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Abstract

Transplantation of ovary is one method of facilitating fertility preservation to increase the quality
of life of cancer survivors. Immediately after transplantation, ovaries are under ischemic conditions
owing to a lack of vascular anastomosis between the graft and host tissues. The transplanted
ovaries can suffer damage because of lack of oxygen and nutrients, resulting in necrosis and
dysfunction. In the technique proposed in this paper, the ovary is encapsulated with nitric
oxide-releasing nanoparticles (NO-NPs) in fibrin hydrogels, which form a carrying matrix to
prevent ischemic damage and accelerate angiogenesis. The low concentration of NO released from
mPEG-PLGA nanoparticles elicits blood vessel formation, which allows transplanted ovaries in the
subcutis to recover from the ischemic period. In experiments with mice, the NO-NPs/fibrin
hydrogel improved the total number and quality of ovarian follicles after transplantation. The
intra-ovarian vascular density was 4.78 folds higher for the NO-NPs/fibrin hydrogel groups
compared to that for the nontreated groups. Finally, in vitro fertilization revealed a successful
blastocyst formation rate for NO-NPs/fibrin hydrogel coated ovaries. Thus, NO-NPs/fibrin
hydrogels can provide an appropriate milieu to promote angiogenesis and be considered as
adjuvant surgery materials for fertility preservation.

1. Introduction

Fertility preservation has been implemented in female
cancer patients, adolescents, transgender men, and
individuals suffering from age-related fertility loss.
Recently, cancer therapy has become more success-
ful because of advances in the drug industry and sur-
gical techniques worldwide [1, 2]. However, chemo-
therapy can affect reproductive organs by inducing
gonadotoxicity [3]. Loss of fertility after cancer ther-
apy can be a critical issue affecting the quality of
life of cancer survivors. Ovarian tissue cryopreserva-
tion is an alternative fertility preservation method for

© 2021 IOP Publishing Ltd

female patients [4]. To date, numerous attempts have
been made to improve ovarian function after frozen—
thawed ovarian tissue transplantation (OTT) [5, 6].
Although successful ovarian functional recovery and
live births have been reported [7-12], improving this
technique remains necessary for better ovarian func-
tion and follicle survival. Ischemic injury is a major
cause of ovarian damage because of the absence of
vessels supplying oxygen and nutrients after OTT
[13]. The main limitation of OTT (or whole ovary
transplantation) is poor angiogenesis resulting from
the difficulty in connecting blood vessels during the
procedure.
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Angiogenesis is the formation of new blood
vessels by sprouting cells from pre-existing vessels.
Successful angiogenesis and anastomosis are cru-
cial to integrating transplanted tissues or scaffold.
Enhancement of angiogenesis is the key to retriev-
ing the function of ovaries because they are vulner-
able to post-transplantation ischemia [14]. Several
studies have revealed that angiogenesis induction
helps with regaining reproductive functions and
reducing ovarian damages after transplantation in
mouse models using angiogenic factors [15, 16].
One of the endogenous gasotransmitters, NO can
be synthesized using various nitric oxide synthases
(NOS) in mammalian cells with stepwise oxida-
tion of L-arginine. NO has been linked to angiogen-
esis, vasodilation, apoptosis, and antibacterial effic-
acy, depending on its concentration, emerging as
sources for tissue engineering and clinical applica-
tions, which have involved in cyclic guanosine mono-
phosphate (cGMP)-dependent or independent path-
ways [17-19].

Since angiogenesis can occur at a low level of NO
and synthetic NO donors have burst release beha-
vior, controlled release has been researched via bio-
materials to facilitate its biological functions such
as therapeutic angiogenesis [20]. For exogenous NO
delivery, therapeutic angiogenesis can be efficiently
and sustainably induced by polymeric carriers, for
example, PLGA (poly(lactic-co-glycolic acid)), PEG
(poly-ethylene glycol), PCL (poly(e-caprolactone),
and chitosan-based materials [21-24]. In particular,
mPEG (methoxy PEG), PLGA, and their copolymer
have been researched as polymeric carriers that can
be applied to wound repair and the regeneration of
vascular tissue and bone [25-27]. These regenera-
tions can be achieved by prerequisite angiogenesis
because of the importance of blood vessels to tis-
sues. For example, a PEG-based hydrogel is a suitable
ovarian tissue supporting materials [28, 29]. In addi-
tion, NO delivery considerably affects follicle devel-
opment, oocyte competence, maturation, fertiliza-
tion, aging, and embryo development [30].

Biocompatible polymers have been proposed
as candidates for alternative tissue scaffolds, nano-
or micro-sized vehicles for delivering bioactive
molecules, and cell-laden materials for approaches in
tissue engineering [ 19]. Polymer-based materials have
been used as additives for enhancing the reproductive
functions of ovarian tissue and follicles such as PEG,
alginate, collagen, fibrin, and gelatin [31, 32]. Among
these, fibrin products are well qualified for tissue
engineering and have been approved for biomed-
ical use by the U.S. Food and Drug Administration.
The use of fibrin hydrogel in reproductive medicine
is also the primary option, either as an additive to
transplanted ovaries or for the fabrication of artifi-
cial ovaries. Fibrin hydrogel with vascular endothelial
growth factors (VEGF) has been reported to encapsu-
late the transplanted ovaries, promoting angiogenesis
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and ovarian graft survival [33]. In addition, fibrin
provides an appropriate milieu for surrounding the
in vitro culture of ovarian follicles for fertility preser-
vation [34, 35].

In general, polymeric nanoparticles embedded
fibrin hydrogel can take advantage of the charac-
teristics of nanoparticles and fibrin hydrogel. It
is important to deliver the angiogenic factors loc-
ally at the transplanted ovaries to enable the trans-
plants to regain their function as reproductive organ.
Therefore, we utilized NO-releasing nanoparticles
(NO-NPs) embedded in the fibrin hydrogel scaf-
fold to induce angiogenesis to prevent ischemic
damage in the initial period after ovarian trans-
plantation in a mouse in this study (figure 1).
The self-assembled NO-releasing mPEG-PLGA-NPs
(methoxy poly(ethylene glycol)-b-poly(lactic-co-
glycolic acid)-NPs) were prepared via a conventional
double-emulsion method. Autotransplantation of
the whole ovary with NO-NPs/fibrin hydrogels was
implemented to investigate the effect of NO and fib-
rin hydrogels on the angiogenesis of the grafts.

2. Materials and methods

2.1. Materials

mPEG (MW 2000) and diethylenetriamine (DETA)
NONOate (DETA NONOate acts as an NO
donor.) were purchased from Acros Organics (Gael,
Belgium). Tin (II) 2-ethylhexanoate, lactide, and
glycolide were purchased from Sigma Aldrich
(St. Louis, MO, USA). Polyvinyl alcohol (PVA) was
obtained from Junsei Chemical (Tokyo, Japan). Fib-
rinogen and thrombin from human plasma were
purchased from Sigma Aldrich (St. Louis, MO, USA).
Other chemicals and organic solvents were purchased
from Sigma Aldrich.

2.2. Preparation of nitric oxide-releasing
mPEG-PLGA nanoparticles

The mPEG-PLGA copolymer and NO-releasing
mPEG-PLGA nanoparticles were prepared according
to previously reported methods [36]. The mPEG-
PLGA copolymers were polymerized by ring-opening
polymerization of lactide and glycolide, catalyzed
by Tin (II) 2-ethylhexanoate (0.05 wt % of the
total monomer), with mPEG as a macro initi-
ator. The mPEG-PLGA NPs with DETA NONOate
were prepared by a conventional double-emulsion
method. In brief, the dried mPEG-PLGA copoly-
mer (20 mg ml~!) was dissolved in dichlorometh-
ane, mixed with the NO donor solution (5 wt% in
10 mM NaOH), and emulsified using a probe sonic-
ator for 3 min. The emulsion was poured into 2% PVA
solution and re-emulsified using the same method for
5 min. The emulsion mixed with 0.6% PVA solution
was then vigorously stirred for 1 h at room temper-
ature to evaporate the organic solvent. The nano-
particles were filtered and washed at least three times



10P Publishing

Biofabrication 14 (2022) 011001

C Yang et al

/1 Fibrin Hydrogel
Matrix

| *" » \ |

TR NO-releasing mPEG-PLGA nanoparticles

I Host Tissue

= Mitric Oxide

Figure 1. Schematic illustration of nitric oxide (NO)-releasing nanoparticles in fibrin hydrogel coated ovaries. The NO-releasing
nanoparticles release NO in a fibrin hydrogel matrix to the periphery area of the ovaries, eliciting angiogenesis from host

pre-existing vasculatures.

with deionized water. The obtained NO-NPs were
lyophilized for 3 d and stored at —20 °C before use.

2.3. Characterizations of mPEG-PLGA copolymers
and NO-NPs

2.3.1. Structural analysis by spectroscopy

The polymers were characterized using proton nuc-
lear magnetic resonance spectrometry (\H NMR;
Bruker ADVANCE II 400, Billerica, MA, USA) with
chloroform as a solvent to confirm the existence of
mPEG-PLGA copolymer structures. Chemical shifts
(6 value) were given in parts per million (ppm).
A Fourier-transform infrared spectrometer (FTIR;
SpectrumGX, Perkin-Elmer, Waltham, MA., USA)
was used to measure the copolymer structure.

2.3.2. Morphological analysis and size distribution
The observation of the NPs was carried out using
transmission electron microscopy (TEM; JEM-3100,
Jeol Ltd, Japan). Negative staining with sodium phos-
photungstic acid solution (1%) was conducted to pre-
treat the NPs. The size distribution was measured
using a Zeta sizer (Malvern Instruments Ltd, Malvern,
UK) with a fixed scattering angle of 173° at 25 °C, and
all samples were dispersed in deionized water.

2.3.3. Measurement of NO release
NO levels from the NO-NPs were measured using a
standard Griess assay with a nitrite/nitrate assay kit

3

(Sigma-Aldrich, St. Louis, MO, USA) according to
the manufacturer’s protocol under normal physiolo-
gical conditions. First, NO-NPs were dissolved in
Dulbecco’s phosphate buffered saline (DPBS, Biow-
est, Riverside, MO, USA). The mixture was placed
in a dialysis bag (Cellu-Sep 5000 MWCO) to freely
diffuse the NO. In the case of NO-NPs/fibrin hydro-
gel, fibrinogen and thrombin (containing NO-NPs)
were put in the dialysis bag, then, the solution was
carefully mixed. The dialysis bag was immersed in
DPBS and maintained at 37 °C. At each time point,
100 pl of the sample were taken. Nitrate reductase
and the enzyme cofactor, in an amount prescribed
by instructions, were added to the solution, then,
the samples were incubated at room temperature for
30 min with gentle shaking. The nitrate reductase
reduces the nitrate to nitrite. Griess reagents were
then added to the samples, which were incubated for
30 min with gentle orbital shaking. The total con-
centrations of nitrate and nitrite were determined by
measuring the absorbance at 540 nm and computing
the standard curve at different time points.

2.4. Preparation of NO-NPs/fibrin hydrogels and
ovarian transplantation

Experimental procedures involving animals were per-
formed with the approval of the Institutional Animal
Care and Use Committee of Seoul National University
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Bundang Hospital (Approval No. BA-1903-268-
017-01). Ovariectomy and subcutaneous transplant-
ation were performed using previously reported
procedures [15, 16]. The anesthetized 7-8 week-old
BDF-1 mice were bilaterally ovariectomized, and the
ovaries were coated with the hydrogel before sub-
cutaneous transplantation. The ovaries were washed
with Dulbecco’s phosphate buffered saline (DPBS)
to eliminate blood and were immersed in throm-
bin solution (5 IU ml™!) for 30 s. Then, the ovary
in thrombin solution was transferred to fibrinogen
(5 mg ml™!) with or without NO-NP (0.1 mg ml™!)
solution for 1 min. This procedure was repeated
twice before transplantation. To observe the struc-
ture of hydrogel-coated ovaries, the coated ovaries
were immediately immersed in liquid nitrogen after
the coating steps and freeze-dried for 3 d for SEM
imaging.

2.5. Histological analysis
The transplanted ovaries were collected after 1,
3, 7, and 21 d (total 7 mice each group), and
the tissues were fixed with 4% paraformaldehyde.
The harvested ovaries were embedded in paraffin
and sectioned (4 pm thickness). The serial sections
were stained every fifth cut with hematoxylin and
eosin (H&E) solution (Merck, Darmstadt, Germany)
for histological evaluation. The other sections were
used for immunohistochemistry (IHC) and terminal
deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) assays (Roche, Mannheim, Germany).
The H&E-stained ovaries were observed under
a microscope (Carl Zeiss, Oberkochen, Germany),
and the ovarian follicles in every fifth section were
counted and classified into four developmental stages
according to previously described criteria [15, 37].
The primordial follicles were designated with a single
layer of flattened granulosa cells. Follicles with single-
layered granulosa cells with one or more cuboidal
structures were regarded as primary. With no antrum,
the secondary follicles comprised two or more lay-
ers of cuboidal granulosa cells. Finally, antral follicles
were classified with multiple layers of cuboidal granu-
losa cells and the antrum. For the morphological
evaluation of follicle integrity, the following criteria
were used to assess the follicles as grade 1, 2, or 3
(G1, G2, and G3). We evaluated the ovarian follicles
in the transplanted ovaries with good and intact
structures (G1), with intact oocytes and granulosa
cells pulled away from the follicles (G2), and disrup-
ted morphology and broken oocytes (G3).

2.6. Analysis of apoptosis

The apoptosis of the follicles and tissues was
analyzed using the TUNEL assay (In Situ Cell
Death Detection Kit Fluorescein, Roche, Man-
nheim, Germany) according to the manufacturer’s
protocol. The slides were incubated in a TUNEL
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reaction mixture (Enzyme solution: terminal deoxy-
nucleotidyl transferase (TdT) and Label Solu-
tion: (fluorescein-dUTP)) for 1 h at 37 °C in a
humidified dark chamber, after deparaffinization
and rehydration. Then, the slides were mounted
with a VECTASHIELD mounting medium with
4',6-diamidino-2-phenylindole (DAPI; Vector Labor-
atories Inc., Burlingame, CA, USA) and examined
with an inverted microscope (Zeiss AX10, Carl Zeiss,
Oberkochen, Germany). Quantification of the apop-
totic area in transplanted ovaries was analyzed using
the Image] software (NIH, Bethesda, MD, USA).

2.7. Immunohistochemistry for CD31

The vascularity of the transplanted ovaries was invest-
igated using immunohistochemistry with CD31. The
unstained paraffin slides were deparaffinized and
rehydrated. Then, the target retrieval solution was
treated for antigenic retrieval. The sections were
treated with a peroxidase-blocking solution, followed
by incubation with an anti-CD31 antibody (1:200
dilution, Abcam, Cambridge, UK). After washing, the
sections were treated with EnVision HRP and liquid
DAB substrate (Dako Corp., Carpentaria, CA, USA),
followed by counterstaining with hematoxylin. After
dehydration, the slides were mounted and examined
with an inverted microscope. To quantify the vascular
density, CD31-positive areas were analyzed using the
Image] software.

2.8. Serum hormone levels

A serum was obtained from whole blood collec-
ted using cardiac puncture and centrifugation. We
analyzed follicle stimulating hormone (FSH) and
173-Estradiol (E2) levels to evaluate ovarian function
after transplantation. The hormone levels were meas-
ured using an enzyme-linked immunosorbent assay
(ELISA) (Mouse/Rat Estradiol #ES1805-100, CALBI-
OTECH, El Cajon, CA., USA; and Mouse FSH #CSB-
E06871m, CUSABIO, Houston, TX., USA).

2.9. Ovarian response to stimulation

To investigate the reproductive function of the trans-
planted ovaries, the ovarian weight was measured
after ovarian stimulation using 7.5 IU of pregnant
mare serum gonadotropin (PMSG) intraperitoneally.
After 24 h, the transplanted ovaries were harvested
and washed to weigh.

2.10. In vitro fertilization

After 21 d of transplantation, the female mice were
intraperitoneally injected with 7.5 IU of PMSG. After
48 h, human chorionic gonadotropin (hCG, 7.5 IU)
was injected intraperitoneally. The mice were sac-
rificed, and the ovaries were harvested 18 h after
hCG injection in an M199 medium (20% fetal bovine
serum [FBS] and 1% penicillin-streptomycin [PS]).
The growing antral follicles were punctured using
a 26 G syringe under a microscope. The oocytes
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collected from cumulus-oocyte complexes (COCs)
with hyaluronidase were matured in vitro in M199
medium supplemented with FBS, PS, FSH, and hCG
for 8 h to obtain metaphase II oocytes (MII). The
oocytes were then transferred to the human tubal
fluid (HTF) medium for in vitro fertilization (IVF).
The spermatozoa were incubated for 1 h at 37 °C
and 5.5% CO, to allow capacitation after collection
from the cauda epididymis. After in vifro matura-
tion, insemination was performed for IVF by sus-
pending 10 ul of sperm in the HTF medium contain-
ing oocytes. After 24 h, the embryos were washed with
KSOM medium and transferred into a fresh KSOM
medium with a mineral-oil covering.

Blastocysts were observed after 72 h and fixed
with 4% paraformaldehyde for immunostaining
of Octamer binding protein-4 (Oct4). The fixed
blastocysts were permeabilized with 0.5% Triton
X-100 and blocked with 3% bovine serum albu-
min (BSA). After washing, the Oct4(1:200 dilution;
Abcam, Cambridge, UK) in 0.5% BSA were incubated
overnight at 4 °C. Then, Alexa Fluor 488-conjugated
secondary antibody (1:1000 dilution; Life Technolo-
gies, Grand Island, NY, USA) was incubated for 1 h
at room temperature in the dark. The image analysis
was conducted using a confocal microscope (LSM
800, Carl Zeiss, Oberkochen, Germany).

2.11. Quantitative reverse transcription
polymerase chain reaction for analysis of gene
expressions

Quantitative reverse transcription polymerase chain
reaction (RT-qPCR) was used to confirm the gene
expression of synthesized ¢cDNA from the col-
lected ovaries, using the primer (AccuTarget™
qPCR Screening kit, BIONEER Co., Daejeon, South
Korea) and amfiSure qGreen Q-PCR Mater Mix
(GenDEPOT, Barker, Tex., USA). RNA was extrac-
ted using TRIzol® (Invitrogen, Carlsbad, CA, USA).
RT-qPCR wusing ViiA7 (Applied Biosystems, Life
Technologies Corp., Carlsbad, CA, USA) was per-
formed for angiogenesis-related genes (see Sup-
plementary Materials), FSHR, and Bax with the
reaction mixtures (20 ul). The initial step was pre-
denaturation for 10 min at 95 °C, 40 cycles of 95 °C
(5 s, denaturation), 58 °C (25 s, annealing), 72 °C
(30 s, extension), and final extension for 5 min at
65 °C. The fold change in gene expression was calcu-
lated using the 2~AA% method.

2.12. Statistical analysis

All data are represented in this paper as
mean = standard error of the mean (SEM). Statistic-
ally significant differences were analyzed by one-way
or two-way analysis of variance (ANOVA) followed
by Tukey’s post hoc test or ¢-test using the GraphPad
Prism software, version 6.0 (GraphPad Prism Soft-
ware Inc., San Diego, CA, USA). A P-value less than
0.05 was considered statistically significant.
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3. Results and discussion

3.1. Characterization of mPEG-PLGA and NO-NPs
The amphiphilic copolymer was linearly com-
posed of mPEG and poly (lactic-co-glycolic) acid
as hydrophilic and hydrophobic. mPEG-PLGA was
synthesized by ring-opening polymerization of
lactide and glycolide with mPEG, and tin (II) 2-
ethylhexanoate functioned as a macroinitiator and
catalyst (figure 2(a)). The FTIR and 'H NMR spec-
tra were analyzed to confirm the polymer structure
(figures 2(b) and (c)). The characterization of PEG-
PLGA copolymers achieved similar results to previous
studies [38, 39]. The C=0 and C-O stretching con-
firmed the bands at 1760 and 1090-1188 cm ™. The
C-H stretching of —-CH, and C-H bonds was con-
firmed at 2995 and 2943 and 2875 cm ™!, respectively.
The strong band at 3477 cm ™! indicated a stretch of
the terminal hydroxyl group in the copolymer FTIR
spectra. In the 'H NMR spectra, the methylene pro-
tons in methoxy PEG and D- or -L-lactic acid repeat
units were confirmed at & 3.6 ppm and & 1.55 ppm.
In addition, the protons in —CH,— of lactic acid were
observed at 4 4.8 ppm, and the protons in —CH- of
lactic acid displayed & 5.2 ppm.

The NO-NPs were prepared via the conventional
double-emulsion method using a probe sonicator.
After the NPs were dried, the nanoparticles showed a
layered structure, as observed by TEM (figure 2(d)).
The size and distribution of nanoparticles were
observed approximately 160 nm (figure 2(e)). The
sustained NO release from the mPEG-PLGA nano-
particles with or without fibrin hydrogel maintained
a low level of NO for 48 h (figure 2(f)). NO release
behavior can be slightly interfered by fibrin hydro-
gel matrix due to low concentration of fibrinogen and
thrombin. Whereas, the DETA NONOate, as an NO
donor encapsulated by mPEG-PLGA, exhibited a fast
release of NO and high concentration within 10 h.
These NO-NPs were confirmed to have angiogenic
potentials using in vitro tube formation and ex vivo
aorta ring assay in our previous report [36].

3.2. Preservation of transplanted ovaries by
NO-NPs/fibrin hydrogels

To apply the nanoparticles in ovarian transplantation,
we introduced fibrin hydrogel as a carrying matrix
that supports and offers an appropriate environment
to allow angiogenesis. The fibrin hydrogel matrix can
provide a biocompatible milieu to transplanted ovar-
ies in harsh subcutaneous conditions with no blood
supply. We coated the ovaries with fibrin hydro-
gel with or without NO-NPs before transplantation,
and the formation of a hydrogel-coated surface was
confirmed by SEM (figure S1 (available online at
stacks.iop.org/BF/14/011001/mmedia)). The trans-
planted ovaries in the subcutis were harvested 1, 3,
7, and 21 d after surgery (figure 3(a)). H&E stain-
ing of ovaries was used to estimate the number and
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Figure 2. Synthesis scheme and characterization of mPEG-PLGA and NO-NPs: (a) polymerization of mPEG-PLGA from mPEG,
lactide, and glycolide. Illustration of NO-NPs by the double-emulsion method containing DETA NONOate as the NO donor.
Characterization of mPEG-PLGA by (b) 'H NMR and (c) FTIR spectra. (d) TEM image of NO-NPs. The scale bars = 100 nm.
(e) Size distribution of NO-NPs measured by DLS. (f) NO-releasing behavior of NO-NPs and NO-NPs/fibrin hydrogel.
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structural quality of follicles. As shown in figure 3(b),
the harvested ovaries exhibited squashed morpho-
logies, damaged follicles, and cell-to-cell structures
until day 3 in all experimental groups. However,
the fibrin and NO-NPs/fibrin hydrogel-coated groups
showed relatively high-graded follicles compared to
the control group (non-treated). The total number of
healthy follicles was greater in NO-NPs/fibrin hydro-
gel groups compared to the control or fibrin hydrogel
alone (figure 3(c)). Likewise, the categorized follicles
showed that treatment with fibrin or NO-NPs/fibrin
hydrogels resulted in the maintenance of healthy or
intact ovarian follicles in the subcutaneous milieu
(figure 3(d)). The proportion of Gl follicles was
69.58 £ 2.661% from day 7 in the NO-NPs/fibrin
hydrogel treatment group. After 21 d, the morpho-
logy and structure of tissues recovered healthy nor-
mality, even in the non-treated group; those of the
fibrin and NO-NPs/fibrin hydrogel-coated groups
were restored remarkably, similarly to normal tissue.
The NO-NPs/fibrin hydrogel treatment resulted in
74.52 + 2.509% of G1 ovarian follicles in the ovaries.
In addition, fibrin hydrogel treatment enhanced the
preserving effect after ischemic subcutaneous dam-
age, and combined therapy using NO-NPs and fibrin
hydrogel exhibited high efficacy in preserving ovarian
follicles and tissue. The proportion of ovarian follicles

in transplanted ovaries showed an increase of growing
(secondary and antral) follicles until Day 7 in the con-
trol or fibrin hydrogel treatment groups (figure S2).
However, the follicles in the NO-NPs/fibrin hydro-
gel group maintained the original proportions after
transplantation. An ischemic environment activates
ovarian follicles from dormant to growing follicles,
and this is one of the causes of ovarian follicle loss
after transplantation [37]. NO-NPs/fibrin hydrogel
encapsulation prevented activation of follicles, and
the proportion of growing follicles were maintained
during the observation period after transplantation.

3.3. Evaluation of tissue apoptosis

After transplantation, the ovaries experience an
ischemic milieu before new vessel formation. This
ischemic period is a milestone that determines graft
survival and functioning as a reproductive organ.
Understandably, the ischemic milieu often results in
apoptosis in the transplanted tissue because of oxy-
gen deficiency caused by the lack of blood supply
[40]. Ischemic injury is inevitable in transplanted
ovaries, as shown in figures 4(a) and (b); in fact,
the non-treated and transplanted ovaries exhibited
severe apoptotic cell death (11.52 4+ 0.31% at day
1, 26.89 + 1.9% at day 3, and 30.2 £ 5.52% at
day 7) in tissue analyzed by the TUNEL assay. The
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Figure 3. Histological analysis of transplanted ovaries: (a) experimental scheme with procedure of hydrogel coated ovaries.
(b) H&E-stained ovaries after 1, 3, 7, and 21 d; the scale bars are 100 pm. (c) Total number and (d) grade of ovarian follicles in
the control (non-treated), fibrin hydrogel, and NO-NPs/fibrin hydrogel groups (data are represented as the mean = SEM; n = 7).
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day after surgery, dead cells were observed at the cen-
ter of the ovaries of the non-treated group. After 3 d,
living cells were rarely observed in the center, and
cells in the cortex were dying. By comparison, fibrin
hydrogel-coated ovaries exhibited reduced dead cells
atall time points. Fibrin hydrogel has been reported as
a protective additive with transplantation or ovarian
follicles to reduce apoptotic signals [33, 41]. The

fibrin hydrogels with NO-NPs had a few dying cells
in the tissue after transplantation. The quantifica-
tion of the apoptotic area in NO-NPs/fibrin treatment
was significantly low (0.1674 + 0.0274% at day 1,
0.4895 4 0.3020% at day 3, 1.190 £ 0.4866% at day 7,
and 0.5025 + 0.1129% at day 21). Our results showed
similar outcomes compared to the control groups.
Remarkably, the non-treated control group exhibited
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Figure 4. TUNEL assay of ovarian tissue: The TUNEL assay was conducted to evaluate apoptosis in ovarian tissue. (a) Green
(FITC) indicates the TUNEL positive area, and blue (DAPI) indicates the cell nuclei. The scale bars are 100 pm. (b) Quantification
of the TUNEL positive area in ovarian tissues (data are represented as the mean £ SEM; n = 7. *p < 0.05 and ***p < 0.001).

severe DNA fragmentation, as shown in figure 4, in
which the TUNEL-positive area resembled that of the
fibrin hydrogel group 1 d after surgery. Severe DNA
fragmentation was observed in the control groups 3 d
later, whereas the fibrin hydrogel groups showed low
TUNEL signals even after 3—7 d. This result suggests
that the fibrin hydrogel can protect transplanted ovar-
ies from ischemic damage. Three weeks later, the con-
trol group showed a relatively reduced apoptotic area
at days 3—7. However, the apoptotic area was scarcely
observed in NO-NPs with fibrin hydrogel, indicating
that NO affects the ovarian and host tissues with fib-
rin hydrogel by a synergetic effect (figure 4).

3.4. Angiogenesis in transplanted ovaries

We assumed that the fibrin hydrogel and NO pro-
mote angiogenesis from the host subcutaneous tis-
sue and ameliorate ischemic injury leading to follicle
loss. In addition, the fibrin hydrogels act as a hold-
ing network for NO-NPs to enable local delivery. It
was confirmed that H&E staining showed fewer or
damaged follicles in the non-treated group, whereas
those of the groups with fibrin hydrogel (with or
without NO-NPs) improved (figure 3). This result
implies that the early formation of blood vessels pre-
vented ovarian follicle loss from the transplanted
ovary. To prevent ischemic damage to transplanted
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Figure 5. Inmunohistochemistry of CD31 to analyze development vasculatures: (a) CD31 positive stain (brown, DAB) with
counter-stain (hematoxylin). The scale bars are 100 zm. (b) blood vessel formation in ovarian tissue at day 21. The scale
bar = 100 pm. (c) Quantification of CD31 (+) in ovarian tissues (data are represented as the mean & SEM, *p < 0.05).
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ovaries, enhancement of angiogenesis to the trans-
planted tissue is essential for fertility preservation.
CD31 immunohistochemistry allowed us to exam-
ine the relationship between vascular development
and treated materials in the transplanted ovaries. The
CD31 indicated endothelial cells composed of blood
vessels in the ovary (figures 5(a) and (b)). CD31 was
stained richly in the medulla part of the ovaries collec-
ted on day 1. At day 3, the NO-NPs/fibrin hydrogel-
treated group exhibited considerable CD31 positive
signals (28.99 + 0.550%) compared to the control
and fibrin hydrogel treated groups (7.645 + 1.535%
and 12.59 £ 0.085%, respectively). The CD31 posit-
ive areas were similar for all groups at day 1, whereas
a difference was observed between the control and
the fibrin- or NO-NP-treated groups after day 3.
The NO treatment prominently showed CD31 pos-
itive cells in tissue compared to either the control
or fibrin hydrogel groups. This result indicates that

vigorous NO-induced angiogenesis occurred in the
transplanted ovaries for 3 d. NO is involved in an
initial step of angiogenesis by increasing the polar-
ity of cells for preparing sprouts [42, 43]. After 7 d,
the blood vessels were matured and partially observ-
able in NO-treated mice. Thus, the successful restora-
tion of reproductive function after transplantation by
reducing the damage to the tissue or follicles is regu-
lated by the tissue environment and eliciting forma-
tion of blood vessels. The vascular development was
different from that of the NO-NPs/fibrin hydrogel
(28.92 + 7.235%) versus control (6.045 + 1.845%)
or fibrin hydrogel (9.720 + 2.880%) groups 3 weeks
post-surgery (figure 5(c)).

3.5. Ovarian response to stimulation and hormone
(FSH and E2) levels in serum

Even when transplanted ovaries or follicles sur-
vive, they must regulate reproductive functions as
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Figure 6. Ovarian response to PMSG stimulation: (a) optical images of subcutaneous transplanted ovaries at day 21. (b) Weight of
ovarian tissues after PMSG stimulation after 24 h at days 3, 7, and 21 (data are represented as the mean + SEM, *p < 0.05).
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an organ. The ovary performs reproductive func-
tions as well as endocrine functions with hormone
production [44, 45]. If angiogenesis is successfully
conducted from the host tissue to the transplanted
ovaries, the ovaries can respond to gonadotropin
stimulation. Ovarian weight after PMGS stimula-
tion could be an indicator of ovarian reproduct-
ive function (figure 6). Before harvesting, the trans-
planted ovaries were observed in different sizes
(figure 6(a)), which gradually increased during trans-
plantation with NO-NPs/fibrin hydrogel treatment
(figure 6(b)). The mass of fresh ovaries, collected
from normal mice, averaged 9.925 £ 0.657 mg.
The non-treated ovaries weighed 2.275 + 0.357 and
3.3 £ 0.387 mg at days 3 and 7, respectively; the
weight was lower than that of fresh ovaries even after
3 weeks (2.025 £ 0.687 mg). The fibrin hydrogel
treated ovaries showed similar results: 2.4 + 0.292,
3.8 £ 1.091, and 3.3 £ 0.280 mg at days 3, 7, and
21, respectively. The NO-NP treated ovaries exhib-
ited results similar to those of the fresh ovaries. The
ovaries weighed 2.775 4+ 0.450 mg at day 3, with no
significant difference from the other groups, but their
weights increased remarkably until day 7, reaching
7.05 £ 2.189 mg after 3 weeks.

The ovariectomized mice exhibited increased
FSH and decreased estradiol (E2) in the blood
because of the loss of ovarian hormone produc-
tion [46]. Retrieving hormone balance is evidence
that our treatment successfully induces angiogenesis
before losing the endocrine functions of the ovary

[47,48]. The serum hormone concentration is shown
in figure 7. The FSH concentration in serum displayed
a similar concentration in all experimental groups
on day 1 (figure 7(a)). However, the fibrin hydrogel-
treated groups showed suppressing behavior from day
7, and the NO-NPs additive group maintained a lower
hormone level even 3 weeks after transplantation.
In the case of E2, all experimental groups showed
low levels until 1 week. However, the concentration
of E2 in the NO-NPs/fibrin hydrogel-treated group
increased 3 weeks later (figure 7(b)). The non-treated
mice showed an increasing tendency of FSH, whereas
E2 levels were reduced. This result indicates that the
transplanted ovaries did not consume the FSH, which
stopped production of E2. During transplantation,
the mice had undergone an imbalance of sex hor-
mones by anastomosis of the graft with host tissue,
even after immediate auto-transplantation. All exper-
imental groups showed similar levels of FSH and E2
on day 1. However, the FSH level increased in the
non-treated or fibrin hydrogel groups and decreased
in the NO-treated mice. Comparing these results with
other results shows that angiogenesis in the trans-
planted ovaries was intensive owing to the controlled
release of NO-NPs. After 21 d, the hormone levels
in NO-treated mice showed the perinormal value of
both FSH and E2 compared to those of non-treated
mice. Thus, we considered that the NO-NPs/fibrin
hydrogel-coated ovaries realized integrated blood
vessels and exhibited feedback actions as a reproduct-
ive organ.
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Figure 8. In vitro fertilization outcomes and immunocytochemistry of blastocysts (Oct4): (a) protocols in vitro fertilization
harvested from transplanted mouse ovaries. (b) The retrieved oocytes developed to blastocysts (white arrows) at day 4 (scale
bars = 200 m). (c) Oct4 (green) and DAPI (blue) stained blastocysts (scale bars = 50 pm).

Table 1. IVF outcomes of oocytes from transplanted ovaries with non-treated (control), fibrin hydrogel, or NO-NPs/fibrin hydrogel.

No. of
Group mouse  No. of oocyte Mean no. of oocyte Maturation rate (%) 2 cell (%) Blastocyst (%)
Control 5 37 2.47 6/37 (16%) 2/6 (33%) 1/2 (50%)
Fibrin hydrogel 5 58 3.87 19/58 (33%) 11/19 (58%) 4/11 (36%)
NO-NPs/fibrin 5 107 7.13 26/107 (24%) 18/26 (69%) 12/18 (67%)

3.6. In vitro fertilization

For fertility preservation, it is essential that fertiliz-
able oocytes that can develop to blastocysts can be
collected from the transplanted ovaries. Thus, we
performed IVF to verify the feasibility of the pro-
posed NO-NP treatment (figure 8(a)). As shown in
figure 8(b) and table 1, IVF was performed to eval-
uate the fertility function of the transplanted ovaries
(five mice per group). The non-treated mice exhib-
ited 37 oocytes and 6 MII oocytes. In the case of the
fibrin hydrogel group, 58 oocytes were collected from

19 MII oocytes. The MII oocyte rate was 16% and
33% in the non-treated and fibrin hydrogel groups,
respectively. The NO-NPs/fibrin hydrogel treatment
group exhibited 107 oocytes and a 24% MII rate.
After insemination, the 2-cell or blastocyst develop-
ment of the NO-NPs/fibrin hydrogel group was 69%
or 67%, whereas the other values were 33% and 50%
in the control or 58% and 36% in the fibrin hydro-
gel at day 4. To observe normality of blastocysts,
we conducted immunostaining of Oc#4 (as a marker
for embryonic stem cells) expression in blastocysts

11
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Figure 9. Gene expressions of angiogenic regulators, ovarian function, and apoptosis markers by RT-qPCR: (a) angiopoietin-2
(Angpt2), sphingosine kinase 1 (Sphk1), Mothers against decapentaplegic homolog 5 (Smad5), vascular endothelial growth factor
receptor 1 (FItl; VEGFR1), Serpin Family F Member 1 (Serpinfl), fibroblast growth factor 1 (FGFI), placental growth factor
(PGF), and connective tissue growth factor (CTGF). (b) Membrane alanyl aminopeptidase (ANPEP), interleukin 1 beta (IL-1/3),
interleukin 6 (IL-6), and tumor necrosis factor (TNF). (c) Follicle-stimulating hormone receptor (FSHR) and Bcl-2-associated X
protein (Bax). The fold changes represent gene expressions compared to those of the control. The screened-gene expressions
present in (d) heatmap (data are represented as the mean £ SEM; p values: *p < 0.05, **p < 0.01, and ***p < 0.001 vs. Control;
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(figure 8(c)). The Oct4 expression is in inner cell were found to be normal, regardless of treatment.
mass (ICM) and important to primitive endoderm  These results suggest that angiogenesis induced by
specification [49, 50]. From the results, all blastocysts  the NO-NPs/fibrin hydrogel improves the number of
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oocyte and embryo development potential (figure 8).
Early promotion of angiogenesis is the key to ovarian
transplantation success with improved reproductive
function. The controlled release of NO from the
nanoparticles within the fibrin hydrogel promoted
angiogenesis to protect ovaries from the ischemic
environment. In addition, the relationship between
oocyte and NO influenced this system [51]. As in the
angiogenesis process, NO plays an important role in
early reproduction steps at low concentrations, stim-
ulating steroidogenesis and folliculogenesis [52]. Our
treatment can influence the development of ovarian
follicles and steroidogenesis inside transplanted ovar-
ies and promote angiogenesis from host tissue to mit-
igate ischemic damage. The improved IVF outcomes
of NO-treated ovarian grafts support the feasibility of
this treatment for clinical application.

3.7. Gene expressions in transplanted ovaries

We analyzed gene expression 21 d after ovarian graft
to evaluate successful establishment and progres-
sion of angiogenesis. Figure 9 shows the expression
of angiogenesis-related genes in transplanted ovar-
ies with fibrin or NO-NPs/fibrin hydrogel, upregu-
lated compared to the control group (the total gene
expression data are presented in table SI and the
scatter plot figure S3). The mRNA levels of several
angiogenic factors were upregulated in the ovaries
treated with NO-NPs/fibrin hydrogel compared to
those with either control or fibrin hydrogel coat-
ing (figure 9). These factors include Angiopoietin-2
(Angpt2), Sphingosine kinase 1 (Sphkl), Mothers
against decapentaplegic homolog 5 (Smad5), vas-
cular endothelial growth factor receptor 1 (Flt;
VEGFRI), Serpin Family F Member 1 (Serpinfl),
fibroblast growth factor 1 (FGFI), placental growth
factor (PGF), and connective tissue growth factor
(CTGF). The factors regulating angiogenesis and
secretion by myeloid and lymphoid cells, such as
membrane alanyl aminopeptidase (ANPEP), inter-
leukin 1 beta (IL-13), interleukin 6 (IL-6), and
tumor necrosis factor (TNF), were also upregulated
in the ovaries with NO-NPs/fibrin hydrogel treatment
(figures 9(a) and (b)). In addition, Bax was downreg-
ulated in both fibrin-and NO-treated ovaries, indic-
ating suppressed apoptotic signals in the grafts. The
expression of Follicle-stimulating hormone receptor
(FSHR), an ovarian reserve marker, was upregulated
solely in the NO-treatment groups (figure 9(c)). Once
transplanted, the grafts experienced harsh conditions
without blood supply, which occurred around the
hypoxia-inflammatory-induced angiogenesis. Exo-
genous or endogenous NO expedites angiogenesis
and modulates inflammation by inducing angiogenic
factors, such as VEGF and bFGFs [53]. The per-
formance of vascular development indicates that the
ovaries remain alive and function as reproductive
organs. We confirmed that the transplanted organ
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restored its function, and that the hydrogels settled
down successfully with the host tissue and appro-
priate vasculature after 21 d. The gene expression of
FSHR can indicate milestones restoring ovarian func-
tion after transplantation. The NO-NPs/fibrin hydro-
gels led to the proliferation of granulosa cells com-
pared to fibrin hydrogel treatment, protecting the
graft against the ischemic environment. In addition,
the expression of Bcl-2-associated X protein (Bax), a
pro-apoptotic gene, was reduced in the fibrin hydro-
gel treatment with or without NO-NPs (figure 9(c)).
This result indicates that the fibrin hydrogel has a pro-
tective effect on the transplanted tissue. The regula-
tion of inflammation and angiogenesis genes is the
key to the successful transplantation of biomateri-
als in vivo. Our data showed upregulated genes with
inflammation—angiogenesis regulation, cell prolifer-
ation, and adhesions such as Angpt2, Sphkl, Smad>,
FGF1, Serpinfl, Fltl, PGF, and CTGF (figure 9(a)).
Together, the development of lymphatic vessels is
indispensable in the ovary at the developmental stage
and pathologies [54, 55]. One of the issues in tissue
engineering is immunomodulation after transplant-
ation of scaffolds in vivo [56]. The results showed
that the expression of genes (IL-1f3, IL-6, TNF«, and
ANPEP), secreted by myeloid or lymphoid cells, was
upregulated in the NO-NPs/fibrin hydrogels group
(figure 9(b)). All of gene expression patterns shown in
figure 9(d) indicate effects of NO treatment on mouse
ovaries. Overall, NO/fibrin hydrogel treatment led to
the preservation of ovarian follicles and tissue, which
followed lymphangiogenesis in the transplanted ovar-
ies to restore their function as reproductive organs.

4, Conclusion

Human ovarian tissue cryopreservation and trans-
plantation is no longer an experimental method that
is carried out in clinics to treat fertility preserva-
tion. However, ischemic injury due to lack of ves-
sel anastomosis causes considerable ovarian follicle
damage after transplantation. Therefore, we designed
an NO-releasing nanoparticles/fibrin hydrogel com-
plex with angiogenic potency to address ischemic
injury and applied it for fertility preservation using
a mouse model. The fibrin hydrogels act as sup-
port networks for transplanted mouse ovaries and
nanoparticles, which have angiogenic potential. The
NO/fibrin hydrogel improved the quality of tissue
and mouse ovarian follicles; it also facilitated vas-
culature development. In addition, retrieved oocytes
had the ability to become fertile by IVF with appropri-
ate gene expression in transplanted ovaries. The tech-
nique proposed in this study can be applied to human
OTT to reduce ischemic damage. However, further
experiment with human ovarian tissue should be per-
formed to confirm the beneficial effect before clinical
application.
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