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Dynamic in vitro culture of bovine 
and human ovarian tissue enhances 
follicle progression and health
Vincenza Barbato 1,10, Vincenzo Genovese 1,6,10, Vincenza De Gregorio 1,10, 
Maddalena Di Nardo 1,9, Angela Travaglione 1, Luigi De Napoli 2, Gionata Fragomeni 3, 
Elisabetta M. Zanetti 4, Satish K. Adiga 5, Giuseppe Mondrone 6, Thomas D’Hooghe 7,8, 
Wengijng Zheng 7, Salvatore Longobardi 7, Gerardo Catapano 2, Roberto Gualtieri 1 & 
Riccardo Talevi 1*

In vitro ovarian cortical tissue culture, followed by culture of isolated secondary follicles, is a promising 
future option for production of mature oocytes. Although efforts have been made to improve the 
culture outcome by changing the medium composition, so far, most studies used static culture 
systems. Here we describe the outcome of 7 days cultures of bovine and human ovarian cortical tissue 
in a dynamic system using a novel perifusion bioreactor in comparison to static culture in conventional 
and/or gas permeable dishes. Findings show that dynamic culture significantly improves follicle quality 
and viability, percentage and health of secondary follicles, overall tissue health, and steroid secretion 
in both species. Model predictions suggest that such amelioration can be mediated by an enhanced 
oxygen availability and/or by fluid-mechanical shear stresses and solid compressive strains exerted on 
the tissue.

One of the most ambitious and challenging topics in reproductive biology is the exploitation of the huge reserve 
of dormant primordial ovarian follicles to produce mature and developmentally competent oocytes by repli-
cating in vitro the natural folliculogenesis. The possibility to generate a significant number of mature oocytes 
from small ovarian cortical slices cultured in vitro would revolutionize current animal breeding procedures, 
preservation of endangered species, establishment of oocyte banks, and management of fertility preservation 
and in vitro fertilization (IVF) procedures in human assisted reproduction. Although such a goal has been 
achieved in mice more than twenty years  ago1,2, the initial enthusiasm of scientists collided with the enormous 
difficulties in replicating these procedures in large mammals and  humans3,4. Several anatomical and functional 
differences hinder the translation of the mouse results to large mammals and humans, such as the duration of 
folliculogenesis (about 20 days in mice vs more than 180 days in humans and cattle)5–7, the age of the biological 
starting material (newborn ovaries in mice vs adult ovaries in humans), the size of the developing follicles, the 
mechanical consistency of the ovarian tissue, to quote but a few. Recently, two human  studies8,9 have rekindled 
the interest in this field and have demonstrated that some mature oocytes, albeit with limited yield and normal-
ity, can be generated in vitro from dormant primordial follicles using a multistep culture system. The first step 
of this in vitro folliculogenesis consists of the organ culture of cortical ovarian tissue slices, in which dormant 
follicles are activated and progress through the primary and early secondary stage. Little is known about pri-
mordial follicles activation and preantral growth despite the several investigations performed to elucidate the 
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crucial factors involved in antral and preovulatory follicles  development10–12. In the human, this phase of initial 
follicle development in vivo lasts approximately 120 days and depends on a complex and incompletely elucidated 
interplay among the oocyte, the granulosa and stromal cells, and the extracellular  matrix3,7,13. After unsuccessful 
attempts to grow isolated primordial  follicles14,15, a consensus has been reached that the development of primor-
dial follicles to the secondary stage can only be achieved by culturing the intact ovarian  cortex16.

We recently demonstrated that oxygen availability may play a key role during culture of bovine and human 
ovarian cortical tissue (BOCT and HOCT, respectively)17. In particular, we showed that in the static culture 
of BOCT and HOCT strips in dishes with gas-permeable bottom (PD), in which oxygen is supplied to tissue 
from both the top and the bottom of the dish, follicle health and progression is enhanced by an optimal range 
of oxygen availability in situ, as predicted by a transport model of oxygen from the medium bulk into the tissue 
strips under varying culture conditions. Culturing ovarian tissue in bioreactors ensuring an adequate oxygen 
supply may be expected to contribute to better follicle health and growth. Another important limitation to cur-
rent static ovarian culture systems is the deprivation of nutrients and the accumulation of waste products in the 
stagnant medium layer adjacent to tissue. A dynamic culture system would provide a continuous flow of culture 
medium towards and around tissue, which could promote the continuous exchange of nutrients and metabolites 
from medium to tissue and vice-versa. This might help overcome such limitations and better mimic in vitro the 
physiological processes of early folliculogenesis. Dynamic bioreactors in which medium perfuses cells seeded 
in porous constructs enabling control and monitoring of operating parameters that affect cell culture efficiency, 
and maintaining long-term cell viability have been successfully developed for some organs/tissues but not for 
ovarian  tissue18–21. In fact, ovarian tissue perfusion is made impossible by its very low hydraulic  permeability22–24. 
Our group has recently designed and developed a dynamic bioreactor that enhances the exchange of oxygen 
and nutrients between medium and tissue by flowing medium around the tissue strips in suitable patterns (i.e., 
in perifusion mode). At the same time, tissue is subjected to steady mechanical stimulation, in terms of uniaxial 
solid compressive strain and fluid-mechanical shear  stresses25.

Herein, we report the characterization of the performance of such a novel dynamic bioreactor for the extended 
perifusion culture of BOCT and HOCT strips. Performance of the perifusion bioreactor (PB) was compared to 
static in vitro culture in dishes with either conventional gas-impermeable (CD) or gas-permeable (PD) bottom. 
The main results showed that culture of both BOCT and HOCT strips in the perifusion bioreactor improves the 
number and quality of secondary follicles, follicle viability and hormone secretion, and the viability of tissue as 
a whole, when compared to either static culture system.

Results
Model predictions for static and dynamic culture. The scheme of the novel dynamic bioreactor, the 
culture dishes and the experimental set-up used for this study are shown in Figs. 1a, b and 2a–c. The predictions 
of the flow transport  model26 show that the PB allows perifusion with medium of all the outer surfaces of the 
tissue strips thereby permitting an effective exchange of solutes between tissue and medium, as Fig. 2d–f show. 
Figure 2g–i show that the flow transport model predicts that during culture in PB the tissue strips are also sub-
jected to fluid-mechanical shear stresses, of higher intensity on strips located at the center of the culture chamber 
and of decreasing intensity towards the periphery, that together with the applied solid compressive strains, are 
expected to contribute to eliciting tissue biomechanical response. Consistent with the flow transport model 
predictions, the oxygen transport model predicts that the effective perifusion of tissue with medium contributes 
to increasing the average dissolved oxygen concentration around and inside the strips as compared to CD and 
PD culture (Fig. 2j–l).

Bovine ovarian cortical tissue culture. Follicle quality and stages (Fig. 3a and b, respectively) of BOCT 
strips were assessed after 7 days of culture by histological characterization of tissue in dynamic PB and in static 
(i.e., CD and PD) culture, and were compared with fresh tissue harvested at D0 (n = 3; total follicle number, 
1875: D0—545; D7—606, CD; 259, PD; 465, PB). Interestingly, BOCT cultured in PB exhibited a proportion of 
healthy follicles (grade I and II) and atretic follicles (grade III) comparable with fresh tissue D0. The proportion 
of atretic follicles (grade III) in strips cultured for 7 days in CD and PD was significantly higher than in fresh 
tissue (i.e., D0) (Fig. 3a). The histological examination revealed that the strips cultured in PB and PD harboured 
more grade I follicles than in CD at the end of culture (i.e., D7). The strips cultured in PB and PD at D7 exhibited 
a noticeable and statistically significant (P < 0.01) decrease in primordial follicles and a concurrently substantial 
increase in primary and secondary follicles when compared to fresh tissue at D0 (Fig. 3b). Culture for 7 days in 
PB enhanced follicle progression, yielding a higher percentage of secondary follicles even than culture in PD. 
A smaller percentage of follicles progressed to the secondary stage in strips cultured in static CD than in both 
the dynamic PB and the static PD. Assessment of follicle viability at the confocal microscope (n = 3; total follicle 
number, 1650: D0, 409; D7—424, CD; 396, PD; 421, PB) allows the identification of viable (Fig. 4a) and dead 
(Fig. 4b) follicles. A significant decrease of viability was observed in all cultured samples as compared to fresh 
tissue (D0, 92.4%). However, at D7 follicle viability in PB (77.5%) and PD (72.1%) was significantly higher than 
in tissue cultured in parallel in CD (56.6%) (Fig. 4c).

Measurement of the activity of cytoplasmic enzymes released by damaged cells is a valuable method for cell 
death assessment. To this end, Lactate Dehydrogenase (LDH) activity was measured in the culture medium to 
highlight both follicles and stromal cells viability. In our study, LDH was estimated every other day in the spent 
medium collected from PB, PD and CD cultures to assess the overall tissue viability. Remarkably, a lower level 
of LDH was detected in the media of strips in dynamic PB than in static CD and PD culture. LDH level was 
significantly lower (P < 0.001) at all time points in PB than in CD, and at D2 and D6 in PB than in PD (Fig. 5a). 
Histological analysis are in agreement with these results. In particular, BOCT strips cultured for 7 days in PB 
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(Fig. 5d) and PD (Fig. 5c) exhibited a regular distribution of healthy stromal and granulosa cells around an intact 
oocyte. They also exhibited a lower number of pyknotic stromal cells and atretic follicles in advanced phases of 
reabsorption than in CD (Fig. 5b).

Human ovarian cortical tissue culture. Ovarian biopsies from three patients were collected and pro-
cessed as described below. Unfortunately, HOCT was available in very limited amounts being a precious biologi-
cal material. The results obtained with bovine tissue showed that static culture in PD was more effective than 
static culture in CD. For these reasons, the efficacy of culturing HOCT in the dynamic PB was compared only 
with PD, the best-performing static culture with bovine tissue. Histological characterization of fresh and cul-
tured tissues (n = 3; total follicle number, 834: fresh tissue D0—444; D7—210, PB; 180, PD) showed that dynamic 
culture of HOCT strips in PB yielded significantly fewer grade III follicles than static culture in PD (P < 0.05; 
Fig. 6a), exhibiting a follicle grading (Fig. 6b–d) similar to fresh tissue at D0. Strips cultured in PB and PD 
showed a slight but significant decrease (P < 0.01) of grade I follicles compared to D0 (Fig. 6a). The percentage of 
secondary follicles in strips cultured in PB was significantly greater than (P < 0.01) in PD (Fig. 6e). A significant 
decrease of primordial follicles (P < 0.01) and a marked increase of primary and secondary follicles (Fig. 6f–h) 
was observed in cultured tissues compared to fresh tissue at D0. Representative histological images of tissue 
cultured in PD (Fig. 7a) and PB (Fig. 7b) showed healthy stromal cells distributed around the follicles. Analysis 
of follicle viability at the confocal microscope (n = 3; total follicle number, 779: fresh tissue D0—285; D7—259, 
PB; 235, PD) showed that a large number of follicles was viable under both culture conditions at D7 (Fig. 7c).

Hormone secretion. Table  1 shows the concentration (mean±standard deviation)  of 17β-estradiol (E2) 
and progesterone (P4) in spent media collected from PB and PD cultures of BOCT and HOCT at D7. The assess-
ments (n = 3) were done on the same bovine and human samples evaluated for histology and viability (please 
see above). E2 concentration was consistently higher and P4 concentration consistently lower in PB than in PD 
culture medium. The E2 to P4 ratio for tissue dynamically cultured in PB was ~ 35 and 28 times higher than in 
PD for bovine and human tissue, respectively.

Figure 1.  Scheme of bioreactor and experimental set-up. Exploded view of the perifusion bioreactor 
components (a) and their assembly (b); drawing of the experimental set-up for tissue culture: MR—medium 
reservoir; Oxy—medium oxygenator; PB—perifusion bioreactor; PP—peristaltic pump.
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Discussion
Growing follicles in vitro could be a promising future option with great potential in a wide range of reproductive 
techniques including fertility preservation, production of mature oocytes for autologous and heterologous in vitro 
fertilization, and oocyte banking. It could also provide an in vitro model system to advance knowledge of the 
intricate mechanisms that regulate follicle dormancy, growth and maturation in vivo27 and for drug  testing28,29. 
To date, successful human in vitro folliculogenesis until the production of mature metaphase II oocytes has been 
achieved using the multi-step culture  strategy8,9, but with low efficiency and some criticism on oocyte normality. 
Further optimization of microenvironmental culture conditions than currently done might help overcome such 
limitations and increase the efficiency of ovarian cortical tissue culture to generate a higher number of healthy 
secondary follicles. This represents a crucial starting point for the subsequent culture steps needed to achieve a 
complete follicular growth and production of mature oocytes for clinical purposes. Thus far, to better mimic the 
physiologic processes involved in follicular activation and growth, few studies have focused on the possibility 
to support in vitro folliculogenesis in dynamic culture systems that guarantee an efficient exchange of nutrients 
and metabolic  products30–32. In this paper, we investigated the capacity of a novel bioreactor prototype to sup-
port in vitro the early stages of folliculogenesis. To this purpose, we compared the culture of BOCT and HOCT 
in the novel dynamic perifusion bioreactor with static culture in  PD17. Since HOCT is precious and available 
in very limited amounts, in the first phase of this study experiments were performed on bovine prior to using 
human tissue. The bovine is adopted as an animal model for its similarities to human reproductive physiology in 
terms of size, structure and consistency of the ovary, length of folliculogenesis, presence of a dominant follicle, 
follicle size and for its easy availability at  slaughterhouses33–36. For this reason, the effect of culture in the novel 
bioreactor on follicle growth, quality, viability and hormone secretion was evaluated first for BOCT in compari-
son to static culture in dishes, and only later on for HOCT. Histological analysis confirmed that culture in PD 
enhances follicle progression and quality with respect to  CD17 and evidenced the benefits of dynamic culture. In 
fact, a significantly higher proportion of healthy follicles and secondary follicles were observed in dynamically 
cultured BOCT and HOCT as compared to static culture. Such data suggest that the environmental conditions 
generated by dynamic culture may allow to overcome some of the factors limiting follicle growth in the static 

Figure 2.  Flow and oxygen transport model predictions. (a-c) Bioreactor scheme: (a) static conventional 
dish (CD), (b) gas-permeable dish (PD), and (c) dynamic perifusion (PB) bioreactors; (d-f) Medium velocity 
contours at middle plane of various bioreactors: (d) CD; (e) PD; and (f) PB; (g–i) Fluid-mechanical shear stress 
at middle plane of various bioreactors: (g) CD; (h) PD; and (i) PB; (j–l) Dissolved oxygen concentration at 
middle plane of various bioreactors: (j) CD; (k) PD; and (l) PB. In figures (j–l), the z-axis is reported to indicate 
the direction along which the dissolved oxygen concentration profiles develop upstream from the tissue strip. 
Operating conditions and parameter values reported in text. *position of the tissue strips.
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conditions currently adopted in most procedures described in literature. In fact, in spite of the fact that several 
groups have tried to optimize media composition and the procedures for static culture of human and animal 
ovarian cortical strips, the percentage of healthy secondary follicles is currently still  unsatisfactory8,37. The find-
ing that dynamic culture promotes the growth of a higher number of healthy secondary follicles strengthens 
the hypothesis that the physical–chemical characteristics of the culture microenvironment, such as oxygen 
and nutrients supply, waste metabolites removal and the physical forces exerted on tissue and follicles, could 
play a crucial role in sustaining folliculogenesis in vitro. The model predictions, for the bioreactor geometry 
and operating conditions used for this study, indicate that the strips are well perifused with medium, and that 
the flow pattern around the strips effectively enhances oxygen availability inside the strips and the exchange of 
metabolically relevant dissolved solutes between medium bulk and tissue over culture in PD. The importance 
of oxygen availability for the activation of follicles and growth in vitro has been recently  emphasized17,38. In the 
ovary, primordial and primary follicles are localized in an environment characterized by low  O2 tension (hypoxic 
ovarian cortex), whereas secondary follicles are generally found in the vascularized medulla where  O2 tension is 
 higher39. Accordingly, increasing oxygen consumption rates have been reported during follicle transition from 
primordial to primary and to secondary  stage40. Moreover, hypoxia has been shown to induce the dormancy of 
primordial follicles through the expression of Foxo3 in  oocytes40,41 whereas an increased oxygen supply from 
blood vessels reportedly promotes the activation of dormant primordial follicles in mouse  ovaries42. Within this 
framework, the increase of secondary follicles observed in PB is likely promoted by the increased oxygen avail-
ability deriving from good medium oxygenation and efficient oxygen transport from medium bulk to tissue.

Our PB model predictions indicate that medium perifusion is not only beneficial to the transport of metaboli-
cally relevant dissolved solutes (such as oxygen). In fact, the flow transport model predicts that the tissue strips 

Figure 3.  Histological characterization of fresh and cultured BOCT. (a) Follicle quality in BOCT cultured 
under static (CD and PD) and dynamic (PB) conditions versus fresh tissue (D0). (b-d) Representative images of 
grade I (b), II (c) and III (d) follicles. (e) Follicle stages in BOCT cultured in static (CD and PD) and dynamic 
(PB) conditions versus fresh tissue (D0); (f–h) Representative images of primordial (f), primary (g) and 
secondary (h) follicles. Bar = 20 μm. All the experiments were performed in triplicate (n = 3), and the values 
represent cumulative percentages. *P < 0.05 and **P < 0.01 versus D0; #P < 0.05 and ##P < 0.01 PB versus PD; 
§§P < 0.01 PB versus CD; ^P < 0.05 and ^^P < 0.01 PD versus CD.
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cultured in PB are also subjected to fluid-mechanical shear stresses that, together with the application of solid 
compressive strains, are expected to contribute to eliciting a tissue biochemical response that is completely absent 
in both CD and PD static culture. Recent  data43 suggest the existence of a complex interplay between biochemical 
and biomechanical signals in developmental processes, with feedback loops between the two types of  signals44. 
Ovarian cells sense and transduce internally generated forces (e.g., elasticity, stiffness, etc.) or external forces 
(e.g., pressure, solid compressive or tensile forces, or fluid-mechanical forces) into nuclear processes, which 
may change gene  expression45. Mechanical signalling can transmit information to other cells either directly via 
cell–cell junctions or indirectly via cell-ECM  interactions44. As for the effect of solid mechanical strain, mechani-
cal fragmentation, or enzymatic digestion, of the ovarian cortex has been shown to release tension on oocytes 
caused by the stiff ECM and the neighbouring granulosa cells; this activates the dormant follicles by disrupting 
the Hippo-pathway46–48 or by triggering FOXO3 nuclear translocation,  respectively49, and promotes follicle 
progression and  health48. The uniaxial compression of the soft ovarian tissue in the novel PB may be expected to 
cause an elongational and shear flow in the unconstrained directions (i.e., squeeze flow) that stretches follicle cells 
in these  directions50. Biaxial stretching of densely packed quiescent epithelial cell monolayers has been shown 
to induce rapid cell cycle re-entry and progression to the S-phase by the consecutive nuclear accumulation and 
transcriptional activity of Yap1 and β-catenin51. Along the same line of thinking, Fletcher et al.52 have shown 
that stretching follicle cells of Drosophila causes cell flattening and the dilution of the Hippo pathway proteins 
that leads to the reduction of Hippo dimerisation and to the nuclear translocation of Yki (called YAP in mam-
malian cells) eventually activating cell proliferation. Consistent with that above, the application of a short tensile 
stretch has been reported to promote follicle progression and health in subsequently cultured ovarian  tissue53. 
Additionally, model predictions show that flowing medium exerted on tissue fluid-mechanical shear stresses in 
the tens of mPa range. Shear stresses in such a range have been shown to stimulate in cell-specific fashion the 
biochemical response of a number of cells in 3D  culture54–59. On these grounds, it may be speculated that tissue 
mechanical stimulation, resulting from the combination of solid compressive strains and fluid-mechanical shear 
stresses likely contributed to the enhancement of healthy secondary follicle growth during culture in the novel 
dynamic PB. However, elucidation of the mechanisms through which enhanced oxygen availability and solutes 
exchange with tissue coupled to mechanical stimulation improved the outcome of dynamic ovarian tissue culture 
in our novel PB to the extent herein reported requires further investigation.

A good culture microenvironment, apart from maintaining the follicles, should also keep stromal cells healthy 
long-term to enable a physiological cross-talk between stromal and follicular compartments. Our previously 
developed live-dead confocal assay is a valuable procedure for the characterization of follicle viability, but it allows 
the evaluation of stromal (and follicular) cell viability only at a limited depth (100–150 μm) inside the tissue 

Figure 4.  Follicle viability in fresh and cultured BOCT. (a) Follicle viability of BOCT cultured under static (CD 
and PD) and dynamic conditions (PB) versus fresh tissue (D0). (b, c) Representative confocal micrographs of 
a live (b), and a dead (c) follicle. Blue, Hoechst 33342 ± stained nuclei; red, extracellular matrix and dead cells 
stained by live ± dead far-red; magenta, nuclei of dead cells. Bar = 20 μm. All the experiments were performed 
in triplicate (n = 3), and the values represent cumulative percentages. **P < 0.01 versus D0; §§P < 0.01 PB versus 
CD; ^^P < 0.01 PD versus CD.
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 strip60. To overcome such limit, the viability of the whole tissue was characterized by assaying LDH activity in 
the spent media from BOCT culture under static and dynamic conditions. The health of the whole tissue was 
significantly better at all analysed time points for ovarian cortical tissue dynamically than statically cultured. 
Consistent with the histological analysis, this suggests a better maintenance of stromal-follicular interaction in 
dynamic  culture61. The level of steroid hormones in the spent medium during ovarian tissue culture is another 
relevant endpoint of follicle growth and function in vitro. In fact, E2 concentration is directly proportional to the 
number and health of granulosa cells, and consequently to the various follicle  stages62. In this study, the increased 
levels of E2 detected in medium collected from BOCT and HOCT cultures in PB in comparison to PD static 
culture, are likely correlated to the observed higher proportion of healthy secondary follicles, consistent with 
that reported in  literature63. The higher P4 concentrations and the lower E2/P4 concentration ratio in BOCT 
and HOCT in medium from PD versus PB culture demonstrate that dynamic culture in the current bioreactor 
design promotes a better maintenance of follicle physiology than static culture in PD. Such an outcome is in good 
agreement with previous studies suggesting that increased progesterone levels in spent media of HOCT culture 
are related to a premature luteinization of growing follicles 30,64–67.

Conclusions
In this paper, ovarian cortical strips were cultured in simple medium without Follicle Stimulating Hormone 
or other supplements to more clearly assess the effect of our dynamic bioreactor design versus static culture in 
conventional dishes on follicle growth, health and hormone secretions. Taken together, the findings indicate that 
culture in dynamic bioreactors could open new interesting and promising perspectives to increase the efficacy 
of a multi-step culture strategy. This could lead to the enhancement of both quality and percentage of second-
ary follicles at the end of the first step of culture, which is fundamental pre-requisite for a successful in vitro 
folliculogenesis.

Materials and methods
The materials and methods used for this study are similar to those used for prior studies published by our 
 group17,25 and occasionally reproduce them verbatim in the following.

Study design. The study was structured in two experimental phases. In the first phase, we investigated the 
effects of 7 days dynamic culture of strips of fresh bovine ovarian cortical tissue (BOCT) in the novel PB on 
follicle growth, health and hormone secretion. Tissue from each of three ovaries (n = 3) was cultured in vitro in 
parallel in PB and under static conditions in CD or PD, and the static cultures were used as controls. The his-

Figure 5.  Evaluation of whole tissue viability during BOCT culture under different conditions. (a) LDH activity 
(mUnits/10 cultured strips) of BOCT cultured under static (CD and PD) and dynamic (PB) conditions. All the 
experiments were performed in triplicate (n = 3), data are presented as mean ± standard deviation; *P < 0.05, 
**P < 0.01 ***P < 0.001. (b-d) Representative images of BOCT cultured in static (CD) (b), (PD) (c), and dynamic 
(PB) (d) conditions after 7 days of culture; Bar = 50 μm.
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tological assessment of follicle stages quality, and viability was performed by conventional and confocal optical 
microscopy, respectively. Whole tissue viability and E2 and P4e secretion were characterized with spectropho-
tometric assays on spent media collected during and at the end of culture. In the second phase, we investigated 
the effects of dynamic culture in the PB on strips of fresh HOCT. Tissue from each of three ovaries (n = 3) was 
cultured in vitro in parallel in PB and under static conditions in PD, and the static culture was used as control. 
Follicle stages and quality, follicle viability and hormone secretion were assessed as described above. At the end 
of culture, 6 strips from each dish were treated for histology and 4 strips for viability assessments.

Materials. Lumox culture dishes with gas-permeable bottom 50  mm in diameter (PD) were purchased 
from Sarstedt AG & Co. KG (Nuembrecht, Germany). Conventional dishes 50 mm in diameter were purchased 
from Falcon (Sigma-Aldrich, Milan, Italy). Leibovitz’s L-15 medium, α-MEM Glutamax medium (code number 
32571), insulin transferrin selenium (ITS) 100×, and live/dead fixable Far Red stain were purchased from Invit-
rogen (Milan, Italy). Penicillin streptomycin (Pen-Strep) 100×, amphotericin B 250 μg/ml, bovine serum albu-
min BSA, L-ascorbic acid, L-glutamine 200 mM, Hoechst 33342, fructose, α-thioglycerol, and eosin-Y were pur-
chased from Sigma Aldrich (Milan, Italy). Mayers’s hematoxylin and paraffin wax were from Carlo Erba (Milan, 

Figure 6.  Histological characterization of fresh and cultured HOCT: (a) Follicle quality in HOCT cultured 
under static (PD) and dynamic (PB) conditions versus fresh tissue (D0). (b-d) Representative images of grade I 
(b), II (c) and III (d) follicles. (e) Follicle stages in HOCT cultured in static (PD) and dynamic (PB) conditions 
versus fresh tissue (D0); (f–h) Representative images of primordial (f), primary (g) and secondary (h) follicles. 
Bar = 20 μm. All the experiments were performed in triplicate (n = 3), and the values represent cumulative 
percentages. *P < 0.05 and **P < 0.01 versus D0; #P < 0.05 and ##P < 0.01 versus PD.
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Figure 7.  Histology and follicle viability in fresh and cultured HOCT: (a, b) Histology of HOCT cultured 
under (a) static (PD), and (b) dynamic (PB) culture conditions; Bar = 50 μm. (c) Follicle viability of HOCT 
cultured under static (PD) and dynamic conditions (PB) versus fresh tissue (D0). **P < 0.01 versus D0. (d, 
e) Representative confocal micrographs of: a live (d) and a dead (e) follicle. Blue, Hoechst 33342 ± stained 
nuclei; red, extracellular matrix and dead cells stained with live ± dead far-red; magenta, nuclei of dead cells. 
Bar = 20 μm.

Table 1.  Hormone secretion in cultured BOCT and HOCT.

PB D7 PD D7

Bovine

 Estradiol (ng) 0.0038 ± 0.002 0.001 ± 0.0005*

 Progesterone (ng) 2.35 ± 0.15 21.95 ± 1.5**

 Ratio E2/P4 1.6 ×  10−3 0.046 ×  10−3

Human

 Estradiol (ng) 0.0051 ± 0.001 0.0015 ± 0.03*

 Progesterone (ng) 2.03 ± 1.04 16.5 ± 4.17**

 Ratio E2/P4 2.5 ×  10−3 0.09 ×  10−3
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Italy). Estradiol and progesterone solid phase enzyme immunoassay kits were obtained from DRG (Marburg, 
Germany). LDH kit was obtained from Merck (Sigma-Aldrich, Milan, Italy). The tissue chopper was purchased 
from McIlwain, Mickle Laboratory Engineering Company Ltd (Surrey, UK). Pump tubing was purchased from 
Cole-Parmer (Milan, Italy) and the peristaltic pump from Ismatec (Enco, Venice, Italy).

The custom tissue slicer. A tissue slicer was purposely designed to obtain slices of ovarian cortical tissue 
of more reproducible thickness and in less labour-intensive fashion than commercial slicers, and to be more 
easily handled. The slicer design is a modification of the commercial slicer by Thomas Scientific intended to 
improve on its characteristics. Supplementary Fig. 1a shows that the slicer consists of three parts and a cutting 
sleigh: (1) the lower slab, with an ellipsoidal cavity to maintain the ovary firm in place; (2) the intermediate slab, 
with an ellipsoidal through-hole to host the ovary and the handle to hold the slicer; (3) the upper slab with the 
guide for the cutting sleigh and a distancer for the blade (Supplementary Fig. 1b). The cutting sleigh (n.4) fea-
tures four ellipsoidal cavities 500 μm deep. To assemble the slicer, slab 1 and 2 are held together with a couple of 
screws and springs. An additional couple of screws and springs is used to keep slab 2 and 3 together and to exert 
a steady pressure on the ovary that is being cut. A slicer prototype was manufactured by subtractive manufac-
turing technique from solid polymethylmethacrylate (PMMA), a clear see-through polymer, easy to clean and 
sterilize. The reproducibility of the strip thickness was assessed by using the slicer to cut tissue slices out of fresh 
bovine ovaries. The strips thickness was characterized on stereomicroscopic images by means of the Image J 
software (NIH, Bethesda, MD, USA). 10 images of each strip (vertically oriented) (Supplementary Fig. 1c, aster-
isk) were acquired and at least 3 different fields were randomly examined with the line-selection tool of Image J 
software. The average strips thickness was 588 ± 56 μm (Supplementary Fig. 1d).

The dynamic perifusion bioreactor. The dynamic perifusion bioreactor (PB) used for this study is 
shown schematically in Fig. 1a. Its development and structure are described in detail  elsewhere25. Briefly, the PB 
consists of two conical halves, held together with screws, making up a 6.9 ml culture chamber. A silicon O-ring 
prevents liquid leakages. A porous support is located at the top of the lower bioreactor half and separates the 
inlet from the outlet half. Strips of ovarian cortical tissue are laid on the porous support enveloped between two 
polyester nets, that hold them in fixed positions in space, and are continuously perifused with medium mainly 
flowing perpendicular to the porous support. Ribs protrude from the vaults of both bioreactor halves with the 
function of guiding medium flow and of exerting compressive strains on the tissue strips (those in the upper 
bioreactor half). Bioreactor prototypes for this study were manufactured in our workshop by adapting to the 
bioreactor specifications commercial devices made of food-grade polypropylene designed for other applications.

Collection and preparation of ovarian tissue strips. Bovine ovaries (n = 3) were collected from slaugh-
tered animals (8–24 month) at the time of evisceration (Slaughterhouse Straccione, San Marcellino, Caserta, 
Italy; CEE accreditation number 1403/M) and were transported within 2 h to the lab in Leibovitz’s L-15, 1% 
Pen-Strep, 1 μg/ml amphotericin-B, at 4 °C.

Human ovarian biopsies were collected from three women (age = 25.6 ± 4.8 years) during laparoscopic sur-
gery for benign gynaecologic conditions after obtaining written informed consent, and were transported to the 
lab as described above. The use of human tissue was approved by the Ethics Committee of Regione Campania 
(ASL NA1 Centro, Naples, Italy; reference number 57/CE 15th February 2017) in accordance with the relevant 
guidelines and regulations. This study was conducted in accordance with the principles of the Declaration of 
Helsinki. Cortical tissue slices were obtained from bovine ovaries (n = 3) or human ovarian biopsies (n = 3) with 
the custom slicer, avoiding areas with visible antral follicles. Slices were placed in handling medium (Leibovitz’s 
L-15, 2 mM glutamine, 3 mg/ml BSA, 1% Pen-Strep, 1 μg/ml amphotericin B), cut into 1 mm × 1 mm strips 
with a tissue chopper, washed twice in fresh handling medium, and randomly allocated in group of 10 to each 
culture condition.

Ovarian tissue culture. Ovarian cortical strips were cultured in α-MEM culture medium supplemented 
with 3 mM glutamine, 0.1% BSA, 1% Pen-Strep, 1% ITS (10 μg/ml Insulin, 5.5 μg/ml Transferrin, 0.67 ng/ml 
Selenium), 1 μg/ml amphotericin-B, 50 μg/ml ascorbic acid. Hereinafter such supplemented medium is simply 
referred to as medium.

Dynamic culture in perifusion bioreactors. Bioreactor operation. The set-up used for the dynamic 
culture experiments is schematically shown in Fig. 1b. Briefly, medium was continuously circulated at 4 ml/min 
with a peristaltic pump from the medium reservoir to gas-permeable tubing (to enrich medium with dissolved 
 O2 and to remove excess dissolved  CO2), from there to the PB bioreactor, and eventually back to the reservoir.

For the culture experiments, 10 tissue strips (1 × 1 mm, 588 ± 56 μm thick) were positioned on three rows in a 
3-4-3 staggered pattern at a nominal 1 mm distance from one another at the centre of the porous support in the 
bioreactor outlet half, and were held in fixed space positions by sandwiching them between two multifilament 
woven medical-grade polyester nets (330 × 290 μm mesh size). The compound mechanical challenge exerted by 
the ribs in the upper bioreactor half and the nets enveloping tissue yielded a solid compressive strain ranging 
from −3 to −13% with respect to the strip pre-compression thickness on the tissue strips that were used for this 
study, as characterized by 3D profilometry. Bioreactor geometry and operation was designed to yield good tis-
sue perifusion (medium flow around the strips) and suitable fluid-dynamic stimulation (effected by the shear 
stresses acting on tissue) with three-dimensional (3D) mathematical models of flow transport in the bioreactor, 
as described below.
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Mathematical modelling. Medium flow in the bioreactor voids was described according to the Navier–Stokes 
 equations26 for an incompressible liquid with viscosity and density equal to water at the operating temperature. 
Flow through the nets was described in terms of the Darcy–Brinkman equation for an isotropic porous slab with 
uniform Darcy  permeability68. The following boundary conditions completed the description of flow transport: 
no-slip at solid surfaces (i.e., bioreactor inner walls and porous support, tissue); solid surfaces impermeable to 
medium; atmospheric pressure at bioreactor outlet; set medium feed flow rate at bioreactor inlet; continuity 
of velocity and flux at compartment interfaces. Oxygen transport in medium in the bioreactor was described 
according to the diffusion–advection  equations26. Oxygen transport and metabolic consumption inside tissue 
was described according to the diffusion–reaction equation assuming pseudo-homogeneous tissue and Michae-
lian oxygen metabolic consumption kinetics. The following boundary conditions were applied: solid surfaces 
(i.e., bioreactor inner walls and porous support) impermeable to oxygen; set dissolved oxygen concentration 
in feed stream; continuity of oxygen concentrations and concentration gradients at compartment interfaces. 
Model predictions were obtained for the following parameter  values69: dissolved oxygen concentration in feed 
stream,  CB = 0.216  mol/m3 (corresponding to a  pCO2,gas of about 21%); effective oxygen diffusivity in tissue, 
 DO2,eff = 2.8 ×  10−9 m/s2; oxygen diffusivity in medium,  DO2,m = 3.5 ×  10−9 m/s2; maximal oxygen consumption rate 
by tissue,  Vmax,O2 = 2 ×  10−2 mol/(s  m3

tissue); Michaelis constant for oxygen consumption,  Km,O2 = 5 ×  10−3 mol/m3. 
Bioreactor materials were assumed impermeable to oxygen.

The resulting flow and oxygen mass balance equations were solved numerically with the commercial FEM 
code Comsol Multiphysics ver. 5.3 (Burlington, MA, USA) with a  10−6 convergence percent error.

Sterilization and tissue loading. Prior to loading the tissue strips in the bioreactor, the whole experimental set-
up was assembled and sterilized by circulating 4 ml/min of 2% (v/v) glutaraldehyde solution in sterile water for 
20 min. Then, the circulation loop including the PB was rinsed twice with sterile water for 20 min to remove 
glutaraldehyde residues, washed with PBS supplemented with 25 μg/ml amphotericin B and 1% Pen-Strep for 
20 min, and rinsed again with sterile water for 10 min. After that, the circulation loop and PB was primed by 
flushing a pre-heated medium (α-MEM supplemented with 0.1% BSA, 1% Pen-Strep, and 1 μg/ml amphotericin-
B) and the PB was carefully de-aerated with an upside-down inversion and gentle shaking. Then, the whole 
set-up was incubated at 37 °C in a humidified atmosphere with 5%  CO2 in air for 30 min. Subsequently, the PB 
was disconnected, emptied, and 10 strips of ovarian cortical tissue from any given ovary, prepared as described 
above, were randomly selected among those available, and positioned between the two polyester nets as reported 
above. Then, the whole set-up was filled with medium, de-aerated again, as described above, incubated at 37 °C 
in 5%  CO2 and 95% humidity air atmosphere, and tissue was cultured for 7 days. Half volume of spent medium 
was replaced with fresh medium every 48 h.

Static culture in dishes. The  O2 transport model for each static bioreactor was based on previously pub-
lished models for dissolved  O2 transport in ovarian cortical tissue cultured under a layer of stagnant medium 
in CDs and  PDs17. The same assumptions and parameter values were used for the  O2 transport models in tissue 
cultured in static CDs and PDs, and for the associated simulations. In CDs, the bottom dish surface was assumed 
impermeable to oxygen. In PDs, the dissolved oxygen concentration in the liquid layer below the strips was 
assumed in equilibrium with the gas in the incubator. Tissue strips were cultured in CDs similarly to PBs. 10 
strips of ovarian cortical tissue from any given ovary were randomly selected, positioned at CD or PD bottom, 
and cultured in 5 ml medium. Tissue was cultured under the same conditions as the PBs, and half volume of 
spent medium was replaced with fresh medium every 48 h.

At the end of any culture, 5 strips from every bioreactor were prepared for histology and 5 strips for viability 
assessment. Spent medium was collected every 48 h before medium exchange.

Histology. For histological analysis, the cortical strips were fixed in Bouin’s solution, dehydrated in increas-
ing serial ethanol concentrations, embedded in paraffin, and 5 μm serial sections were stained with hematoxylin 
and eosin. For each experiment and culture conditions, six strips were serially sectioned and entirely examined 
and the follicles grading and staging were assessed by two blinded expert observers: only follicles in which the 
germinal vesicle was well visible were classified. Follicle quality was graded as previously  described70. Briefly: 
grade 1 follicles were spherical with homogeneously distributed granulosa cells (GCs) and oocyte presenting a 
homogenous cytoplasm and slightly granular nucleus, with well visible spherical condensed chromatin; grade 
2 follicles had GCs non-uniformly distributed around the spherical oocyte; grade 3 follicles had pyknotic GCs 
and distorted and/or vacuolized oocyte. Follicle staging was scored according to Gougeon’s  criteria7, as follows: 
primordial follicles have a single layer of flat GCs; primary follicles have a complete single layer of cuboidal GCs; 
secondary follicles have two or more complete layers of cuboidal GCs.

Viability assessment. Confocal laser microscopy. For the viability assessment, the strips were incubated 
under shaking for 3 h at 4 °C in Dulbecco’s PBS with 1 μg/ml Live/Dead fixable far red stain and 10 μg/ml Hoe-
chst 33342, fixed in 4% paraformaldehyde in PBS for 2 h at RT, washed in fresh PBS and incubated at 4 °C over-
night in PBS plus 10 μg/ml Hoechst  3334260. The live/dead probe is resistant to fixation, reacts with free amines 
both in the cell interior and on the cell surface, and is excluded by cells with intact membranes. The strips were 
then optically cleared using the See DB clearing  protocol71. Briefly, samples were serially incubated in 5 mL of 
20%, 40%, and 60% (wt/vol) fructose, each for 6 h, 80%, 100% and 115% fructose (wt/vol) each for 12 h, with 
gentle agitation at RT. All fructose solutions were supplemented with 0.5% α-thioglycerol. To avoid compres-
sion, the strips were mounted in 115% fructose on a glass slide with 3 spacer coverslips (0.17 mm) placed on 
each side and covered with a coverslip. The samples were analyzed with a Leica TCS SP5 confocal scanning laser 
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microscope (Leica Microsystems, Wetzlar, Germany) using a 405-nm diode laser for visualizing the nuclear 
label (Hoechst 33342) and a 633-nm helium–neon laser for the live/dead probe. Each strip was traversed using 
the z-position control, and fields to a depth of 300 μm from the tissue surface were imaged using a 63 × glycerol 
immersion objective. Follicles stained by far red have a dead oocyte, and were not considered viable. For each 
experiment and culture conditions, four strips were entirely examined by two blinded operators.

LDH analysis. The whole tissue viability of bovine ovarian cortex cultured in dynamic PB versus static PD and 
CD was characterized by assaying the concentration of LDH released in spent medium with a commercial kit 
according to the manufacturer’s instructions (Sigma-Aldrich, Milano, Italy). Briefly, spent culture medium from 
PD and PB cultures was collected, centrifuged at 200 g for 10 min to remove insoluble particles, and 50μL of 
supernatant was added to each well of 96-well plates together with positive controls or NADH standards at dif-
ferent concentrations. After 2–5 min, the absorbance at 450 nm was measured with a microplate reader (Synergy 
HTX Multi-Mode Reader, Agilent, Milano, Italy) at the initial test time,  tinitial. Subsequent measurements were 
taken every 5 min. The last measurement,  A450final, recorded was the penultimate measurement, or the value 
before the most active sample reaches or exceeds the end of the linear range  (tfinal). The time of the penultimate 
measurement is  tfinal. LDH activity at each time point was evaluated according to the following Eq. (1)

where B is the amount (nmole) of NADH generated between  tinitial and  tfinal, the reaction time indicates the dif-
ference between Time final and initial, and V is the sample volume. LDH was expressed as nmole/min/mL (that 
is mUnit/mL). Measurements were performed in duplicate.

Hormone assay. Estradiol  (E2) and Progesterone  (P4) solid-phase enzyme-linked immunosorbent assay 
kits were used for the quantitative determination of both hormones’ concentration in spent culture medium. 
Briefly, 500 µl of spent medium was collected from bovine and human tissue culture in PB and PD at the end 
of culture and stored at −20 °C until assayed. For the measurement of hormones concentration, the samples 
were thawed, allowed to warm to RT, and were assayed along that required by the kit manufacturer. 25 µl of 
medium samples and standards were dispensed in a 96-well plate. After addition of enzymes and reactants, and 
proper washing and incubation steps, the enzymatic reaction was stopped, and the absorbance of each sample 
was determined at 450 ± 10 nm with a microtiter plate reader. Each hormone concentration was determined by 
comparison to a standard calibration curve. Measurements were performed in duplicate.

Statistical analysis. For follicles quality, staging and viability, the data are reported as cumulative percent-
ages. Statistical analysis was performed according to Fisher’s exact test for pairwise comparisons when overall 
significance was detected. LDH and Elisa assays were analysed by one-way ANOVA followed by the Tukey’s 
post-test with GraphPad Prism 9 software. Statistical significance was set at a value of P < 0.05.

Data availability
The data that support the findings of this study are available on request from the corresponding author, R.T.

Received: 30 March 2023; Accepted: 15 June 2023

References
 1. Eppig, J. J. & O’Brien, M. J. Development in vitro of mouse oocytes from primordial follicles. Biol. Reprod. 54, 197–207. https:// 

doi. org/ 10. 1095/ biolr eprod 54.1. 197 (1996).
 2. O’Brien, M. J., Pendola, J. K. & Eppig, J. J. A revised protocol for in vitro development of mouse oocytes from primordial follicles 

dramatically improves their developmental competence. Biol. Reprod. 68, 1682–1686. https:// doi. org/ 10. 1095/ biolr eprod. 102. 
013029 (2003).

 3. Eppig, J. J. Reproduction: Oocytes cell, granulosa cells connect. Curr. Biol. 28, R354–R356. https:// doi. org/ 10. 1016/j. cub. 2018. 03. 
005 (2018).

 4. Telfer, E. E. Future developments: In vitro growth (IVG) of human ovarian follicles. Acta Obstet. Gynecol. Scand. 98, 653–658. 
https:// doi. org/ 10. 1111/ aogs. 13592 (2019).

 5. Pedersen, T. Follicle kinetics in the ovary of the cyclic mouse. Acta Endocrinol. (Copenhagen) 64, 304–323. https:// doi. org/ 10. 1530/ 
acta.0. 06403 04 (1970).

 6. Lussier, J. G., Matton, P. & Dufour, J. J. Growth rates of follicles in the ovary of the cow. J. Reprod. Fertil. 81, 301–307. https:// doi. 
org/ 10. 1530/ jrf.0. 08103 01 (1987).

 7. Gougeon, A. Regulation of ovarian follicular development in primates: Facts and hypotheses. Endocr. Rev. 17, 121–155. https:// 
doi. org/ 10. 1210/ edrv- 17-2- 121 (1996).

 8. McLaughlin, M., Albertini, D. F., Wallace, W. H. B., Anderson, R. A. & Telfer, E. E. Metaphase II oocytes from human unilaminar 
follicles grown in a multi-step culture system. Mol. Hum. Reprod. 24, 135–142. https:// doi. org/ 10. 1093/ molehr/ gay002 (2018).

 9. Xu, F. et al. Matrix-free 3D culture supports human follicular development from the unilaminar to the antral stage in vitro yielding 
morphologically normal metaphase II oocytes. Hum. Reprod. 36, 1326–1338. https:// doi. org/ 10. 1093/ humrep/ deab0 03 (2021).

 10. Herta, A. C., Lolicato, F. & Smitz, J. E. J. In vitro follicle culture in the context of IVF. Reproduction 156, F59–F73. https:// doi. org/ 
10. 1530/ REP- 18- 0173 (2018).

 11. Kedem, A. et al. Growth differentiating factor 9 (GDF9) and bone morphogenetic protein 15 both activate development of human 
primordial follicles in vitro, with seemingly more beneficial effects of GDF9. J. Clin. Endocrinol. Metab. 96, E1246-1254. https:// 
doi. org/ 10. 1210/ jc. 2011- 0410 (2011).

(1)LDH =

B× dilution factor

Reaction time× V

https://doi.org/10.1095/biolreprod54.1.197
https://doi.org/10.1095/biolreprod54.1.197
https://doi.org/10.1095/biolreprod.102.013029
https://doi.org/10.1095/biolreprod.102.013029
https://doi.org/10.1016/j.cub.2018.03.005
https://doi.org/10.1016/j.cub.2018.03.005
https://doi.org/10.1111/aogs.13592
https://doi.org/10.1530/acta.0.0640304
https://doi.org/10.1530/acta.0.0640304
https://doi.org/10.1530/jrf.0.0810301
https://doi.org/10.1530/jrf.0.0810301
https://doi.org/10.1210/edrv-17-2-121
https://doi.org/10.1210/edrv-17-2-121
https://doi.org/10.1093/molehr/gay002
https://doi.org/10.1093/humrep/deab003
https://doi.org/10.1530/REP-18-0173
https://doi.org/10.1530/REP-18-0173
https://doi.org/10.1210/jc.2011-0410
https://doi.org/10.1210/jc.2011-0410


13

Vol.:(0123456789)

Scientific Reports |        (2023) 13:11773  | https://doi.org/10.1038/s41598-023-37086-0

www.nature.com/scientificreports/

 12. McLaughlin, M., Kinnell, H. L., Anderson, R. A. & Telfer, E. E. Inhibition of phosphatase and tensin homologue (PTEN) in human 
ovary in vitro results in increased activation of primordial follicles but compromises development of growing follicles. Mol. Hum. 
Reprod. 20, 736–744. https:// doi. org/ 10. 1093/ molehr/ gau037 (2014).

 13. Kinnear, H. M. et al. The ovarian stroma as a new frontier. Reproduction 160, R25–R39. https:// doi. org/ 10. 1530/ REP- 19- 0501 
(2020).

 14. Oktay, K. et al. Isolation and characterization of primordial follicles from fresh and cryopreserved human ovarian tissue. Fertil. 
Steril. 67, 481–486. https:// doi. org/ 10. 1016/ s0015- 0282(97) 80073-8 (1997).

 15. Hovatta, O., Silye, R., Abir, R., Krausz, T. & Winston, R. M. Extracellular matrix improves survival of both stored and fresh human 
primordial and primary ovarian follicles in long-term culture. Hum. Reprod. 12, 1032–1036. https:// doi. org/ 10. 1093/ humrep/ 12.5. 
1032 (1997).

 16. Yang, Q., Zhu, L. & Jin, L. Human follicle in vitro culture including activation, growth, and maturation: A review of research 
progress. Front. Endocrinol. 11, 548. https:// doi. org/ 10. 3389/ fendo. 2020. 00548 (2020).

 17. Talevi, R. et al. Is oxygen availability a limiting factor for in vitro folliculogenesis?. PLoS ONE 13, e0192501. https:// doi. org/ 10. 
1371/ journ al. pone. 01925 01 (2018).

 18. Devireddy, R. V. Predicted permeability parameters of human ovarian tissue cells to various cryoprotectants and water. Mol. Reprod. 
Dev. 70, 333–343. https:// doi. org/ 10. 1002/ mrd. 20209 (2005).

 19. Fernandez, M., Vink, J., Yoshida, K., Wapner, R. & Myers, K. M. Direct measurement of the permeability of human cervical tissue. 
J. Biomech. Eng. 135, 021024. https:// doi. org/ 10. 1115/1. 40233 80 (2013).

 20. Rohanifar, M. et al. Hydraulic permeability and compressive properties of porcine and human synovium. Biophys. J. 121, 575–581. 
https:// doi. org/ 10. 1016/j. bpj. 2022. 01. 008 (2022).

 21. Catapano, G., Patzer, J. F. 2nd. & Gerlach, J. C. Transport advances in disposable bioreactors for liver tissue engineering. Adv. 
Biochem. Eng. Biotechnol. 115, 117–143. https:// doi. org/ 10. 1007/ 10_ 2008_ 34 (2009).

 22. Radisic, M., Marsano, A., Maidhof, R., Wang, Y. & Vunjak-Novakovic, G. Cardiac tissue engineering using perfusion bioreactor 
systems. Nat. Protoc. 3, 719–738. https:// doi. org/ 10. 1038/ nprot. 2008. 40 (2008).

 23. Gaspar, D. A., Gomide, V. & Monteiro, F. J. The role of perfusion bioreactors in bone tissue engineering. Biomatter. 2, 167–175. 
https:// doi. org/ 10. 4161/ biom. 22170 (2012).

 24. Zhao, F., van Rietbergen, B., Ito, K. & Hofmann, S. Flow rates in perfusion bioreactors to maximise mineralisation in bone tissue 
engineering in vitro. J. Biomech. 79, 232–237. https:// doi. org/ 10. 1016/j. jbiom ech. 2018. 08. 004 (2018).

 25. Catapano, G., Gualtieri, R. & Talevi, R. Bioreattore, apparato e procedimento per la coltura in vitro di tessuti riproduttivi e simili. 
Italian Patent 102020000027290 filed 13 Nov. 2020, and issued 22 Nov. 2022.

 26. Bird, R.B., Stewart, W.E., & Lightfoot, E.N. Transport phenomena. (2nd ed. Wiley), 114–140 ISBN 0-471-41077-2; 612–647 (2002).
 27. Bertoldo, M. J. et al. In-vitro regulation of primordial follicle activation: Challenges for fertility preservation strategies. Reprod. 

Biomed. Online. 36, 491–499. https:// doi. org/ 10. 1016/j. rbmo. 2018. 01. 014 (2018).
 28. Di Emidio, G. et al. Protective effects of a SIRT1 inhibitor on primordial follicle activation and growth induced by cyclophos-

phamide: Insights from a bovine in vitro folliculogenesis system. J. Assist. Reprod. Genet. 39, 933–943. https:// doi. org/ 10. 1007/ 
s10815- 022- 02437-9 (2022).

 29. Stefansdottir, A., Fowler, P. A., Powles-Glover, N., Anderson, R. A. & Spears, N. Use of ovary culture techniques in reproductive 
toxicology. Reprod. Toxicol. 49, 117–135. https:// doi. org/ 10. 1016/j. repro tox. 2014. 08. 001 (2014).

 30. Liebenthron, J. et al. The impact of culture conditions on early follicle recruitment and growth from human ovarian cortex biopsies 
in vitro. Fertil. Steril. 100, 483–491. https:// doi. org/ 10. 1016/j. fertn stert. 2013. 03. 046 (2013).

 31. Winkler-Crepaz, K. et al. Novel dynamic culture system to support initiation of primordial follicle growth in prepubertal mouse 
ovaries. Fertil. Steril. 102, 864–870. https:// doi. org/ 10. 1016/j. fertn stert. 2014. 05. 038 (2014).

 32. Zanotelli, M. R. et al. An ovarian bioreactor for in vitro culture of the whole bovine ovary: A preliminary report. J. Ovarian Res. 
9, 47. https:// doi. org/ 10. 1186/ s13048- 016- 0249-4 (2016).

 33. Adams, G. P., Singh, J. & Baerwald, A. R. Large animal models for the study of ovarian follicular dynamics in women. Theriogenol-
ogy 78, 1733–1748. https:// doi. org/ 10. 1016/j. theri ogeno logy. 2012. 04. 010 (2012).

 34. Baerwald, A. R., Adams, G. P. & Pierson, R. A. A new model for ovarian follicular development during the human menstrual cycle. 
Fertil. Steril. 80, 116–122. https:// doi. org/ 10. 1016/ s0015- 0282(03) 00544-2 (2003).

 35. Malhi, P. S., Adams, G. P. & Singh, J. Bovine model for the study of reproductive aging in women: Follicular, luteal, and endocrine 
characteristics. Biol. Reprod. 73, 45–53. https:// doi. org/ 10. 1095/ biolr eprod. 104. 038745 (2005).

 36. Menezo, Y. J. & Herubel, F. Mouse and bovine models for human IVF. Reprod. Biomed. Online. 4, 170–175. https:// doi. org/ 10. 1016/ 
s1472- 6483(10) 61936-0 (2002).

 37. Telfer, E. E., McLaughlin, M., Ding, C. & Thong, K. J. A two-step serum-free culture system supports development of human oocytes 
from primordial follicles in the presence of activin. Hum. Reprod. 23, 1151–1158. https:// doi. org/ 10. 1093/ humrep/ den070 (2008).

 38. Lim, M., Thompson, J. G. & Dunning, K. R. Hypoxia and reproductive health: Hypoxia and ovarian function: Follicle development, 
ovulation, oocyte maturation. Reproduction 161, F33–F40. https:// doi. org/ 10. 1530/ REP- 20- 0509 (2021).

 39. Makanji, Y., Tagler, D., Pahnke, J., Shea, L. D. & Woodruff, T. K. Hypoxia-mediated carbohydrate metabolism and transport promote 
early-stage murine follicle growth and survival. Am J. Physiol. Endocrinol. Metab. 306, E893-903. https:// doi. org/ 10. 1152/ ajpen do. 
00484. 2013 (2014).

 40. Ishikawa, T. et al. Oxygen consumption rate of early pre-antral follicles from vitrified human ovarian cortical tissue. J. Reprod. 
Dev. 60, 460–467. https:// doi. org/ 10. 1262/ jrd. 2014- 009 (2014).

 41. Shimamoto, S. et al. Hypoxia induces the dormant state in oocytes through expression of Foxo3. Proc. Natl. Acad. Sci. USA 116, 
12321–12326. https:// doi. org/ 10. 1073/ pnas. 18172 23116 (2019).

 42. Komatsu, K. & Masubuchi, S. Increased supply from blood vessels promotes the activation of dormant primordial follicles in mouse 
ovaries. J. Reprod. Dev. 66, 105–113. https:// doi. org/ 10. 1262/ jrd. 2019- 091 (2020).

 43. Sun, C. et al. Ovarian biomechanics: From health to disease. Front. Oncol. 11, 744257. https:// doi. org/ 10. 3389/ fonc. 2021. 744257 
(2021).

 44. Matsuzaki, S. Mechanobiology of the female reproductive system. Reprod. Med. Biol. 20, 371–401. https:// doi. org/ 10. 1002/ rmb2. 
12404 (2021).

 45. Zhao, B. et al. Inactivation of YAP oncoprotein by the Hippo pathway is involved in cell contact inhibition and tissue growth 
control. Genes Dev. 21, 2747–2761. https:// doi. org/ 10. 1101/ gad. 16029 07 (2007).

 46. Cordeiro, C. N., Christianson, M. S., Selter, J. H. & Segars, J. H. Jr. In vitro activation: A possible new frontier for treatment of 
primary ovarian insufficiency. Reprod. Sci. 23, 429–438. https:// doi. org/ 10. 1177/ 19337 19115 625842 (2016).

 47. Fabregues, F. et al. Pregnancy after drug-free in vitro activation of follicles and fresh tissue autotransplantation in primary ovarian 
insufficiency patient: A case report and literature review. J. Ovarian Res. 11, 76. https:// doi. org/ 10. 1186/ s13048- 018- 0447-3 (2018).

 48. Kawamura, K. et al. Hippo signaling disruption and Akt stimulation of ovarian follicles for infertility treatment. Proc. Natl. Acad. 
Sci. USA 110, 17474–17479. https:// doi. org/ 10. 1073/ pnas. 13128 30110 (2013).

 49. Nagamatsu, G., Shimamoto, S., Hamazaki, N., Nishimura, Y. & Hayashi, K. Mechanical stress accompanied with nuclear rotation 
is involved in the dormant state of mouse oocytes. Sci. Adv. 5, eaav9960. https:// doi. org/ 10. 1126/ sciadv. aav99 60 (2019).

 50. Meeten, G. H. Constant-force squeeze flow of soft solids. Rheol. Acta. 41, 557–566. https:// doi. org/ 10. 1007/ s00397- 002- 0241-3 
(2002).

https://doi.org/10.1093/molehr/gau037
https://doi.org/10.1530/REP-19-0501
https://doi.org/10.1016/s0015-0282(97)80073-8
https://doi.org/10.1093/humrep/12.5.1032
https://doi.org/10.1093/humrep/12.5.1032
https://doi.org/10.3389/fendo.2020.00548
https://doi.org/10.1371/journal.pone.0192501
https://doi.org/10.1371/journal.pone.0192501
https://doi.org/10.1002/mrd.20209
https://doi.org/10.1115/1.4023380
https://doi.org/10.1016/j.bpj.2022.01.008
https://doi.org/10.1007/10_2008_34
https://doi.org/10.1038/nprot.2008.40
https://doi.org/10.4161/biom.22170
https://doi.org/10.1016/j.jbiomech.2018.08.004
https://doi.org/10.1016/j.rbmo.2018.01.014
https://doi.org/10.1007/s10815-022-02437-9
https://doi.org/10.1007/s10815-022-02437-9
https://doi.org/10.1016/j.reprotox.2014.08.001
https://doi.org/10.1016/j.fertnstert.2013.03.046
https://doi.org/10.1016/j.fertnstert.2014.05.038
https://doi.org/10.1186/s13048-016-0249-4
https://doi.org/10.1016/j.theriogenology.2012.04.010
https://doi.org/10.1016/s0015-0282(03)00544-2
https://doi.org/10.1095/biolreprod.104.038745
https://doi.org/10.1016/s1472-6483(10)61936-0
https://doi.org/10.1016/s1472-6483(10)61936-0
https://doi.org/10.1093/humrep/den070
https://doi.org/10.1530/REP-20-0509
https://doi.org/10.1152/ajpendo.00484.2013
https://doi.org/10.1152/ajpendo.00484.2013
https://doi.org/10.1262/jrd.2014-009
https://doi.org/10.1073/pnas.1817223116
https://doi.org/10.1262/jrd.2019-091
https://doi.org/10.3389/fonc.2021.744257
https://doi.org/10.1002/rmb2.12404
https://doi.org/10.1002/rmb2.12404
https://doi.org/10.1101/gad.1602907
https://doi.org/10.1177/1933719115625842
https://doi.org/10.1186/s13048-018-0447-3
https://doi.org/10.1073/pnas.1312830110
https://doi.org/10.1126/sciadv.aav9960
https://doi.org/10.1007/s00397-002-0241-3


14

Vol:.(1234567890)

Scientific Reports |        (2023) 13:11773  | https://doi.org/10.1038/s41598-023-37086-0

www.nature.com/scientificreports/

 51. Blair, W., Benham-Pyle, B. W., Pruitt, B. L. & Nelson, W. J. Mechanical strain induces E-cadherin-dependent Yap1 and β-catenin 
activation to drive cell cycle entry. Science 348(6238), 1024–1027. https:// doi. org/ 10. 1126/ scien ce. aaa45 59 (2015).

 52. Fletcher, G. C. et al. Mechanical strain regulates the Hippo pathway in Drosophila. Development 145(5), dev159467. https:// doi. 
org/ 10. 1242/ dev. 159467 (2018).

 53. Telfer, E. E., McLaughlin, M. WO2014043835A1—Method for maturation of oocytes in vitro-Google Patents. Filed 24 Oct. 2015, 
and issued1 July 2020.

 54. Wang, S. & Tarbell, J. M. Effect of fluid flow on smooth muscle cells in a 3-dimensional collagen gel model. Arterioscler. Thromb. 
Vasc. Biol. 20, 2220–2225 (2000).

 55. Yamamoto, K. et al. Proliferation, differentiation, and tube formation by endothelial progenitor cells in response to shear stress. J. 
Appl. Physiol. 95, 2081–2088. https:// doi. org/ 10. 1152/ jappl physi ol. 00232. 2003 (2003).

 56. Huang, H. et al. Differentiation from embryonic stem cells to vascular wall cells under in vitro pulsatile flow loading. J. Artif. 
Organs 8, 110–118. https:// doi. org/ 10. 1007/ s10047- 005- 0291-2 (2005).

 57. McCoy, R. J. & O’Brien, F. Influence of shear stress in perfusion bioreactor cultures for the development of three-dimensional bone 
tissue constructs: A review. Tissue Eng. Part B 16(6), 587–601. https:// doi. org/ 10. 1089/ ten. teb. 2010. 0370 (2010).

 58. Toh, Y.-C. & Voldman, J. Fluid shear stress primes mouse embryonic stem cells for differentiation in a self-renewing environment 
via heparan sulfate proteoglycans transduction. FASEB J. 25(4), 1208–1217. https:// doi. org/ 10. 1096/ fj. 10- 168971 (2011).

 59. Kutikhin, A., Sinitsky, M. Y., Yuzhalin, A. & Velikanova, E. Shear stress: An essential driver of endothelial progenitor cells. J. Mol. 
Cell. Cardiol. 118, 46–69. https:// doi. org/ 10. 1016/j. yjmcc. 2018. 03. 00751 (2018).

 60. Talevi, R. et al. Successful slush nitrogen vitrification of human ovarian tissue. Fertil. Steril. 105, 1523–1531. https:// doi. org/ 10. 
1016/j. fertn stert. 2016. 01. 043 (2016).

 61. Sheng, X. et al. Temporal and spatial dynamics mapping reveals follicle development regulated by different stromal cell popula-
tions. J. bioRxiv. https:// doi. org/ 10. 1101/ 2022. 03. 04. 480328 (2022).

 62. Carlsson, I. B. et al. Kit ligand and c-Kit are expressed during early human ovarian follicular development and their interaction is 
required for the survival of follicles in long-term culture. Reproduction 131, 641–649. https:// doi. org/ 10. 1530/ rep.1. 00868 (2006).

 63. Boland, N. I., Humpherson, P. G., Leese, H. J. & Gosden, R. G. Pattern of lactate production and steroidogenesis during growth 
and maturation of mouse ovarian follicles in vitro. Biol. Reprod. 48, 798–806. https:// doi. org/ 10. 1095/ biolr eprod 48.4. 798 (1993).

 64. Asadi, E. et al. Ovarian tissue culture in the presence of VEGF and fetuin stimulates follicle growth and steroidogenesis. J. Endo-
crinol. 232, 205–219. https:// doi. org/ 10. 1530/ JOE- 16- 0368 (2017).

 65. Locatelli, Y. et al. In vitro survival of follicles in prepubertal ewe ovarian cortex cryopreserved by slow freezing or non-equilibrium 
vitrification. J. Assist. Reprod. Genet. 36, 1823–1835. https:// doi. org/ 10. 1007/ s10815- 019- 01532-8 (2019).

 66. Xu, M., Banc, A., Woodruff, T. K. & Shea, L. D. Secondary follicle growth and oocyte maturation by culture in alginate hydrogel 
following cryopreservation of the ovary or individual follicles. Biotechnol. Bioeng. 103, 378–386. https:// doi. org/ 10. 1002/ bit. 22250 
(2009).

 67. Xu, M. et al. In vitro grown human ovarian follicles from cancer patients support oocyte growth. Hum. Reprod. 24, 2531–2540. 
https:// doi. org/ 10. 1093/ humrep/ dep228 (2009).

 68. Brinkman, H. C. A calculation of the viscous force exerted by a flowing fluid on a dense swarm of particles. Flow Turbul. Combust. 
1, 27. https:// doi. org/ 10. 1007/ BF021 20313 (1949).

 69. Catapano, G. et al. Do bioreactor designs with more efficient oxygen supply to ovarian cortical tissue fragments enhance follicle 
viability and growth in vitro?. Processes. 7, 450 (2019).

 70. Talevi, R. et al. Replacement of sodium with choline in slow-cooling media improves human ovarian tissue cryopreservation. 
Reprod. Biomed. Online. 27, 381–389. https:// doi. org/ 10. 1016/j. rbmo. 2013. 07. 003 (2013).

 71. Ke, M. T., Fujimoto, S. & Imai, T. SeeDB: A simple and morphology-preserving optical clearing agent for neuronal circuit recon-
struction. Nat. Neurosci. 16, 1154–1161. https:// doi. org/ 10. 1038/ nn. 3447 (2013).

Acknowledgements
The study was supported by IVF-Research, Education, Development S.r.l., Via San Josemaria Escrivà 68, 81100 
Caserta, Italy, and Merck Healthcare KGaA, Frankfurter Str. 250, 64293 Darmstadt, Germany, within the Medical 
Innovation Program (MIP) agreement. The contribution of Mr. Giuseppe Serratore and Mr. Giuseppe Morrone, 
Department of Mechanical, Energy and Management Engineering, University of Calabria, to the numerical 
simulations and to plots preparation is gratefully acknowledged.

Author contributions
G.C., R.G., and R.T. made substantial contribution to the concept and design of the study, and wrote and revised 
the manuscript. V.B., V.G., V.D.G., M.D.N. and A.T. participated in culture experiments and data analysis. L.D.N., 
G.F., E.M.Z. contributed to the transport models development and the numerical simulations of culture in the 
perifusion dynamic bioreactor, and the realization of the tissue slicer. S.K.A., G.M., T.D.H., W.Z. and S.L. con-
tributed to study concept/design data and manuscript revision. *V.B., V.G. and V.D.G. equally contributed to the 
manuscript and share first authorship. All authors have read and approved the final version of the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 023- 37086-0.

Correspondence and requests for materials should be addressed to R.T.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.1126/science.aaa4559
https://doi.org/10.1242/dev.159467
https://doi.org/10.1242/dev.159467
https://doi.org/10.1152/japplphysiol.00232.2003
https://doi.org/10.1007/s10047-005-0291-2
https://doi.org/10.1089/ten.teb.2010.0370
https://doi.org/10.1096/fj.10-168971
https://doi.org/10.1016/j.yjmcc.2018.03.00751
https://doi.org/10.1016/j.fertnstert.2016.01.043
https://doi.org/10.1016/j.fertnstert.2016.01.043
https://doi.org/10.1101/2022.03.04.480328
https://doi.org/10.1530/rep.1.00868
https://doi.org/10.1095/biolreprod48.4.798
https://doi.org/10.1530/JOE-16-0368
https://doi.org/10.1007/s10815-019-01532-8
https://doi.org/10.1002/bit.22250
https://doi.org/10.1093/humrep/dep228
https://doi.org/10.1007/BF02120313
https://doi.org/10.1016/j.rbmo.2013.07.003
https://doi.org/10.1038/nn.3447
https://doi.org/10.1038/s41598-023-37086-0
https://doi.org/10.1038/s41598-023-37086-0
www.nature.com/reprints


15

Vol.:(0123456789)

Scientific Reports |        (2023) 13:11773  | https://doi.org/10.1038/s41598-023-37086-0

www.nature.com/scientificreports/

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

http://creativecommons.org/licenses/by/4.0/

	Dynamic in vitro culture of bovine and human ovarian tissue enhances follicle progression and health
	Results
	Model predictions for static and dynamic culture. 
	Bovine ovarian cortical tissue culture. 
	Human ovarian cortical tissue culture. 
	Hormone secretion. 

	Discussion
	Conclusions
	Materials and methods
	Study design. 
	Materials. 
	The custom tissue slicer. 
	The dynamic perifusion bioreactor. 
	Collection and preparation of ovarian tissue strips. 
	Ovarian tissue culture. 
	Dynamic culture in perifusion bioreactors. 
	Bioreactor operation. 
	Mathematical modelling. 
	Sterilization and tissue loading. 

	Static culture in dishes. 
	Histology. 
	Viability assessment. 
	Confocal laser microscopy. 
	LDH analysis. 

	Hormone assay. 
	Statistical analysis. 

	References
	Acknowledgements


