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A B S T R A C T

As the most prominent and ideal modality in female fertility preservation, ovarian tissue cryopreservation, and 
transplantation often confront the challenge of ischemic damage and follicular loss from avascular trans
plantation. To surmount this impediment, we engineered a novel platelet-derived factors-encapsulated fibrin 
hydrogel (PFH), a paradigmatic biomaterial. PFH encapsulates autologous platelet-derived factors, utilizing the 
physiological blood coagulation cascade for precise local delivery of bioactive molecules. In our study, PFH 
markedly bolstered the success of avascular ovarian tissue transplantation. Notably, the quantity and quality of 
follicles were preserved with improved neovascularization, accompanied by decreased DNA damage, increased 
ovulation, and superior embryonic development rates under a Low-concentration Platelet-rich plasma-derived 
factors encapsulated fibrin hydrogel (L-PFH) regimen. At a stabilized point of tissue engraftment, gene expres
sion analysis mirrored normal ovarian tissue profiles, underscoring the effectiveness of L-PFH in mitigating the 
initial ischemic insult. This autologous blood-derived biomaterial, inspired by nature, capitalizes on the blood 
coagulation cascade, and combines biodegradability, biocompatibility, safety, and cost-effectiveness. The 
adjustable properties of this biomaterial, even in injectable form, extend its potential applications into the 
broader realm of personalized regenerative medicine. PFH emerges as a promising strategy to counter ischemic 
damage in tissue transplantation, signifying a broader therapeutic prospect. (197 words)

1. Introduction

Today, our world has seen impressive progress in medicine, engi
neering, and science, driving significant economic and social change. 
This has resulted in a rise in life expectancy to around 100 years, better 
survival rates for diseases like cancer, and increased gender-neutral 
social participation [1]. These changes have increased the need for 
fertility preservation (FP) among cancer survivors and those delaying 
family planning, highlighting its significance. FP, with advanced 

technologies, improves lives today and addresses global birth rate 
decline [2,3].

Female FP methods like oocyte, embryo, and ovarian tissue (OT) 
cryopreservation and transplantation (OTC and OTT) are widely 
employed [1–4]. OTC and OTT are crucial methods for pediatric, 
emergent, single, and peri/post-menopausal patients [3–5]. In 2020, 
about 200 successful live births resulted from OTC and OTT [6]. Still, 
challenges exist in the process. Cryo-damage in OTC was a concern, but 
improved vitrification-warming techniques and materials have greatly 
reduced it [7–11]. Ovarian follicle survival after tissue grafting depends 
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on precise timing and the right proangiogenic factors, crucial for rapid 
revascularization post-transplantation [12]. Tissue survival varies 
significantly based on the transplant site and microenvironment dis
parities [13,14]. Unfortunately, a considerable follicle loss occurs before 
full graft revascularization, affecting a significant portion of the reserve, 
estimated at 50 %–90 % [15,16]. Today, ischemia-induced ovarian 
damage is the main factor compromising FP effectiveness with OTs [17]. 
Studies address follicle loss with approaches such as administering 
angiogenic factors, stem cells, antioxidants, and anti-apoptotic drugs 
during OTTs across different species, including human xenografts 
[18–23]. Despite showing potential for vascular formation and inflam
mation control, cell-based therapies remain contentious regarding 
safety, primarily due to concerns over potential cancerogenesis stem
ming from unanticipated cell differentiation and proliferation, vari
ability in therapeutic outcomes based on cell origin, and inherent 
instability, posing significant challenges for their clinical implementa
tion [24]. Yet, these methods pose a risk of cancer recurrence and may 
harm nearby follicles when directly injected into the OT. Safe strategies 
are urgently needed to prevent ischemic injury and optimize avascular 
OT transplantation [25–27].

Platelet-rich plasma (PRP), from venous blood, contains bio-reactive 
molecules like growth factors, cytokines, and chemokines [28–30]. PRP 
is established in plastic surgery, orthopedics, and dentistry for its safety, 
simplicity, and efficacy [31–33]. PRP shows promise in FP, with intra
ovarian or intrauterine injection improving reproductive dysfunction. 
Despite progress, PRP’s exact mechanism on women’s reproductive or
gans remains unclear [34–41].

Fibrin, a natural polymer from fibrinogen and thrombin cross- 
linking, plays a crucial role in blood coagulation and serves as a 
biomedical hydrogel. It attaches cells, supports growth factors, and al
lows sustained release. Research using fibrin hydrogel (FH) exclusively 
shows promise, improving wound healing, tissue regeneration, and 
reducing complications due to its natural origin and biocompatibility 
[42–45]. Platelet activation in PRP happens when exposed to the 
extracellular matrix, fibrin clot, thrombin, and calcium ions, releasing 
potent molecules akin to blood coagulation [46,47].

Therefore, we hypothesized that platelet-derived factors and PFH, 
produced by applying various factors and the blood coagulation mech
anism, could reduce ischemic damage, thereby increasing tissue survival 
and follicle preservation. In other studies that compared cell 
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proliferation and survival in vitro by varying the concentration of PRP 
after activation, relatively lower concentrations yielded more effective 
results. They discussed that the reason relatively lower concentrations 
were more effective is due to differences in factors released from alpha 
granules during PRP activation, leading to a relatively reduced inflam
matory response [47]. Hence, in this study, we designed experiments to 
investigate the varying effects of PRP-derived factors depending on 
concentration and the reasons behind these differences.

To expedite revascularization and protect against ischemia in OTT, 
we developed “Platelet-derived factor-encapsulated Fibrin Hydrogel 
(PFH)" by combining PRP and FH. Our hypothesis is that PFH can reduce 
ischemic tissue failure, benefiting both the recipient and transplanted 
ovaries. This has the potential to enhance tissue repair, safeguard folli
cles, promote recovery, and angiogenesis. We speculate that the 
composition and concentration of platelet-derived factors (PFs) can 
impact neovascularization and vessel maturation. By exploring PFH’s 
potential, we aim to improve OTT and fertility preservation strategies.

2. Materials and Methods

2.1. Experimental design

Six to eight-week-old B6D2F1 mice were divided into five groups: 
fresh, sham, fibrin hydrogel-only (FH–O), low-concentration Platelet- 
rich plasma (L-PRP)-derived factors encapsulated fibrin hydrogel (L- 
PFH), and high-concentration Platelet-rich plasma (H-PRP)-derived 
factors encapsulated fibrin hydrogel (H-PFH). L-PRP and H-PRP samples 
were prepared and assessed for angiogenic potential and bioactive factor 
content before surgery. Etulain et al. compared the effects of PRP at 
concentrations of 0 %, 5 %, 10 %, 25 %, 50 %, 75 %, and 100 %. They 
reported that a 25 % concentration of PRP demonstrated superior effects 
on cell proliferation and survival compared to the commonly used 100 % 
concentration. Therefore, in this study, we established a low-dose group, 
diluted to 1/4, to compare its effects with clinically used PRP (100 %, 
High) [47]. In this study, 10 mice per group were used in experiments 
for histological and molecular assessments. For in vitro fertilization, 18 
mice were used per batch. Additionally, for the preparation of PRP, a 
total of 90 animals were used, with 30 animals each in 3 repeated ex
periments. On the day of transplantation, ovaries were encapsulated 
according to their respective group protocols and auto-transplanted 
subcutaneously into the dorsal region. To verify the protective effect 
of PFH more effectively against ischemic damage, we chose the method 
that induces the greatest ischemic damage. This approach is based on 
the ovarian ischemic damage model described in a previous publication 
[48]. The researchers compared the extent of ischemic damage when 
ovarian tissue was transplanted into different locations, including sub
cutaneously, under the kidney capsule, into adipose tissue, and into 
muscle tissue. The results showed that subcutaneous transplantation 
induced the most severe ischemic damage. Following transplantation, 
right-sided ovarian grafts were collected at intervals of 1, 3, 7, and 21 
days, fixed in 4 % paraformaldehyde for histological examination. 
Left-sided ovarian grafts were stored at − 80 ◦C for gene expression 
analysis. Superovulation, oocyte retrieval, in vitro maturation (IVM), in 
vitro fertilization (IVF), and gene expression analysis were performed 21 
days post-transplantation, coinciding with the typical stabilization of 
graft vascularization and engraftment [45]. Detailed specifications and 
preparations for PRP, Gel base (A), and Activator (B) can be found in the 
Materials and Methods section (Fig. 1).

2.2. Ethics approval and consent to participate

This study utilized 6–8-week-old B6D2F1 female mice from Orient 
Co. (Seongnam, Korea) and housed them in ventilated cages under 
controlled temperature, humidity, and light conditions, with free access 
to food and water. All procedures followed ethical guidelines established 
by the Institutional Animal Care and Use Committee of Seoul National 

University Bundang Hospital (Approval number: BA1801-240/009–01). 
Anesthetics Zoletil and Rompun were used in compliance with permis
sions granted by the Korea Food and Drug Administration for controlled 
substances in academic research (Approval Number: Gyeongin No. 706). 
The study did not involve human subjects.

2.3. Preparation of allogenic mouse L-PRP, H-PRP, L-PFH, and H-PFH 
and their derivatives (L-PFH(D), and H-PFH(D))

The female mice underwent anesthesia using a mixture of Zoletil® 
50 (Virbac, Korea) and Rompun® (Xylazine injection, Dechra Veterinary 
Products, USA). Whole blood (WB) was collected via cardiac puncture 
from each mouse using a 1 mL syringe preloaded with anticoagulant 
citrate dextrose (ACD) solution (Huons, Seongnam, Korea) at a 9:1 
blood-to-ACD ratio. The collected samples were transferred to a PRS™ 
BIO KIT (Prodizen Inc., Seoul, South Korea) and centrifuged at 3500 rpm 
for 7 min at room temperature (22–26 ◦C; RT) with gradual decelera
tion. PRP, containing the buffy coat layer, a small volume of red blood 
cells (RBCs), and platelet-poor plasma (PPP), was separately collected 
using 1-mL and 10-mL syringes. Approximately 250–300 μL of PRP was 
mixed with 2 mL of PPP through a syringe connector to create H-PRP. 
This H-PRP was further diluted by a quarter in PPP to produce L-PRP and 
stored at − 20 ◦C for future use. Platelet concentrations in WB, PPP, and 
H-PRP were measured via a complete blood count (C.B.C.; HEMAVET® 
950, Drew Scientific, Oxford, UK). The PFH of L-PRP and H-PRP were 
prepared by mixing them with Gel base (A) solution (Fibrinogen, 
Aprotinin, and L- or H-PRP) and then adding the Activator (B) solution 
(Thrombin and Calcium chloride (CaCl2)). After 30 min of incubation at 
RT, the polymerized gels were designated as L-PFH and H-PFH. To 
obtain derivatives (D) from L- and H-PFH, centrifugation was performed 
at 14,000 rpm, 4 ◦C, for 20 min. The supernatant of each gel was 
designated as L-PFH(D) and H-PFH(D), respectively.

2.4. In vitro and ex vivo angiogenic potential assays of L-PFH(D) and H- 
PFH(D)

To evaluate and compare the angiogenic potential of PPP, L-PFH(D), 
and H-PFH(D), we performed tube formation and aortic ring assays. For 
the in vitro tube formation assay, Human Umbilical-cord Vein Endo
thelial Cells (HUVECs; Promocell, Heidelberg, Germany) were utilized. 
Each well of a 48-well culture plate was coated with 200 μL/well of 
Matrigel® Matrix (Growth factor-reduced, Corning, NY, USA) and 
incubated at 37 ◦C for 30 min. Subsequently, 5 × 104 cells/well were 
seeded and cultured in basal Endothelial Cell Medium (bECM; ScienCell, 
Carlsbad, USA) without growth factor supplementation, with or without 
the L- and H-PFH derivatives. After a 12-h incubation, branching points 
were quantified using Image J software (National Institutes of Health, 
Bethesda, MD, USA). For the ex vivo aortic ring assay, whole abdominal 
aortas from four B6D2F1 mice were harvested, cleared of surrounding 
connective tissues, and cut into 1 mm segments under microscopic 
observation. Each well of a 48-well culture plate was pre-coated with 
200 μL/well of Matrigel® Matrix (Growth factor-reduced, Corning, NY, 
USA) and incubated at 37 ◦C for 30 min. The trimmed aortic rings were 
placed at the center of each well, completely covered with 100 μL/well 
of Matrigel® Matrix and incubated at 37 ◦C for 30 min. We then added 
basal ECM medium (without supplementation) with either Dulbecco’s 
phosphate-buffered saline (DPBS; WelGENE Inc., Korea) or the L- and H- 
PFH derivatives, following the same protocol as the tube formation 
assay. After a 4-day incubation, emerging sprouts were quantified using 
the same methods.

2.5. Proteome profiling of platelet-derived bioactive molecules in L-PFH 
(D) and H-PFH(D)

To analyze platelet-derived constituents, we conducted 
angiogenesis-associated proteome screening using a Mouse 
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Fig. 1. Schematic illustration of experimental timeline and design. (a) Study timeline. Prior to experimentation, materials were optimized and characterized. 
Subsequent procedures followed this timeline to validate our hypothesis. (b) Encapsulation procedure schematic. Procedure ① was conducted pre-ovariectomy, 
encapsulation, and transplantation, while steps ② to ⑤ occurred concurrently on the day of surgery (Created with BioRender.com).
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Angiogenesis Proteome Profiling Kit (Proteome Profiler Antibody Ar
rays, R&D Systems, USA). PPP was prepared for immediate use, and L- 
and H-PFH(D) were prepared as described earlier, following the same 
protocol used for ovarian encapsulation with each PFH in this study. 
After a 30-min activation, L- and H-PFH(D) were centrifuged, and the 
supernatants were collected and transferred to fresh 1.5 mL tubes for 
further analysis. PPP, L-, and H-PFH(D) were grouped together for this 
experiment. The pixel density of each detected proteome was manually 
quantified using Image J software, following the manufacturer’s 
guidelines, and compared among all groups.

2.6. Fabrication and characterization of FH-O, L-PFH, and H-PFH, and 
encapsulation process of the ovary

FH-O, used for ovarian encapsulation, was prepared by mixing 
fibrinogen (5 mg/mL, Sigma Aldrich) and aprotinin (150 KIU/mL, 
Sigma Aldrich) with thrombin (5 IU/mL, Sigma Aldrich) and a calcium 
chloride solution (1 mM, Sigma Aldrich). Initially, a ‘Gel Base (A)’ was 
created by dissolving fibrinogen and aprotinin in distilled water. For L- 
and H-PFH preparation, L- and H-PRP were mixed into this Gel Base (A). 
The ‘Activator (B)’ was formulated by combining thrombin and CaCl2 
solution. The process of whole ovary encapsulation involved immersing 
the ovaries in DPBS immediately after ovariectomy to remove residual 
blood, followed by complete immersion in Gel Base (A) and Activator 
(B), each for 20 s. The drop volume was 20 μL. The storage modulus (G′), 
loss modulus (G″), and tan(d) of FH-O, L-PFH, and H-PFH were measured 
under varying strain using an Advanced Rheometric Expansion System 
(ARES; Rheometric Scientific, UK). Samples were prepared following the 
same protocols as the encapsulation procedure and placed in a 48-well 
culture plate. The ARES was maintained at a constant temperature of 
37 ◦C. Samples were positioned between parallel cassettes with an 8 mm 
diameter, and strain varied from 1 to 300 %. The experiment was con
ducted at a controlled frequency of 1.0 rad s-1. Subsequently, each gel 
sample underwent a three-day lyophilization and platinum sputter- 
coating before evaluating its microstructure using Scanning Electron 
Microscopy (SEM; SNE-3200, SEC, Suwon, Korea).

2.7. Macroscopic evaluation of ovarian grafts and weighing after 
hormonal trigger to evaluate the recovery of endocrine function and intact 
vascularization

Macroscopic evaluation of grafts was conducted before sampling on 
each observation day. Mice were euthanized by cervical dislocation, and 
dorsal skin was dissected along the spine. Skin flaps were then carefully 
arranged on surgical pads for visual assessment of grafts and sur
rounding vascular structures. Gross images were captured using an 
iPhone XR camera with a scaling ruler beneath each sample. The weight 
of ovarian grafts in each group was measured after intraperitoneal 
administration of 7.5 IU/150 μL/head of pregnant mare serum gonad
otropin (PMSG; Prospec, Rehovot, Israel) 48 h before sampling at 3-, 7-, 
and 21-days post-OTT. On each sampling day (except day 1), before 
ovulation, grafts were retrieved and weighed using an electronic balance 
(Adam Equipment Inc., Danbury, CT, USA). The weight gain recovery, 
influenced by hormonal response, serves as an indicator of intact vessel 
formation, facilitating successful hormone delivery to the grafts.

2.8. Preparing samples for the histological analysis

Ovarian grafts from the right side of each mouse were collected at 1-, 
3-, 7-, and 21-days post-transplantation, fixed in 4 % paraformaldehyde, 
and incubated overnight at 4 ◦C. Subsequently, the grafts were paraffin 
embedded. Tissue slides, with a thickness of 4 μm, were serially 
sectioned (Microtome Rotary, Leica). Slides at regular intervals 
(100–150 μm) were chosen for hematoxylin and eosin (H&E) staining 
(Cancer Diagnostics, Durham, UK) to assess ovarian follicle quantity and 
quality. Additional sections were used for immunohistochemistry- 

paraffin-embedded (IHC–P) analysis to detect vascular endothelial 
cells through Cluster of Differentiation 31 (CD31; Abcam, Cambridge, 
MA, USA) staining. The terminal deoxynucleotidyl transferase-mediated 
deoxy-uridine triphosphate nick-end labeling (TUNEL) assay for DNA 
fragmentation was conducted using the Cell Death Detection Kit (Roche, 
Mannheim, Germany). Slides for IHC-P and TUNEL assays were selected, 
deparaffinized, and rehydrated following the same process as the H&E 
staining in each experimental condition.

2.9. Assessment of quantity and quality of remaining ovarian follicles

Unstained slides were heated to 60 ◦C for at least 4 h, followed by 
deparaffinization and rehydration in pure xylene (DAEJUNG, Korea) for 
3 cycles of 10 min each and sequential dilutions of ethanol (100, 95, 90, 
85, 80, 70, and 50 %) (EMSURE, Merck, Darmstadt, Germany) for 5 min 
each. The slides were then immersed in hematoxylin for 1 min, rinsed in 
fresh tap water, dipped in 70 % ethanol containing hydrochloric acid for 
3 s, and subsequently placed in eosin for 20 s. After another tap water 
rinse, the slides were briefly dipped in xylene for 1 s and mounted using 
Dako Mounting medium (Dako, Copenhagen, Denmark). To assess the 
remaining follicles in retrieved OTs, H&E-stained slides were examined 
under a light microscope (Nikon, Tokyo, Japan) at 20X (Secondary and 
Antral follicles) and 40× (Primordial and Primary follicles) magnifica
tions. Follicles were categorized into four developmental stages based 
on standard appearances: primordial (single layer of flattened pre- 
granulosa cells), primary (single-layer granulosa cells (GCs) including 
cuboidal forms), secondary (at least two layers of cuboidal GCs), and 
antral (multiple layers of cuboidal GCs with a fluid-filled antrum) [48]. 
Follicle quality was graded using predefined criteria: Grade 1 (G1) for 
intact spherical follicle and oocyte, Grade 2 (G2) for detached granulosa 
cells with a healthy oocyte, and Grade 3 (G3) for disruption of granulosa 
and theca cells, pyknotic nuclei, and missing oocytes [49]. The results 
were obtained from the analysis of a total of 10 ovaries per group, with 
each dot on the graph representing one ovary (as stated in the legend of 
Fig. 6, d). As we employed the same method as previous literature [48,
49], no separate analysis was conducted for density. Following the 
methodology outlined in the reference, we conducted a histopatholog
ical comparison of follicles within the whole ovary. The slides serially 
sectioned at 4 μm intervals were chosen at 100 μm intervals for staining, 
and this procedure was carried out uniformly across all groups to 
analyze the entire ovary. Analysis was conducted based on criteria from 
the previous study [48] for all groups, presenting results for total follicle 
count, stage-wise follicle count and ratio, and Grade 1 follicle count and 
ratio [49].

2.10. Immunohistochemical staining of CD31 for detecting vascular 
endothelial cells in ovarian grafts

Immunostaining of Cluster of Differentiation 31 (CD31) in the 
ovarian grafts was performed to assess blood vessel intensity. After 
deparaffinization and rehydration, slides were microwave-boiled in 
target antigen retrieval solution (pH 6.0, citrate buffer, MOSAICON, 
Korea) for 20 min. Sections were then treated with peroxidase blocking 
solution (Dako, Copenhagen, Denmark) for 10 min, followed by over
night incubation with an anti-CD31 antibody (1:50 dilution; Abcam, 
Cambridge, MA, USA) at 4 ◦C. After washing the slides, sections were 
treated with EnVision + HRP solution (Dako, Copenhagen, Denmark) 
for 1 h, and subsequently with Liquid DAB + Substrate mixture (Dako, 
Copenhagen, Denmark) for 8 min at room temperature, followed by 
brief hematoxylin counterstaining (1 s). After each step following anti
gen retrieval, all slides were washed in 1X wash buffer (Dako, Copen
hagen, Denmark). CD31-positive area was quantified using Image J 
software under a light microscope at 10X and 20× magnification.
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2.11. TUNEL assay for evaluating DNA damage in ovarian grafts

DNA fragmentation in ovarian grafts was assessed using the TUNEL 
assay on each observation day. After deparaffinization and rehydration, 
slides were treated with 0.8 % proteinase K (Dako, Copenhagen, 
Denmark) at room temperature for 20 min. Subsequently, they were 
incubated with a Cell Death Detection kit (Roche, Penzberg, Germany) 
at 37 ◦C for 1 h, followed by DPBS (WelGENE Inc., Korea) washing. The 
slides were mounted with VECTASHIELD (DAPI (4′,6-Diamidino-2- 
Phenylindole, dihydrochloride)-containing mounting solution; Vector 
Laboratories, Burlingame, CA, USA). TUNEL-positive cells emitted green 
fluorescence with excitation wavelengths of 450–500 nm and detection 
capabilities of 515–565 nm. Slides were examined under an inverted 
fluorescent microscope (Carl Zeiss AX10, Carl Zeiss AG, Oberkochen, 
Germany) at 10× magnification, and the TUNEL positive area was 
analyzed using AxioVision 4.8.2.0 software (Carl Zeiss MicroImaging, 
Oberkochen, Germany).

2.12. Superovulation, in vitro maturation (IVM), and in vitro fertilization 
(IVF) of retrieved oocytes from ovarian grafts, 21 days post-OTT

Twenty-one days post-OTT, each experimental group received 
intraperitoneal injections of 7.5 IU PMSG, followed by hCG injections 
(48 h later). Approximately 10 h after the hCG injection, ovarian grafts 
were retrieved in modified Medium-199 HEPES medium supplemented 
with 20 % FBS and 1 % PS. Antral follicles were punctured to collect 
cumulus-oocyte complexes (COCs), which were cultured in the same M 
− 199 medium with FSH and hCG for oocyte maturation. Matured oo
cytes were transferred to Human tubal fluid (HTF) medium, and the 
maturation rate was calculated as the number of metaphase II (MII) 
oocytes divided by the total retrieved oocytes. Concurrently, raw semen 
from 12-week-old B6D2F1 male mice was capacitated in HTF medium 
for 1 h. Ten μL of suspended sperm were added to oocytes. After 24 h, 
intact 2-cell stage embryos were counted, washed, and transferred to 
fresh KSOM medium. The fertilization rate was determined as the 
number of 2-cell stage embryos divided by the number of MII oocytes. 
The embryo development rate (blastocyst formation rate) was deter
mined as the number of blastocysts divided by the number of 2-cell 
embryos after 72 h of culture. This procedure was replicated for four 
batches.

2.13. Reverse-transcription polymerase chain reaction (RT-PCR) and 
quantitative real-time PCR (qRT-PCR) in ovarian grafts retrieved 21 days 
post-OTT

Total RNA was extracted with TRIzol® reagent (Invitrogen, USA), 
followed by cDNA synthesis using random hexamers (Bioneer, Korea), 
dNTP (Mosaicon, Korea), Rnasin (Promega, Korea), and M-MLV reverse 
transcriptase (Promega, Korea). The resulting cDNA underwent 40 
amplification cycles on the ViiA7 real-time PCR system (Applied Bio
systems, USA) following the manufacturer’s protocol. Fold changes were 
assessed using the 2-△△Ct method, and log2 and Z-score transformed 
data were generated. Gene expressions for ovarian reserve-related genes 
(Fshr, Lhcgr, and Bax) and 84 angiogenesis-related genes were evaluated 
using specific primers obtained from Bioneer. Further details are pro
vided in supplementary Data (Figs. S1 and S2).

2.14. Statistical analysis

Statistical analysis and graph preparation were carried out using 
GraphPad Prism version 10.0.0 software (California, San Diego). Each 
experiment involved a minimum of 10 animals, and the data presented 
represent the results obtained through more than three repetitions of 
both biological and technical experiments. For the evaluation of the 
number of follicles in the ovary, follicle quality, CD31 staining analysis, 
and TUNEL staining analysis, repeated measure two-way analysis of 

variances (ANOVA) and Tukey’s multiple comparison tests were per
formed. In addition, ordinary one-way ANOVA and Tukey’s compari
sons test were conducted for the statistical consideration of in vitro and 
ex vivo analysis of angiogenic potential, IVF, PCR, and proteome 
profiling. All graphs were generated based on the mean ± standard 
deviation (SD), and the criteria for determining statistically significant 
differences were set as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p 
< 0.0001. Each raw p-value is available in the following text or figure 
legends.

3. Results and discussion

3.1. Allogenic mouse L-PRP and H-PRP preparation and their derivatives’ 
angiogenic potential assays (L-PFH(D), and H-PFH(D))

The platelet levels in allogeneic PRP were assessed and compared to 
whole blood (WB) in mice. The findings indicated a significant decrease 
of 0.004 ± 0.003-fold (****p < 0.0001) in PPP and a substantial in
crease of 5.487 ± 0.114-fold (****p < 0.0001) in PRP. This character
ization aligns with the definition of PRP as a blood product containing 3 
to 5 times more platelets than WB, confirming the suitability of our PRP 
for this study [50,51]. L-PRP was prepared by diluting H-PRP into PPP at 
a 1/4 ratio for subsequent experiments (Fig. 2 a, b). To assess the 
angiogenic potential of factors encapsulated in PFHs, both in vitro and 
ex vivo analyses were conducted using their derivatives (D) [52]. After 
12 h of culture, the in vitro tube formation assay showed that L-PFH(D) 
exhibited the most intact and unbroken tubes compared to the control 
group. The number of branches in the in vitro tube formation assay for 
each group was as follows: Control, 34.750 ± 3.775; L-PFH(D), 61.000 
± 8.446; and H-PFH(D), 43.000 ± 10.950. Statistically significant re
sults were observed, with high-quality blood vessel branches sprouting 
and extending in the L-PFH(D) group (Control vs. L-PFH(D), **p =
0.0039). Similar results were obtained on the 4th day of ex vivo culture 
(Control vs. L-PFH(D), *p = 0.0259) (Fig. 2 c). The number of branches 
in the ex vivo aortic ring assay for each group was as follows: Control, 
1975.0 ± 711.2; L-PFH(D), 5890.0 ± 2351.0; and H-PFH(D), 845.0 ±
248.9. Interestingly, H-PFH(D), which contains a higher amount of 
pro-angiogenic factors, did not show a statistically significant difference 
from the control group, and its angiogenic potential was lower than that 
of L-PFH(D), both in vitro (L-PFH(D) vs. H-PFH(D), *p = 0.0322) and ex 
vivo (L-PFH(D) vs. H-PFH(D), *p = 0.0205) (Fig. 2 d). These findings 
suggest that the rapid initiation of angiogenesis due to an excessively 
high concentration of pro-angiogenic factors can lead to an imbalance in 
the essential factors required for the establishment of a robust vascular 
structure. This phenomenon is consistent with previous reports indi
cating that such an imbalance results in the excessive proliferation of 
unstable blood vessels, a common occurrence in cancer angiogenesis 
[53]. To delve deeper into this, we performed an extensive proteome 
array analysis to compare the composition and quantity of factors in the 
L-PFH and H-PFH preparations we generated.

3.2. The angiogenesis-related proteomes in PPP, L-PFH(D), and H-PFH 
(D)

In our analysis of angiogenesis-related factors, we compared L-PFH 
(D) with diluted platelets to H-PFH(D) with approximately fivefold 
concentrated platelets. Notably, five factors exhibited significant dif
ferences (Fig. 3 a, b): Angiopoietin-1 (Ang-1), Platelet-derived Growth 
Factor-AA and AB/BB (PDGF-AA and AB/BB), Plasminogen Activator 
Inhibitor-1 (PAI-1), and Platelet factor 4 (PF4) among others. Among 
pro-angiogenic factors, Ang-1 (*p = 0.0193), PDGF-AA (**p = 0.0043), 
and PlGF-2 (****p < 0.0001) were significantly higher in H-PFH(D) 
compared to L-PFH(D). HGF was exclusively detected in H-PFH(D) 
(****p < 0.0001), while OPN showed a significant decrease in H-PFH(D) 
compared to PPP and L-PFH(D) (PPP vs. H-PFH(D); **p = 0.0023, L-PFH 
(D) vs. H-PFH(D); **p = 0.0014). Additionally, MMP-9, crucial for 
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initiating angiogenesis by degrading vessel basement membranes and 
surrounding ECMs, exhibited a significant decrease in H-PFH(D) 
compared to L-PFH(D) (L-PFH(D) vs. H-PFH(D); *p = 0.0221) (Fig. 3 c). 
Regarding anti-angiogenic factors, Endostatin showed no significant 
differences across groups. PF4 was not detected in H-PFH(D) but 
significantly increased in PPP compared to L-PFH(D) (L-PFH(D) vs. PPP; 
*p = 0.0154). Furthermore, TSP-2 and TIMP-1 were exclusively detected 
in PPP (TSP-2; ***p = 0.0007, TIMP-1; **p = 0.0070). TIMP-4 was not 
detected in L-PFH(D) but showed a significant increase in both PPP and 
H-PFH(D), with PPP exhibiting a significantly higher expression than H- 
PFH(D) (H-PFH(D) vs. PPP; **p = 0.0041) (Fig. 3 d). Factors related to 
angiogenesis initiation through hypoxia-induced inflammation signals 
and immune response also exhibited significant differences. CXCL-16 
significantly decreased in PPP compared to L-PFH(D) (L-PFH(D) vs. 
PPP; *p = 0.0475), while CCL-2 was exclusively detected in PPP (****p 
< 0.0001). PTX-3 significantly increased in PPP compared to H-PFH(D) 
(H-PFH(D) vs. PPP; *p = 0.0243). PAI-1 was detected in both L- and H- 
PFH(D), with significantly higher expression in H-PFH(D) (L-PFH(D) vs. 
H-PFH(D); *p = 0.0199), and PEDF was significantly detected only in H- 
PFH(D) (*p = 0.0248) (Fig. 3 e). In summary, H-PFH exhibited pre
dominantly higher levels of pro-angiogenic factors, while L-PFH, pre
pared by diluting platelets in relatively anti-angiogenic factor-rich 
platelet-poor plasma (PPP) with H-PRP, maintained a more balanced 
ratio of pro-angiogenic to anti-angiogenic factors compared to H-PFH 
(Fig. 3.). These findings suggest that anti-angiogenic factors may 
normalize dysfunctional vasculature, creating a favorable microenvi
ronment for angiogenesis [54–57]. Additionally, anti-angiogenic factors 
can induce compensatory mechanisms, triggering pro-angiogenic factor 
release to restore blood supply [57–63]. Furthermore, anti-angiogenic 
factors can induce tissue hypoxia, initiating events that promote 
angiogenesis and restore oxygen supply to affected tissues. Moreover, 
anti-angiogenic factors can modulate immune responses and interact 
with immune cells, influencing angiogenesis and vascularization [28,54,
64–70]. In future experiments, we will explore potential pathological 
and molecular differences between L-PFH and H-PFH based on these 

findings. If significant indicators arise, they are expected to align with 
the discussions in this section.

3.3. Fabrication and characterization of FH-O, L-PFH, and H-PFH

To efficiently deliver PFs to the ovarian and subcutaneous micro
environments during transplantation, we meticulously compared and 
optimized the composition of Gel base (A) and Activator (B), referring to 
Yang et al. [45] (Fig. 4 a). The optimized composition included Gel base 
(A) with PRP, which underwent several trials to prevent premature 
gelation. By adjusting fibrinogen and aprotinin concentrations, we 
achieved a stable PRP-added Gel base (A) in a sol state. Gelation 
occurred only when exposed to Activator (B), aligning with our in
tentions. Upon adding Activator (B) composed of CaCl2 and Thrombin to 
PRP-containing Gel base (A) and incubating for 30 min at room tem
perature, it completely polymerized into a gel state (Fig. 4 b). In rheo
logical tests of FH-O, L-PFH, and H-PFH at body temperature, FH-O and 
L-PFH displayed similar storage and loss properties across all moduli. 
H-PFH exhibited greater physical rigidity compared to FH-O and L-PFH 
but there was no statistical significance (Fig. 4 c). Microstructural 
analysis of lyophilized hydrogels revealed that FH-O had a porous, 
thread-like structure due to low fibrinogen concentration. L-PFH dis
played less porosity and a robust structure due to added platelets, while 
H-PFH exhibited a denser structure (Fig. 4 d). This difference can be 
attributed to the approximately fourfold higher platelet concentration in 
H-PFH, which enhances physical properties and reduces porosity [47]. 
Platelets play a role in entangling with fibrin clots and solidification 
[71–73] and the study confirmed that greater platelet numbers result in 
stronger physical properties and lower porosity. Studies indicate that the 
concentration and composition of PRP, platelet-rich fibrin (PRF), or 
platelet-rich blood clots can affect mechanical properties and in vivo 
outcomes [74–78]. After characterizing these materials, we successfully 
encapsulated mouse ovaries, ensuring complete coverage and mainte
nance of the outer ovarian surface (Fig. 4 e). Platelets, activated by 
contact with the extracellular matrix (ECM), aggregated, and tightly 

Fig. 2. Allogenic mouse L-PRP and H-PRP preparation and their derivatives’ angiogenic potential assays (L-PFH(D), and H-PFH(D)). (a) Using a commercial PRP kit, 
H-PRP was prepared from allogeneic mouse blood, and L-PRP was generated by diluting H-PRP with PPP at a 1:4 ratio. (b) The platelet counts of whole blood, PPP, 
and PRP was assessed via C.B.C. test (n = 75, three replicates per PRP), ****p < 0.0001. (c) The figure shows in vitro (12 h post-seeding) and ex vivo (4 days post- 
seeding) angiogenic potential assays’ microscopic images. (d) Graphs depict the branch numbers between HUVECs or sprouting from aortic segments.
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adhered, ensuring the hydrogel layer’s stability after encapsulation 
[46].

Furthermore, we explored an injectable PFH formulation using a 
dual syringe tip. By connecting PRP-containing Gel base (A) to the left 
syringe and Activator (B) to the right syringe, we achieved gel formation 
upon simultaneous injection (Fig. S3). This versatile approach demon
strates PFH’s adaptability, extending not only to physical properties and 
shapes but also to application methods [79]. This adaptability opens 
avenues for diverse therapeutic interventions in tissue engineering, 
regenerative medicine, and beyond. Continued investigation and opti
mization of the injectable PFH formulation hold promise for broader 
clinical applications, not only in personalized FP therapy but also in 
other medical fields [80].

3.4. The vessel formation on each observation day and ovarian response 
against the gonadotropin

We transplanted encapsulated ovaries subcutaneously into the dorsal 
region of mice, selecting this site due to reported severe ischemic 
damage during ovarian transplantation, which allows for clear graft 
observation in challenging conditions [13]. Macroscopic evaluations 
were conducted at 1-, 3-, 7-, and 21-days post-transplantation to assess 
graft condition, size, color, and surrounding blood vessels. These ob
servations tracked graft viability and physiological changes over time 
before tissue collection. Angiogenesis after avascular ovarian 

transplantation involves multiple stages and can vary due to individual 
health and surgical techniques [17,81]. In the initial 24 h 
post-transplantation, grafts rely on oxygen and nutrient diffusion, sup
porting cells near the graft surface. Our results showed no significant 
changes in the sham group, but experimental groups displayed extended 
vascular structures surrounding the encapsulated ovaries. L-PFH and 
H-PFH exhibited higher vessel abundance compared to FH-O, with 
thicker and more numerous vessels (Fig. 5 a), indicating that platelets 
and their factors expedite angiogenesis around the encapsulated ovaries. 
It is known that inflammatory responses initiated 24–48 h 
post-transplantation release various cytokines and chemokines, aiding 
in angiogenesis cell recruitment [62,64,82]. Plus, by days 2–5, endo
thelial cells begin forming rudimentary vascular networks, guided by 
pro-angiogenic factors from hypoxic graft cells and immune cells that 
received inflammatory signals [60,65,66,83]. On day 3, evidence of 
blood vessels was observed, though they were not fully stabilized, 
leading to bleeding consistent with angiogenesis. Interestingly, the sham 
group exhibited less bleeding than the other groups. H-PFH displayed a 
hardened graft with black liquid, indicating substantial bleeding or 
coagulated blood. Conversely, FH-O and L-PFH groups exhibited similar 
bleeding levels (Fig. 5 a). From day 4 to a week post-transplantation, 
primitive vascular networks mature into functioning blood vessels, 
recruiting pericytes and smooth muscle cells to stabilize them [54,
58–62]. By weeks 2–3, the newly formed vessels should supply adequate 
blood flow, restoring function [54,58–62]. The absence of hematoxylin 

Fig. 3. The angiogenesis-related proteomes in PPP, L-PFH(D), and H-PFH(D). (a) Blotted membranes representing detected proteomes in each group. Boxes 
numbered from 1 to 5 highlight distinct blots. (b) Quantified data of top five divergent factors in each group. (c) Identified pro-angiogenic factors in PPP, L-PFH(D), 
and H-PFH(D). (d) Represented anti-angiogenic factors found in PPP, L-PFH(D), and H-PFH(D). (e) Inflammation-related pro- and anti-angiogenic factors detected in 
PPP, L-PFH(D), and H-PFH(D) (*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001).
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staining and the presence of only a pale pink color in the locations where 
nuclei should be observed in histological analysis could be attributed to 
fibrosis or necrosis [84]. Additionally, as evident from TUNEL staining, a 
positive signal was observed in the same area, indicating damage to the 
nuclei due to necrotic death [85]. Day 7 showed the Sham group with 
necrotic death due to unsuccessful engraftment. In contrast, L-PFH 
exhibited robust blood vessels near the ovary, resembling normal 
ovaries, while H-PFH showed some surrounding blood vessels with 
bleeding. Day 21 revealed clear graft-recipient-connected vessels in 
L-PFH and H-PFH. However, H-PFH exhibited high-permeability vessels, 
indicative of excessive angiogenesis, potentially due to the higher con
centration of proangiogenic factors, leading to imbalanced angiogenesis. 
Although we did not quantitatively or directly assess vessel perme
ability, we confirmed indirectly through literatures that the observation 
of hemorrhage around the tissue after avacular transplantation during 
visual inspection serves as an indirect explanation for the increased 

vessel permeability [86]. Furthermore, it is well known that hemorrhage 
from a increased vessel permeability often accompanies the initiation 
stages of neovascularization and angiogenesis in tumors or in the neo
vascularization process related to retinal disease [87]. This can 
compromise vessel integrity and functionality, underscoring the need 
for a balanced proangiogenic factor concentration to ensure proper 
angiogenesis, creating functional, non-leaky blood vessels in trans
planted ovaries (Fig. 5 a).

To evaluate ovarian functional recovery, rapid follicle growth and 
hormonal response were key indicators (Fig. 5 a). PMSG, acting like 
FSH, was injected into normal mice and two mice from each experi
mental group 48 h before the 21st day. The results showed a significant 
weight decrease in all groups on day 3 compared to the Fresh group 
(Sham; 2.275 ± 0.714 mg, ***p = 0.0009, FH-O; 2.400 ± 0.583 mg, **p 
= 0.0012, L-PFH; 2.525 ± 1.124 mg, **p = 0.0015, and H-PFH; 3.375 ±
1.823 mg, **p = 0.0075). On day 7, the Sham and FH-O groups 

Fig. 4. Fabrication and characterization of FH-O, L-PFH, and H-PFH. (a) Schematic illustration of L-PFH and H-PFH fabrication procedure (Created with BioRender. 
com). (b) Test tube inversion assay of PFH post Gel base (A) and Activator (B) mix. (c) Mechanical properties of each hydrogel. Both storage modulus (G′) and loss 
modulus (G″) showed higher values in H-PFH compared to FH-O and L-PFH. (d) Microstructure of each hydrogel. Porosity density increased in a platelet 
concentration-dependent manner. (e) Procedure of ovary encapsulation and resultant encapsulated ovary (Red arrow points to Gel base (A) with PRP, blue arrow to 
Activator (B)).
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exhibited significantly lower weights than the Fresh group. Conversely, 
L-PFH and H-PFH groups showed no significant differences. On day 21, 
L-PFH and H-PFH groups exhibited no significant differences compared 
to the Fresh group, indicating functional recovery like normal ovaries. 
However, the Sham and FH-O groups displayed significantly decreased 
weights compared to the Fresh group. The Sham group also exhibited 
significantly lower weight than L-PFH and H-PFH groups (Fig. 5 b).

These results suggest that PRP facilitates rapid and stable blood 
vessel formation. Differences between L-PFH and H-PFH indicate vari
ations in L- and H-PRP derivatives, contributing to distinct effects. 
Platelet numbers and activation status influence factor secretion, and 
interactions between these factors vary. Notably, pro-angiogenic and 
anti-angiogenic factors play a crucial role, and their balance differs 
depending on the specific tissue or microenvironment [47,56,58,88].

Our findings suggest that L-PFH is more effective in promoting intact 
vessel formation and endocrine function recovery in transplanted 
ovaries, emphasizing the importance of L-PFH’s specific composition 
and properties, including factors secreted by activated platelets, in 
supporting functional blood vessel formation and hormonal restoration 
in the grafts.

3.5. Recovery of ovarian reserve: the quantity and quality of remaining 
follicles and ovarian reserve-related gene expressions

Through pathological evaluation of ovarian tissues collected on 
various post-transplantation days, significant findings emerged. On day 
1 post-transplantation, signs of ongoing follicular degeneration, specif
ically atresia in the remaining growing follicles, were observed. The 
total number of follicles and the ratio of G1 follicles to total follicles 
exhibited no significant differences among the groups. However, start
ing from the 3rd day after transplantation, an increase in the eosino
philic area in the stromal region, indicative of ischemic necrosis, was 
visually observed in the Sham, FH-O, and H-PFH groups but not in the L- 
PFH group (Fig. 6 a). Additionally, the total number of follicles 
remaining in the ovary significantly differed, with L-PFH (126.200 ±
24.809) showing a significantly higher number compared to all other 
groups (Sham; 75.400 ± 10.840, ***p = 0.0003, FH-O; 69.400 ±

18.110, ***p = 0.0001, and H-PFH; 94.900 ± 15.423, *p = 0.0189) 
(Fig. 6 c). On the 7th day post-transplantation, significant differences 
were noted upon pathological examination. In particular, the 
morphology of the L-PFH group closely resembled that of fresh ovaries, 
indicating a healthier state with primordial follicle nests around the 
cortex region of the grafts (Fig. 6 a, b). The total number of follicles was 
highest in L-PFH (114.300 ± 37.606), followed by H-PFH (83.500 ±
16.099), FH-O (62.600 ± 23.156), and Sham (33.800 ± 8.053). The 
proportion of preserved follicles was also highest in L-PFH (74.760 ±
7.130 %), followed by H-PFH (69.310 ± 7.696 %), FH-O (40.830 ±
16.909 %), and Sham (23.090 ± 7.702 %). Significant differences were 
observed between L-PFH and Sham (***p = 0.0003) and FH-O (**p =
0.0097). There was no significant difference between FH-O and H-PFH. 
Similar trends were observed on day 21, with L-PFH exhibiting signifi
cantly higher follicle quantity (*p = 0.0351) and follicle quality (***p =
0.0003) compared to H-PFH. However, there was no significant differ
ence in follicle quantity (ns, p = 0.2840) and quality (ns, p = 0.0541) 
between FH-O and H-PFH (Fig. 6 d). The proportion of each follicle 
according to their developmental stages was similar among all groups, 
but when considering this in conjunction with the total number of pre
served follicles in each group, L-PFH demonstrated a protective effect in 
preserving the primordial follicle pools, which represent the ovarian 
reserve (Fig. S4).

In summary, L-PFH proved superior in preserving both follicle 
quantity and quality (Fig. 6 b-d). FH-O and H-PFH also exhibited better 
follicle preservation and improved quality compared to the Sham group. 
Notably, there was no significant difference between FH-O and H-PFH. 
L-PFH’s composition, a mixture of PPP and H-PRP, likely contributes to 
its enhanced performance. As observed in proteome screening results, 
the distribution of proangiogenic and anti-angiogenic factors in L-PFH is 
more balanced compared to H-PFH. This suggests that while H-PFH 
promotes rapid angiogenesis initiation, L-PFH fosters the formation of 
stable blood vessels due to its higher concentration of anti-angiogenic 
factors. These findings align with prior studies emphasizing the impor
tance of pro-angiogenic and anti-angiogenic factor interaction and bal
ance in achieving intact and functional blood vessel formation [56,58,
88]. Moreover, the quicker angiogenesis initiation in PRP-based groups 

Fig. 5. The vessel formation on each observation day and ovarian response against the gonadotropin. (a) Visualization of vessel formation around the graft at 
intervals of 1-, 3-, 7-, and 21 days post-transplantation. (b) Comparison of ovarian weights in each group (n = 4/group) at days 3, 7, and 21 post-transplantations, 
following PMSG administration 48 h prior to sampling. The PFH groups presented comparable weights to the fresh ovary from PMSG-treated mice on days 7 and 21. 
(*p < 0.05, **p < 0.01, and ***p < 0.001).
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compared to Sham and FH-O groups can be attributed to the presence of 
immune cells and pre-existing angiogenic factors in PRP, expediting the 
response to tissue hypoxia and transplantation-related injuries [55,64]. 
Notably, complete tissue engraftment and functional blood vessel 
establishment usually require around three weeks [24]. Accordingly, 
gene expression assessment on day 21 revealed consistent trends. Fshr 
and Lhcgr expression, representative markers of ovarian function, were 
significantly higher in L-PFH compared to all other groups, while it was 
significantly lower in Sham [45]. Fshr expression in H-PFH was signif
icantly lower compared to L-PFH, with no significant difference in Bax 
expression between L-PFH and H-PFH. Interestingly, cell death was 
significantly reduced in all groups compared to Sham, and FH-O 
exhibited a significantly stronger anti-apoptotic effect than H-PFH 
(Fig. 6 e). These findings suggest that a moderate concentration of 
platelet-derived factors, as seen in FH-O or when applying fibrin alone, 
can effectively prevent apoptosis.

3.6. Vascular endothelial cells and DNA fragmentation in ovarian grafts

To evaluate post-transplantation changes in blood vessel formation 
and cell death within ovarian tissue, we performed CD31 staining to 
visualize blood vessel structures and TUNEL staining to detect DNA 
fragmentation. No significant differences in blood vessel quantity or 
apoptosis were observed among the groups on the first day after 

transplantation (Fig. 7 a, b). However, from the third day onward, while 
blood vessel quantity remained similar, DNA fragmentation significantly 
decreased in L-PFH (***p = 0.0007) and H-PFH (**p = 0.0051) 
compared to the Sham group. FH-O did not show significant differences 
compared to any of the groups (Fig. 7 d, f). By the 7th day post- 
transplantation, the CD31-positive area, indicative of blood vessel 
presence, significantly increased in L-PFH compared to Sham (*p =
0.0296) and FH-O (*p = 0.0193), consistent with H&E staining results 
(Fig. 7 a-c). There were no significant differences in blood vessel 
quantity among the PFH groups. DNA fragmentation analysis revealed a 
significant decrease in the ratio of positive areas in all groups compared 
to Sham on day 7 (FH–O; *p = 0.0432, L-PFH; *p = 0.0238, and H-PFH; 
*p = 0.0396). However, there were no significant differences in DNA 
fragmentation between FH-O, L-PFH, and H-PFH (Fig. 7 d-f).

On day 21, the vascular ratio remained significantly higher in L-PFH 
compared to Sham (*p = 0.0113) and FH-O (*p = 0.0185), consistent 
with the observations on day 7. There were no significant differences in 
the vascular ratio in H-PFH compared to all groups (Fig. 7 c). No sig
nificant differences were found in the quantified data of DNA frag
mentation among the groups on day 21, indicating a comparable level of 
cell death in all groups at that time point (Fig. 7 f). In summary, our 
results support previous findings, demonstrating that L-PFH promotes 
faster and more complete blood vessel formation, ultimately improving 
tissue survival. Ischemic necrosis is a prominent feature observed in 

Fig. 6. Recovery of ovarian reserve: The quantity and quality of remaining follicles and ovarian reserve-related gene expressions. (a) Histological evaluation of graft 
samples, visualized with H&E staining. Each scale bar denotes 100 μm. (b) On Day 7, L-PFH group demonstrated primordial follicle nests, a significant indicator of 
healthy ovarian reserve (highlighted by yellow arrowheads). (c) The total follicle count per group with proportionate representation of follicular developmental 
stages provided in Fig. S2. (d) Comparison of high-quality follicles (G1) to the overall follicle count across groups (n = 10/group). (e) Expressions of ovarian reserve 
markers (Fshr, Lhcgr), and DNA fragmentation marker (Bax) were confirmed via quantitative real-time PCR (qRT-PCR).
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tissues subjected to ischemic injury, with DNA fragmentation serving as 
a reliable indicator of this process [89]. Our results show a correlation 
between reduced vessel density and increased DNA fragmentation, 
while well-maintained or increased vessel density resulted in minimal 
DNA injury. This suggests that PFH-treated groups, in general, exhibited 
accelerated blood vessel formation, thereby mitigating tissue ischemic 
damage, and reducing DNA injury. Notably, L-PFH exhibited superior 
efficacy in preventing such damage, highlighting its potential as a robust 
protective agent.

3.7. Angiogenesis-related gene expressions in ovarian grafts

Gene expression analysis at 21 days post-transplantation compared 
to healthy ovaries. PFH-treated groups resembled the Fresh group, with 
H-PFH expressing more factors than L-PFH. The angiogenesis-related 
gene expressions were increased in all experimental groups compared 
to the Fresh group, however, the L-PFH showed similar expression 
patterns with the Fresh group with no significance. This result projects 
the effect of difference balance between pro- and anti-angiogenic factors 
detected in each hydrogel (Fig. 3). FH-O had the highest gene over
expression, while Sham under-expressed most genes (Fig. 8 a). Genes 
responding to hypoxic shock (Akt1, Egf, Epas, Hifα, Tgfα, Vegfa, Vegfb, 
Vegfc, Fgf1, and Fgf2) and inflammation (Ccl2, Ccl1, Il-1β, Il-6, and TNFα) 
showed similar patterns in L-PFH compared to normal ovarian gene 
expression, with no significant difference (Fig. 8 b-c). Overall, genes 
decreased in the Sham group compared to normal ovaries (Fig. 8 a-c). 
These findings highlight the importance of achieving a well-balanced 
equilibrium between pro-angiogenic and anti-angiogenic factors for 
successful neovascularization (Fig. 8 d). A balance between pro- and 
anti-angiogenic factors is crucial for efficient neovascularization [53]. 

Excessive pro-angiogenic signaling can lead to aggressive, leaky blood 
vessels, promoting metastasis [90]. Maintaining balance encourages 
healthy vessel formation, minimizing tissue damage during engraftment 
[91–94]. These results align with established literature theories, sug
gesting tissues may signal for blood vessel formation when FH-O and 
H-PFH have excessive gene expression (Fig. 8 d) [53–64]. The L-PFH 
group showed better outcomes in all assessment indexes in this study, 
which could be explained by these reasons. Conversely, the severely 
diminished gene expression in the Sham group suggests early-stage tis
sue damage and total functional loss. Considerations include ovarian 
dynamic changes during the estrous cycle and ovulation, a compre
hensive gene expression pattern analysis from the initial to the 21st day 
would offer a more accurate understanding.

3.8. Recovery of ovarian function: production of healthy and fertile 
oocytes

On the 21st day post-OTT, we induced superovulation in each 
experimental group and retrieved ovarian grafts before ovulation to 
recover oocytes from growing follicles. We conducted a total of four 
independent experiments, and the combined results of these replicates 
are presented in Table 1. The number of oocytes obtained from each 
group, based on 18 mice per group, were as follows: Sham (39), FH-O 
(58), L-PFH (202), and H-PFH (128). Remarkably, the L-PFH group 
exhibited a significantly higher number of oocytes compared to the 
Sham group (*p = 0.0440), and a significant increase in the number of 
oocytes recovered per individual on average was observed in the L-PFH 
group compared to the Sham (*p = 0.0128) and FH-O (*p = 0.0241). 
Although not statistically significant, there was a tendency for an 
increased number of MII oocytes (Sham: 6, FH-O: 19, L-PFH: 50, and H- 

Fig. 7. Vascular endothelial cells and DNA fragmentation in ovarian grafts. (a) Microscopic views of CD31-Immunohistochemistry: Hematoxylin counterstain depicts 
nuclei in blue and DAB + signifies CD31 positive vascular endothelial cells in brown. (b) On Day 7, the L-PFH exhibited elevated levels of CD31, resembling a healthy, 
fresh ovary. Conversely, the Sham and FH-O displayed sparse nuclei, suggestive of stromal damage from ischemic necrosis, with ghosted cells appearing in the 
stromal regions. (c) Quantification of CD31 positive ratios across the groups. (d) DNA fragmentation visualized using TUNEL assay: FITC highlights DNA frag
mentation in green, and DAPI depicts nuclei in blue. (e) Seven days post-transplantation, the PFH-treated groups showed notably reduced DNA damage. Conversely, 
the Sham group demonstrated severe DNA damage and nuclear loss in comparison to the L-PFH group at the same time point. (f) Quantified data of TUNEL positive 
areas across each group. (*p < 0.05, **p < 0.01, ***p < 0.001).
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Fig. 8. Angiogenesis-related gene expressions in ovarian grafts. (a) Heatmap depicting expression patterns of angiogenesis-related genes across various groups, 
facilitating extensive intergroup comparisons. The full name of genes is available in Table S3. (b) Analysis of gene expression changes in the ovary on the 21st day 
after transplantation, comparing Log2 transformed fold-change values among all groups, revealed the upregulation of vascular-related factors in response to hypoxic 
shock exposure. Detailed data can be found in Fig. S5 (Fresh = 0 in all graphs, gray: Sham, white: FH-O, pink: L-PFH, and red: H-PFH). (c) Analysis of gene expression 
changes in the ovary on the 21st day after transplantation, comparing Log2 transformed fold-change values among all groups, revealed the upregulation of vascular- 
related factors in response to inflammatory signals. Detailed data can be found in Fig. S5, (Fresh = 0 in all graphs, gray: Sham, white: FH-O, pink: L-PFH, and red: H- 
PFH). (d) Schematic summary of the study. The balance of factors surrounding ovarian tissues immediately post-avascular transplantation is vital for the formation of 
intact, functional vessels (Created with BioRender.com), which determines the organ’s survival and functions. (ns: no significance, *p < 0.05, **p < 0.01, ***p <
0.001 and ****p < 0.0001).

Table 1 
The result of superovulation, in vitro maturation, and fertilization.

Groups No. of mouse No. of oocyte Mean No. of oocyte No. of MII MII (%) No. of 2-cell 2-cell (%) No. of blastocyst Blastocyst (%)

Sham 18 39 2.2 6 15.4 % 2 33.3 % 1 50.0 %
FH-O 18 58 3.2 19 32.8 % 11 57.9 % 4 36.4 %
L-PFH 18 202 11.2 50 24.8 % 31 62.0 % 21 67.7 %
H-PFH 18 128 7.1 32 25.0 % 19 59.4 % 6 31.6 %

The number of oocytes retrieved from each group (n = 18/group) and blastocyst formation rates were significantly higher in the L-PFH group (*p < 0.05). This table 
exhibits the total result of 4 replicated batches (Table S2).
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PFH: 32) and a higher maturation rate (Sham: 15.4 %, FH-O: 32.8 %, L- 
PFH: 24.8 %, and H-PFH: 25.0 %) in all experimental groups compared 
to the Sham group (Fig. 9 a, b). Regarding the number of 2-cell stage 
embryos (Sham: 2, FH-O: 11, L-PFH: 31, and H-PFH: 19) and the 
fertilization rate (Sham: 33.3 %, FH-O: 57.9 %, L-PFH: 62.0 %, and H- 
PFH: 59.4 %), there was a general trend of higher values in the PFH 
treatment groups compared to the Sham and FH-O groups, with L-PFH 
exhibiting the highest tendency. However, these differences did not 
reach statistical significance. Notably, the percentage of fertilized em
bryos that successfully developed into blastocysts (Sham: 50.0 %, FH-O: 
36.4 %, L-PFH: 67.7 %, and H-PFH: 31.6 %) was significantly higher in 
the L-PFH group compared to the FH-O group (*p = 0.0419) (Fig. 9, 

Table 1 and Table S2).
Our findings indicate that L-PFH exhibited superior outcomes, with a 

higher number of retrieved oocytes and a greater proportion of healthy 
embryo development into blastocysts. This suggests that platelet- 
derived factors encapsulated in L-PFH provide optimal conditions for 
preserving ovarian follicles. In contrast, despite containing relatively 
higher levels of angiogenesis-promoting factors, the H-PFH group 
showed poorer results due to the formation of excessive and unhealthy 
blood vessels. Our data reveals that the presence of a relatively high 
concentration of angiogenesis-promoting factors against anti-angiogenic 
factors does not guarantee the formation of robust blood vessels. 
Instead, a delicate balance between pro-angiogenic factors, anti- 

Fig. 9. Recovery of ovarian function: production of healthy and fertile oocytes. (a) The representative images of this experiment (batch 3 from Table S2). The blue 
arrow indicates 2-cell stage embryos, and the red arrow indicates blastocysts. (b) The number of retrieved oocytes and successful embryo development into healthy 
blastocysts were significantly higher in the L-PFH. (*p < 0.05).
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angiogenic factors, and mediators of the inflammatory response is 
crucial. The L-PFH treatment created an environment conducive to tis
sue grafting, ensuring tissue survival, follicle preservation, and other 
favorable outcomes. Our comprehensive analysis of proteome, histol
ogy, gene expression, and other results leads us to conclude that the key 
to preventing tissue damage during avascular transplantation lies in the 
rapid establishment and connection of healthy and functional blood 
vessels, achieved by supplying the optimal balance of angiogenesis- 
related factors. However, the precise composition ratio required for 
achieving this “functional vessel formation” may vary depending on the 
anatomical location, organ type, and microenvironment involved.

4. Conclusion

We have successfully developed a hydrogel utilizing autologous 
blood to mimic the blood coagulation process, thereby facilitating 
avascular ovarian tissue transplantation (OTT). Our study has yielded 
remarkable outcomes with the use of the L-PFH compared to the H-PFH. 
We observed significant enhancements in follicle survival, accelerated 
vascularization, improved tissue viability, preservation of primordial 
follicles, elevated endothelial cell expression, and prevention of 
ischemia-induced necrosis in the stromal region. Our research un
derscores the critical significance of maintaining a balanced composi
tion of pro-angiogenic and anti-angiogenic factors for successful 
neovascularization, a characteristic notably prominent in L-PFH. 
Furthermore, the customizable properties of this hydrogel make it 
conducive to potential personalized regenerative therapies, offering safe 
and cost-effective vascularization treatments.

These results highlight the paramount importance of efficient and 
prompt neovascularization in OTT, especially in ischemic microenvi
ronments for fertility preservation. The encapsulation of platelet- 
derived factors in the hydrogel confers several benefits, including 
nutrient supply, ischemic protection, and improved follicle survival. 
Local administration of platelet-derived factors also expedites revascu
larization and enhances immune responses. It is essential to acknowl
edge the limitations of our study, primarily relying on rodent models, 
which may introduce biases and hinder the direct translation of our 
findings to human applications. The utilization of allogeneic PRP in
troduces an element of variability that could potentially affect our re
sults, compounded by the lack of standardized protocols for PRP 
production, which further complicates consistency and reproducibility.

In summary, our research demonstrates that localized delivery of 
platelet-derived factors through a fibrin scaffold offers numerous ad
vantages, promoting angiogenesis in ovarian tissues. Our findings have 
the potential to revolutionize not only fertility preservation but also 
areas requiring localized blood vessel formation and personalized 
regenerative medicine, offering a safe and cost-effective solution.
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