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A B S T R A C T   

Tissue cryopreservation has allowed long term banking of biomaterials in medicine. Ovarian 
tissue cryopreservation in particular helps patients by extending their fertility window. However, 
protection against tissue injury during the thawing process has proven to be challenging. This is 
mainly due to the heterogenous and slow distribution of the thermal energy across the vitrified 
tissue during a conventional warming process. Nanowarming is a technique that utilizes hyper-
thermia of magnetic nanoparticles to accelerate this process. Herein, hyperthermia of synthesized 
PEGylated silica-coated iron oxide nanoparticles was used to deter the injury of cryopreserved 
ovarian tissue in a sheep model. When compared to the conventional technique, our findings 
suggest that follicular development and gene expression in tissues warmed by the proposed 
technique have been improved. In addition, Nanowarming prevented cellular apoptosis and 
oxidative stress. We therefore conclude that Nanowarming is a potential complementary candi-
date to increase efficiency in the ovarian cryopreservation field.   

1. Introduction 

1.1. Background 

Cancer, with an increasing prevalence in recent years, affects about 10% of the female population under the age of 45 [1]. Adopted 
strategies for treatment, such as radiotherapy and chemotherapy, are often associated with serious adverse side effects on healthy 
tissue, including the reproductive organs [2,3]. Depending on the patient’s condition and her cancer stage, cryopreservation of em-
bryos, oocytes, and ovarian tissue may be recommended [3]. 

Cryopreservation of the ovarian tissue is medically preferred for pre-pubertal girls, adolescents, single women, and generally 
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patients with limited time to undergo ovarian stimulatory cycles [2,3]. In this process, the functional part of the ovary known as the 
cortical layer is cryopreserved [4]. The first report of human ovarian tissue cryopreservation was in 2000 [5], whereas until 2017, 84 
live births and 8 ongoing pregnancies have been reported and the live birth rate after ovarian tissue cryopreservation and autologous 
transplantation is more than 37% per women [6] and it is predicted that by the year 2020 more than 200 live birth occur following this 
technique [7]. However, cryopreservation faces certain challenges; although follicles, in the cortex of the ovaries that contain 
developing oocytes, are supported by the surrounding stromal cells [8], tissue injury during cryopreservation affects the outcome of 
the procedure by either decreasing the ovarian reserve, or disturbing the stromal tissue [9]. Tissue injury during cryopreservation may 
be occur in different steps, that in many researches try to solve them, for example use of cryoprotectants can induce cytotoxicity [10] 
and decline the tissue viability, that dose, combination, time and etc. of cryoprotectants are the challenges in some researches [11], 
and cryoinjury that results from both vitrification and the consequent warming of the sample. During these processes, spontaneous ice 
formation caused by a temperature shift between − 5 ◦C and − 15 ◦C [12] and non-uniform distribution of heat in the warming process 
[13] induces mechanical and oxidative stress on tissue and affects cellular functions [14]. Specifically, lipid peroxidation of cell 
membranes, assessed by the level of malondialdehyde (MDA), is an example of a cryoinjury-induced by oxidative stress [15]. 
Furthermore, mechano-chemical stress causes adverse effects on the expression of developmental genes [16]. Indeed, cryoinjury can 
alter the expression of growth differentiation factor-9 (GDF-9) as well as bone morphogenetic protein-15 (BMP15) that are involved in 
oocyte maturation and transition from primary to secondary follicles, respectively [17]. Furthermore, follicle-stimulating hormone 
receptor (FSHR) which is an indicator of follicle transition from secondary to antral state [18] can be affected by cryoinjury. 

To minimize injuries, numerous attempts have been made to improve cryopreservation protocols. Among these, a vitrification 
technique with accelerated cooling rate, such as method described by Kagawa et al. [12,19,20], has shown extensive reduction in ice 
formation during vitrification process. The warming portion of the process however, demands improvement [21] due to lack of a 
uniform distribution of thermal energy in the preserved sample [22,23]. During warming, the surface of the tissue quickly reaches 
thermal equilibrium while temperature exchange in deeper layers occurs slowly. The resulting thermal gradient in the sample thereby 
leads to formation of ice crystals [24] and subsequent thermal stress. 

To overcome these challenges, various volumetric heating techniques including application of radiofrequency [25,26] and mi-
crowave [27,28] have been suggested. However, generation of heat by electromagnetic radiation may result in heterogenous thermal 
distribution as heat conductivity varies throughout the sample [21]. To address this shortcoming, generation of heat by induction of 
magnetic nanoparticles has been proposed [24]. Briefly, magnetic nanoparticles can be remotely excited once placed inside an 
alternating magnetic field (AMF). A coil connected to an AMF generator produce AMF [29]. Every time the direction of the magnetic 
field changes, magnetic nanoparticles release their absorbed energy in the form of heat to their surroundings. This provides an 
accelerated and more uniform warming process known as Nanowarming [13,30], where it has been introduced to protect cry-
opreserved porcine aortic heart valve leaflet tissue [31]. Magnetic nanoparticles are is the main group of nanoparticles with biomedical 
applications for example in tissue engineering [32], drug delivery [33] and magnetic resonance imaging (MRI) contrast agent [34]. 
Iron oxide nanoparticle is one of the magnetic nanoparticles with more usage than other because it has high bio-compatibility and 
bio-distribution, moreover for some condition it was approved by the food and drug administration (FDA). The FDA permits the use of 
magnetic nanoparticles as contrast agents in MRI, cancer treatment and drug release as heat mediators by using AMF [35]. The mature 
sheep ovary is introduced as standard model for cryopreservation of human ovarian tissue because [36]it is similar to the human ovary 
in terms of dense stromal tissue and high density of follicles in cortex and the duration of follicular development is prolong as human, 
so sheep is the good model for follicle development studies after cryopreservation [37,38]. 

In this study, Nanowarming was performed by adding PEGylated silica-coated iron oxide nanoparticles to the vitrification media 
that was used to cryopreserve fragments of the ovarian cortex of a sheep model. To warm the cryopreserved tissues, the cryovials were 
placed inside an AMF for 1 min. The tissue fragments were then cultured for 8 days and compared to the conventional method for the 
ovarian tissue cryopreservation (see graphical abstract). Herein, the tissue injury of the proposed technique has been thoroughly 
assessed and compared with previous approaches. 

2. Materials and methods 

All procedures were performed in accordance with the guidelines approved by the Shahid Beheshti University of Medical Sciences 
Ethics Committee (IR.SBMU.MSP.REC.1398.981). This study was designed to evaluate the efficacy of coupling Nanowarming to a 
vitrification procedure described by Kagawa et al. [39]. 

Tissue divided into two main groups, cultured and non-cultured. In all groups, oxidative stress and gene expression were measured, 
follicles were counted (after H&E staining) to evaluate the folliculogenesisand the viability and function of tissue were assessed in 
cultured groups. 

2.1. Ovarian tissue collection 

Ovaries (N = 24) from sheep aged 1–2 years old, without a history of pregnancy were procured. The samples were taken from 
slaughtered animals (Mashhad, Iran) where no sheep was sacrificed for the sole purpose of this research. After dissection, the ovaries 
were immediately placed in a solution of Hams F10 (Biowest, France) supplemented with 50 mg/ml streptomycin, 60 IU/ml penicillin 
(Gibco, UK), 10% human serum albumin (HSA) (Daru Pakhsh, Iran), and kept at 4 ◦C. In the laboratory, the ovaries were washed three 
times with fresh sterile PBS and placed in sterile petri dishes that contained warm supplemented Hams F10 with HEPES (Biowest, 
France) buffer, 10% HSA, 50 mg/ml streptomycin, and 60 IU/ml penicillin. Next, the medulla of each ovary was discarded, and the 
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remaining cortex was sliced into approximate volumes of 1 mm3 then pooled and randomly divided into: a) freshly dissected tissue 
(Fresh), b) conventional vitrification followed by warming (Convl-Vit), c) vitrification followed by Nanowarming (Nano-Vit), and d) 
vitrification followed by placement of the sample in an alternating magnetic field (AMF). Then, the dissected tissues in every group 
were randomly divided into two subgroups, one of which underwent cryopreservation and then culture (in 96-well culture plates) for 8 
days (Cultured groups) [40] and another subgroup evaluated after cryopreservation (Non-Cultured groups) (see Fig. 1). 

2.2. Synthesis of nanoparticles 

PEGylated silica-coated superparamagnetic iron oxide nanoparticles (IONP@Si@PEG) were chemically synthesized via a method 
previously described in Refs. [41,42]. In brief, 2 g of FeCl3 (Merck, Germany) was added and completely mixed to an equal amount of FeSO4 

(Sigma-Aldrich, USA) in 1-liter of ultra-distilled water at room temperature. The resulting solution was deoxygenated with perching of 
nitrogen into the reaction system [43] and then ammonium hydroxide was added. The precipitated particles were isolated by a 
magnet, washed with ethanol, and kept under oxygen-free conditions. Then, the particles were dispersed in deionized water and coated 
with silica by adding Tetraethyl orthosilicate (TEOS) (Merck, Germany). Finally, the particles were PEGylated in a PEG-silane (Merck, 

Germany) solution. After synthesis, the resulting IONP@Si@PEG were characterized with Dynamic Light Scattering (DLS), Zeta-potential 
(SZ-100 Nanoparticle Analyzer – Horiba, Japan), X-Ray Diffraction (XRD) (Philips PW 1730, Germany), Fourier Transform Infrared 
Spectroscopy (FTIR) (Thermo Nicolet AVATAR 370 FTIR) and Transmission Electron Microscopy (TEM) (Leo 912 Ab Omega, Zeiss) 
operated at 120 kV and the toxicity of IONP@Si@PEG evaluated in our pervious study [44]. 

2.3. Vitrification, warming and nanowarming 

2.3.1. Vitrification 
In this study, a vitrification method introduced by Kagawa [20] was applied with some modification. Briefly, the ovarian cortical 

fragments were washed three times with HamsF10, then they were immersed in equilibration solution (ES) containing HamsF10 
supplemented with 20% HSA, 7.5% ethylene glycol (EG) (Merck, Germany), and 7.5% dimethyl sulphoxide (DMSO) (Merck, Germany) 
for 25 min in room temperature. Then, the fragments were dried with filter paper and immersed in vitrification solution (VS) con-
taining HamsF10 supplemented with 10% HSA and 20% EG, 20% DMSO, and 0.5 mol/l sucrose for 15 min in room temperature. 
Finally, the fragments were transferred to cryovials with 100 μl VS, were kept on nitrogen vapor for 30 s, and then stored in the liquid 
nitrogen for approximately one week [45,46]. 

2.3.2. Warming 
In the warming process, the cryovials were recovered and placed in a 37 ◦C water bath for the VS to completely defrost. Then, 

fragments were immediately transferred to first warming solution containing HamsF10 supplemented with 20% HSA and 1 mol/L 
sucrose (Merck, Germany) at 37 ◦C for 3 min. Next, the fragments were placed in a second warming solution containing HamsF10 sup-
plemented with 20% HSA and 0.5 mol/L sucrose for 5 min. Finally, the fragments were immersed in HamsF10 supplemented with 20% 
HSA for 3 min prior to any assessments being made (the group under this process is conventional vitrification and warming (Convl-Vit). 

2.3.3. Nanowarming 
Prior to vitrification, IONP@Si@PEG were added to the VS at a concentration of 10 mg Fe/ml [31] and the vitrification protocol 

was carried out as described in 2-3-1. For the subsequent tissue warming, the vitrified fragments in cryovials were immediately placed 
at the center of a hollow copper coil with 5 cm in diameter and 8 cm in length. The coil was connected to an AMF generator (MSI 
Automation, USA) exposing the sample to a field strength of 26 kA/m at 400 kHz for 1 min. Then, the warming procedure was 

Fig. 1. Experimental design. This schematic illustrates the treatments applied to groups I through VIII. Each group consists of 26 fragments.  
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performed as described in 2-3-2 (the group under this process is vitrification with nanowarming (Nano-Vit). 

2.3.4. Warming in AMF 
To evaluate the effect of magnetic field alone on the warming process, the cryovials containing vitrified tissue fragments without 

IONP@Si@PEG were placed inside a hollow copper coil as described in the previous section for 1 min. Then, the warming process 
similar to 2-3-2 was followed (the group under this process is vitrification and warming in alternative magnetic field (AMF). 

2.4. Ovarian cortical tissue culture 

In the cultured groups, the fragments (N = 26 fragments in each group) were cultured individually in 96-well V-bottom culture 
plates for 8 days [47,48]in 300 μl α-MEM medium (Biowest, Farnce) supplemented with 10% fetal bovine serum (FBS) (Gibco, UK), 50 
mg/ml streptomycin, 60 IU/ml penicillin, 10 μg/ml insulin transferrin selenium (ITS) (Gibco, UK), and 0.5 IU/ml human recombinant 
follicle stimulating hormone (rFSH) (Merck, Germany) at 37 ◦C in a humidified incubator with 5% CO2 [49]. Two-thirds of the media 
was replaced with fresh media every 48 h. Aspirated media of eight fragments were stored at − 20 ◦ C for glucose uptake and estradiol 
production evaluation. After the 8-day culture period, 6 fragments were immersed in RNA lather (Yekta Tajhiz Azma, Iran) for real 
time PCR assessments, 10 fragments were stored at − 80 ◦C for biochemical assays, and 10 fragments were fixed for histological as-
sessments. In addition to the cultured groups, the procedure was applied to the fragments that were not cultured for comparison. 

2.5. Histological and immunohistochemical analyses 

2.5.1. Histological assessment 
Ten fragments from each experimental group were fixed at room temperature for 22 h using 10% formaldehyde in 0.01 M 

phosphate buffered saline (PBS). The samples were dehydrated, cleared, embedded in paraffin, and sectioned using a microtome (Leitz 
1512, Germany) to obtain 5 μm thickness tissue section. Every tenth section was mounted on a glass slide and stained with hematoxylin 
and eosin [50]. 

The stained sections were evaluated using a 40X objective to count the follicles at different developmental stages (due to avoid of 
recounting the follicles, only follicle with oocyte contain nucleus were counted). The follicles were counted in 4 sections of 5 fragments 
in every group (totally 20 sections in each group). Follicles were considered normal when showing a round oocyte with surrounding 
granulosa cells in the periphery. Normal stromal cells were recognized via the fusiform nucleus. The follicles were identified based on 
the characteristics as follows [51]; i) Primordial follicle: containing a single layer of flattened granulosa cells, ii) Primary follicle: 
containing a single layer of cuboidal granulosa cells, and iii) Secondary follicle: containing two or more layers of granulosa cells. 

2.5.2. Prussian blue staining 
To evaluate tissue penetration of IONP@Si@PEG, prussian blue staining was utilized. 4 sections with 100 μm intervals (to evaluate 

surface and deep part of tissue) were mounted. Therefore, 10% potassium ferrocyanide (Sigma-Aldrich, USA) and 20% hydrochloric acid 
were dissolved in distilled water a 1:1 final solution was prepared. Then, the hydrated tissue sections were immediately immersed in 
the solution. After 20 min of incubation at room temperature, glass slides were rinsed and counterstained with nuclear fast red (Sigma- 

Aldrich, USA) for 5 min. Stained slides were washed with distilled water, dehydrated in 70% ethanol (twice), 90% ethanol, and 100％ 
ethanol, and submerged twice in clear xylene, then mounted and assessed with light microscopy. Under the microscope, the blue spots 
were detected as iron, and pink spots were detected as cellular nuclei [52]. 

2.5.3. Apoptosis 
From each group, 10 pairs of serial sections were selected using randomized systematic sampling and then mounted on poly-L-lysine 

coated slides. To indicate apoptotic cells, Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) Kit (Roche, Ger-
many) was used. The mounted sections were deparaffinized with xylene, rehydrated through descending concentrations of ethanol and 
rinsed for 10 min in 0.1 M PBS. In the next step, the sections were incubated with 20 μg/ml proteinase K for 20 min at room tem-
perature. The specimens were treated with 3% H2O2 in methanol for 10 min to block endogenous peroxidase activity. After washing 
with PBS for 3 min, the specimens were incubated with the TUNEL reaction solution containing terminal deoxynucleotidyl transferase 
(TdT) and deoxynucleotide at 4 ◦C overnight. After incubation, all the sections were rinsed with PBS and conjugated with horse-radish 
peroxidase (POD, 1:500) for 30 min at room temperature. Then, sections were washed extensively with PBS for 3 min and treated with 
DAB solution (30 mg of DAB and 200 μl of H2O2/100 ml PBS) for 15 min at room temperature in dark. After being rinsed with tap 
water, all the sections were counterstained with hematoxylin for 1 min [53]. 

The apoptotic cells were counted by means of counting frame and stereological methods. The estimation of TUNEL-positive cells 
per unit area was done using a protocol provided by Ref. [54] via formula 1; Formula 1: apoptotic cells counting 

NA =

∑
Ǭ

a/f .
∑

p  

where, NA is the number of apoptotic cells per unit area, 
∑

Ǭ is the total number of cells counted, a/f is the area of every frame 
counted, and 

∑
p is the total number of frames that have been in collision with the section. 
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2.6. Biochemical assays 

Ten fragments in each group were mechanically homogenized in cold PBS (pH = 7) and then used for all biochemical assessments. 
For tissue homogenization, we used Omni Tissue Homogenizer (TH) and the machine speed was 5000 rpm. Since the buffer of all three 
tests was PBS, each homogenized solution was used for all biochemical tests. All biochemical assessments were performed twice. 

2.6.1. Malondialdehyde (MDA) level measurement 
MDA is a substance produced in response to oxidative stress and damage to cell lipid membranes, therefore, MDA level is an index 

used to evaluate lipid peroxidation injury. MDA reacts with thiobarbituric acid (TBA) (Merck, Germany) as a TBA reactive substance 
(TBARS) and produces a red complex. Briefly, the samples were homogenized and 2 mL of a solution containing TBA, trichloroacetic 
acid, and hydrochloric acid was added. The solution was boiled in a water bath for 40 min. After cooling to room temperature, the 
solution was centrifuged at 1000 g for 10 min. The absorbance was read at 535 nm by a microplate reader (Epoch, BioTek, US). The 
MDA concentration (C) was calculated according to formula 2 [55]. 

Formula 2: MDA concentration measurement  

C = Absorbance/1.56 × 105                                                                                                                                                               

2.6.2. Superoxide dismutase (SOD) activity measurement 
The SOD is an enzyme that facilitates the conversion of superoxide radicals (O2

− ) to O2 or H2O2, therefore, it is an antioxidative 
agent. SOD activity was measured by a procedure described by Madesh and Balasubramanian [55]. A colorimetric assay based on 
generation of superoxide by pyrogallol (Merck, Germany) auto-oxidation was applied to measure inhibition of superoxide-dependent 
reduction of 3-(4,5-dimethylthiazol-2-yl) 2,5-diphenyltetrazolium bromide (MTT) (Sigma, USA) dye to formazan at 570 nm. One unit 
of SOD activity is defined as the amount of enzyme causing 50% inhibition in the MTT reduction rate. 

2.6.3. Catalase (CAT) activity measurement 
CAT is a strong antioxidant, and it is an enzyme that converts H2O2 to H2O and O2. CAT activity was measured according to the Aebi 

method with some modifications [56]. The aim of this assay is to determine the rate of hydrogen peroxide decomposition. Reduction in 
absorbance (at 240 nm) per minute was determined by UV–Vis spectrophotometer (Cecil, UK) and the rate of the enzyme activity was 
calculated. 

2.7. Tissue viability by glucose uptake assay 

Media from 8 fragments from cultured groups (8 wells/group) were collected for glucose uptake viability assay (glucose uptake per 
mg tissue per hour). The assay was used with some modifications to reflect stromal cell viability in the ovarian cortex, according to 
Gerritse et al. [57]. Glucose concentrations in the culture medium (between 2-4 and 6–8 days) were measured by Glucose assay kit 
(Pars Tous Azmon, Iran). At the end of the culture, all fragments were weighted (mg) and the amount of consumed glucose (micro-
moles/mg for tissue/hour) was calculated. 

2.8. Hormonal measurement 

To evaluate the ovarian endocrine function, the concentration of E2 within the medium of cultured fragments (8 fragments per 
every cultured group) were measured at days 0, 4 and 8 of the culture. The levels of E2 were measured by an assay kit (Roche, 
Germany) and electrochemiluminescence (ECL). For day 0 measurements, culture medium without rFSH was collected approximately 
4 h after tissue warming and incubation [58]. 

2.9. Molecular assessment 

2.9.1. RNA extraction and cDNA synthesis 
At least 6 fragments from each group were used for the molecular assessment. Total RNA was extracted from each fragment using 

RNA extraction kit (Pars Tous Azmon, Iran). To evaluate the integrity of extracted RNA we used agarose gel electrophoresis. The 
quantity and quality of extracted RNA were evaluated with Nano-drop spectrophotometer (Thermo Fisher Scientific, USA), to 
determine the integrity of extracted RNA we used by Agarose gel Electrophoresis, if 18S and 28S band were observed and OD 260/280 
ratio more than 1.8 (mostly were near to 1.9) we used that RNA to cDNA synthesize. 

The cDNA was then synthesized based on kit protocol (Pars Tous Azmon, Iran), to confirm the synthetization of cDNA we done PCR 
process for housekeeping gene (GAPDH) and assessed it with the agarose gel electrophoresis. 

2.9.2. Real-time PCR 
Designed primers by Gen Bank (www.ncbi.nlm.nih.gov) and oligo7 software (Table 1) were ordered (Pishgam, Iran). GAPDH was 

used as a housekeeping gene and internal control. 1 μl of cDNA, 2 μl of the mixture of forward and reverse primers, and 10 μl of SYBR 
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Green Master Mix (Ampliqon, Denmark) were mixed with pure water to reach a volume of 20 μl. After completing the real-time PCR, 
melt curve analysis was applied to confirm the amplified product and record the Cq (Quantification cycles) values. Finally, gene 
expression was calculated using the REST software (2009). All molecular evaluations were at least twice verified. 

2.10. Statistical analysis 

All data were analyzed using the GraphPad Prism software (version 8.0; GraphPad Software, San Diego, CA). One-way ANOVA with 
Bonferroni post hoc and Student’s t-test (unpaired) were applied for multiple comparisons of groups and two groups, respectively. 
Statistical significance was established at p < 0.05. 

3. Result 

3.1. Histological evaluation 

The images of histological assessments of the ovarian cortical sections are shown in Fig. 2. Based on H&E assessments after 
cryopreservation and warming or nanowarming process, the follicular and stromal tissue integrityin the Convl-Vit and Nano-Vit were 
similar to Fresh. In the AMF group, small detachments were observed between the oocyte and granulosa cells. No antral follicles were 
observed. After culture time the follicular and stromal tissue integrity in the Convl-Vit/Culture and Nano-Vit/Culture were less than 
Fresh and in AMF/Culture group were decreased in compare to other culture groups. The follicles in different stage of development 
were counted and presented below. 

3.2. Follicular development 

In total, 20 sections from each group were evaluated to assess follicular number and developmental stage in Non-Cultured groups 
(Fig. 3). The total normal follicles in AMF group decreased in compare to Fresh and nano-Vit (Fig. 3a). The degenerated follicles in 
Convl-Vit significantly increased compare to Fresh (p < 0.01) (Fig. 3b). Primary follicles in the non-cultured AMF group were also 
lower compared to the non-cultured Fresh group (p < 0.05) (Fig. 3d). There was no significant difference between Fresh and Nano-Vit 
groups. There were no significant differences in number of secondary follicles between all groups before and after culture (Figs. 3e and 
4e). 

Although the number of primordial follicles in all groups were initially similar (Fig. 3c), they were decreased throughout culturing 
period (Fig. 4c). The total normal follicles in AMF/Culture group decreased in compare to Fresh/Culture and nano-Vit/Culture 
(Fig. 4a) and degenerated follicles increased, too (Fig. 4b). The number of degenerated follicles in Convl-Vit/Culture was more 
than Fresh/Culture (p < 0.01) (Fig. 4b). The number of primary follicles in the AMF/Culture group was significantly lower than this 
number in Nano-Vit/Culture as well as in Fresh/Culture groups (p < 0.05) (Fig. 4d). Furthermore, Nano-Vit/Culture and Convl-Vit/ 
Culture groups showed similar quantities of follicles in all the developmental stages that were evaluated. No significant difference was 
found when counting secondary follicles between all groups. 

3.3. IONP penetration 

Prussian blue staining showed that IONP uniformly penetrated all parts of the tissue (Fig. 5). 

3.4. Oxidative stress assessments 

Assessment of MDA levels are illustrated in Fig. 6a and d. The results indicate an overall increase in MDA levels where it is sig-
nificant between Fresh and AMF groups. In contrast, tissues treated with Convl-Vit technique and cultured (Convl-Vit/Culture) showed 
a higher MDA level compared to Nano-Vit/Culture (p < 0.05). There was no significant difference in SOD activity of Nano-Vit and 
Fresh, but for AMF group, this activity seemed significantly diminished when compared to Fresh, and decreased in Convl-Vit group 
compared to Nano-Vit (Fig. 6b) (p < 0.05). Difference in SOD activity between cultured groups were not significant (Fig. 6e). There 
was no significant difference in CAT activity of Nano-Vit and Fresh, but this activity in AMF significantly decreased compared to the 

Table 1 
Specifications of primers.  

Primer  Product size TM 

BMP15 Forward GGGTTCTACGACTCCGCTTC 273 60 
Reverse GGTTACTTTCAGGCCCATCAT 

GDF9 Forward TAGTCAGCTGAAGTGGGACA 224 62 
Reverse AGCCATCAGGCTCGATGGCC 

FSHR Forward TCTTTGCTTTTGCAGTTGCC 126 58 
Reverse GCACAAGGAGGGACATAACATAG 

GAPDH Forward CTGCTGACGCTCCCATGTTTGT 150 62 
Reverse TAAGTCCCTCCACGATGCCAAA  

S. Karimi et al.                                                                                                                                                                                                         



Heliyon 9 (2023) e18828

7

Fig. 2. Photomicrograph of cultured and non-cultured ovarian cortical tissue sections stained with Hematoxylin and eosin (H&E), (Magnification 
at 40X). 
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Fresh (Fig. 6c) (p < 0.05). There was no significant difference between Fresh/Culture and Nano-Vit/Culture, the CAT activity in Nano- 
Vit/Culture was more than Convl-Vit/Culture (Fig. 6f) (p < 0.05). 

3.5. Apoptosis assessment 

Apoptosis was evaluated with TUNEL, and the results are depicted in Fig. 7. The apoptotic cell counts per unit area for each group is 
quantified and presented in Fig. 7 (i and j). Results show that the number of apoptotic cells per unit area in Nano-Vit and Convl-Vit 
groups are similar and were not significantly different compared to the Fresh (Fig. 7i). Expectedly, all cultured groups had a signif-
icantly higher apoptotic measures compared to freshly dissected tissue that was also cultured for 8 days (Fig. 7j). 

3.6. Tissue viability 

Glucose uptake can reflect the level of tissue damage as well as viability. Glucose consumption (μmol/mg per tissue/hour) between 
days 2–4 and 6–8 (Fig. 8a) was significantly lower in the AMF/Culture group compared to all other groups (p < 0.001). 

3.7. Tissue function assessment 

Production of steroid is a prominent function of ovaries. Secreted estradiol hormone was therefore measured in media of cultured 
tissues at day 0, 4 and 8 (Fig. 8b). While at day 0 there was no significant difference, at day 4, estradiol production in the Fresh/Culture 
group was higher than in all other groups. At day 8, the level of estradiol production increased in all groups, and in AMF/Culture group 
was lower than other groups. No significant difference was detected between Fresh/Culture, Nano-Vit/Culture and Convl-Vit/Culture. 

Fig. 3. The number of follicles in different developmental levels for non-cultured ovarian cortical fragments, (* indicate p < 0.05 and *** indicate p 
< 0.001). 
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Fig. 4. The number of follicles in different developmental levels for cultured ovarian cortical fragments, (* indicate p < 0.05, ** indicate p < 0.01 
and *** indicate p < 0.001). 

Fig. 5. Prussian blue staining of naowarming groups, that shows IONP uniformly penetrated in ovarian cortical fragments, the pink spots indicate 
cell nuclei and the blue spots are IONP, some of IONP are shown using arrows (Magnification of 100X). 
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3.8. Gene expressions 

Expression of folliculogenesis-related genes in all groups were analyzed. According to the results in Fig. 9a, there was no significant 
difference in BMP15 expression before culture among groups. The BMP15 in Convl-Vit/Culture was expressed lower than Nano-Vit/ 
Culture group (p < 0.01) (Fig. 9d). There was no significant difference in the GDF9 expression levels before culture (Fig. 9b), whereas 
after culture (Fig. 9e), the expression of GDF9 in the AMF/Culture was significantly lower than all other groups (p < 0.01, p < 0.001). 
After Fresh/Culture, GDF9 was highly expressed in Nano-Vit/Culture. The expression of FSHR in AMF was significantly higher than 
Fresh (Fig. 9c). This expression was significantly lower in cultured AMF compared to Fresh. The expression of FSHR in cultured Nano- 
Vit was higher than cultured Convl-Vit (Fig. 9f). 

4. Discussion 

Cryopreservation is a critical and relatively simple technique that is used to store living biological samples at very low temperatures 
[59]. Cryopreservation of reproductive cells and tissues is among necessary avenues to preserve fertility in patients [60]. Fertility 
preservation strategies vary, and they are recommended based on patient’s health conditions, nevertheless, ovarian tissue vitrification 
is one of the important methods for fertility preservation. In 2009 a vitrification procedure by Kagawa et al. [20] was introduced that 
became widely accepted by the scientific community in this field [61,62]. While there are claims that ovarian cortex vitrification by 
conventional vitrification lacks adverse side effects [63], there are evidence that suggests otherwise [61]. More specifically, during the 
warming process of the cryopreserved tissue, lack of uniform and fast thermal distribution results in formation of ice particles that later 
leads to tissue damage [9,12]. In line with this, herein Nanowarming has been proposed as a complementary addition to conventional 
vitrification (Nano-Vit) to preserve live follicular counts and healthy development in cryopreserved ovaries. According to the results 
(Fig. 2a), there was no significant difference in the number of primordial follicles between Non-Cultured groups, so the ovarian reserve 
uniformity of the tissues in the start of study was approved [64]. Tissue culture is one of the methods to investigate the long-term 
effects of cryopreservation [65] and primordial follicles activation and maturation [66]. In the AMF group we did not use 

Fig. 6. Oxidative stress diagrams of all groups. (a and d) MDA levels (C: concentration), (b and e) SOD activity (U: Unit), and (c and f) CAT activity 
(U: Unit), (* indicates p < 0.05, ** indicates p < 0.01). 
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Fig. 7. a–h: Photomicrograph of cultured and non-cultured ovarian cortical tissue sections prepared with TUNEL to detect apoptotic cells. The blue 
nuclei are TUNEL negatives, and the brown nuclei are TUNEL positive cells (Magnification of 40X). i and j: The mean number of TUNEL positive 
cells per unite area in all studied groups. i) before culture, j) after culture (*** indicates p < 0.001). 
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nanoparticles in vitrification process, but we warmed the tissue inside the alternative magnetic field (just for investigation the AMF). 
The number of total normal follicles (Figs. 3 and 4) in AMF group were less than Fresh (Cultured and Non-Cultured), so the AMF alone 
did not have the ability to warm the tissue without thermomechanical damages [67]. There were no significant differences between 

Fig. 8. a) Glucose uptake by cortical fragments b) Estradiol hormone production by ovarian cortical fragments before and after cryopreservation 
and warming per milligram tissue per hour of culture (* indicates p < 0.05, ** indicates p < 0.01 and *** indicates p < 0.001). 

Fig. 9. Expression of folliculogenesis-related genes in non-uncultured and cultured ovarian cortical tissues post vitrification and warming. BMP15 
gene expression (a and d), GDF9 gene expression (b and e), FSHR gene expression (c and f), (* indicates p < 0.05, ** indicates p < 0.01 and *** 
indicates p < 0.001). 
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Nano-Vit/Culture and Fresh/Culture in follicle counted (Figs. 3 and 4), it was more than Convl-Vit/Culture but not significant (Figs. 3 
and 4). Convl-Vit increased the number of degenerated follicles compare to Fresh (Cultured and Non-Cultured) (Figs. 3b and 4b). Based 
on Fig. 5, nanoparticles penetrate and distribute uniformly in the tissue, we concluded that Nanowarming is a technique that utilizes 
hyperthermia of magnetic nanoparticles to homogenously accelerate warming process. 

Oxidative stress is a major contributing factor in cryoinjury [14,68] specially after human ovarian tissue cryopreservation [69,70]. 
The first antioxidant defense line that plays key and fundamental role in survival of biological systems is measured by levels of 
Malondialdehyde MDA, as well as activities of superoxide dismutase SOD and CAT. MDA is a colorless and highly reactive organic 
compound, and it is a marker for oxidative stress. Increased levels of MDA production is rooted in disruption of cellular bi-phospholipid 
membrane [15] which can be attributed by formation of ice crystals in cryoinjured tissue [14,71]. In fact, compared to the freshly 
dissected ovarian tissue (Fresh), MDA levels marked slightly higher mean values when cryopreserved and warmed (Fig. 6a). However, 
tissue fragments cultured and treated by Nano-Vit expressed significantly lower levels of MDA when compared to cultured fragments 
that were treated by the conventional vitrification technique (Fig. 6d). SOD is an enzyme that catalyzes the dismutation of the su-
peroxide radicals, a by-product of oxygen metabolism, into ordinary molecular oxygen and hydrogen peroxide which undergoes 
degradation by CAT [72]. SOD acts as a therapeutic agent against reactive oxygen species-mediated diseases [72] and, if not regulated, 
causes many types of cell damage [73]. Results in Fig. 6b show that Nano-Vit had no significant impact on SOD activity, but con-
ventional vitrification exhibits a significantly lower SOD. In other words, there are similar levels of enzyme activity between ovarian 
tissue fragments that are cryopreserved and rewarmed by Nano-Vit and freshly dissected ovarian tissues. CAT, an enzyme that cat-
alyzes the reaction by which hydrogen peroxide is decomposed to water and oxygen [72], also plays an important role in regulating 
oxidative stress. Fig. 7c shows that both Convl-Vit and Nano-Vit display similar levels of CAT activity. However, when cultured, 
Nano-Vit shows higher levels of CAT activity with respect to Convl-Vit (Fig. 6f). This indicates that ultimately, Nano-Vit constitutes 
lower levels of oxidative stress than the Convl-Vit. This is despite confounding evidence that iron nanoparticles can contribute to 
oxidative stress [74,75]. However, it is arguably hypothesized that the silica coating as well as PEGylation of IONP used in Nano-Vit 
procedure constitute a preventive shield against induction of this stress [44]. 

Apart from oxidative stress, cryopreservation can also induce some levels of cellular apoptosis [76]. Some researches indicated 
different level of apoptosis after vitrification in human ovarian tissue [77], that it accrues after cryopreservation with different 
methods, such as slow freezing, open and close vitrification [38], using optimized and modified method for cryopreservation decreased 
the apoptosis [78]. However, Shore et al. [79] showed that when coupled with Nanowarming, vitrified human dermal fibroblast cells 
express elevated levels of viability post warming process. Another study indicated that vitrification and Nanowarming of porcine aortic 
heart valve tissue decreased the number of TUNEL positive cells and enhanced the cell viability compared to the conventional warming 
method [80]. In this study, TUNEL assessments (Fig. 7) illustrated that the occurrence of cellular apoptosis for Convl-Vit and Nano-Vit 
were very similar to that of freshly dissected tissue (Fig. 7i). Expectedly, cryopreserved tissue fragments that are warmed (via Nano-Vit 
or Convl-Vit techniques) and cultured are highly expressive of apoptotic cells (Fig. 7j). 

Glucose uptake from culture medium is a reliable assessment of tissue viability [57]. Fig. 8a suggests that glucose uptake levels did 
not significantly vary between Fresh/Culture, Convl-Vit/Culture, and Nano-Vit/Culture. Estradiol secretion by granulosa cells under 
FSH stimulation is another reliable indicator of secondary follicle transition to antral follicle [81–83] and therefore a marker of tissue 
viability. According to Fig. 8b, Convl-Vit/Culture and Nano-Vit/Culture produced lower levels of estradiol than Fresh/Culture on the 
fourth day of culture, they seem to have caught up with estradiol secretion levels of Fresh/Culture on day eight. This finding is in 
agreement with another study that suggests low estradiol secretion levels on the fourth day of culture can be compensated if 
vitrified-warmed tissue is kept in culture for eight days [58,84]. 

Another indicator of follicular development is gene expression levels of BMP15 and GDF9 in oocytes, immature eggs, that dictates 
the developmental transformation of primary to secondary follicles [17,85]. In addition, expression levels of FSHR in granulosa cells as 
an indicator of healthy transition from secondary follicles to antral follicles [18] were examined. While BMP15 and GDF9 expression 
levels were similar among all non-cultured groups (Fig. 9), these expression levels for cultured fragments that were treated by Nano-Vit 
(Nano-Vit/Culture) were significantly higher than Convl-Vit/Culture and closer to gene expression levels of Fresh/Culture (Fig. 9d). 
With respect to FSHR, Convl-Vit showed a better expression in non-cultured samples (Fig. 9c), but with respect to cultured samples, 
Nano-Vit/Culture excelled (Fig. 9f). 

The results in this study indicate that with respect to follicular count, follicular development, oxidative stress, tissue viability, and 
expression of follicular developmental genes, there are no significant difference between cultured ovarian fragments undergone Nano- 
Vit procedure (Nano-Vit/Culture) and freshly dissected and cultured tissue (Fresh/Culture). Therefore, Nanowarming protected the 
ovarian tissue from injury during vitrification and warming process. While Nanowarming can be suitably applied to large tissue 
samples [31,80], the current feasibility study aimed at providing sufficient evidence that the approach is sound. Generally, the results 
presented in this investigation have shown a potential for Nano-Vit to become a complementary addition to the conventional vitri-
fication technique. Vitrified ovarian tissues are often warmed and cultured or transplanted [86]. This allows for the revival of some of 
the lost tissue functions due to vitrification before it is placed back in the body. Evidently, Nano-Vit/Culture bested in this setting. 
Nevertheless, there need to be many important assessments before the proposed technique becomes a viable solution in fertility. This 
study faced to some limitation, because of culture process and the nutrition of tissue we had to section the fragments in small size. 
Arguably, finding ways to vitrify without having to slice the ovarian tissue into small fragments can allow a better assessment of the 
techniques. Also, it is important to assess the short- and long-term effects of coated IONP in the rewarmed and transplanted ovarian 
tissue as well as its downstream consequences on fertilization and potential embryos. We studied on sheep ovary as human model for 
the first step, but for more advance studies we suggest utilize exceed human ovarian tissue (after therapeutic surgeries) and xenograft 
on animal after cryopreservation and nanowarming process. Xenograft allows the use of larger tissue fragments for cryopreservation 
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and nanowarming and in-vivo evaluation of ovarian tissue function. In addition, due to the lack of access to some equipment, we could 
not record the process of uniform diffusion of heat in the tissue, for more studies we propose more evaluation in this line, too. 

5. Conclusion 

Cryopreservation, as a beneficial technology for long-term storage of biomaterials, faces technical challenges, especially during 
thawing process. Nanowarming by hyperthermia of PEGylated silica-coated magnetic nanoparticles has presented a new avenue to 
help limit cryoinjuries. Our findings suggest that cryopreserved ovarian fragments undergone Nanowarming experience substantially 
lower levels of oxidative stress and some of their most important gene expressions (BMP15, GDF9 and FSHR) are kept in balance after 
culture. The result of this investigation concludes that Nanowarming of cryopreserved ovarian tissue has the potential to protect the 
tissue from cryoinjury. 
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