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Abstract 

Conventional fertility preservation methods such as oocyte or embryo cryopreservation 

are currently insufficient to treat including those patients with pre-pubertal cancer and 

premature ovarian failure. Ovarian tissue cryopreservation presents as an alternative but has 

limitations with a potential risk of reintroducing malignant cells in patients who recovers from 

cancer, those of chemotherapy prior to tissue cryopreservation. The so-called “artificial ovary” 

aims to resolve this issue by transplanting isolated follicles with or without a biological scaffold. 

The artificial ovary may also offer an effective alternative option for those who cannot benefit 

from traditional assisted reproductive techniques such as in vitro fertilization (IVF). To date, 

in animal studies and human trial, the artificial ovary restored endocrine function, achieved in 

vivo follicular development, and resulted in successful pregnancies. However, development of 

a technique for higher follicular recovery rate, and a more optimized design of delivery scaffold, 

better transplantation techniques to prevent post-surgical ischemia, and consideration for 

genetic safety are required for safer and consistent human clinical applications. Ideas from 

different transplantation surgeries (e.g. entire ovary, ovarian cortex, and transplantation with 

tissue-engineered products) can be applied to enhance the efficacy of artificial ovarian 

transplantation. For the better application of artificial ovary, a deeper understanding of 

mechanical and biochemical properties of the ovary and folliculogenesis after cryopreservation, 

transplantation with or without scaffold, as well as development of sophisticated in vivo 

imaging techniques of transplanted artificial ovary, need to precede its efficient clinical 

application. 

 

Keywords: Artificial ovary, fertility preservation, tissue engineering, cryopreservation, 

scaffold, transplantation  
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Introduction  

 Advances in medical diagnosis and treatment for cancer have resulted in a high survival 

rate from malignant cancers in the current decade. Annually, the overall estimate of 1,685,210 

new cases of invasive cancer are still being diagnosed in the United States; however, the 5-year 

cancer survival rate has increased by 20% over the past three decades (Siegel, Miller, & Jemal, 

2016). There has been an increasing attention not merely on the survival from a diagnosed 

cancer but also on the quality of life after recovery. One of the most important topics in the 

counseling of cancer survivors is fertility preservation (FP).  

To date, various efforts have been made to preserve ovarian function and fertility, e.g. 

administration of gonadotropin-releasing hormone (GnRH) agonist prior to the initiation of 

chemotherapy, cryopreservation of embryos, mature oocytes, or ovarian tissue (Pereira et al., 

2017). Although means of ovarian protections (Abir, Fisch, Raz, Nitke, & Ben-Rafael, 1998) 

were attempted to prevent or decrease the loss of fertility before the chemo- or radiotherapy 

(Fisch & Abir, 2018), current treatments are still highly toxic to gonads such as ovary and testis. 

When chemotherapy impairs ovarian function, patients present reduced antral follicle counts 

and low anti-Müllerian hormone (AMH) levels that are indicative of a low reproductive 

potential (Wenners et al., 2017). Patients with premature ovarian failure (POF) due to benign 

diseases such as ovarian endometriomas, cysts, and pelvic inflammatory disease also have FP 

needs (J. Donnez & Dolmans, 2017; J. Donnez et al., 2012; J. G. Kim et al., 2004; J. J. Kim et 

al., 2014).  

The established methods of embryo or mature oocyte cryopreservation cannot be viable 

options to pre-pubertal patients with cancer and to patients whose conditions require immediate 

start of chemotherapy (Jacques Donnez et al., 2013). Instead, in vitro maturation (IVM) of 

immature oocytes is option for those pre-pubertal patients. Although of IVM of immature 
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oocytes had been difficult at early phase (J. Donnez, Martinez-Madrid, et al., 2006), recently, 

immature oocytes could be retrieved from ovaries of pre-pubertal girls, undergo IVM and 

frozen (Abir et al., 2016), and many live births have been achieved from IVM (Dahan, Tan, 

Chung, & Son, 2016).  

Ovarian tissue cryopreservation can be another option for these patients, as this method 

achieved over 130 clinical cases of live-births (J. Donnez & Dolmans, 2017). However, 

preserved ovarian tissues may contain malignant cancer cells, and this approach has a risk of 

putting cancer cells back into patients (Dolmans, Luyckx, Donnez, Andersen, & Greve, 2013) 

(Abir et al., 2014; Abir et al., 2010; Dolmans et al., 2013). A previous investigation reported 

that microscopic examination, polymerase chain reaction evaluation of altered DNA 

expression, and xenotransplantation studies of cryopreserved ovarian tissues are insufficient 

for detecting cancer cells and eliminating the risk (Bastings et al., 2013). An in vitro study 

using cytotoxic T cells to remove tumor cells from ovarian tissues through bispecific antibody 

BIS-1 attempted to resolve this problem (Schroder et al., 2004). 

In recent decades, tissue and organ engineering has presented promising solutions to 

otherwise unsolvable medical problems (Table 1). The artificial ovary is the extension of this 

effort to FP. Many researchers have described the essential components and characteristics of 

the artificial ovary. A group of investigators maintained that the artificial ovary refers to “a 

temporary surrogate of the natural ovary in which isolated follicles, ovarian stromal cells and 

a combination of growth factors can be encapsulated together inside a biomaterial-based 

scaffold” (Chiti, Dolmans, Donnez, & Amorim, 2017). Another group suggested that the 

artificial ovary contain isolated follicles in a biomaterial, and thus is able to preserve fertility 

and replace hormonal functions of the ovary with a significantly decreased risk of introducing 

malignant cells back into patients (Soares, Saussoy, et al., 2015). A recent review described the 
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artificial ovary that contains primordial follicles embedded in a matrix, as one of the promising 

future FP techniques (Fisch & Abir, 2018). 

The term “artificial ovary” was also used to describe a tissue-based hormone therapy 

that restores steroid hormones in patients with POF and menopausal women (David et al., 2017; 

Day, David, Cichon, et al., 2018; Feichtinger, Barnea, Nyachieo, Brannstrom, & Kim, 2018; 

Laronda et al., 2015; Sittadjody et al., 2013). 

 

Theoretical Overview of the Artificial Ovary  

The artificial ovary (Fig. 1) aims to mimic two representative functions of the ovary: 

female gamete production and steroid hormone release  (Y. J. Kim, J. H. Shin, et al., 2017; Y. 

Y. Kim, Y. J. Kim, et al., 2016; Y. Y. Kim, Tamadon, & Ku, 2017). 

 The ovary offers a safe storage space for oocytes within follicles (Y. Y. Kim et al., 

2019; Y. Y. Kim, J. W. Yun, et al., 2016; Ross, 2011; Tamadon, Park, Kim, Kang, & Ku, 2016). 

It releases steroid hormones after puberty, and thereby fosters follicular development and 

periodic oocyte release (Y. J. Kim et al., 2013; Y. J. Kim, Ku, Rosenwaks, et al., 2010; Y. J. 

Kim, K. E. Park, et al., 2017). Ideally and anatomically, the artificial ovary needs to contain 

follicles isolated from cryopreserved ovarian tissue and possibly other ovarian cells to provide 

growth factors (Chiti et al., 2017). It also requires a proper delivery scaffold that is 

biocompatible, minimally inflammatory, suitable for neo-angiogenesis, and degradable after 

engraftment for not to disturb follicular growth and migration (Amorim & Shikanov, 2016). 

Isolated follicles in a delivery scaffold are then transplanted in patients, either in an orthotopic 

location or in a heterotopic location (Jacques Donnez et al., 2013). After transplantation, 

follow-up and evaluation of its function is essential for reproductive planning and patient health. 
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This strategy can be more efficient than follicle transplantation only or ovarian tissue 

transplantation from a therapeutic perspective, as follicles are transferred instead of ovarian 

tissue, therefore death by ischemia could be avoided or decreased. The ideal delivery scaffold 

also requires modifications specific to method of cancer treatment or patient conditions. 

 

Issues of Preserving Ovarian Tissue 

A small volume of ovarian cortical tissue is sufficient for cryopreservation since most 

follicles reside in ovarian cortex rather than the medulla. However, it is reasonable to remove 

the entire ovary prior to gonadotoxic cancer treatment because it provides a sufficiently large 

pool of follicles even after follicular loss during the processing (Dolmans et al., 2008; J. Kim 

et al., 2016; Paulini et al., 2016; Smith et al., 2014). Therefore, if patients have high risks of 

losing fertility, cryopreserving one entire ovary can result in more satisfactory results.  

The traditional cryopreservation method is the slow freezing technique, however 

relatively vitrification technique is used for human samples contributing to its high cell viability 

and minimal damage after thawing (Amorim, Curaba, Van Langendonckt, Dolmans, & Donnez, 

2011; Argyle, Harper, & Davies, 2016; Y. Y. Kim et al., 2011; Silber, 2012). In terms of an 

entire ovary, there has been no efficient cryopreservation protocols and no clinical precedents 

of cryopreserved ovary transplantation (S. S. Kim, 2010). Cryopreservation of an entire ovary 

is challenging because of extracellular ice formation during the process, especially 

intravascular ice formation can destroy the organ’s structure and impair its function (S. S. Kim, 

2010). The cooling rate is also restricted by the organ’s dimension and geometry, and it is 

difficult to deliver cryoprotectants evenly to all cells in a limited time (S. S. Kim, 2010). 

Cryotechnology for an entire organ is still being developed, thus at its current status, it is 

practical to cryopreserve small slices of the ovary to prevent follicular loss and damage (Liu & 
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Pan, 2016). 

After patients recover from diseases and when they desire to have children, 

cryopreserved ovarian tissue can be processed to thaw and transplant as the artificial ovary. 

Long-term cryopreservation does not impact the quality of human ovarian tissue and therefore 

provides flexibility to patients to schedule their pregnancies (Fabbri et al., 2016). The time for 

isolating follicles, before or after cryopreservation, has not been found to influence their 

viability, therefore follicles can be isolated after thawing cryopreserved ovarian tissue 

(Vanacker et al., 2013).  

 

Follicular Isolation and Selection 

A mechanical method or collagenase treatment in addition to the mechanical treatment 

is widely used to isolate follicles from ovarian tissues. The collagenase treatment helps to 

isolate more follicles than the mechanical method alone, but causes damages follicles’ 

basement membranes and affects the viability and development of follicles (Dong et al., 2014). 

A superior efficacy of liberase, a mixture of purified enzymes, was reported in regard to 

follicular isolation outcomes (Dolmans et al., 2006). Many steps of follicular washing during 

the isolation procedure have been included to decrease the risk of malignant cell inclusion 

(Paulini et al., 2016). However, the retrieval rate of viable follicles with intact morphology and 

complete granulosa cell (GC) layers is still not satisfactory. More researches are being 

conducted for a more effective follicular isolation technique. 

After follicular isolation, the type and number of follicles to be placed in a delivery 

scaffold must be determined. There are follicles at different development stages in the ovary 

starting from primordial follicles to primary, secondary, pre-antral, and antral follicles (Hsueh, 
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Kawamura, Cheng, & Fauser, 2015). Grafting secondary follicles in the artificial ovary has 

superior outcomes in terms of a high follicular survival and growth rate than grafting 

primordial-primary follicles (Chiti et al., 2016). The number of follicles in a delivery scaffold 

should also be optimized. A delivery matrix must include an enough number of follicles to 

produce mature oocytes after transplantation but not too many follicles to maintain a small size 

of the delivery matrix. A small sized delivery matrix may be important for neovascularization 

and for the prevention of ischemic injury after transplantation (Revel, Laufer, Ben Meir, 

Lebovich, & Mitrani, 2011).  

 

Designing Scaffolds for Isolated Follicle Delivery 

Designing a scaffold to deliver isolated follicles is a crucial aspect in developing the 

artificial ovary. As the basic aim associated with an artificial ovary is to transplant it in a human 

body, the material used for producing scaffolds must meet biosafety and clinically compatible 

standards. Fundamental requirements include adequate protection and support to engraftment 

of follicles, biocompatibility, adaptability to human body temperature, degradability for follicle 

proliferation and migration, and vessel formation capacity to provide oxygen and nutrients to 

cells for successful grafting (Amorim & Shikanov, 2016; Laronda et al., 2017; Vanacker et al., 

2012). A selection of a biomaterial suitable for supporting the artificial ovary from a wide range 

of biomaterials is challenging, however promising results have been reported in animal studies 

(Table 2). Natural polymers such as collagen, fibrin, plasma clot, alginate, and decellularized 

ovarian ECM and synthetic polymer ethylene glycol have been explored, and the artificial 

ovary-friendly chamber system and generation of ovary-like structure using three-dimensional 

printing technique has also been studied and germ line transmission was confirmed  (Amorim 

& Shikanov, 2016; Laronda et al., 2017).  
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However, more standardized methods to maximize the consistent efficiency of the 

artificial ovary are needed. Many studies reported transplanted follicular development in vivo 

and changes in follicular stage composition after grafting, however the overall follicle recovery 

rate after transplantation has not fully been evaluated. A few studies reported the follicular 

recovery rates, which are useful in comparing the overall efficiencies of different candidate 

biomaterials (Paulini et al., 2016). They may help determine the number and distribution 

pattern of follicles in the delivery-vehicle biomaterials. The transplantation duration also 

influences the number of follicles to be transferred, thus time periods for performing a 

transplantation should be specified and standardized. A scaffold composed of fibrin gel and 

15% platelet lysate had a 48.31% follicular recovery rate 14 days after transplantation 

(Rajabzadeh, Eimani, Mohseni Koochesfahani, Shahvardi, & Fathi, 2015), and a scaffold made 

of plasma clot was reported to have a 28.97% recovery rate 22 weeks after transplantation 

(Dolmans et al., 2008).  

 As securing oxygen supply via the blood vessels is crucial for a successful 

transplantation, the level of neoangiogenesis induced in different designs should also be 

comparatively analyzed. New vessel formation in transplantation sites can be compared based 

on the number of vessels per area or the vessel surface area per total surface area (J. Kim et al., 

2016; Laronda et al., 2017; Vanacker et al., 2012). Artificial ovaries transplanted with 

biological scaffold that resulted in pregnancies in animal studies promoted vessel formation 

either when vascular endothelial growth factors (VEGF) were added to fibrin or when the 

gelatin scaffolds had reliable connectivity (Kniazeva et al., 2015; Laronda et al., 2017). The 

size and thickness of the scaffold are related to the vessel infiltration capacity as well as the 

number of follicles transplanted (Revel et al., 2011). 
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Besides growth factors, stromal cells and endothelial cells that are transplanted along 

with follicles may provide suitable paracrine environment for the graft and improve 

neovascularization (Dath et al., 2011). Ovarian stromal cells are known to differentiate into 

theca cells which are important for steroid hormone production and follicular development 

(Magoffin, 2005). A previous study compared the viability and vascular area after grafting 

fresh ovarian cortical cell, cryopreserved-thawed ovarian cortical cells, and fresh and 

cryopreserved-thawed ovarian medullary cells (Soares, Sahrari, et al., 2015). The fresh ovarian 

medulla was found to be the best cell source to provide an environment for paracrine secretion. 

In addition, local endothelial cells in ovarian tissues, rather than bone marrow-derived vascular 

progenitor cells, contributed to neovascularization during follicular development (Kizuka-

Shibuya et al., 2014). Therefore, combined use of stromal and endothelial cells from fresh 

ovarian medullary tissues should be considered for co-transplantation with follicles to increase 

the efficiency of the artificial ovary. 

 Other factors such as neurotransmitter substance P (SP) and autologous mesenchymal 

stem cells from the bone marrow can be supplemented to enhance the efficiency of engraftment. 

SP was found to recruit stem cells to tissue injury sites and acted as a key molecule for tissue 

regeneration. It improved neovascularization when added to a transplantation material (Ko et 

al., 2012). Autologous mesenchymal stem cell transplantation to the ovary was reported to 

recover ovarian function in a patient with POF and resulted in a pregnancy (Bhartiya, Hinduja, 

Patel, & Bhilawadikar, 2014; Edessy et al., 2016). As in angiogenesis, effective methods to 

compare the degradation rates and mechanical strength for different biomaterials should be 

evaluated. A deeper understanding of folliculogenesis and the mechanical and biochemical 

properties of the ovary will augment the platform to optimize the design and development 

process of the artificial ovary (Amorim & Shikanov, 2016; Smith et al., 2014). 



 
This article is protected by copyright. All rights reserved. 

Transplantation Sites and Surgical Considerations 

 Artificial ovaries have been transplanted in mice at various sites such as the kidney 

capsule, abdominal cavity, peritoneal pocket, subcutaneous pocket, and ovarian bursa. The 

placement of an artificial ovary in a human can be decided based on clinical examples of 

ovarian tissue transplantation. The two main categories for ovarian tissue transplantation sites 

are orthotopic (e.g. pelvic cavity, ovary, peritoneal window) and heterotopic (e.g. forearm, neck, 

rectus muscle) transplantation (Jacques Donnez et al., 2013). The most apparent difference is 

that the heterotopic graft of the artificial ovary does not allow natural conception, while 

orthotopic transplantation can achieve natural pregnancy although it still requires the proper 

positioning of the artificial ovary (Kniazeva et al., 2015).  

When heterotopic transplantation is conducted, several factors should be considered 

such as differences in body temperature, pressure, paracrine factors, and blood supply (Y. J. 

Kim, Y. Y. Kim, et al., 2017). In this context, orthotopic grafts naturally provide a favorable 

environment for follicular development (Jacques Donnez et al., 2013; Oktay et al., 2004). 

Nevertheless, heterotopic transplantation has benefits such as easier access, relatively simpler 

transplantation procedure, and cost-effectiveness in cases of repeated transplantations (Jacques 

Donnez et al., 2013). Heterotopic grafts’ long-term restoration of endocrine function has been 

demonstrated, and a recent study reported that heterotopic grafts cause less apoptosis than 

orthotopic grafts (Damasio et al., 2016; S. S. Kim, 2012). More studies are needed to identify 

the appropriate transplantation sites, however orthotopic transplantation is deemed to satisfy 

the ideal concept of the artificial ovary as it allows natural ovulation and pregnancy.  

 The surgical procedures for artificial ovary transplantation in animal studies usually 

follow general surgical outlines. Briefly, under anesthesia, after incision and localization of 

internal structures, the artificial ovaries are placed at intended locations. When they are placed 
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inside the broad ligament, a small pocket is created within the ligament, and then sutured after 

engraftment (Kniazeva et al., 2015). If they are placed at the circular pocket created on the 

inner side of the peritoneum, the peritoneal surface is scratched with a scalpel blade to induce 

angiogenesis (Chiti et al., 2016; Luyckx et al., 2014).  

 The two major concerns after general transplantation surgery are immune rejection and 

ischemic injury. Since transplanted ovarian cells in the artificial ovary are of an autologous 

origin, they are free from serious immune rejection. However, immune reaction against the 

delivery biomaterials is still a concern, thus the scaffold should be designed to alleviate the 

immune response (Day, David, Kim, et al., 2018; Franz, Rammelt, Scharnweber, & Simon, 

2011). In addition to immunological consideration, vessel formation after transplantation is 

essential to prevent ischemia and to allow hormone interaction (J. Donnez et al., 2004; 

Martinez-Madrid, Dolmans, Van Langendonckt, Defrere, & Donnez, 2004; Van Eyck et al., 

2009).  

Various attempts have been made to minimize ischemia and reperfusion injury during 

transplantation using animal models (Friedman et al., 2012). In addition to the use of 

angiogenic biomaterial or co-transplantation of endothelial cells, graft treatment with VEGFs 

and vitamin E, and host treatment with vitamin E and gonadotropins resulted in a better 

transplantation outcomes (Abir et al., 2011). Melatonin was used in animal ovary 

transplantation studies to enhance graft outcomes (Friedman et al., 2012) (Shiroma, Botelho, 

Damous, Baracat, & Soares-Jr, 2016). These trials currently remain at the animal experiment 

stage, but can be extended to human studies in the future.  

Established concepts from the entire ovary, ovarian cortex, orthotopic ovarian tissue, 

and other tissue-engineered organ transplantations in humans (Table 1, 3) can be applied to 

further improve neovascularization in the artificial ovary. Firstly, in ovarian cortex and 
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orthotopic ovarian tissue transplantations, it is emphasized that implanted tissues have a small 

thickness (Revel et al., 2011; Silber et al., 2008; Silber & Gosden, 2007; Silber et al., 2005).  

Secondly, coagulation of transplantation site edge can be considered to induce angiogenesis at 

least 7 days before surgery (J. Donnez et al., 2004). Thirdly, the patient may be administered 

human recombinant erythropoietin during and after the surgery to increase (M. J. Elliott et al., 

2017). Additionally, potential vessels for anastomosis can be identified and utilized as in the 

case of an entire ovary transplantation graft (P. Mhatre & Mhatre, 2006; Pravin Mhatre, Mhatre, 

Modi, & Doshi, 2003; A. Raya-Rivera et al., 2011; A. M. Raya-Rivera et al., 2014; A. M. Raya-

Rivera et al.). Taken together, effective neovascularization should be achieved through 

anastomosis or through the addition of angiogenic factors and pre-surgical procedures. 

 

Evaluation and Monitoring  

Prior to FP procedures, ovarian reserve can be assessed by serum hormone (e.g. AMH, 

luteinizing hormone, follicle stimulating hormone, estradiol) level, ultrasonographic evaluation 

of ovarian volume and follicular count, and follicular density ovarian tissue biopsy (Belaisch-

Allart, Dufetre, Allart, & De Mouzon, 1991; Choi et al., 2006; Y. J. Kim, Ku, Jee, et al., 2010; 

Lass et al., 1997; Schmidt et al., 2005; Wenners et al., 2017). As cryopreservation of ovarian 

tissue causes follicular loss, post-thaw follicular viability should be estimated through 

morphological evaluation and florescent staining (Carroll & Gosden, 1993; J. Donnez et al., 

2004; Martinez-Madrid et al., 2004).  

After transplantation of the artificial ovary in animal studies, follicular counts, 

histologic findings, and functionality of grafts can be examined under fluorescent or 

transmission electron microscope. Morphological integrity of the basement membrane, 

detachment between GCs and oocyte, pyknotic body, condensed chromatin, and follicular 
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atresia can be observed in histological evaluation (Amorim, Van Langendonckt, David, 

Dolmans, & Donnez, 2009; Gougeon, 1986; Rajabzadeh et al., 2015). Follicular growth and 

function of the graft can be evaluated by identifying the number of primordial, primary, and 

secondary follicles, and of corpora lutea (Myers, Britt, Wreford, Ebling, & Kerr, 2004) (Table 

4).  

TUNEL assay for DNA fragmentation and apoptosis (Chiti et al., 2016; Vanacker et al., 

2012), and Ki-67 staining for proliferation (Dolmans et al., 2007; Luyckx et al., 2013) helps 

assess follicular cell viability and growth. The expression of P450 aromatase and FSHR on 

GCs (Kossowska-Tomaszczuk et al., 2010) can be used as well. Neo-angiogenesis in retrieved 

graft tissues can be evaluated through microscopic imaging and counting the number of vessels 

per area, and through immunostaining for platelet endothelial cell adhesion molecules, platelet 

derived growth factor receptor-β1, and VEGFs (Laronda et al., 2017; Nisolle, Casanas-Roux, 

Qu, Motta, & Donnez, 2000; Telfer, Torrance, & Gosden, 1990).  

Electron paramagnetic resonance imaging allows in vivo evaluation of implant 

oxygenation (Van Eyck et al., 2009). Inflammatory responses can be evaluated through CD45 

and F4/80 immunostaining (Laronda et al., 2015; Vanacker, Dolmans, Luyckx, Donnez, & 

Amorim, 2014). Ovarian functional recovery in mice can be validated with lowered serum FSH 

concentration, elevated estrogen level, increased inhibin level, and pregnancy (Carroll & 

Gosden, 1993; J. Kim et al., 2016; Y. J. Kim, K. E. Park, et al., 2017; Y. Y. Kim, H. Kim, et 

al., 2016; Laronda et al., 2015; Laronda et al., 2017; Smith et al., 2014).  

When the artificial ovary is to be applied in a clinical setting (Table 3), the transplanted 

graft may be followed up and evaluated by observing inflammatory immune responses (e.g. 

CRP level, CD4/WBC count), measuring the serum hormone level, following the menstrual 

cycle, and imaging follicles via ultrasonographic evaluation (J. Donnez et al., 2004; J. Donnez, 
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Martinez-Madrid, et al., 2006; Meirow et al., 2005; P. Mhatre & Mhatre, 2006; Pravin Mhatre 

et al., 2003; Povoa et al., 2016; Silber et al., 2005). Moreover, it is important to confirm that 

genetic information of oocytes within follicles is not altered during the FP process. A genetic 

test on oocytes before transplantation and after in vivo maturation and induction may be 

necessary.  

Furthermore, it would be ideal to observe how the transplanted artificial ovary 

establishes on the recipient. Molecular imaging techniques such as PET can be useful in 

detecting any abnormalities in graft if appropriate biomarkers are identified (Bailly et al., 2017). 

A previous study reported that 18F-FDG PET/CT detected an infection in the implanted 

intracardiac device (Dejust, Guedec-Ghelfi, Blanc-Autrant, Lepers, & Morland, 2017). Besides 

PET/CT, near infrared spectroscopy and hyperspectral imaging may enable oxygenation 

monitoring of the transplanted tissue in vivo early enough to predict functionality (Holmer et 

al., 2016; Jarraya, Mohamed, Sofiene, & Kolsi, 2016; Manley, 2014). An intravital microscopy 

that allows real-time in vivo observation of the vessels at the cellular level can also be adapted 

to monitor neo-angiogenesis in the graft (Fisher et al., 2016; Pang et al., 2015). 

 

Social and Bioethical Issues  

 The artificial ovary aims to assist FP in female patients who undergo gonadotoxic 

treatments or POF, however similar to other technical advances, it cannot evade ethical issues 

except for autologous transplantation. First of all, Limited availability due to relatively defined 

number of ovarian follicles and their characteristics as germ cells having individual genetic 

information may raise bioethical concerns. Thus, the artificial ovary challenges justice in the 

distribution of donated organs. The distribution issue of FP techniques was recently covered 

by a recent report (Cardozo, Huber, Stuckey, & Alvero, 2017).  



 
This article is protected by copyright. All rights reserved. 

Fertility preservation issue is associated with financial coverage by social insurance 

system. For instance, only Connecticut and Rhode Island in the United States support insurance 

coverage for FP after chemo- or radiotherapy. As a result, a very small percentage (4-10%) of 

patients with breast cancer pursue FP because of its great financial burden (Cardozo et al., 

2017). They also argued that fertility loss should be viewed as a “life-affirming” iatrogenic 

condition and be covered by insurance (Cardozo et al., 2017). The availability of the artificial 

ovary and its presumably high cost at future clinics bring up social concerns in its distribution 

similar to other FP techniques.  

The potential negative social influences and psychological sense of deprivation in 

patients who are unable to afford artificial ovaries cannot be ignored (Hansson, 2005). 

Nonetheless, as in the Republic of Korea and some European countries where a low yearly 

birth rate is a serious social issue, governments may provide medical insurance or subsidy for 

the expenditures required to foster childbearing, possibly including the artificial ovary.  

 Another bioethical concern rises from the nature of handling germ cells. Legislation in 

many countries prohibits genetic germline manipulation. The United Kingdom’s Human 

Fertilization and Embryology Act states that “no person shall place in a woman any gametes 

other than permitted egg” in which nuclear and mitochondrial DNA has not been altered 

("Human Fertilisation and Embryology Act 1990," 1990). The artificial ovary is yet to be tested 

in human subjects, and thus requires careful planning to avoid DNA mutations. A failure to 

demonstrate genetic and physiological safety will trigger both scientific and moral concerns 

regarding the artificial ovary. 

 These issues become more complicated if the artificial ovary extends its potential usage 

to individuals who do not undertake cancer treatments. The artificial ovary can become a 

method to delay childbearing for career or personal reasons, and a genetic manipulation tool 
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for eugenic purposes (Ishii, 2017). This expected concern is conceivable considering rigorous 

bioethical debates on preimplantation diagnosis and genome engineering via the Clustered 

Regularly Interspaced Short Palindromic Repeats (CRISPR)/Cas9 technology, as the 

preimplantation genetic diagnosis (PGD) is adopted in clinics and researchers recently 

succeeded in applying the CRISPR/Cas9 technology to edit a human embryo (Frati et al., 2017; 

Ma et al., 2017; Vassena et al., 2016). The artificial ovary may offer an opportunity for PGD 

and CRISPR genome editing when follicles are isolated and processed, and therefore lies on 

the extension of related bioethical controversies (Watson, Alyea, Cunningham, & Jeng, 2010).  

 Medical costs, in general, have a wide range of differences among countries, hospitals, 

services, and insurance coverage, thus it is difficult to predict the cost for the artificial ovary. 

Nonetheless, since its procedures are similar to that of in vitro fertilization (IVF), its cost can 

be approximated by parallel comparison. An approximate total cost of the artificial ovary is 

currently estimated as $5,000 higher than that of IVF. The expected cost is quite high to be 

recommended to all female patients undergoing chemotherapy, as cost is one of the main 

factors that discourage to opt for FP (Jones et al., 2017). In the future, establishing standardized 

mass production of the artificial ovary can become a strategic issue to lower its cost, which can 

in turn benefit more patients with clinical needs. 

 

Future Perspectives 

In patients with POF with follicular atresia and only few viable follicles, either donated 

oocytes or alternative sources for oocytes are necessary. As alternative sources for gametes, 

stem cells including induced pluripotent stem cells (iPSCs) have been explored. Hayashi et al. 

reported of one such alternative involving female primordial germ cell-like cells derived from 

embryonic stem cells or transformed from iPSCs (Hayashi et al., 2012). Mice transplanted with 
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these cells were able to successfully reproduce through IVM and fertilization. Nevertheless, 

this method is yet to be tested with human stem cells. Implementation with human stem cells 

should be dealt with caution, because iPSCs are known to have mitochondrial DNA mutations 

even when isolated from healthy donors (Prigione et al., 2011).  

Oogonial stem cells (OSCs) and very small embryonic like (VSEL) stem cells in the 

adult mammalian ovary present as other potential sources for oocytes (Bhartiya et al., 2014; 

White et al., 2012). However, the use of OSCs and VSEL stem cells is still being debated upon, 

and more reproducible studies have to be conducted to assess their usefulness and efficacy in 

this regard. Table 5 summarizes the advantages and disadvantages of different sources for 

gametes used for transplantable artificial ovary (Bhartiya et al., 2014; Hanna & Hennebold, 

2014; R. Daniel Beauchamp, 2016). Despite the risk of transmitting remaining or undiagnosed 

cancer cells, patients’ own follicles from cryopreserved ovarian tissues can be the source for 

gametes in the near future, because no immunological, mutational, and ethical complications 

are associated with them in contrast to other sources. 

Furthermore, environmental conditions can be controlled to foster interaction between 

granulosa cells and oocytes, and follicular development. There are reports that kit ligand and 

anti-kit antibody (Reynaud, Cortvrindt, Smitz, & Driancourt, 2000), and microRNAs in 

granulosa cells (Y. J. Kim et al., 2013; Y. Y. Kim, H. Min, et al., 2017) affect oocyte maturation 

and follicle development in vitro. Their effects in humans in vivo are yet to be proven (Jacques 

Donnez et al., 2013; Ku et al., 2002), and these genetic and signaling manipulations require 

caution to be exercised while handling germ cells (S. M. Kim et al., 2008; Lee et al., 2003). 

Yet, manipulation of these conditions can potentially be used to enhance follicular development 

in vivo (Y.Y. Kim, et al., 2018; Y.J. Kim, et al., 2018). 
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Conclusions 

 Advances in tissue and organ engineering have opened up another FP option in female 

patients. Animal studies on the artificial ovary achieved few pregnancies; yet, a more optimized 

and standardized protocol is required for clinical applications in humans. In addition to 

improvements in the construction of an artificial ovary, such as a better follicular isolation 

technique and surgical vascularization technique, a progress in other related fields will foster 

the development of an effective artificial ovary. A deeper understanding of folliculogenesis 

and the mechanical and biochemical properties of the ovary and development of standardized 

methods to compare the properties of different bio-scaffolds in a more objective and 

quantitative manner can help identify an effective biomaterial to deliver follicles. Development 

of a better imaging technique in vivo to observe vascularization and degradation of an 

implanted material will allow researchers and clinicians to monitor and evaluate the 

transplanted artificial ovary effectively. If clinically applied in the future, the artificial ovary 

will prove to be another milestone in the field of tissue and organ engineering. 
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Table 1. Clinical examples in tissue and organ engineering 

Organ # Condition Transplantation  Implant Composition Clinical 

Trials Phase 

Reference 

Bladder 1 Myelomenigocele, 

candidates for 

cytoplasty 

Autologous 

engineered bladder 

construct 

 

Cultured urothelial, muscle cells from a 

bladder biopsy, seeded on a biodegradable 

(collagen, polyglycolic acid) bladder-shaped 

scaffold 

Phase II (Atala, Bauer, Soker, Yoo, 

& Retik) 

Bone 1 Long bone nonunion 

in congential 

psuedarthrosis or 

carcinologic resection, 

bone tumor, and bone 

pseudarthrosis 

Autologous scaffold-

free osteogenic 3D 

graft 

 

 

Autologous adipose-derived stem cells in an 

allogeneic demineralized bone matrix 

 

Phase I/II (Dufrane et al., 2015) 

2 Partial avulsion of a 

thumb 

 

Tissue engineered 

distal phalanx 

 

Autologous periosteum cells encapsulated in a 

calcium alginate hydrogel saturated in a 

natural coral (porous hydroxyapatite) implant 

 (Vacanti , Bonassar , 

Vacanti , & Shufflebarger 

2001) 

3 Bone deficiency of a 

maxillary sinus 

Autologous stem cell 

delivery in a scaffold  

Autologous bone marrow derived stem cells 

delivered onto a β-tricalcium phosphate 

scaffold 

 (Kaigler et al., 2015) 

4 A bone cyst Tissue engineered 

bone  

Bone marrow mesenchymal stem cells in an 

allogeneic demineralized bone matrix 

 (Hou et al., 2016) 

5 A large bone defect 

 

Tissue engineered 

bone  

 

Bone marrow derived osteoprogenitor cells 

expanded ex vivo and placed on a macroporous 

hydroxyapatite scaffold  

 (Quarto  et al., 2001) 

6 A mandibular 

discontinuity defect 

 

Engineered bone 

 

A titanium mesh cage filled with bone mineral 

blocks (bone marrow biopsy specimens of 

undifferentiated cells) and recombinant human 

BMP7 

 (Warnke et al., 2004) 

7 Cleft alveolus 

 

Tissue engineered 

bone 

Cells from a bone biopsy seeded in a collagen 

matrix 

 (Pradel & Lauer, 2012) 

Cartilage 1 Full-thickness 

cartilage defects in 

Tissue engineered 

cartilage like tissue 

Autologous chondrocytes in a atelo-collagen 

gel or cultured on a collagen membrane 

Up to phase III (Adachi et al., 2014; 

Mumme et al.) 
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knee, articular 

cartilage lesions 

 

2 Nasal cartilage defects 

due to tumor resection 

Engineered 

autologous cartilage 

tissue 

Chondrocytes from a nasal septum biopsy 

cultured with autologous serum onto collagen 

type I and III membranes 

 (Fulco et al.) 

Cornea 1 Limbal stem cell 

deficiency (LSCD), 

damaged ocular 

surface 

Ex vivo expanded 

limbal epithelium  

Autologous and allogeneic limbal epithelial 

stem cells cultivated on an amniotic membrane  

 

Up to Phase 

IV 

(Kolli, Ahmad, Lako, & 

Figueiredo, 2010; 

Ramirez et al., 2015; 

Ricardo et al., 2013; 

Sangwan, Vemuganti, 

Singh, & 

Balasubramanian, 2003; 

Scholz et al., 2016; 

Tsubota et al., 1999; 

Zakaria et al., 2014) 

2 Limbal stem cell 

deficiency (LSCD), 

ocular surface burns 

Ex vivo expanded 

autologous limbal 

epithelium  

Autologous limbal stem cells cultivated in a 

fibrin matrix 

 

 (Guo, Pi, Dong, & Zhu, 

2013; Rama  et al., 2010) 

3 Limbal stem cell 

deficiency (LSCD) 

 

Autologous cultured 

corneal (LSC) 

epithelium  

Autologous superior forniceal conjunctiva 

(bilateral LSCD cases) or superior limbal 

epithelium (unilateral LSCD case) ex-vivo 

expanded on contact lens; 

autologous limbal or conjunctival epithelium 

harvested on the concave surface of silicone 

hydrogel contact lenses,  cultured in 

autologous serum 

 (Bobba, Chow, Watson, & 

Di Girolamo, 2015; Di 

Girolamo et al., 2009; 

Pellegrini et al.) 

4 Limbal stem cell 

deficiency (LSCD) 

Ex vivo expanded 

autologous oral 

mucosal epithelium  

Ex vivo expanded autologous oral mucosal 

epithelium on an human amniotic membrane 

 (Burillon et al., 2012; 

Chen et al., 2009; 

Dobrowolski et al., 2015; 

Kolli et al., 2014; 

Prabhasawat et al., 2016) 

Esophagus 1 A direct 

communication 

between hypopharynx 

and mediastinum 

(from a car accident, 

mediastinal abscess) 

In vivo esophageal 

regeneration  

 

 

 

A stent covered with ECM and autologous 

platelet-rich plasma adhesive gel 

 

N/A (Case 

report) 

(Dua, Hogan, Aadam, & 

Gasparri) 

Gingiva/ 1 A mucogingival defect 

or a lack of keratinized 

Tissue-engineered 

human ex vivo-

Autologous oral keratinocytes expanded on an 

acellular dermal matrix  

Phase II (Izumi, Neiva, & 
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Mouth gingiva on a non-

molar tooth 

produced oral mucosa 

equivalent 

(EVPOME) 

  Feinberg, 2013) 

2 Large intraoral 

wounds (due to oral 

squamous cell 

carcinoma) 

Tissue engineered 

mucosa  

 

Cultured keratinocytes from a  hard palate 

biopsy specimen (using vaseline gauze as a 

carrier) 

 (Lauer & Schimming, 

2001) 

Retina 1 Age-related macular 

degeneration, 

Stargardt's macular 

dystrophy 

Engineered retinal 

pigment epithelium 

 

Human embryonic stem cells 

 

Phase I/II  

 

(Schwartz et al.) 

2 Aged macular 

degeneration 

Engineered retinal 

pigment epithelium 

Induced pluripotent stem cells (iPSCs) derived 

retinal pigment epithelial cell 

 (Mandai et al., 2017) 

Skin 1 Burn wounds Temporary 

biosynthetic skin 

Human neonatal fibroblasts cultured on a 

synthetic dressing (a nylon mesh fabric) 

covered with a thin layer of silicone rubber 

membrane; 

Up to Phase 

III  

(Hansbrough et al., 1997) 

2 Burns, acute wounds, 

venous ulcers 

Bioengineered skin Epidermis and dermis made of type I bovine 

collagen and cultured allogeneic cells 

(keratinocytes and fibroblasts) isolated from 

human neonatal foreskin 

 (Muhart, McFalls, 

Kirsner, Kerdel, & 

Eaglstein, 1997) 

3 Postoperative 

otorrhea, large burn 

wounds 

Cultured autologous 

epidermal cells 

Autologous keratinocytes and skin specimen  

on a gauze 

 (De Luca et al., 1989; 

Gallico, O'Connor, 

Compton, Kehinde, & 

Green, 1984; 

Premachandra, 

Woodward, Milton, 

Sergeant, & Fabre, 1990) 

4 Pediatric burns Tissue engineered 

fetal skin construct 

Fetal skin from a donor 

 

 (Hohlfeld et al., 2005) 

Trachea 1 Long segment 

congenital tracheal 

stenosis and 

pulmonary sling,  

end staged left main 

bronchus with malacia 

Tissue engineered 

trachea 

Bone marrow mesenchymal stem cells seeded 

onto a scaffold with patches of autologous 

epithelium 

Phase I 

(suspended)  

(Martin J. Elliott et al.; 

Gonfiotti et al.; Hamilton 

et al., 2015; Macchiarini et 

al.) 

2 A primary cancer of 

distal trachea and main 

bronchi 

 

Stem-cell-seeded bio-

artificial 

nanocomposite as a 

functional trachea 

A tailored bio-artificial nanocomposite seeded 

with autologous bone-marrow mononuclear 

cells 

 (Jungebluth et al.) 
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3 A post-traumatic 

tracheal defect 

 

Tissue engineered 

airway patch 

 

A porcine decellularized scaffold seeded with 

recipient’s autologous microvascular 

endothelial cells and skeletal muscle cells  

 (Steinke, Dally, Friedel, 

Walles, & Walles, 2015) 

4 A tracheobronchial 

anastomosis defect 

 

Bio-artificial 

fibromuscular tracheal 

patch 

Autologous muscle cells and fibroblasts in 

collagen  

 (Walles et al., 2005) 

Urethra 1 Urethral defects 

 

Tissue engineered 

tubularized urethra 

Muscle and epithelial cells (from bladder 

biopsy) expanded and seeded onto a 

tubularized polyglycolic acid:poly(lactide-co-

glycolide acid) scaffold 

Phase I (A. Raya-Rivera et al.) 

2 Congenital posterior 

hypospadias 

 

Biopsied urethral 

meatus epithelium 

cultured in vitro  

Biopsied urethral meatus epithelium cultured 

in vitro  

 

 (Romagnoli et al., 1990) 

3 Urethral stricture 

 

Neourethra (an 

engineered urethra) 

 

A collagen based inert matrix from 

decellularized cadaveric human bladder tissue 

 (A. el-Kassaby, 

AbouShwareb, & Atala, 

2008; A. W. El-Kassaby, 

Retik, Yoo, & Atala, 

2003) 

Urinary 

Conduit 

1 Bladder cancer 

undergoing 

cystectomy 

Tissue engineered 

neo-urinary conduit 

(NUC) 

Autologous fat smooth muscle cells seeded 

onto a synthetic, biodegradable poly(lactic-co-

glycolic acid) scaffold 

Phase I (T. Bivalacqua et al.; 

Trinity Bivalacqua et al.; 

Kates et al., 2015) 

Vagina 1 Congenital vaginal 

aplasia by Mayer-

Rokitansky-Küster-

Hauser syndrome 

(MRKHs) 

Tissue engineered 

autologous vaginal 

organ 

 

Autologous epithelial and muscle cells from 

vulvar biopsy onto biodegradable scaffold 

 

  

N/A (Cohort 

study) 

(A. M. Raya-Rivera et al.) 

Vessels 1 End stage renal 

disease 

Bioengineered human 

acellular vessels for 

dialysis access 

Human vascular smooth muscle cells from 

donors cultured on a biodegradable polymer 

Up to Phase II (Lawson et al., 2016) 

2 End stage renal 

disease 

 

Tissue engineered 

vascular graft 

 

Sheets of autologous or allogeneic fibroblasts 

wrapped around a stainless steel mandrel 

with/without autologous endothelial cell 

seeding in the lumen  

 (McAllister et al.; 

Wystrychowski et al., 

2014) 

3 End stage renal 

disease 

 

Tissue engineered 

blood vessel 

 

Sheet-based engineering of autologous 

fibroblasts and endothelial cells harvested 

from skin and superficial vein biopsy 

 (L'Heureux , McAllister , 

& de la Fuente 2007) 

4 Single ventricle 

physiology,  

Tissue engineered 

vascular graft 

 

Autologous bone marrow derived 

mononuclear cells on a biodegradable scaffold 

 (Hibino et al., 2010; 
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congenital heart 

anomaly 

(polyglycolic acid and ε-caprolactone/l-

lactide) 

Shin’oka et al., 2005) 

5 Pediatric congenital 

heart anomaly 

 

Tissue engineered 

pulmonary artery 

 

Cells from peripheral vein expanded and 

seeded on a scaffold (polycaprolactone-

polylactic acid copolymer and woven 

polyglycolic acid) 

 (Shin'oka , Imai , & Ikada 

2001) 

6 Extrahepatic portal 

vein obstruction 

 

Bioengineered 

allogeneic vein 

 

A decellularized allogeneic donor iliac vein 

recellurlarized with endothelial and smooth 

muscle cells derived from autologous bone 

marrow stem cells  

 (Olausson et al.) 
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Table 2. Various follicle delivery materials in animal transplantation studies of the artificial 

ovary [modified from (Amorim & Shikanov, 2016)] H: human, M: mice 

Year Delivery 

Material 

Species Follicle Grafting 

Location 

Grafting 

Period 

Results Reference 

1990 Collagen M-M Pre-antral follicles Kidney 

capsule 

2-12 days Mature oocytes, 

offspring through 

IVF 

(Telfer et al., 

1990) 

1990 Plasma clot M-M Primordial follicles Ovarian 

bursa 

4-12 weeks Offspring through 

natural mating 

(Gosden, 

1990) 

1993 Plasma clot M-M Primordial follicles 

from cryopreserved 

ovarian tissue 

Ovarian 

bursa 

6-12 weeks Offspring through 

natural mating 

(Carroll & 

Gosden, 

1993) 

2008 Fibrin M-M Pre-antral follicles Peritoneal 

pocket 

1 week Antral follicles (Dolmans et 

al., 2008) 

2008 Plasma clot H-M Pre-antral follicles Ovarian 

bursa 

5 months Antral follicles (Dolmans et 

al., 2008) 

2012 Alginate-

matrigel 

M-M Pre-antral follicles Peritoneal 

pocket 

1 week Antral follicles (Vanacker et 

al., 2012) 

2014 Alginate  M-M Pre-antral follicles Peritoneal 

pocket 

1 week Antral follicles (Vanacker et 

al., 2014) 

2014 Fibrin M-M Pre-antral follicles Ovarian 

bursa 

3 weeks Corpora lutea, 

antral follicles 

(Smith et al., 

2014) 

2015 Fibrin-VEGF, 

fibrin-alginate, 

fibrin-collagen  

M-M Pre-antral follicles Ovarian 

bursa 

More than 

9 days 

Offspring in 

fibrin-VEGF 

(Kniazeva et 

al., 2015) 

2015 fibrin-platelet 

lysate 

M-M Pre-antral follicles Subcutane

ous pocket  

2 weeks Antral follicles (Rajabzadeh 

et al., 2015) 

2016 Fibrin, fibrin-

hyaluronic acid 

H-M Pre-antral follicles Peritoneal 

pocket 

1 week Follicle growth (Paulini et 

al., 2016) 

2016 Poly (ethylene 

glycol) vinyl-

sulfone (PEG-

VS) 

M-M Immature follicles Ovarian 

bursa 

60 days Antral follicles 

and corpora lutea, 

decreased FSH 

level 

(J. Kim et al., 

2016) 

2017 Gelatin, 3D 

printed 

M-M Primordial, primary, 

secondary follicles 

Ovarian 

bursa 

10 weeks Offspring through 

natural mating 

(Laronda et 

al., 2017) 
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Table 3. Different surgical procedures in ovarian transplantations or tissue engineered product 

transplantations in human 

  Whole Ovary 

Transplantation  

Ovarian Cortex 

Transplantation 

Orthotopic Ovarian 

Tissue 

Transplantation 

Tissue-engineered 

Trachea 

Tissue-

engineered 

Vagina  

Pre-

surgery 

Preparation Identification of a 

donor  

Stopped hormone 

replacement therapy 

(HRT) for 2 weeks 

prior to surgery 

Ovarian tissue 

cryopreservation 

and thawing for 2 

min at room 

temperature and in 

another 2 min at 37 

°C 

Bone marrow 

biopsy, a sterile 

donor trachea 

transferred in PBS 

with penicillin, 

streptomycin, 

amphotericin B 

Biopsied vulvar 

cells cultured for 

3-5 weeks in 5% 

CO2 at 37 °C 

Evaluations 

prior to surgery 

Immunological 

match with donor 

by blood group, 

HLA, lymphocyte 

Serum hormone 

level, HIV/hepatitis 

screening 

Digital optical 

microscopy for 

follicles in tissue, 

serum hormone 

level  

CT scan, donor 

trachea sterility 

and absence of 

HLA-I+ cells 

evaluation 

Immunocytoche

mistry, sterility 

check, MTT 

assay of the 

scaffold 

Total time till 

surgery 

Can be done 

immediately if a 

donor is identified 

About two weeks 

after stopping HRT 

Dependent on length 

of chemotherapy 

About 3 days; 

surgery done soon 

after bone marrow 

biopsy and 

preparation of a 

donated trachea  

5-6 weeks of 

preparation time 

Surgery Approach  

/ Cavity location 

Orthotopic 

position 

transperitonially 

Minimal laparotomy 

through a 3.5 cm 

incision above the 

pubis 

Furrow created near 

ovarian vessels and 

fimbria(J. Donnez et 

al., 2004) 

Laparoscopically 

transplanted into 

either broad 

ligament region or 

ovarian fossa 

(Povoa et al., 2016)  

Three pairs of 5-mm 

transverse incisions 

in the left ovary 

through the tunica 

albuginea(Meirow 

et al., 2005) 

Sternotomy 

 

Perineal 

approach, 

ventral rectal 

and posterior 

bladder wall 

cavity 

Transplanted 

organ 

A fresh whole 

ovary detached 

from a donor 

Ovary dissected ex 

vivo, cortical tissue 

trimmed to 1-2mm 

and medullary tissue 

removed 

Small size strips or 

fragments of ovarian 

tissue 

A sterile donor 

trachea filled with 

autologous bone 

marrow 

mesenchymal 

stem cells 

Intestinal 

submucosa 

segments filled 

with cultured 

epithelial and 

muscle cells  
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Implant size A whole ovary One third of the 

donor ovarian cortex 

about 1 mm 

thickness is 

implanted (left two 

thirds are 

cryopreserved for 

future usage) 

A large strip and 30-

35 small cubes after 

thawing or 10 x 4-5 

mm 6 cortical pieces 

(J. Donnez et al., 

2004) 

Four 2 x 2 cubes 

after thawing 

(Povoa et al., 2016) 

Three 1.5 x 0.5 x 

0.1-0.2 cm strips in 

cortex cavity 

(Meirow et al., 

2005) 

300-350 μm thick 

micro-organ (MO) 

fragments of ovarian 

cortex tissue (Revel 

et al., 2011) 

Customized for 

patient’s 

anatomical need 

(trachea length 

and size) 

Customized for 

patient’s 

anatomical need 

(vagina length 

and size) 

Vascularization/ 

Anastomosis 

Donor ovarian 

artery to recipient 

inferior epigastric 

artery, donor 

ovarian vein to 

recipient external 

iliac vein (P. 

Mhatre & Mhatre, 

2006; Pravin 

Mhatre et al., 

2003) 

Donor ovarian 

vein to recipient 

ovarian vein, 

donor ovarian 

artery to recipient 

ovarian artery 

with 9-0 or 10-0 

nylon sutures 

(Silber et al., 

2008) 

Donor ovarian 

cortex was laid over 

the raw medulla of 

each recipient ovary 

and sutured on to the 

medulla. It is less 

invasive and reduces 

risk and recovery 

time than an entire 

ovary vascular 

transplantation.  

7 days before 

implantation, an 

incision beneath the 

right ovarian hilus 

was made to create a 

peritoneal window 

and window edge 

was coagulated to 

induce angiogenesis 

(J. Donnez et al., 

2004) 

Superiorly and 

inferiorly 

anastomosed 

using horizontal 

mattress 

interrupted sutures  

Omentum 

wrapping to 

reduce the 

possibility of 

future fistulae and 

increase graft 

vascularity 

Vascularized to 

vestigial tissues, 

hypoplastic 

uterus or hemi-

uterus with 

absorbable 

suture 

Medication None None None Human 

recombinant 

erythropoietin 

(hrEPO), G-CSF, 

TGF-beta  

None 

Post-

surgery 

Medication Immunosuppressi

on with 

cyclosporine and 

prednisolone  

None None hrEPO, G-CSF None 

Mechanical 

Support 

N/A N/A N/A Stent insertion, 

bronchoscopy or 

balloon dilatation 

under fluoroscopy 

regularly for 6 

month 

Stent insertion 

for 8 weeks 
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Evaluation/ 

Follow-ups 

Menstruation 

history, MRI after 

14 months, CD4 / 

WBC count, USG, 

and Doppler for 

allograft rejection 

monitoring  

Serum hormone 

level, menstruation 

history 

Serum hormone 

Level, USG, MRI, 

vaginal echography 

Endoscopy, 

cytological 

evaluation, CT 

Vaginoscopy, 

biopsy at 3, 6, 12 

months and 

yearly 

afterwards, self-

questionnaire on 

sexual function, 

MRI 

Normalization 

Period 

First menstruation 

after 100 days 

First menstruation 

after 65-93 days 

Approximately 5 

months 

6 months 7 days of 

hospitalization, 

finally no stent 

insertion 2 

months after 

surgery  

Reference (P. Mhatre & 

Mhatre, 2006; 

Pravin Mhatre et 

al., 2003) 

(Silber et al., 2008; 

Silber & Gosden, 

2007; Silber et al., 

2005) 

(J. Donnez et al., 

2004; J. Donnez, 

Dolmans, et al., 

2006; J. Donnez, 

Martinez-Madrid, et 

al., 2006; Meirow et 

al., 2005; Povoa et 

al., 2016; Revel et 

al., 2011) 

(Martin J. Elliott 

et al.) 

(A. M. Raya-

Rivera et al.) 
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Table 4. Potential evaluation methods of the artificial ovary in humans 

 Evaluated Subjects Methods Reference 

Before 

Transplantation 

Ovarian reserve and 

function 

Serum hormone (AMH, LH, FSH, 

Estradiol) level, ultrasonography (USG) 

(Belaisch-Allart et 

al., 1991; Lass et al., 

1997; Schmidt et al., 

2005; Wenners et 

al., 2017) 

Cryopreservation 

efficiency 

Florescent staining for viability and 

morphological evaluation under 

microscope 

(J. Donnez et al., 

2004; Martinez-

Madrid et al., 2004) 

After Transplantation Oxygenation  Electron paramagnetic resonance, 

PET/CT, NIRS, HSI usage, intravital 

microscopy 

(Dejust et al., 2017; 

Fisher et al., 2016; 

Holmer et al., 2016; 

Jarraya et al., 2016; 

Manley, 2014; Pang 

et al., 2015) 

Function Follicle size and count via USG, serum 

hormone (AMH, LH, FSH, Estradiol) 

level, physical examination including 

menstruation period and pregnancy 

Biopsy sample follicle 

count/histological evaluation under 

microscopy or TEM, TUNEL assay, 

immunohistochemistry and western blot 

analysis (e.g. Ki-67, Inhibin-α, 3β-HSD, 

Laminin, Calretinin, P450 aromatase, 

FSHR antibody, HMGB1) 

(J. Donnez et al., 

2004; J. Donnez, 

Martinez-Madrid, et 

al., 2006; Meirow et 

al., 2005; P. Mhatre 

& Mhatre, 2006; 

Pravin Mhatre et al., 

2003; Povoa et al., 

2016; Silber et al., 

2005) 

Immune response CRP, CD4/WBC count, USG (P. Mhatre & 

Mhatre, 2006; 

Pravin Mhatre et al., 

2003) 
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Table 5. Advantages and disadvantages of different sources for gametes in the artificial ovary 

(Bhartiya et al., 2014; Hanna & Hennebold, 2014; R. Daniel Beauchamp, 2016) 

Sources Advantages Disadvantages 

Biopsied ovarian cells - Autologous origin 

- Existing protocols to isolate 

follicles and oocytes 

- May contain malignant cells 

Induced pluripotent stem 

Cells (iPSCs) 

- Autologous origin - Conversion to gametes still in research 

- Safety issues due to possible mutagenesis and 

proto-oncogenic reprogramming factors  

Embryonic stem cells 

(ESCs) 

- Pluripotency 

- Unlimited ability for self-

renewal 

- Conversion to gametes still in research 

- Ethical issues 

- Biological parenthood not guaranteed 

- Immune mismatch 

- Tumorigenesis 

- Possible contamination (immunogenic 

nonhuman sialic acid and virus) from animal 

cell layers but a feeder free culture is also 

possible 

Oogonial stem cells 

(OSCs), very small 

embryonic like (VSEL)  

stem cells 

- Equivalent to primordial 

germ cells  

- Autologous origin 

- No need to cryopreserve 

gonadal tissue prior to 

oncotherapy because these 

cells survive oncotherapy 

- Questioned existences and epigenetic 

normalities 

- Optimization and characterization of 

conditions for OSC culture and development 

still in research 
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Figure 1. Manufacturing and transplanting of the artificial ovary  

Theoretically, the artificial ovary aims to restore reproductive and/or endocrine function 

of ovaries. Ovarian tissue or entire ovaries are retrieved and cryopreserved. When a pregnancy 

is desired, follicles are isolated from thawed ovarian tissue and are placed in a scaffold 

equipped with or without growth factors, endothelial cells and ovarian stromal cells. When 

successfully transplanted, oocytes within follicles can provide female gametes for establishing 

a pregnancy whereas granulosa and theca cells of follicles along with ovarian stromal cells can 

produce female sex steroid hormones such as estrogen and progesterone.  


