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Abstract: Introduction: The in vitro culture of primordial follicles is the only available option for
preserving fertility in prepubertal girls with malignant tumors. The cultivation of primordial follicles
in scaffolds as artificial ovaries is a promising approach for this. Methods: Dissociated follicles
were placed into an artificial ovarian scaffold composed of fibrinogen and thrombin. The follicles
were cultured in a dish dedicated to live cell imaging and observed for growth using immunofluo-
rescence and development via optical microscopy. The morphology of the follicles in the scaffold
was three-dimensionally reconstructed using the Imaris software. Growth and development were
also quantified. Results: The morphology of artificial ovaries began to degrade over time. Within
approximately 7 days, primordial follicles were activated and grew into secondary follicles. A com-
parison of optical and confocal microscopy results revealed the superior detection of live cells using
confocal microscopy. The three-dimensional reconstruction of the confocal microscopy data enabled
the automatic enumeration and evaluation of the overall morphology of many follicles. Conclusions:
The novel artificial ovary-enabled primordial follicles to enter the growth cycle after activation and
grow into secondary follicles. The use of a fibrin scaffold as a carrier preserves the developmental
potential of primordial germ cells and is a potentially effective method for preserving fertility in
prepubertal girls.

Keywords: artificial ovary; fertility preservation; prepubertal cancer; primordial follicles; imaris
reconstruction

1. Introduction

Over the past 40 years, the treatment of childhood cancer has become increasingly
successful. Most childhood cancers can now be cured with multidrug chemotherapy
combined with surgery and radiation therapy [1,2]. The prognosis of prepubertal cancer
has markedly improved, with approximately 75% of patients surviving for more than
5 years [3,4]. However, most childhood cancer patients receive radiotherapy, which is
highly destructive to prepubertal reproductive organs and can lead to the permanent loss
of fertility [5]. Therefore, maintaining the fertility of prepubertal females treated for cancer
is necessary [6].

Fertility preservation options for prepubertal girls with malignant tumors include
ovarian transposition, ovarian tissue cryopreservation, auto-transplantation after sexual
maturity, and ovarian tissue culture in vitro [7,8]. However, these options are associated
with the risk of re-introducing cancer cells [9-11]. Ovarian tissue dissociation using en-
zymes followed by the selection of follicles for in vitro cultures is considered a relatively
safe method with a low risk of introducing cancer cells [12-14].
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The in vitro cultures of ovarian tissue and germ cells, including a range of biological
scaffolds and artificial ovaries, is a promising technique for this [14]. The in vitro cultures
of primordial germ cells can be performed in the absence or presence of a scaffold. Scaffold-
free cultured follicles can be reshaped using special wells with round bottoms [15] or
microfluidic systems in which the follicular microenvironment is systematically regulated
in real time [16]. Researchers have experimented more extensively with scaffolded cul-
tures. Different formulations of biological scaffolds include alginate, fibrin, a decellularized
ovarian extracellular matrices, three-dimensional (3D)-printed ovaries, and others [17].
Although artificial ovaries have not been used for live human births, studies have demon-
strated the success of follicular scaffolds in mice, where follicles can be retrieved and
healthy offspring can be born via in vitro fertilization and embryo transfer [18-21].

This study aimed to create a fibrin artificial ovarian scaffold for prepubertal women
with cancer as a reliable and reproducible method to evaluate growth and development
and for automated enumeration.

2. Results

Nuclear and cytoplasmic staining revealed single follicles (Figure 1G-I). The
Supplementary Video S2 of a representative isolated follicle is included for improved vi-
sualization. The secondary follicle comprised two layers of granulosa cells and an oocyte
displaying more intense cytoplasmic staining.

Figure 1. Vitality and morphology evaluations of isolated follicles. (A) Freshly isolated follicles in
an enzyme solution before manipulated enrichment using a capillary. The follicles were stained
with neutral red. (B) Follicles manipulated and enriched using a 125 pm capillary in MOPS solution.
(C) Optical microscopy image of isolated primordial follicles stained with neutral red. (D) Hoechst-
stained follicles observed via fluorescence microscopy. (E) Calcein-AM-stained follicles after isolation
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observed via fluorescence microscopy. (F) Merged image of the images shown in panels (D,E).
(G) Hoechst staining of an isolated secondary follicle. (H) Merged confocal photography of Hoechst
and Calcein-AM-stained secondary follicle. (I) Spherical screenshot of the isolated secondary follicle.

Dark-field photography using the Zeiss PH0.4 dark-field mode was necessary
(Figure 2D-L). Supplementary Figure S1 provides detailed information on the micro-
scope setup. Many follicles transparent and light red or light brown in color, which are
hallmarks of viable follicles, were observed (Figure 2D-FLK,L).

Figure 2. Photography of follicles in fibrin scaffolds. (A) Fibrinogen—thrombin complex including
follicles in the unsolidified state. (B,C) General view of an artificial ovary on day 0 (B) and day 7 with
a dissociated scaffold (C). (D) Optimal microscopy image of artificial ovary on day 0. (E,F) Viable
primordial follicle in fibrin on day 0 (E) and day 3 (F). (G) Dead primary follicle on day 7. (H) Viable
primordial follicle on day 7. (I) Viable secondary and primordial follicles in fibrin on day 3. (J) Dying
secondary follicle in fibrin on day 7. (K) Viable secondary follicle in fibrin on day 3. (L) Viable
secondary follicle in fibrin on day 7.

Table 1 presents the results of the quantitative analysis of follicles in artificial ovaries
using optical microscopy. From days 1 to 3, 55 primordial follicles were activated and
formed primary follicles. Their diameters exceeded 60 um. Six primary follicles developed
into secondary follicles. Optical microscopy revealed the number of follicles and their
diameters. The technique was not effective in discerning whether the follicles were alive,
dying, or dead. For these determinations, a cell viability marker was necessary, described
as follows. On day 5, more primordial follicles developed into primary follicles, and
more secondary follicles were evident. On day 7, 18 primordial follicles became activated
and 11 more primary follicles displayed extensions of the granulosa cell layers to become
secondary follicles.
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Table 1. Quantitative analysis of follicles on the artificial ovary using optical microscopy vs. recon-
struction imaging with confocal microscopy.

Optical Microscopy (n = 5) (Follicles Confocal Microscopy + Imaris Reconstruction
Amounts, Total = 212) 1 (n = 5) (Follicle Spherical Surface Area, pm?) !
Primordial = 169
Day 1 Primary = 26 2,365,971.01

Secondary =17
Primordial = 104

Day 3 Primary = 85 2,629,148.77 (+11.123%)
Secondary = 23
Primordial = 39

Day 5 Primary =128 3,040,046.53 (+15.629%)
Secondary = 45
Primordial = 21

Day 7 Primary = 135 2,405,424.01 (—20.875%)
Secondary = 56

1 1 = drops of the artificial ovary in one culture dish; normally every drop included 30-50 follicles.

The RedDot fluorescence marker was used for live cells (Figure 3A,B). Viable cells
were identified using markers upon image denoising (Figure 3B). The quantitative results
of the Imaris reconstruction indicated the presence of markedly fewer follicles on day 7
than on day 5 (20.875% fewer). This finding identified the presence of dead follicles after 1
week of culture that were not discerned using optimal microscopy. Use of the change in the
trend of the overall surface area of the spheroid follicles (Figure 3C,D) to reflect the overall
status of follicle growth might generate results that more closely reflect the actual situation.
Approximately 20% of the follicles died by day 7.
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2 Area Unit Category  Time D

3 15717.30 um'2 Surface 1 3233
4 15673.00 um*2 Surface 1 3234
5  18891.20 um'2 Surface 1 3235
6 18039.60 um*2 Surface 1 3236
7 13473.80 um'2 Surface 1 3237
8| 15795.50 umr2 Surface 1 3238
9 19174.40 um'2 Surface 1 3239
10 15706.10 um*2 Surface 1 3240
11 1916450 um*2 Surface 1 3241
12 13632.40 um*2 Surface 1 3242
13 15066.70 um'2 Surface 1 3243
14 29734.00 um*2 Surface 1 3244
15 31407.70 um'2 Surface 1 3245
16 27189.40 um*2 Surface 1 3246
17 23791.30 um*2 Surface 1 3247
18 21918.80 um'2 Surface 1 3248
19 25365.60 um*2 Surface 1 3249
20 23180.20 um'2 Surface 1 3250
21 32090.20 um'2 Surface 1 3251
22 18178.90 um'2 Surface 1 3252
23 16982.90 um'2 Surface 1 3253
24 19587.50 um'2 Surface 1 3254
25 17806.20 um'2 Surface 1 3255
26 27348.80 um*2 Surface 1 3256
27 11420.30 um'2 Surface 1 3257
28 14635.00 um'2 Surface 1 3258
29 12767.60 um*2 Surface 1 3259
30 15866.20 um*2 Surface 1 3260

Detailed -

Figure 3. Automatic calculation and analysis system for the human artificial ovary. (A) Three-
dimensional reconstruction of artificial ovaries imaged using Imaris 9.0 software with RedDot staining.
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(B) Distribution of follicles for analytical counting after image denoising. (C) Interface and general
parameter settings of automatic counting and analysis system. (D) After automatic counting, the
system generated a data file in txt format.

3. Discussion

An artificial ovary forms a gaping mesh structure that provides support to the follicles.
The structural microenvironment that is maintained mimics the surrounding follicles in
human ovarian tissues [22]. The elasticity of the fibrin meshwork also provides extracellular
matrix-like stiffness to support follicle growth and development [23]. The mesh structure
further allows for the rapid and complete penetration of various nutrients, which can
provide different hormones and nutrients for each stage of follicular growth and maintain
the stability of the intrafollicular microenvironment [22-25].

The ultimate goal of an artificial ovary is re-transplantation into the human body.
Therefore, its components must be biologically safe and tolerable. The scaffold should
be degradable for follicle growth and migration, as folliculogenesis involves a change
in diameter from 19 to 30 um in the primordial stage and 100 to 110 um in the mature
stage. Scaffolds must also be resistant to human body temperature [26] and allow signals
to pass to the cells and microenvironment. The 3D matrix should be highly permeable to
allow for the diffusion of nutrients and signals in and out of the scaffold. Isolated follicles
are fragile but stable when embedded in 3D stents and are easy and safe to manipulate
without disrupting the follicular structure [27]. Tissue engineering using biomaterials
supporting artificial ovaries, ranging from natural (collagen, plasma clots, alginate, fibrin,
decellularized tissue, and others) to synthetic (polyethylene glycol, 3D-printed ovaries, and
others) polymers, has yielded promising results in animal research models [28-31]. Natural
polymers are not rigid enough to support mechanical structures. However, they also offer
advantages such as good cell adhesion, migration, and signal communication. Synthetic
polymers have excellent mechanical properties that allow them to act as supports when
transplanted into the human body [32].

We used only fibrin, instead of alginate, to demonstrate an artificial ovary matrix. This
is because fibrin is a natural component regularly present in the human body [33,34]. In
clinical practice, dermatologists usually use it to promote wound healing [35,36]. However,
alginate originates from plants, and is an artificial component [37,38]. Moreover, this
study represents preliminary research, before the clinical use of an artificial ovary. We
aimed to explore the follicle changes in the fibrin matrix after in vitro culture and as a pre-
clinical study. In terms of its prospects for clinical application, fibrin has more advantages
than alginate.

The artificial ovary model is novel in several respects. Fibrin scaffolds were fabri-
cated as a result of previous investigations [39-42]. However, the scaffolds were devised
differently, as they facilitated the determination of counts using Imaris software. Simulta-
neously, the special flat shape of the fibrin scaffold, and the use of suitable culture dishes
(Figure 3B), photography, and data acquisition allowed for tile scanning using inverted
confocal microscopy. Automatic counting is highly efficient and will be valuable for the
subsequent establishment of a multi-sample culture system. The fibrin scaffold that we
used supported follicle growth and development. The study findings highlight the po-
tential value of fibrin for future clinical applications as an artificial ovarian scaffold in
human pelvic and abdominal cavities. Fibrin is a Food and Drug Administration-approved
material for wound treatment. Accordingly, its safety and compatibility with humans have
been well-established [43-46].

This preclinical study is important for prepubertal girls with aggressive tumor metas-
tases, such as those with leukemia and lymphoma, which are two important pediatric can-
cers [47-49]. The main target function of the artificial ovary is to prevent the re-implantation
of malignant cells and mimic the function of the ovary. The approach described in the
present study could offer prepubertal girls the opportunity to conceive and recover en-
docrine functions without cyclic hormone replacement therapy.
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Ensuring that the follicle isolation process is free from malignant cell transfer is critical
for artificial ovaries as both follicles and malignant cells enter the digestive fluid. Follicles
can also be contaminated with malignant cells during the follicle selection process, and
these could be reimplanted into the artificial ovaries. Soares et al. [50] grafted 100 leukemic
cells into artificial ovaries and transplanted them into mice. Leukemia was not evident
after 20 weeks, and immunohistochemistry and polymerase chain reactions results were
negative using the recovered ovaries. The authors concluded that grafting 100 leukemic
cells was not sufficient to induce leukemia [50]. Another study verified that malignant
cells could be effectively eliminated by washing the follicles three times without affecting
their viability [51]. These results were confirmed by performing repeated experiments
using multicolor flow cytometry [52]. At present, it remains unclear how many malignant
cells must be implanted to cause cancer recurrence. There is no evidence that the load of
recurrence after implantation varies according to the tumor type. Therefore, future studies
should address these issues.

The constant level of estradiol in the culture medium after cultivation can be explained
by the large volume of this culture medium (4-5 mL) compared with the small volume
of all follicles (2 x 107® mL). The amount of estradiol 17-f involved in the metabolism of
follicles was below the physical sensitivity threshold of the device.

4. Materials and Methods

The process used for the artificial ovary process is detailed in Figure 4.

Tissue cutting and
dissociating by enzymes

Ovary retrieval surgery

®

—_— N & A
SR\

S 2

' =\
\ Collection of the primordial and
( \ primary follicles into eppendorf
prepubertal female | tubes.

with malignant tumors

10-15mins in
incubator.

Mix the F50 and T10 very
quickly and move to vortex Mix the unformatted liquid Fibrin Use 200ul tipps to drop
in 2-3minutes. with follicles suspension very the Fibrin-follicle- complex
quickly in 2minutes. liquid with pippette.
(20-30ul per drop)

Figure 4. Construction of the artificial ovary from tissue to scaffold.

4.1. Ethics Permission and Informed Consent Statement

This study was approved by the Ethics Boards of the University of Cologne (applica-
tions 999,184 and 13—147). Written informed consent was obtained from all participating
patients who underwent laparoscopic surgery at the Department of Gynecology and Ob-
stetrics of the University Hospital of Cologne.

4.2. Cryopreservation of Ovarian Tissue and Thawing

All acquired ovarian tissues were cryopreserved and stored in the cryobank of the
Maternal Hospital of Cologne University. According to the protocol approved by our
department, 10% of ovarian tissues collected from patients was used for “patient-oriented
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research” to assess tissue viability for re-transplantation. The cryopreservation of ovarian
cortex pieces (OCPs) was performed according to our previously published protocol, with
a 24h pre-cooling time added before freezing [53,54]. On the day of freezing, the OCPs were
placed in basal medium for 30 min at room temperature. After this, the OCPs were placed
into standard 5 mL cryovials (Thermo Fisher Scientific, Waltham, MA, USA) and frozen in
an IceCube 14S programmable freezer (Sy-Lab, Neupurkersdorf, Austria). For thawing,
the cryovial was held at room temperature in the air for 30 s before direct immersion in
a boiling water bath (100 °C) for 60 s. The thawed OCPs were immediately transferred
from the cryovials to 10 mL of thawing solution (basal medium containing 0.5 M sucrose).
After the stepwise dilution of the cryoprotectants, the OCPs were transferred to the basal
medium for 10 min.

4.3. Isolation of Follicles

An enzyme solution was prepared prior to cutting the tissue fragments. Two milliliters
of enzyme solution was needed for every 100 mg of tissue. The solution contained Liberase
DH (0.28 Wiinsch units/mL), DNase I (10 pug/mL), and Dulbecco’s phosphate-buffered
saline containing Mg?* and Ca?* [55]. Two No. 22 scalpels, one held in each hand, were
used to cut the ovarian tissue fragments in a Petri dish with a 5 cm diameter on ice.
Fragments were cut as quickly as possible until they formed a mash. The mashed tissue was
transferred to a centrifuge tube using a Pasteur pipette, and the prepared enzyme solution
was added. The mashed tissue was dispersed in the enzyme solution and shaken for 60 min
at 130 rpm in a 37 °C incubator, with mixing of the suspension every 15 min using a 1000 pL
pipette. Neutral red solution (working concentration 50 pg/mL) was added for 15 min
before the end of dissociation. Enzymatic digestion was inhibited via the addition of an
equal volume of L-15 medium containing 20% fetal calf serum at 4 °C. Isolated follicles were
collected with 125 um V-denuded capillaries (Vitromed GmbH, Jena, Germany) on a COOK
micropipette using a stereo microscope (Nikon, Tokyo, Japan). Oblique coherent contrast
was used to obtain the best three-dimensional perspective and to recognize follicles more
effectively. Follicle diameter was measured based on the basement membrane surrounding
the granulosa cell layer(s), which served as the follicular boundary [56,57]. The follicle
stage was classified as previously described [26,27] Primordial follicles (<60 pm) comprised
oocytes surrounded by a single layer of flattened pre-granulosa cells. Primary follicles (>60
to <75 um) comprised oocytes with a single layer of cuboidal granulosa cells. Secondary
follicles (>75 to <200 um) comprised at least two complete layers of granulosa cells. The
collected follicles were washed four times with pre-cooled basal medium to remove stromal
cells. The washed follicles were transferred to an Eppendorf tube and aspirated as much as
possible by pipetting. This enrichment step minimized the total amount of fluid in the tube
as the subsequent fibrin gels could be diluted.

4.4. Follicles Encapsulation and In Vitro Culture

TISSEEL Fibrin Sealant (Baxter International Inc., Deerfield, IL, USA) was used to
encapsulate the isolated follicles. Fibrinogen and thrombin at final concentrations of
45.5 mg/mL and 10 IU/mL, respectively, are desirable for optimal encapsulation. Both
components were quickly mixed in an Eppendorf tube using a pipette and vortexed. The
follicle solution (30-50 follicles for every artificial ovary) was then added dropwise (30 L)
to form a nearly gelatinous mixture. The mixture was then dropped into a Petri dish
designed for live cell imaging (WillCo Wells B.V, Amsterdam, The Netherlands). Follicles
were cultivated in alpha-modified Eagle’s minimum essential medium (x-MEM, Gibco BRL;
Life Technologies, Carlsbad, CA, USA) supplemented with 15% fetal calf serum, 2 mmol
L-glutamine (Gibco BRL), insulin-transferrin-sodium selenite supplement (ITSE; Sigma-
Aldrich, St. Louis, MO, USA), ascorbic acid (50 ng/mL), 100 IU/mL penicillin, 0.1 mg/mL
streptomycin, and 300 mIU/mL human recombinant follicle stimulation hormone (Gonal
F®; Serono Pharma GmbH, Munich, Germany) in a humidified incubator in a 5% CO,
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atmosphere at 37 °C [55]. Half the volume of the medium was changed every 48 h and all
the artificial ovary samples were cultured for 7 days.

4.5. Artificial Ovary Imaging

Optimal microscopy of the neutral red-stained tissue was used to evaluate follicle
morphology. Details of the 3D imaging in the Ph0.4 mode are provided in Supplementary
Figure S1. The shape differences and layer differences could be distinguished with bright
field images using Ph0.4 mode on Zeiss Anxiovert 40 CFL microscopes. this is a phase
contrast setting in a bright field, and all the cells shapes and follicle sizes can be distin-
guished (Supplementary Figure S1C,D). In addition, under the stereoscope (Nikon SMZ18)
in OCC mode (see the detailed parameters in Supplementary Figure S1A,B), it was possible
to distinguish cell shapes and follicle layers.

Follicles were stained with RedDot™ (Biotium, Biotechnology company in Fremont,
CA, USA), as shown in Figure 3 and Supplementary Video S1, which is a fluorescence
marker with AEx/AEm = 662/694 nm (with DNA), for detection in the Cy5 channel. Red-
Dot™1 is a far-red cell membrane-permeant nuclear dye similar to Drag5™. This dye is
ideal for specifically staining the nuclei of live cells. Confocal microscopy was performed
using an LSM 710 microscope (Carl Zeiss, Jena, Germany) with a 3D imaging setup com-
prising tiles scanning and a transmission depth from 300-500 um. Photographs were taken
at 4 um intervals. The original microscopy data were analyzed using Imaris 9.0 software.
Imaris imaging reconstruction and analysis were performed using the “Surpass” and “3D
view” modes. The threshold was changed to improve the accuracy of follicle identification.
RedDot fluorescence staining was used to detect the live cells.

5. Conclusions

The artificial ovary, constructed as described in the present study allows primordial
follicles to enter the growth cycle after being activated and supports their further growth
into secondary follicles. The fibrin scaffold is a potentially valuable means to protect
the fertility of prepubertal girls with malignant tumors by preserving the developmental
potential of the primordial germ cells.

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/ijms232012419/s1.

Author Contributions: Conceptualization, V.I. and W.W.; methodology, E.I., G.R. and C.P.; vali-
dation, Y.Z. and M.W.; formal analysis, WW., W.L. and M.W.; investigation E.I, V.I. and WW,;
writing—original draft preparation, C.P. and W.W.; writing—review and editing, V.I. and E.L; visual-
ization, C.P. and W.W.,; supervision, V.I. and G.R.; project administration, V.I. and PM. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Ethics Committee in the University of Cologne (applications 999,184
and 13-147).

Informed Consent Statement: Written informed consent was obtained from all participating patients
who underwent laparoscopic surgery at the Department for Gynecology and Obstetrics of the
University Hospital of Cologne.

Data Availability Statement: The data used to support the findings of this study are included in
the article.

Acknowledgments: The women who donated their ovarian tissue for research are greatly appreciated.
The authors would like to thank Elvira Hilger and Mohammad Karbassian for technical support in
sample manipulation. The authors are also thankful to the Astrid Schauss and Christian Juengst in
CECAD Imaging facility at the University of Cologne for confocal microscopy.

Conflicts of Interest: The authors declare no conflict of interest.


https://www.mdpi.com/article/10.3390/ijms232012419/s1
https://www.mdpi.com/article/10.3390/ijms232012419/s1

Int. . Mol. Sci. 2022, 23, 12419 9of11

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Bejarano-Quisoboni, D.; Pelletier-Fleury, N.; Allodji, R.S.; Lacour, B.; GrosClaude, P.; Pacquement, H.; Doz, E; Berchery, D.;
Pluchart, C.; Bondiau, P.Y;; et al. Health care expenditures among long-term survivors of pediatric solid tumors: Results from the
French Childhood Cancer Survivor Study (FCCSS) and the French network of cancer registries (FRANCIM). PLoS ONE 2022,
17, €0267317. [CrossRef] [PubMed]

Brown, M.C.; Levitt, G.A.; Frey, E.; Bardi, E.; Haupt, R.; Hjorth, L.; Kremer, L.; Kuehni, C.E.; Lettner, C.; Mulder, R.L.; et al. The
views of European clinicians on guidelines for long-term follow-up of childhood cancer survivors. Pediatr. Blood Cancer 2015, 62,
322-328. [CrossRef] [PubMed]

Hawkins, M.M.; Lancashire, E.R.; Winter, D.L.; Frobisher, C.; Reulen, R.C.; Taylor, A.].; Stevens, M.C.; Jenney, M. The British
Childhood Cancer Survivor Study: Objectives, methods, population structure, response rates and initial descriptive information.
Pediatr. Blood Cancer 2008, 50, 1018-1025. [CrossRef] [PubMed]

Hoogendijk, R.; van der Lugt, ].; van Vuurden, D.; Kremer, L.; Wesseling, P.; Hoving, E.; Karim-Kos, H.E. Survival rates of children
and young adolescents with CNS tumors improved in the Netherlands since 1990: A population-based study. Neurooncol. Adv.
2022, 4, vdab183. [CrossRef] [PubMed]

Meernik, C.; Mersereau, J.E.; Baggett, C.D.; Engel, S.M.; Moy, L.M.; Cannizzaro, N.T.; Peavey, M.; Kushi, L.H.; Chao, C.R.; Nichols,
H.B. Fertility Preservation and Financial Hardship among Adolescent and Young Adult Women with Cancer. Cancer Epidemiol.
Biomark. Prev. 2022, 31, 1043-1051. [CrossRef] [PubMed]

Rodriguez-Wallberg, K.A.; Milenkovic, M.; Papaikonomou, K.; Keros, V.; Gustafsson, B.; Sergouniotis, F.; Wikander, I.; Perot, R.;
Borgstrom, B.; Ljungman, P; et al. Successful pregnancies after transplantation of ovarian tissue retrieved and cryopreserved at
time of childhood acute lymphoblastic leukemia—A case report. Haematologica 2021, 106, 2783-2787. [CrossRef] [PubMed]

Di Tucci, C.; Galati, G.; Mattei, G.; Chine, A.; Fracassi, A.; Muzii, L. Fertility after Cancer: Risks and Successes. Cancers 2022,
14, 2500. [CrossRef]

Khattak, H.; Amorim, C.A. What are my options? Fertility preservation methods for young girls and women. Fertil. Steril. 2022,
117,1277-1278. [CrossRef]

Burnik Papler, T.; Vrtacnik Bokal, E.; Jan¢ar, N. Female reproductive potential after oncological treatment: A rare case report of
acute myeloid leukemia in monozygotic twin sisters with literature review. J. Ovarian Res. 2020, 13, 2. [CrossRef]

Nguyen, T.Y.T.; Cacciottola, L.; Camboni, A.; Ravau, J.; De Vos, M.; Demeestere, 1.; Donnez, J.; Dolmans, M.M. Ovarian tissue
cryopreservation and transplantation in patients with central nervous system tumours. Hum. Reprod. 2021, 36, 1296-1309.
[CrossRef]

Anderson, R.A.; Cui, W. Improving analysis of ovarian function and female fertility in cancer survivors. Fertil. Steril. 2022, 117,
1057-1058. [CrossRef] [PubMed]

Mahmood, S.; Drakeley, A.; Homburg, R.; Bambang, K. Fertility Preservation in Female Patients with Cancer. Clin. Oncol. 2022,
34, 508-513. [CrossRef] [PubMed]

Zver, T,; Frontczak, S.; Poirot, C.; Rives-Feraille, A.; Leroy-Martin, B.; Koscinski, I.; Arbez-Gindre, F.; Garnache-Ottou, F.; Roux, C.;
Amiot, C. Minimal residual disease detection by multicolor flow cytometry in cryopreserved ovarian tissue from leukemia
patients. J. Ovarian Res. 2022, 15, 9. [CrossRef] [PubMed]

Chen, J.; Torres-de la Roche, L.A.; Kahlert, U.D.; Isachenko, V.; Huang, H.; Hennefriind, J.; Yan, X.; Chen, Q.; Shi, W.; Li, Y.
Artificial Ovary for Young Female Breast Cancer Patients. Front. Med. 2022, 9, 837022. [CrossRef] [PubMed]

Picton, H.M. Therapeutic Potential of In Vitro-Derived Oocytes for the Restoration and Treatment of Female Fertility. Annu. Rev.
Anim. Biosci. 2022, 10, 281-301. [CrossRef]

Xiao, S.; Coppeta, J.R.; Rogers, H.B.; Isenberg, B.C.; Zhu, J.; Olalekan, S.A.; McKinnon, K.E.; Dokic, D.; Rashedi, A.S,;
Haisenleder, D.J.; et al. A microfluidic culture model of the human reproductive tract and 28-day menstrual cycle. Nat. Commun.
2017, 8, 14584. [CrossRef]

Dadashzadeh, A.; Moghassemi, S.; Shavandi, A.; Amorim, C.A. A review on biomaterials for ovarian tissue engineering. Acta
Biomater. 2021, 135, 48-63. [CrossRef]

Mousset-Simedn, N.; Jouannet, P.; Le Cointre, L.; Coussieu, C.; Poirot, C. Comparison of three in vitro culture systems for
maturation of early preantral mouse ovarian follicles. Zygote 2005, 13, 167-175. [CrossRef]

Yoshino, T.; Suzuki, T.; Nagamatsu, G.; Yabukami, H.; Ikegaya, M.; Kishima, M.; Kita, H.; Imamura, T.; Nakashima, K,
Nishinakamura, R.; et al. Generation of ovarian follicles from mouse pluripotent stem cells. Science 2021, 373, eabe0237.
[CrossRef]

Telfer, E.E. Future developments: In vitro growth (IVG) of human ovarian follicles. Acta Obstet. Gynecol. Scand. 2019, 98, 653—-658.
[CrossRef]

Xu, M.; West, E.; Shea, L.D.; Woodruff, T.K. Identification of a stage-specific permissive in vitro culture environment for follicle
growth and oocyte development. Biol. Reprod. 2006, 75, 916-923. [CrossRef] [PubMed]

Ouni, E.; Bouzin, C.; Dolmans, M.M.; Marbaix, E.; Pyr dit Ruys, S.; Vertommen, D.; Amorim, C.A. Spatiotemporal changes in
mechanical matrisome components of the human ovary from prepuberty to menopause. Hum. Reprod. 2020, 35, 1391-1410.
[CrossRef] [PubMed]

Felder, S.; Masasa, H.; Orenbuch, A.; Levaot, N.; Shachar Goldenberg, M.; Cohen, S. Reconstruction of the ovary microenvironment
utilizing macroporous scaffold with affinity-bound growth factors. Biomaterials 2019, 205, 11-22. [CrossRef] [PubMed]


http://doi.org/10.1371/journal.pone.0267317
http://www.ncbi.nlm.nih.gov/pubmed/35617253
http://doi.org/10.1002/pbc.25310
http://www.ncbi.nlm.nih.gov/pubmed/25382221
http://doi.org/10.1002/pbc.21335
http://www.ncbi.nlm.nih.gov/pubmed/17849473
http://doi.org/10.1093/noajnl/vdab183
http://www.ncbi.nlm.nih.gov/pubmed/35591979
http://doi.org/10.1158/1055-9965.EPI-21-1305
http://www.ncbi.nlm.nih.gov/pubmed/35506248
http://doi.org/10.3324/haematol.2021.278828
http://www.ncbi.nlm.nih.gov/pubmed/34233451
http://doi.org/10.3390/cancers14102500
http://doi.org/10.1016/j.fertnstert.2022.04.010
http://doi.org/10.1186/s13048-019-0607-0
http://doi.org/10.1093/humrep/deaa353
http://doi.org/10.1016/j.fertnstert.2022.02.031
http://www.ncbi.nlm.nih.gov/pubmed/35512967
http://doi.org/10.1016/j.clon.2022.03.021
http://www.ncbi.nlm.nih.gov/pubmed/35491364
http://doi.org/10.1186/s13048-021-00936-4
http://www.ncbi.nlm.nih.gov/pubmed/35042558
http://doi.org/10.3389/fmed.2022.837022
http://www.ncbi.nlm.nih.gov/pubmed/35372399
http://doi.org/10.1146/annurev-animal-020420-030319
http://doi.org/10.1038/ncomms14584
http://doi.org/10.1016/j.actbio.2021.08.026
http://doi.org/10.1017/S0967199405003151
http://doi.org/10.1126/science.abe0237
http://doi.org/10.1111/aogs.13592
http://doi.org/10.1095/biolreprod.106.054833
http://www.ncbi.nlm.nih.gov/pubmed/16957022
http://doi.org/10.1093/humrep/deaa100
http://www.ncbi.nlm.nih.gov/pubmed/32539154
http://doi.org/10.1016/j.biomaterials.2019.03.013
http://www.ncbi.nlm.nih.gov/pubmed/30901634

Int. . Mol. Sci. 2022, 23, 12419 10 of 11

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Wu, T,; Gao, Y.Y,; Su, J.; Tang, X.N.; Chen, Q.; Ma, LW.; Zhang, J.].; Wu, ].M.; Wang, S.X. Three-dimensional bioprinting of
artificial ovaries by an extrusion-based method using gelatin-methacryloyl bioink. Climacteric 2022, 25, 170-178. [CrossRef]
Nagyova, E.; Némcova, L.; Camaioni, A. Cumulus Extracellular Matrix Is an Important Part of Oocyte Microenvironment in
Ovarian Follicles: Its Remodeling and Proteolytic Degradation. Int. J. Mol. Sci. 2021, 23, 54. [CrossRef]

Chen, J.; Todorov, P.; Isachenko, E.; Rahimi, G.; Mallmann, P,; Isachenko, V. Construction and cryopreservation of an artificial
ovary in cancer patients as an element of cancer therapy and a promising approach to fertility restoration. Hum. Fertil. 2021, 1-21.
[CrossRef]

Jones, A.S.K.; Shikanov, A. Ovarian tissue cryopreservation and novel bioengineering approaches for fertility preservation. Curr.
Breast Cancer Rep. 2020, 12, 351-360. [CrossRef]

Telfer, E.; Torrance, C.; Gosden, R.G. Morphological study of cultured preantral ovarian follicles of mice after transplantation
under the kidney capsule. J. Reprod. Fertil. 1990, 89, 565-571. [CrossRef]

Gosden, R.G. Restitution of fertility in sterilized mice by transferring primordial ovarian follicles. Hum. Reprod. 1990, 5, 499-504.
[CrossRef]

Dolmans, M.M.; Martinez-Madrid, B.; Gadisseux, E.; Guiot, Y.; Yuan, W.Y.; Torre, A.; Camboni, A.; Van Langendonckt, A.;
Donnez, J. Short-term transplantation of isolated human ovarian follicles and cortical tissue into nude mice. Reproduction 2007,
134, 253-262. [CrossRef]

Dolmans, M.M.; Yuan, W.Y.; Camboni, A.; Torre, A.; Van Langendonckt, A.; Martinez-Madrid, B.; Donnez, J. Development of
antral follicles after xenografting of isolated small human preantral follicles. Reprod. Biomed. Online 2008, 16, 705-711. [CrossRef]
Reddy, M.S.B.; Ponnamma, D.; Choudhary, R.; Sadasivuni, K.K. A Comparative Review of Natural and Synthetic Biopolymer
Composite Scaffolds. Polymers 2021, 13, 1105. [CrossRef] [PubMed]

Klegerman, M.E.; Moody, M.R.; Huang, S.L.; Peng, T.; Laing, S.T.; Govindarajan, V.; Danila, D.; Tahanan, A.; Rahbar, M.H.;
Vela, D.; et al. Demonstration of ultrasound-mediated therapeutic delivery of fibrin-targeted pioglitazone-loaded echogenic
liposomes into the arterial bed for attenuation of peri-stent restenosis. J. Drug Target 2022, 9, 1-10. [CrossRef] [PubMed]

Reis, C.H.B.; Buchaim, D.V,; Ortiz, A.C.; Fideles, S.O.M.; Dias, ]J.A.; Miglino, M.A.; Teixeira, D.B.; Pereira, E.; da Cunha, M.R,;
Buchaim, R.L. Application of Fibrin Associated with Photobiomodulation as a Promising Strategy to Improve Regeneration in
Tissue Engineering: A Systematic Review. Polymers 2022, 14, 3150. [CrossRef] [PubMed]

Pleguezuelos-Beltran, P.; Galvez-Martin, P.; Nieto-Garcia, D.; Marchal, J.A.; Lopez-Ruiz, E. Advances in spray products for skin
regeneration. Bioact. Mater. 2022, 16, 187-203. [CrossRef] [PubMed]

Singh, M.; Akkaya, S.; Preufs, M.; Rademacher, F.; Tohidnezhad, M.; Kubo, Y.; Behrendt, P.; Weitkamp, ].T.; Wedel, T.; Lucius, R,;
et al. Platelet-Released Growth Factors Influence Wound Healing-Associated Genes in Human Keratinocytes and Ex Vivo Skin
Explants. Int. J. Mol. Sci. 2022, 23, 2827. [CrossRef]

Szczech, M.; Maciorowski, R. Microencapsulation Technique with Organic Additives for Biocontrol Agents. J. Hortic. Res. 2016,
24,111-122. [CrossRef]

Pawar, S.N.; Edgar, KJ. Alginate derivatization: A review of chemistry, properties and applications. Biomaterials 2012, 33,
3279-3305. [CrossRef]

Chiti, M.C.; Dolmans, M.M.; Mortiaux, L.; Zhuge, F; Ouni, E.; Shahri, P.A K.; Van Ruymbeke, E.; Champagne, S.D.; Donnez, J.;
Amorim, C.A. A novel fibrin-based artificial ovary prototype resembling human ovarian tissue in terms of architecture and
rigidity. J. Assist. Reprod. Genet. 2018, 35, 41-48. [CrossRef]

Chiti, M.C.; Dolmans, M.M.; Hobeika, M.; Cernogoraz, A.; Donnez, J.; Amorim, C.A. A modified and tailored human follicle
isolation procedure improves follicle recovery and survival. J. Ovarian Res. 2017, 10, 71. [CrossRef]

Chiti, M.C.; Dolmans, M.M.; Lucci, C.M.; Paulini, F.; Donnez, J.; Amorim, C.A. Further insights into the impact of mouse follicle
stage on graft outcome in an artificial ovary environment. Mol. Hum. Reprod. 2017, 23, 381-392. [CrossRef] [PubMed]

Chiti, M.C.; Dolmans, M.M.; Orellana, O.; Soares, M.; Paulini, F.; Donnez, J.; Amorim, C.A. Influence of follicle stage on artificial
ovary outcome using fibrin as a matrix. Hum. Reprod. 2016, 31, 2898. [CrossRef] [PubMed]

Beudert, M.; Gutmann, M.; Lithmann, T.; Meinel, L. Fibrin Sealants: Challenges and Solutions. ACS Biomater. Sci. Eng. 2022, 8,
2220-2231. [CrossRef] [PubMed]

Bodega, F.; Sironi, C.; Zocchi, L.; Porta, C. Optimization of Fibrin Scaffolds to Study Friction in Cultured Mesothelial Cells. Int. ].
Mol. Sci. 2022, 23, 4980. [CrossRef] [PubMed]

Mounsif, M.; Smouni, EE.; Bouziane, A. Fibrin sealant versus sutures in periodontal surgery: A systematic review. Ann. Med.
Surg. 2022, 76, 103539. [CrossRef] [PubMed]

Morris, M.P,; Patel, V.; Christopher, A.N.; Broach, R.; Harbison, S.P.; Fischer, J.P. Three-Year Clinical Outcomes and Quality of Life
after Retromuscular Resorbable Mesh Repair Using Fibrin Glue. Plast Reconstr. Surg. 2022, 149, 1440-1447. [CrossRef]

Salama, M.; Anazodo, A.; Woodruff, T.K. Preserving fertility in female patients with hematological malignancies: The key points.
Expert Rev. Hematol. 2019, 12, 375-377. [CrossRef]

Salama, M.; Anazodo, A.; Woodruff, TK. Preserving fertility in female patients with hematological malignancies: A multidisci-
plinary oncofertility approach. Ann. Oncol. 2019, 30, 1760-1775. [CrossRef]

Li, J.T; Liu, J.J.; Song, Z.W.; Lu, X.L.; Wang, H.X.; Zhang, ].M. Targeting against the activity of the NLRP3 inflammasome is a
potential therapy for rat testicular tissue cryopreservation and transplantation. Andrologia 2021, 53, e14223. [CrossRef]


http://doi.org/10.1080/13697137.2021.1921726
http://doi.org/10.3390/ijms23010054
http://doi.org/10.1080/14647273.2021.1885756
http://doi.org/10.1007/s12609-020-00390-z
http://doi.org/10.1530/jrf.0.0890565
http://doi.org/10.1093/oxfordjournals.humrep.a137132
http://doi.org/10.1530/REP-07-0131
http://doi.org/10.1016/S1472-6483(10)60485-3
http://doi.org/10.3390/polym13071105
http://www.ncbi.nlm.nih.gov/pubmed/33808492
http://doi.org/10.1080/1061186X.2022.2110251
http://www.ncbi.nlm.nih.gov/pubmed/35938912
http://doi.org/10.3390/polym14153150
http://www.ncbi.nlm.nih.gov/pubmed/35956667
http://doi.org/10.1016/j.bioactmat.2022.02.023
http://www.ncbi.nlm.nih.gov/pubmed/35386328
http://doi.org/10.3390/ijms23052827
http://doi.org/10.1515/johr-2016-0013
http://doi.org/10.1016/j.biomaterials.2012.01.007
http://doi.org/10.1007/s10815-017-1091-3
http://doi.org/10.1186/s13048-017-0366-8
http://doi.org/10.1093/molehr/gax016
http://www.ncbi.nlm.nih.gov/pubmed/28333304
http://doi.org/10.1093/humrep/dew254
http://www.ncbi.nlm.nih.gov/pubmed/27856918
http://doi.org/10.1021/acsbiomaterials.1c01437
http://www.ncbi.nlm.nih.gov/pubmed/35610572
http://doi.org/10.3390/ijms23094980
http://www.ncbi.nlm.nih.gov/pubmed/35563371
http://doi.org/10.1016/j.amsu.2022.103539
http://www.ncbi.nlm.nih.gov/pubmed/35495382
http://doi.org/10.1097/PRS.0000000000009125
http://doi.org/10.1080/17474086.2019.1613150
http://doi.org/10.1093/annonc/mdz284
http://doi.org/10.1111/and.14223

Int. . Mol. Sci. 2022, 23, 12419 11 of 11

50.

51.

52.

53.

54.

55.

56.

57.

Soares, M.; Saussoy, P.; Sahrari, K.; Amorim, C.A.; Donnez, J.; Dolmans, M.M. Is transplantation of a few leukemic cells inside an
artificial ovary able to induce leukemia in an experimental model? J. Assist. Reprod. Genet. 2015, 32, 597-606. [CrossRef]

Soares, M.; Sahrari, K.; Amorim, C.A.; Saussoy, P; Donnez, J.; Dolmans, M.M. Evaluation of a human ovarian follicle isolation
technique to obtain disease-free follicle suspensions before safely grafting to cancer patients. Fertil. Steril. 2015, 104, 672-680.e672.
[CrossRef] [PubMed]

Mouloungui, E.; Zver, T.; Roux, C.; Amiot, C. A protocol to isolate and qualify purified human preantral follicles in cases of acute
leukemia, for future clinical applications. J. Ovarian Res. 2018, 11, 4. [CrossRef] [PubMed]

Isachenko, V.; Todorov, P; Isachenko, E.; Rahimi, G.; Tchorbanov, A.; Mihaylova, N.; Manoylov, I.; Mallmann, P.; Merzenich,
M. Long-Time Cooling before Cryopreservation Decreased Translocation of Phosphatidylserine (Ptd-L-Ser) in Human Ovarian
Tissue. PLoS ONE 2015, 10, €0129108. [CrossRef] [PubMed]

Wang, W.; Salama, M.; Todorov, P,; Spitkovsky, D.; Isachenko, E.; Bongaarts, R.; Rahimi, G.; Mallmann, P.; Sukhikh, G.; Isachenko,
V. New method of FACS analyzing and sorting of intact whole ovarian fragments (COPAS) after long time (24 h) cooling to 5 °C
before cryopreservation. Cell Tissue Bank. 2021, 22, 487—498. [CrossRef]

Yin, H.; Kristensen, S.G.; Jiang, H.; Rasmussen, A.; Andersen, C.Y. Survival and growth of isolated pre-antral follicles from human
ovarian medulla tissue during long-term 3D culture. Hum. Reprod. 2016, 31, 1531-1539. [CrossRef]

Gougeon, A. Regulation of ovarian follicular development in primates: Facts and hypotheses. Endocr. Rev. 1996, 17, 121-155.
[CrossRef]

Fortune, J.E. The early stages of follicular development: Activation of primordial follicles and growth of preantral follicles. Anim.
Reprod. Sci. 2003, 78, 135-163. [CrossRef]


http://doi.org/10.1007/s10815-015-0438-x
http://doi.org/10.1016/j.fertnstert.2015.05.021
http://www.ncbi.nlm.nih.gov/pubmed/26095134
http://doi.org/10.1186/s13048-017-0376-6
http://www.ncbi.nlm.nih.gov/pubmed/29304838
http://doi.org/10.1371/journal.pone.0129108
http://www.ncbi.nlm.nih.gov/pubmed/26083026
http://doi.org/10.1007/s10561-020-09898-1
http://doi.org/10.1093/humrep/dew049
http://doi.org/10.1210/edrv-17-2-121
http://doi.org/10.1016/S0378-4320(03)00088-5

	Introduction 
	Results 
	Discussion 
	Materials and Methods 
	Ethics Permission and Informed Consent Statement 
	Cryopreservation of Ovarian Tissue and Thawing 
	Isolation of Follicles 
	Follicles Encapsulation and In Vitro Culture 
	Artificial Ovary Imaging 

	Conclusions 
	References

