1700 μm of thickness) with a slicer Leica vibratome VT1200 S and 
then vitrified. OVECs (2.5x105) were resuspended in HESFM and seeded 
for 30 min at 37 ◦C, 5 % v/v CO2, onto bovine collagen previously cut 
into small pieces (8 mm in diameter). In the meantime, frozen ovarian 
tissue was thawed as previously described. Then, the tissue was placed 
onto the scaffold, with or without OVECs, and the ATMP was implanted 
on the back of immunodeficient NOD SCID gamma (NSG) mice under 
general anesthesia by intraperitoneal injection of ketamine (100 mg/ 
kg)/xylazine (10 mg/kg). The skin was opened with a 10 mm longitu
dinal incision using scissors. A 2 × 2 cm pocket was formed with blunt 
dissection, and the scaffolds were applied with the cells facing down. 
The incision was closed with a 5–0 suture thread. Institutional guide
lines in compliance with national and international laws and policies 
were followed for animal care and treatments. All experimental pro
cedures were approved by the ICGEB Animal Welfare Board, with the 
requirements of the EU Directive 2010/63/EU, and by the Italian Min
istry of Health. After 2 weeks, the mice were sacrificed by cervical 
dislocation after anesthesia with 5 % isoflurane. ATMPs and the sur
rounding tissue were collected, transversely cut in half, and fixed ON 
using 2 % v/v PFA in dPBS solution (Santa Cruz), for immunofluores
cence (IF), or in 10 % buffered formalin, paraffin-embedded and stored 
at 4 ◦C, for immunohistochemistry (IHC) and X-ray phase-contrast 
microtomography.
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2.14. Quantification by Multiplex Gene Assay (Quantigene 2.0) of mRNA 
for AMH

QuantiGene ™ 2.0 technique is a multiplex platform allowing the 
simultaneous analysis of several target RNA molecules (up to 80) present 
in a single sample. Quantigene Assays use an accurate method for 
multiplexed or single gene expression quantitation. The mRNA quanti
zation for the genes was performed with a Multiplex Gene Assay 
(Thermo Fisher, MA, USA), as previously described elsewhere [51,52]. 
Briefly, the mRNA expression of AMH and ACTB (high expression 
housekeeping gene) was measured using the QuantiGene multiplex 
assay (Thermo Fisher, MA, USA). Ovary samples were frozen in RNA 
later (Qiagen, Germany). Each sample was weighed, and the appropriate 
lysis solution was added to a final volume of 150 μL containing 50 % 
Lysis Mixture and 1 g/L Mixture (Thermo Fisher, MA, USA) and 1 g/L 
proteinase K. The mixture was shaken at 65 ◦C for 30 min to lyse the 
cells. The lysate was stored at − 80 ◦C for later use.

A panel of oligonucleotide capture probes, each with a unique 
sequence of 15 bases, was covalently linked to carboxylated fluo
rescently encoded beads (Luminex, Bio-rad, Massachusetts, USA). We 
mixed each sample lysate diluted at 1:1 and 1:2 with the pooled capture 
beads in a round-bottom assay well and hybridized for 16 h at 54 ◦C (the 
final volume in each well was 100 μL). The assay mixture was trans
ferred to a MultiScreen filter plate (Millipore, Billerica, MA, USA), and 
unbound material was filter-washed from the wells by rinsing 3 times 
with wash buffer. The plate was then hybridized at 54 ◦C for 1 h with 
100 μL/well of bDNA amplifier in Amplifier Diluent (Thermo Fisher, 
MA, USA). Then the plate was filter-washed twice with wash buffer and 
incubated at 50 ◦C for 1 h with 100 μL/well of 5′-dT (Biotin)-conjugated 
label probe (Thermo Fisher, MA, USA) diluted in Label Probe Diluent 
(Thermo Fisher, MA, USA). After 2 washes, streptavidin-conjugated R- 
phycoerythrin diluted in SA-PE diluent (20 mmol/L Tris-HCl, 400 
mmol/L lithium chloride, 1 mL/L Tween 20, 1 mL/L bovine serum al
bumin, and 5 mL/L Micr-O-protect) was added, and the plate was 
shaken and incubated at room temperature for 30 min. We washed the 
beads to remove unbound SA-PE and then analyzed them with Bio-Plex 
200 system (Bio-Rad). The SA-PE fluorescence measured from each bead 
was proportional to the number of mRNA transcripts captured by the 
beads. Expression of target-specific RNA molecules was normalized 
against ACTB gene (high expression housekeeping gene).

2.15. X-ray phase-contrast microtomography

Paraffin-embedded tissues were imaged by X-ray phase-contrast 
microtomography (microCT) at SYRMEP (SYnchrotron Radiation for 
MEdical Physics) beamline of Elettra-Sincrotrone S.C.p.A. (Trieste, Italy) 
[53]. Some samples were stained by incubation for 2 h in a 1 % w/v 
iodine alcoholic solution (70 %) prior to paraffin inclusion [54]. The 
investigation was performed with the high-resolution white/pink beam 
setup in parallel geometry. The images were acquired at an average 
energy of 16.7 keV, after filtering the beam with a 0.5 mm-thick silicon 
filter, while the electron storage ring was operating at 2.0 GeV. Samples 
without iodine were imaged at a sample-to-detector distance of 15 cm, 
while samples prepared with iodine contrast agent at 10 cm. A Hama
matsu sCMOS camera (2048 x 2048 pixels, pixel size: 6.5 μm × 6.5 μm) 
coupled to a 17 μm-thick GGG scintillator screen was used for image 
collection. Thanks to an optical magnification system connected to the 
detector, the effective pixel size selected for the tomographic acquisition 
was 0.9 μm × 0.9 μm, thus resulting in a field of view of 1.8 mm × 1.8 
mm out of 180◦ microCT scans. For the specimen with cells and not 
injected with iodine specifically, the field of view was further increased 
to approximately 3.3 mm × 3.3 mm by a 360 degrees off-axis tomog
raphy scan. All images were collected with 100 ms exposure time. To
mography datasets accomplished over 180◦ comprised 1800 projections, 
while 360◦ scans were obtained by collecting 3600 projections. More
over, 20 dark images and 20 flat images (i.e., images of the background) 

were acquired at the beginning of each measurement. Raw data were 
processed using Syrmep Tomo Project (STP) software [55]. First, the 
projections were normalized by conventional flat-fielding, and potential 
ring artifacts were attenuated with dedicated ring removal filters 
available in STP. Then, the projections were phase retrieved by Pagan
in’s algorithm [56]. Delta/beta ratio was tuned to enhance the visuali
zation of specific anatomic features. Samples with iodine were retrieved 
with a delta/beta ratio of 20, the control sample without iodine was 
processed with a delta/beta of 100, and the tissue with cells and without 
iodine with a ratio of 350. Finally, virtual sections in 32-bit were 
reconstructed by applying Filtered Back Projection algorithm in com
bination with Shepp-Logan filter. All reconstructed volumes were 
down-converted into 16-bit images using an in-house python script. The 
images of the tissues were further treated with the unsharp filter (radius 
equal to 3, sigma equal to 0.60) available in the open-source software 
Fiji. All datasets were visually inspected by Fiji and compared with the 
corresponding histological slices. The representation of the orthogonal 
views was prepared by Avizo 3D software (version 2021.1).

2.16. Statistical analyses

Data are represented as mean ± standard error of the mean (SEM). 
Statistical analyses were performed by using the GraphPad Prism 9 
software (GraphPad Software, San Diego, USA). The normal distribution 
of datasets was tested and, depending on the results, multiple compar
isons were performed with the parametric one- or two-way analysis of 
variance (ANOVA), while single comparisons were analyzed with the 
nonparametric Mann–Whitney test or the parametric one-tailed t-test. 
Results with p-value (p) < 0.05 were considered statistically significant.

3. Results and discussion

3.1. Histological evaluation of ovarian tissue vascularization and 
characterization of OVECs

Reducing the ischemic/hypoxic window after ovarian tissue auto
transplantation is still a challenging clinical need in reproductive med
icine. A vascular cell-based strategy may accelerate the perfusion of 
ovarian tissue and mitigate ischemia. Thus, we first evaluated the 
vascularization levels of ovarian tissues collected from patients under
going ovariectomy/adnexectomy. Ovarian vascularization is complex 
[57], as illustrated in Supplementary Fig. S2.

Albeit the ovarian samples were mainly obtained from testosterone- 
treated G.D. patients, histochemical and immunohistochemical analyses 
revealed the presence of several follicles (Fig. 1a), predominantly pri
mordial or primary follicles. Secondary/antral follicles were also 
observed in a few samples (Supplementary Fig. S3). These findings 
support the hypothesis that almost one-third of G.D. patients still 
ovulate, despite being amenorrheic [58]. Furthermore, IHC staining for 
the endothelial markers vWF (Fig. 1b and c) and CD34 (Fig. 1d and e) 
revealed abundant vascularization. In fact, previous studies demon
strated that the oocyte itself, and granulosa and theca cells as well, can 
produce VEGF during follicle maturation to support the need for oxygen 
and nutrients [59–61]. The tissues were incubated with secondary an
tibodies alone to exclude any non-specific/background staining 
(Supplementary Fig. S4).

Due to the pivotal involvement of ECs in revascularization processes, 
we aimed first to set up a novel protocol to successfully isolate ECs from 
ovarian tissues. After mechanical, trypsin, and collagenase digestion, 
OVECs were positively selected via magnetic beads conjugated with 
endothelium-specific markers, as summarized in Fig. 1f. Freshly isolated 
OVECs were characterized by IF for the presence of endothelial (CD31/ 
PECAM-1, vWF, VE-cadherin, and CD34), lymphatic (podoplanin), 
epithelial (CK8/18), and macrophage lineage (CD68) markers, revealing 
a high purity level of the endothelial population (Fig. 1g and Supple
mentary Fig. S5). Cytofluorimetric analyses (Fig. 1h) confirmed that the 
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population was almost 90 % composed of ECs. In particular, cells 
resulted in 88.1 % positive for CD31/PECAM-1, 88.6 % for vWF, and 
10.3 % for CK8/18.

3.2. Interaction between OVECs and ADMs increases cell adhesion and 
proliferation

We previously demonstrated that using solid biomaterials is the 
optimal strategy for cellular implementation [24]. Thus, we attempted 
to identify the best-performing 3D scaffold pre-seeded with OVECs by 

Fig. 1. Histological and immunohistochemical evaluation of ovarian tissue and characterization of isolated OVECs. The presence of primordial/primary 
follicles was assessed by hematoxylin/eosin (a). Vessels were revealed by staining for vWF (b,c) and CD34 (d,e). (c,e) Zoomed fields of IHC staining showing a 
representative figure of 1 section out of 5 ovarian tissue samples (n = 5). AEC (red) chromogen was used to visualize the binding of anti-human vWF and anti-human 
CD34. Nuclei were stained with Mayer’s Hematoxylin. Yellow arrows indicate ovarian follicles; white arrows indicate ovarian vessels. Magnification, 10× (a,b,d); 
20x (c,e). Scale bars, 50 μm. Schematic representation of OVEC isolation protocol (f) and characterization for endothelial markers by IF (g). Cells were grown to 
confluence in eight-chamber culture slides. After fixation and permeabilization, cells were stained with mAb anti-human CD31/PECAM-1, VE-cadherin, vWF, and 
CD34, followed by anti-mouse-Alexa Fluor™ 488 or anti-rabbit-Alexa Fluor™ 488 secondary antibodies. Nuclei were stained by DAPI (blue). Original magnification, 
20×. The same antibodies were used to confirm IF results by flow cytometry. Representative results of cytofluorimetric analyses (h) for CD31/PECAM-1, vWF, and 
CK8/18, or secondary antibodies only (anti-mouse FITC).
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comparing four commercial ADMs, already tested in our previous study 
[43] (Table 1).

Adhesion assays demonstrated that cells could adhere quickly to all 
the scaffolds, although at different levels. The highest percentage of 
adherent cells was observed onto bovine collagen, whereas adhesion 
was significantly lower onto the other three scaffolds. In addition, the 
percentage of adherent cells remained almost stable along the three time 
points investigated (Fig. 2a). Our results indicated that the bovine 
collagen scaffold displayed the best pro-adhesive properties in com
parison with the other ADMs and were consistent with our previous 
findings on ECs isolated from skin biopsies (Adult Dermal Microvascu
lature Endothelial Cells, ADMECs) [43], probably due to its glyco
saminoglycane crosslinked structure (Table 1).

As a further step, we evaluated the capability of the scaffolds to 
induce cell proliferation. Cells were seeded onto bovine or porcine 
collagen scaffold (the most frequently used ADMs), or fibronectin 
(control condition), assessing cell viability after 72 h. MTS assay 
revealed higher cell proliferation onto the scaffolds as compared to the 
2D condition (Fig. 2b), suggesting that their use in tissue transplantation 
could actively increase the successful rate of OTT. Based on these results 
and consistently with our previous observations in ADMECs [43], 
further analyses were limited to bovine and porcine collagens only.

Since no information is currently available about the profile of cell 
colonization and organization inside the scaffolds, we also monitored 
cell viability by multiphoton microscopy. Cells were seeded onto the 
bovine collagen scaffold, fixed, and then stained after 1 h and 48 h. 
Hoechst staining was used to visualize the nuclei and spatially investi
gate cell deepening into the matrix, while the cytoskeletal component F- 
actin allowed us to appreciate cell-scaffold contacts. 2D projections of 
the nuclei revealed an increase in the number of OVECs after 48 h, 
compared to 1 h (Fig. 2c–Supplementary Video S1, after 1 h, and Sup
plementary Video S2, after 48 h), confirming previous proliferation 
data. Moreover, cell colonization seemed to involve the entire matrix 
thickness. Phalloidin staining highlighted the maintenance of a rounded 
cell shape after 1 h, whereas after 48 h, OVECs assumed a spread-out 
morphology (Fig. 2d). These observations were also confirmed by the 
3D reconstruction (Fig. 2e and f). The 3D view showed an active inter
action of OVECs with the scaffold since the nuclei were placed along the 
collagen meshes in an organized manner (nuclei: blue; collagen meshes: 
green; Fig. 2e and Supplementary Video S3). It is worth mentioning that 
images were taken with the same 3D volume at both time points but at a 
different depth into the scaffold. This suggests that cells quickly enter 
the scaffold and then, possibly with an active movement, invade the 
scaffold more deeply by following the collagen meshes.

3.3. ADMs influence the expression of genes involved in the angiogenic 
process

To investigate whether culturing OVECs onto ADMs modulates gene 
expression levels of the main factors (Fig. 3a and b) and receptors 
(Fig. 3a–c) related to the angiogenic process, we performed RT-qPCR on 
cells grown onto bovine and porcine collagen or fibronectin as 2D 
culturing control. As shown in Fig. 3b and d, ADMs significantly upre
gulated the expression of several angiogenic factors, such as Vascular 
Endothelial Growth Factor-A (VEGFA), Placental Growth Factor (PGF), 
and Interleukin-8 (IL8). We failed to detect the expression of 
Angiopoietin-1 (ANGPT-1), another important factor linked to the 
angiogenic process. Conversely, the expression levels of angiogenic re
ceptors (Fig. 3c), such as Kinase insert Domain Receptor (KDR), Fms 
Related Receptor Tyrosine Kinase 1 (FLT1), and TEK Receptor Tyrosine 
Kinase (TEK), were downregulated in OVECs grown onto the bovine and 
porcine collagen scaffolds. In addition, we investigated the expression 
levels of other genes involved in the angiogenic pathways (Fig. 3d). 
Matrix metalloproteinase-2 (MMP2) mRNA level was found to be 
downregulated in 3D-culture conditions, whereas the expression of 
Interleukin-6 (IL6) was slightly upregulated in 3D-culture conditions, 

but the observed changes did not reach statistical significance. No 
expression or modulation of the expression levels was observed for 
matrix metalloproteinase-9 (MMP9), a gene involved in the remodeling 
of the ECM, Tumor Necrosis Factor-α (TNF), as an inflammation marker, 
and C-C Motif Chemokine Ligand 2 (CCL2), a factor involved in mono
cyte recruitment to sites of neo-angiogenesis (Supplementary Table S3).

In the angiogenic context, the microenvironment (i.e., neighboring 
cells, soluble factors, physical fields, ECM) plays a pivotal role in 
influencing cell behavior [62]. In fact, several studies established that 
3D culturing conditions can modulate the gene expression profile of 
factors involved in the angiogenic process [63–65]. As expected, OVECs 
cultured onto collagen scaffolds, both bovine and porcine, modified 
their gene expression profile by upregulating angiogenic factors 
(VEGFA, PGF, and SEMA3A). VEGF-A is the main angiogenic factor, and 
its expression is triggered by hypoglycemia and, most of all, by hypoxia 
[66,67], a condition that could manifest during our in vitro 3D culture, 
but also during the graft-related ischemic/hypoxic window. PGF is pri
marily expressed in placental tissue, and it has a role in trophoblast 
invasion into the maternal decidua [68]. Even though its role in physi
ological angiogenesis is clear (i.e., stimulation of growth, migration, and 
survival of ECs, and vessel maturation), PGF expression under hypoxia is 
still debated [69]. SEMA3A has an important function in controlling the 
angiogenic process and is frequently downregulated during tumor 
development [70]. Its expression in our 3D culture indicates that the 
angiogenic process is physiologically regulated. On the contrary, the 
expression of all the angiogenic receptors (KDR, FLT1, NRP1, and TEK) 
was strongly downregulated. The expression levels of these receptors are 
not directly controlled by hypoxia [71]. This decreased expression could 
be part of a negative regulation loop, tightly orchestrating the angio
genic process.

Since the remodeling of the ECM is one of the first steps occurring 
during the angiogenic process, the downregulation of MMP2 in 3D-cul
ture was unexpected. MMP2 and MMP9 are collectively known as 
gelatinases: MMP2 can digest gelatin, type I, type IV, and type V colla
gens, vitronectin, and elastin, while MMP9 cleaves type IV, type V, type 
VII, type X, and type XIV, but not type I collagens, laminin, and fibro
nectin [72]. Both MMPs play a crucial role during physiological angio
genesis, which occurs in placentation [73] and wound healing [74], 
while their overexpression is associated with tumor angiogenesis [75]. 
Thus, the downregulation of MMP2 and the undetectable expression of 
MMP9 suggest that our pre-seeded scaffolds may mimic a physiological 
state of controlled angiogenesis.

Taken together these data, we can assert that the bovine collagen 
scaffold is the most suitable ADM for translation into in vivo applications.

3.3. Animal model of ATMP transplantation and evaluation of 
revascularization and tissue viability

Follicular maturation in the pre-ovulatory phase lasts, on average, 14 
days, and the growth of the dominant follicle is connected to its degree 
of vascularization. The ischemic/hypoxic window after OTT, lasting 
7–10 days post-implantation, causes the loss of more than 60 % of fol
licles [2,76]. Thus, we employed a xenograft mouse model to under
stand whether graft supplementation with OVECs may represent a 
successful approach to improve the vascularization rate and 
post-grafting tissue survival.

After processing ovarian biopsies for the implantation procedure 
(Fig. 4a and Supplementary Fig. S6a), we aimed to characterize pre- 
implantation vascularization of ovarian tissue slices via human CD31/ 
PECAM1 (hCD31) staining (Supplementary Fig. S6b). Then, tissue slices 
were subcutaneously transplanted into the backs of female NSG mice 
(Fig. 4a). After 14 days, grafts were excised and fixed, and Quantigene 
2.0 Assay was performed to determine mRNA levels of AMH, a marker of 
ovarian reserve. Macroscopic evaluations of grafted tissues suggested 
that OVEC supplementation increased tissue revascularization (Fig. 4b 
and Supplementary Fig. S7). Moreover, evaluation of tissue architecture 
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by hematoxylin-eosin (H&E) staining revealed a higher tissue cellula
rization in the presence of OVECs (Supplementary Fig. S6d). Graft 
revascularization was also assessed by performing IF for hCD31 
(Fig. 4c): the percentage of the hCD31-positive area inside the ovarian 
tissue (dotted area) was statistically significantly higher in OVECs- 
supplemented graft compared to the tissue transplanted alone (Fig. 4d).

To better characterize the vasculature, post-grafting ovarian tissue 
sections were stained for NG2 as well, a perivascular cell marker [24]. 
Confocal microscopy images showed that OVECs-supplemented grafts 
presented numerous NG2-positive vessels (Supplementary Fig. S6c), 
highlighting the presence of mature and stable vasculature. The staining 
for hCD31 and mouse CD31 (mCD31) allowed the detection of 
numerous chimeric vessels (Fig. 4g) at the interface between 
OVECs-supplemented scaffolds and the ovarian tissue (Fig. 4f and Sup
plementary Fig. S6d) but not in the absence of OVECs (Fig. 4e). This 
result suggested the formation of a vascular network between 

supplemented human OVECs and host ECs.
Furthermore, additional in vivo experiments were performed to 

evaluate the vasculature system at 30 days post-grafting procedure. 
Macroscopic evaluation of the excised transplants (Supplementary 
Fig. S8a) confirmed that the main differences were between OVECs- 
supplementation and without OVECs-supplementation, with no 
apparent alterations in the revascularization levels between 14 and 30 
days. The results of the IF staining clearly support literature findings 
[24], as tissue vascularization levels in the subcutaneous transplant 
model decrease at 30 days compared to 14 days post-transplantation. 
Subcutaneous transplantation in the dorsal skin of mice is widely used 
to study revascularization during wound healing [77]. However, this 
model has also been employed in OTT research due to its favorable 
environment for follicular survival and the development of a rich 
neo-vascular network around the graft. This site also provides a larger 
manipulation and transplantation field [78]. Several studies have 

Fig. 2. Interaction between OVECs and different ADMs. (a) The adhesion assay was performed by seeding FAST DiI-labeled OVECs onto the different ADMs for 5, 
15, or 30 min. After removing non-adherent cells, OVECs were lysed to release the dye in solution, and the fluorescence was read. Results are expressed as percentage 
of cell adhesion with reference to a calibration curve established with an increasing number of labeled cells. Data are presented as mean ± standard error mean 
(SEM) of independent experiments conducted in duplicate (n = 3). ****p < 0.0001 (Two-way ANOVA). (b) The proliferation assay was conducted by seeding OVECs 
onto the scaffolds for 72 h. MTS was then added, and the absorbance was read at 490 nm by a plate reading spectrophotometer. Results are presented as the mean ±
SEM of independent experiments conducted in duplicate (n = 4). Cells cultured onto fibronectin were used as control (CTRL). *p < 0.05; **p < 0.01 (one-way 
ANOVA). (c-f) Multiphoton microscopy imaging of OVECs seeded onto bovine collagen scaffold for 1 h or 48 h. Nuclei were stained with HOECHST (blue) (c). 48 h 
after the seeding, cells were more abundant compared to cells fixed after 1 h, indicating they proliferated. Phalloidin staining (light pink) (d) and 3D reconstruction 
(f) highlighted that OVECs after 48 h were more spread compared to the initial timing (1 h). Scale bars, 50 μm. Bovine collagen scaffolds are represented in green (c) 
and bright pink (f). Representative images were taken with A1R MP confocal multiphoton microscope (Nikon).

Fig. 3. Gene expression modulation of the main factors involved in the angiogenic process. (a) Schematic representation of angiogenic factors and their 
respective receptors. RT-qPCR of VEGFA, PGF, SEMA3A (b), KDR, FLT1, NRP1, TEK (c), MMP2, IL6, and IL8 (d) expressed by OVECs seeded onto bovine or porcine 
collagen scaffolds, or fibronectin (CTRL) for 48 h. The gene expression levels are reported as fold of increase with respect to the mean of normalized values of GAPDH 
and TBP (housekeeping genes). Data are expressed as the mean ± standard error mean of independent experiments conducted in duplicate (n = 3). *p < 0.05; **p <
0.01; ***p < 0.001 (unpaired two-tailed t-test).
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specifically investigated the revascularization process in OTT within the 
first two weeks post-transplantation, highlighting the crucial role of 
host-derived vascular ingrowth and angiogenic factors in facilitating 
neovascularization [20,79]. Beyond this initial phase, research has pri
marily focused on long-term graft viability and follicular survival, as 
sustained vascularization is essential for maintaining follicular function 
[80,81]. Comparative studies have also examined the differences be
tween early and late-stage graft integration, emphasizing how pro
longed ischemic stress and delayed revascularization can negatively 
affect follicular density and function.

Since tissue viability increases with cellularization, we assessed the 
number of nuclei inside the ovarian slices as markers of tissue viability. 
OVECs-supplementation significantly increased the number of nuclei/ 
field compared to the tissue grafted alone (Fig. 4h).

Our results suggest that endothelial supplementation improves tissue 
viability, possibly favoring follicle viability as well. In fact, QuantiGene 
Assay showed that OVECs-supplementation increased the gene expres
sion of AMH (Supplementary Fig. S9) in three samples out of four.

It is known that ECs can secrete essential ‘angiocrine factors’ and 
ovarian ECs promote early follicular development and survival [82]. 
Moreover, a positive correlation between vascularization and primor
dial follicle survival has been previously demonstrated, either through a 
pro-angiogenic approach [30], by functionalizing the scaffold with an 
angiogenic-stimulating factor, or through an inosculation approach 
[83], involving the pre-seeding of cells with pro-angiogenic capability. 
Regarding the first approach, Gao et al. [18], using a syngeneic mouse 
model of OTT, demonstrated that modifying hydrogels with bFGF 
significantly increased PMF survival, proliferation, and vessel density 
(IHC for CD31) at seven days post-transplantation, while reducing 
apoptosis. A strong positive correlation between microvascular density 
and PMF count confirmed the role of bFGF-induced neoangiogenesis in 
follicle preservation. Mannavella et al. [84] seeded ADSCs onto a fibrin 
scaffold during the OTT. On day 7 post-transplantation, the total vessel 
area, assessed by CD34+ staining, was significantly greater in the group 
treated with the ADSC-loaded scaffold; the survival rate of PMFs was 
also higher. Finally, a significant positive correlation was established 
between follicle survival rates and the total CD34+ endothelial area.

Over recent years, several research groups have attempted to in
crease graft revascularization with different strategies. Previous evi
dence has already demonstrated the capability of bovine collagen 
scaffolds to stimulate tissue revascularization under hypoxic conditions 
[24,43]. Moreover, the use of scaffolds appeared as a promising 
approach to also support follicle growth to develop an “artificial ovary”. 
As indicated by Fazelian-Dehkordi et al., decellularized sheep omentum 
actively supported the in vitro maturation of follicles, probably due to 
the presence of growth factors and proteins inside the scaffold [85]. 
Similar findings suggest that the microenvironment plays a central role 
in the success of the OTT procedure [86]. Abir et al. demonstrated that 
using collagen scaffolds to support OTT resulted in improved revascu
larization, a greater number of recovered follicles, fewer atretic follicles, 
increased Ki67+ granulosa cells, and a decreased presence of apoptotic 
stromal cells [87].

Another strategy to ameliorate ovarian tissue engraftment consisted 
of the co-transplantation of stem cells during OTT. MSCs and ADSCs are 
widely used in regenerative medicine [88,89]. In the context of OTT, the 
use of MSCs or ADSCs has raised accumulating interest due to their 
capability of increasing vascularization and tissue survival [25,90–92]. 
Ma et al. demonstrated that pre-treating the ovarian tissue with Follicle 
Stimulating Hormone (FSH) prior to transplantation increased VEGF-A 
expression, thereby accelerating post-grafting revascularization [93]. 
The simultaneous treatment with VEGF-A and bFGF ameliorated tissue 
survival [94] and improved tissue vascularization [95]. Several studies 
have proposed combined strategies with encouraging outcomes, such as 
VEGF-165 supplementation in concert with the usage of collagen scaf
folds [96] or the application of ADSC-pre-seeded collagen scaffolds [97].

Our contribution to the field perfectly fits into this scientific back
ground, suggesting that the combination of ECs and ATMPs may be a 
winning strategy to improve OTT. In fact, our animal model allowed us 
to confirm the hypothesis that ECs supplementation onto bovine 
collagen scaffolds could significantly increase post-grafting 
revascularization.

3.5. Observation of tissue revascularization by X-ray phase-contrast 
microtomography

We thus proceeded with a more in-depth analysis of tissue revascu
larization by synchrotron radiation-based phase-contrast micro
tomography (microCT), a technique known in the literature also as 
virtual histology [98]. This approach is a non-invasive, high-resolution, 
multi-scale 3D imaging method, well suited for retrieving structural and 
anatomical information of biological specimens, especially tissues 
[99–102], due to the peculiar advantages provided by phase-contrast 
[103,104].

Fig. 5a displays a representative H&E staining of a grafted tissue by 
optical microscopy, where the OVECs-supplementation is clearly visu
alized in the bovine collagen matrix. Strikingly, the histological exam
ination reveals a significant presence of OVECs within the matrix 
organized to form vascular structures (red) whose functionality is 
demonstrated by the presence of red blood cells inside the vessels. 
Fig. 5b shows reconstructed virtual slices from X-ray phase-contrast 
microCT. In detail, the images depict a cropped area at the interface 
between the bovine collagen matrix and grafted human ovarian tissue, 
similarly to the region of interest displayed by histology in Fig. 5a. In 
accordance with the histological representation, X-ray images show 
aggregates of dense material within the scaffold matrix (Fig. 5b). These 
large light grey dots (pointed by yellow arrow) might be attributable to 
the massive presence of supplemented OVECs, organized in vessel- 
similar structures, as they appear denser than the surrounding matrix, 
possibly due to a locally high concentration of red blood cells. Their 
distribution can be even followed within the acquired volume (see 
Supplementary Video S4). The inset in Fig. 5b shows a potential accu
mulation of OVECs within the scaffold at higher magnification. For 
comparison, an unstained human ovarian tissue was imaged as well, and 
grafted within a bovine collagen matrix, without OVECs, by H&E 

Fig. 4. Schematic visualization of the experimental design, macroscopic results, and histological evaluation. (a) Ovarian biopsy was partly cut into tissue 
slices for vitrification and partly digested for OVEC isolation. OVECs were seeded onto the bovine collagen scaffold and transplanted in the back of female NSG mice. 
(b) After 14 days, the macroscopic evaluation of the excised grafts indicated a higher vascularization of the graft supplemented with OVECs compared to the tissue 
grafted alone. (c) IF for hCD31 (white) of excised graft with or without OVECs supplementation. Bovine collagen scaffold presents a characteristic autofluorescence in 
the green channel. Images were acquired using a Nikon Eclipse Ti-E inverted fluorescent microscope equipped with a DC-152Q-C00-FI and NIS V4.30 software 
(Nikon), as well as a ZEISS LSM 880 with Airyscan. Stitched images were acquired using NIS V4.30 software (Nikon). (d) Quantification of the area positive for 
hCD31 normalized on the area of human ovarian tissue (dotted area). Data are represented as the mean ± standard error mean (SEM) of independent experiments (n 
= 5). *p < 0.05 (paired two-tailed t-test). (e, f left panel) IF staining of mouse CD31 (mCD31; red), human CD31 (hCD31; grey), and NG2 (green) showed that graft 
supplementation with OVECs resulted in the formation of mature vessels, stabilized by NG2-positive perivascular cells. (f right panel) Zoomed field of IF staining 
showing stabilized vessels. (e) On the contrary, no vascularization was observed in the absence of OVECs. At least four images were acquired per sample. Images were 
analyzed using ImageJ2 (Fiji) software. Z projection was performed on maximum intensity. (g) Schematic visualization of newly formed chimeric vessels. (h) Nuclei 
staining (blue) showed a significantly higher cellular density in ovarian tissue transplantation supported by OVECs supplementation. Data are represented as the 
mean ± SEM of independent experiments (n = 5). *p < 0.05 (paired two-tailed t-test).
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(Fig. 5c) and by X-ray phase-contrast microCT (Fig. 5d). Unlike Fig. 5a, 
the histology of this control specimen confirms the lack of exogenous 
ECs both in the ovarian tissue and scaffold spaces (Fig. 5c). In Fig. 5d, X- 
ray phase-contrast microCT shows an empty scaffold and the absence of 
dense structures in the ovarian tissue morphology (see Supplementary 
Video S5). Phase-contrast microCT examination was also exploited to 
visualize the ovary vasculature. For the first time, it has been demon
strated by ex vivo analysis (IHC) that the bovine collagen 3D scaffold 
(Integra ®), supplemented with human ECs can induce the formation of 
a vascular bed inside the matrix itself, with an evident new blood supply 
(red blood cell presence).

Fig. 5e and g display an overview of other reconstructed virtual 
planes of the OVECs-supplemented tissue, selected at different depths in 
the reconstructed volume. Endogenous vessels were clearly 

distinguished within the tissue with a contrast resolution capable of also 
discriminating the inner vessel walls. In addition, we detected the 
presence of dense white spots along one side of the ovarian tissue (yel
low arrows; Fig. 5e–g) and at the lower border with the bovine collagen 
matrix. Zoomed views of the areas marked with colored rectangles are 
displayed in Fig. 5f and h. Likely, the intense signal is caused by an 
accumulation of red blood cells in the ovarian tissue, which may have 
occurred after an ECs migration through the matrix. This evidence 
suggests a potentially preferential side for OVECs accumulation and 
formation of new vessels in the ovarian tissue.

In addition to a clear visualization of the vascular system, comprising 
both endogenous and newly formed vessels, the tomographic recon
struction highlighted a well-preserved state of the ovarian tissue 
following cryopreservation and subsequent transplantation. Fig. 6a 

Fig. 5. X-ray phase-contrast microCT examination of excised ovarian grafts. (a) Region of interest of a H&E slice showing OVECs forming perfused vessels, as 
they are filled with red blood cells (red dots), within the bovine scaffold matrix in the OVECs-supplemented tissue subjected to X-ray phase-contrast microCT ex
amination. (b) X-ray phase-contrast microCT virtual slice of the paraffin-embedded OVECs-supplemented tissue. Yellow arrow points to dense structures within the 
bovine scaffold, representing clusters of OVECs, as confirmed by the histological image. Zoomed view of the area highlighted with higher magnification the dense 
structures detected within the bovine scaffold. (c) H&E slice of ovarian tissue grafted without OVECs-supplementation. (d) X-ray phase contrast microtomography 
virtual slice of the same sample. (e-h) X-ray phase-contrast microtomography virtual slices of the OVECs-supplemented tissue, selected at different depths within the 
acquired volume. Yellow arrows point out very dense structures, as a likely accumulation of OVECs. (f) High magnification visualization of the dense structures 
detected and highlighted by the green rectangle in (e). (h) Zoomed inset depicting the distribution of OVECs visible within the violet rectangle drawn in (g).

Fig. 6. Representations of arbitrary orthogonal planes within the imaged OVECs supplemented tissue. (a) Red arrows point out healthy follicles within a well- 
preserved tissue. (b) Zoomed image of the two follicles.
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shows a representation of the OVECs-supplemented tissue by arbitrary 
crossing orthogonal slices. Red arrows indicate the presence of two 
spherical structures (Fig. 6b) with a measured diameter of 44.5 μm and 
32.5 μm, respectively, compatible with healthy primary or primordial 
follicles within the tissue [105].

X-ray phase-contrast microCT was used to image grafted OVECs- 
supplemented ovarian tissue after staining with iodine. Iodine contrast 
agent has been previously demonstrated to be effective for enhancing 
cellular visualization in X-ray imaging applications [54]. Fig. 7 shows a 
series of maximum-intensity projection images, emphasizing at the same 

Fig. 7. Representations of the imaged OVECs supplemented tissue stained with iodine. (a) OVECs-supplemented iodine-stained tissue virtual section obtained 
by maximum intensity projection of selected X-ray phase-contrast microtomography slices. The human ovarian tissue is visible next to the bovine collagen scaffold. 
This visualization highlights the vascular system within the ovarian tissue and ECs accumulation on a preferential side (orange arrow) and EC migration from the 
scaffold to the tissue (yellow arrows). (b-f) Sequential sections (extracted from the sub-area displayed in the panel a with a brown dashed line) showing the gradual 
invasion of the OVECs at different depths within the imaged whole sample.
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time the endogenous vascular network with large vessels visible in the 
middle of the ovarian tissue and the accumulation of new ECs (bright 
spots pointed by orange and yellow arrows). Specifically, yellow arrows 
indicate cell migration from bovine collagen scaffold to ovarian tissue at 
different depths within the imaged volume (see Supplementary Video 
S6).

4. Conclusions

The ischemic/hypoxic window following OTT is the primary cause of 
follicle loss. In this study, we successfully demonstrated that supple
menting OTT with OVECs doubled the revascularized area compared to 
the tissue transplanted alone. Additionally, preliminary evidence of 
improved follicular survival, indicated by increased AMH expression 
level, suggested enhanced ovarian function.

One potential limitation of this approach is the need to sacrifice part 
of the ovarian biopsy to isolate OVECs, raising ethical consensus 
regarding the reduction of tissue available for cryopreservation. To 
address this point, we propose to isolate OVECs from the medullary part 
rather than cortical ovary tissue or minimize the size of the starting 
tissue by expanding OVECs in a bioreactor. Additionally, ECs from 
alternative body areas, such as skin biopsies, or the use of a pro- 
angiogenic cell mixture, the SVF, isolated from lipoaspirate through a 
minimally invasive procedure, could serve as suitable substitutes. A 
hybrid strategy, combining automated cell isolation with cGMP-grade 
bioreactor expansion, may further enhance the feasibility of this 
approach for clinical translation.

As a next step, we aim to set up a cGMP-grade xeno-free protocol for 
EC isolation and expansion, ensuring compliance with cell therapy 
standards. In vivo validation will be performed by using ovariectomized 
murine models that, after the human OTT, will be stimulated with 
human FSH to assess follicular response and evaluate circulating 
markers of ovarian reserve (AMH or estrogens).

A key goal of this research was to try to bridge the gap between 
experimental and clinical applications. Using a clinically approved 
matrix, already recognized as the gold standard for non-healing wounds, 
could reduce the timing of regulatory approval, positioning this 
approach as a potential “drug repurposing” strategy. Indeed, this study 
has the potential to pave the way for utilizing this scaffold in other tissue 
contexts and for novel applications. We are confident that the reposi
tioning of a 3D matrix can have a profound impact, particularly now that 
the OTT has been “promoted” by the American Society for Reproductive 
Medicine (ASRM) from "experimental procedure" to "clinical practice".

From a biomaterials perspective, our study pioneered innovative 
approaches to investigate biocompatibility and cellular colonization of 
3D scaffolds, employing X-ray phase-contrast microtomography and 
multi-photon microscopy. For the first time, ex vivo IHC analysis 
demonstrated that a bovine collagen 3D scaffold, supplemented with 
human ECs, is able to induce the formation of a vascular bed within the 
matrix itself, accompanying an evident new blood supply.

In conclusion, we have successfully established a method for the 
isolation and extensive characterization of OVECs. Adhesion and pro
liferation assays indicated the bovine collagen scaffold as the most 
promising for seeding OVECs and testing transplantation in the animal 
model. Our results clearly demonstrated that using OVECs during the 
ovarian tissue transplantation procedure resulted in an improved 
vascularization of the grafted tissue and an increased AMH expression.
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