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Resumen 

 

Las técnicas de reproducción asistida (TRA) han transformado radicalmente la 

manera en que abordamos la infertilidad desde el nacimiento de la primera "bebé 

probeta", Luis Brown, en 1978. La infertilidad afecta a un porcentaje significativo (15-

20%) de parejas en edad reproductiva, lo que ha contribuido al constante aumento de la 

demanda de TRA en el mercado a lo largo de los años. 

Si bien en humanos estas técnicas se utilizan principalmente para tratar problemas 

reproductivos, en el ámbito animal ofrecen aplicaciones valiosas en campos como la 

edición genética, la selección de reproductores y la creación de modelos animales para  

su uso en biomedicina. Además, presentan ventajas significativas en la producción animal 

al reducir costos y disminuir el riesgo de enfermedades, lo que impulsa su adopción en 

diversas especies animales de manera creciente cada año. 

A pesar de las mejoras continuas experimentadas por las TRA desde su creación, 

siguen existiendo desafíos significativos, ya que no todos los ovocitos logran 

desarrollarse hasta el estadio de blastocisto in vitro y los pocos que lo consiguen no 

exhiben la misma calidad que sus contrapartes producidas de forma natural in vivo. Estas 

disparidades se atribuyen, entre otras causas, a problemas en la reprogramación 

epigenética del embrión, un proceso crítico que ocurre en las primeras etapas celulares y 

puede ser influenciado por diversos factores ambientales. 

Entre estos factores, las condiciones no fisiológicas del laboratorio han 

demostrado tener un impacto significativo en la reprogramación epigenética del embrión, 

generando consecuencias que, en algunas especies como la porcina, no son subsanadas 

durante el proceso de crecimiento. Se ha observado que, al replicar los parámetros 

fisiológicos, como la temperatura y la concentración de oxígeno en los medios de cultivo 
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en el laboratorio, se logra una mejora notable en el sistema de producción in vitro de 

embriones (PIV). Incluso se ha logrado optimizar el sistema de PIV porcino al agregar 

fluidos reproductivos como suplemento a los medios de cultivo, lo que ha conducido a 

una disminución de las diferencias entre embriones in vitro-in vivo y a una mejora 

significativa en el proceso. 

En la naturaleza, la fecundación tiene lugar en el oviducto, un órgano tubular que 

conecta los ovarios con el útero. En ciertas especies, se atribuyen funciones clave al 

oviducto en la selección y capacitación espermática. Se postula que, en este órgano, tienen 

lugar procesos de quimiotaxis, reotaxis y quimiotaxis que guían a los espermatozoides 

hacia el ovocito. 

Aunque históricamente se han subestimado las funciones de este órgano, ya que 

es posible lograr el embarazo sin exponer a los embriones o gametos a este ambiente, 

recientemente ha surgido un interés creciente en los roles que desempeña. Además de las 

funciones mencionadas anteriormente, cabe destacar que las células epiteliales del 

oviducto también crean un entorno propicio para las primeras divisiones embrionarias, 

que favorece una correcta reprogramación epigenética y un adecuado desarrollo. 

A pesar de ello, los estudios in vitro de este órgano han empleado tradicionalmente 

cultivos en monocapa (2D), los cuales en ocasiones no logran replicar de manera precisa 

la realidad, debido a la disparidad entre el ambiente in vitro y el ambiente fisiológico. 

Para abordar esta limitación, en los últimos años se ha producido un incremento 

notable en la cantidad de investigaciones que emplean cultivos 3D en "scaffolds", los 

cuales permiten a las células mantener un estado funcional y de diferenciación durante 

más tiempo. Por otro lado, se ha producido un gran desarrollo en el campo de la 

microfluídica, que permite el control y manipulación de fluidos permitiendo imitar in 
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vitro las dinámicas in vivo. Estos scaffolds, combinados con sistemas de microfluidos, 

posibilitan la creación de los llamados "organ-on-a-chip". Estos dispositivos representan 

de manera más precisa el entorno fisiológico, demostrando ser herramientas valiosas en 

la mejora del sistema de PIV. Además, la aplicación de estos dispositivos en la PIV 

favorece una reprogramación epigenética en los embriones más semejante a la que ocurre 

en embriones producidos de forma natural in vivo. 

En este contexto, resulta igualmente interesante considerar la funcionalización de 

los scaffolds, ya que posibilita su personalización, influyendo en su bioactividad, 

biocompatibilidad y propiedades mecánicas, incluso cuando los materiales utilizados no 

son fisiológicos. Algunos de estos materiales, como el óxido de grafeno, han demostrado 

incluso potenciar el rendimiento en la fecundación in vitro (FIV) en varias especies, como 

la porcina, bovina o murina. La investigación emprendida en esta tesis doctoral se centra 

específicamente en la identificación de nuevos materiales y en el desarrollo de 

procedimientos para la creación de dispositivos 3D que contribuyan a perfeccionar el 

sistema de producción in vitro. A la luz de estas razones, aún hay margen suficiente para 

mejorar las TRA. Identificando nuevos materiales y procedimientos para construir estos 

dispositivos, la eficiencia del proceso podría mejorar significativamente en la calidad y 

cantidad de los embriones producidos. Por ello, la presente tesis doctoral tiene la intención 

de contribuir a estos objetivos. 

En el primer capítulo, nuestro objetivo fue evaluar la idoneidad de diferentes 

procesos de impresión 3D en combinación con un conjunto correspondiente de 

biomateriales disponibles comercialmente. Para la impresión por extrusión, empleamos 

ácido poliláctico (PLA) y policaprolactona (PCL), mientras que para la impresión por 

estereolitografía utilizamos diacrilato de polietilenglicol (PEGDA) en variantes de rigidez 

(PEGDA500, PEGDA200, PEGDA PhotoInk). 
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Con el fin de examinar los posibles efectos adversos que estos materiales pudieran 

tener sobre los embriones cuando están presentes durante la fecundación, llevamos a cabo 

un "embryo assay", un ensayo aprobado por la "Food and Drug Administration" (FDA) 

en el modelo murino para evaluar la calidad de productos destinados a FIV. Optamos por 

utilizar el ganado bovino como modelo animal, aprovechando las ventajas que presenta 

sobre otros modelos animales como el murino o el pez cebra. 

En este estudio, implementamos el sistema convencional de PIV, empleando 

complejos cúmulo-ovocitos (COCs) recuperados de ovarios de vacas destinadas a 

matadero. Tras la aspiración y selección, los COCs se sometieron a maduración in vitro 

durante 22 horas. Realizamos ensayos específicos para cada material, dividiendo los 

embriones en tres grupos: grupo control, grupo "rinse" y grupo "scaffold", definidos 

según las condiciones de FIV.  

En el grupo control, la FIV se realizó utilizando medio fresco, mientras que en el 

grupo rinse, el medio empleado para la FIV estuvo en contacto con los diferentes 

materiales durante 24h antes de su uso, con el objetivo de comprobar la posible liberación 

por parte del material de residuos tóxicos. Finalmente, en el grupo "scaffold", la FIV se 

realizó en presencia del scaffold. Cada material tuvo su propio grupo "rinse" y grupo 

"scaffold", compartiendo el grupo control. Utilizamos semen congelado seleccionado por 

gradientes de densidad para la fecundación. 

El cultivo embrionario se llevó a cabo bajo las mismas condiciones para todos los 

grupos, y solo se consideraron los replicados en los cuales el control mostró una tasa de 

blastocistos entre el 20% y el 40%, considerada normal en la PIV bovina. Medimos 

parámetros de división y tasas de blastocistos a los días 7 y 8. Además, fijamos y teñimos 

los embriones obtenidos utilizando una doble tinción diferencial, midiendo varios 
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parámetros de calidad embrionaria, como el número de células, la proporción entre 

trofectodermo y masa celular interna, y la proporción de células apoptóticas. 

Observamos un impacto negativo en las tasas de división y blastocistos cuando la 

FIV se realizó en medios expuestos a la mayoría de los materiales de estereolitografía 

(PEGDA200, PEGDA500). Este efecto adverso podría estar relacionado posiblemente 

con compuestos filtrados utilizados para imprimir y estabilizar los scaffolds, aunque este 

fenómeno no fue tan evidente con PEGDA PhotoInk y solamente la presencia del material 

PEGDA500 tuvo efectos perjudiciales. Por otro lado, todos los materiales impresos 

mediante extrusión (PLA y PCL) no generaron ningún efecto adverso en las tasas de 

división o blastocistos. 

El análisis de componentes principales (ACP) revela que los embriones generados 

en presencia de scaffolds impresos mediante extrusión muestran la mayor similitud con 

los embriones control al considerar todos los parámetros analizados, incluyendo tasas de 

división, tasas de blastocisto, número de células, la proporción entre trofectodermo y 

masa celular interna, así como la proporción de células apoptóticas. No obstante, a pesar 

de que los embriones producidos en presencia de PLA, o en el medio condicionado por 

este, no presentaron diferencias significativas en ninguno de los parámetros analizados, 

el ACP reveló un grado mayor de disparidad en comparación con el grupo control en 

comparación con la PCL. Por consiguiente, nuestros resultados sugieren que la PCL 

podría ser la elección óptima para la construcción de nuevos dispositivos de FIV. 

En el segundo capítulo, investigamos los impactos de un material no fisiológico, 

el sulfuro de molibdeno MoS2, en el proceso de FIV y en la capacitación espermática. 

Este compuesto ha sido previamente empleado en la funcionalización de scaffolds, 
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mejorando sus propiedades y promoviendo el crecimiento celular, al igual que el óxido 

de grafeno, que ha demostrado incrementar la eficiencia de la FIV en diversas especies. 

Aunque el MoS2 no ha mostrado efectos adversos en otros tipos celulares, su 

impacto en los gametos, especialmente los espermatozoides, y si podría replicar los 

beneficios observados con el óxido de grafeno, son desconocidos. En este estudio, para 

solubilizar el MoS2, lo conjugamos con catequina, un antioxidante. Evaluamos diversas 

concentraciones de estos compuestos y conjugados para determinar la óptima. Se 

emplearon dosis seminales de verraco, centrifugando el semen para eliminar el diluyente, 

y resuspendiendo los espermatozoides en un medio capacitante suplementado con los 

compuestos mencionados. Monitorizamos la integridad del acrosoma para detectar 

posibles efectos tóxicos en los espermatozoides y analizamos indicadores de la 

capacitación (concentración de calcio intracelular, fluidez de membrana y actividad 

mitocondrial) mediante citometría de flujo y western blot (fosforilación de proteínas). 

Finalmente, evaluamos funcionalmente los espermatozoides mediante FIV, utilizando 

COCs porcinos madurados in vitro obtenidos de ovarios de matadero, como en el estudio 

anterior.  

Los resultados indican que el MoS2 conjugado con catequina (MoS2/CT) no 

afectó la integridad del acrosoma. La citometría de flujo no reveló diferencias en la 

concentración de calcio intracelular, desorden de membrana ni actividad mitocondrial. El 

western blot tampoco mostró variaciones en la fosforilación de proteínas. Sin embargo, 

observamos una mayor tasa de penetración y polispermia en la FIV cuando se utilizó solo 

la catequina, no el complejo MoS2/CT. Estos hallazgos sugieren que la catequina podría 

haber tenido un efecto antioxidante, protegiendo a los espermatozoides de especies 

reactivas de oxígeno y prolongando su viabilidad. Además, notamos que el MoS2 no tuvo 

efectos adversos en estos gametos ni en el proceso de capacitación. 
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En el tercer capítulo de esta tesis, se abordó el estudio de la estructura del oviducto, 

reconociendo la importancia de comprender la anatomía y morfología de este órgano para 

imitar y entender su ambiente fisiológico. Tradicionalmente, los estudios de este órgano 

se han llevado a cabo mediante técnicas de microscopía, que, aunque útiles, pueden 

presentar limitaciones al permitir el análisis de áreas reducidas y propensas a errores 

derivados de artefactos durante la reconstrucción. 

En la última fase de esta investigación, se procedió a la reconstrucción de 

secciones de oviducto mediante técnicas de microtomografía computarizada (MicroTC). 

Esta técnica no destructiva posibilita la obtención de modelos 3D de manera precisa. Se 

seleccionaron oviductos de tractos genitales obtenidos de matadero y se clasificaron 

según las diferentes fases del ciclo estral basándonos en la morfología del ovario. Los 

oviductos se fijaron en paraformaldehído, se incluyeron en bloques de parafina y luego 

se obtuvieron imágenes mediante MicroTC. 

A partir de estas imágenes, se realizaron mediciones detalladas de los pliegues del 

oviducto, así como análisis de dimensión fractal y lacunaridad. Además, se llevaron a 

cabo reconstrucciones tridimensionales del oviducto. Hasta la fecha, los scaffolds 

diseñados para simular el ambiente del oviducto no han tenido en cuenta su compleja 

arquitectura. Los modelos 3D generados a partir de estas imágenes pueden convertirse en 

archivos compatibles con la impresión 3D, permitiendo la creación de réplicas exactas. 

Estas réplicas no solo serían útiles para la creación de dispositivos para la PIV, sino que 

también podrían emplearse para estudios biofísicos y biomecánicos, aspectos 

estrechamente vinculados con las funciones desempeñadas por el oviducto. 
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En resumen, este trabajo establece los cimientos para el desarrollo de un nuevo 

dispositivo de FIV que imite de manera más precisa la compleja arquitectura del oviducto, 

abriendo oportunidades para investigaciones más avanzadas en reproducción asistida. 
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Summary 

 

Assisted Reproductive Techniques (ART) have radically transformed the way we 

approach infertility since the birth of the first "test-tube baby," Louise Brown, in 1978. 

Infertility affects a significant percentage (15-20%) of couples of reproductive age, which 

has contributed to the constant increase in demand for ART in the market over the years. 

While in humans these techniques are primarily used to treat reproductive 

problems, in the animal realm, they offer valuable applications in fields such as genetic 

editing, reproductive selection, and the creation of animal models for use in biomedicine. 

Additionally, they present significant advantages in animal production by reducing costs 

and decreasing the risk of diseases, driving their adoption in various animal species 

increasingly each year. 

Despite the continuous improvements experienced by ART since their inception, 

significant challenges still exist, as not all oocytes manage to develop into the blastocyst 

stage in vitro, and the few that do achieve it do not exhibit the same quality as their 

counterparts produced naturally in vivo. These disparities are attributed, among other 

causes, to problems in the epigenetic reprogramming of the embryo, a critical process that 

occurs in the early cellular stages and can be influenced by various environmental factors. 

Among these factors, the non-physiological conditions of the laboratory have been 

shown to have a significant impact on the epigenetic reprogramming of the embryo, 

generating consequences that, in some species such as pigs, are not remedied during the 

growth process. It has been observed that by replicating physiological parameters, such 

as temperature and oxygen concentration in culture media in the laboratory, a notable 

improvement is achieved in the in vitro embryo production (IVP) system. It has even been 

possible to optimize the porcine IVP system by adding reproductive fluids as supplements 
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to the culture media, leading to a decrease in the differences between in vitro and in vivo 

embryos and a significant improvement in the process. 

In nature, fertilization takes place in the oviduct, a tubular organ that connects the 

ovaries to the uterus. In certain species, key functions are attributed to the oviduct in 

sperm selection and capacitation. It is postulated that in this organ, processes such as 

chemotaxis, rheotaxis, and thermotaxis take place, guiding the sperm towards the oocyte. 

Although historically the functions of this organ have been underestimated, as it 

is possible to achieve pregnancy without exposing embryos or gametes to this 

environment, there has recently been a growing interest in the roles it plays. In addition 

to the functions mentioned above, it is worth noting that the epithelial cells of the oviduct 

also create a conducive environment for early embryonic divisions, favoring proper 

epigenetic reprogramming and adequate development. 

Nevertheless, in vitro studies of this organ have traditionally employed monolayer 

cultures (2D), which sometimes fail to accurately replicate reality due to the disparity 

between the in vitro and physiological environments. To address this limitation, in recent 

years there has been a notable increase in the amount of research employing 3D cultures 

on scaffolds, which allow cells to maintain a functional and differentiated state for longer 

periods. Additionally, significant progress has been made in the field of microfluidics, 

which allows for the control and manipulation of fluids, enabling the in vitro imitation of 

in vivo dynamics. These scaffolds, combined with microfluidic systems, enable the 

creation of so-called "organ-on-a-chip" devices. These devices more accurately represent 

the physiological environment, proving to be valuable tools in improving the IVP system. 

Furthermore, the application of these devices in IVP favors epigenetic reprogramming in 

embryos more similar to that which occurs in embryos produced naturally in vivo. 
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In this context, it is equally interesting to consider the functionalization of 

scaffolds, as it allows for their customization, influencing their bioactivity, 

biocompatibility, and mechanical properties, even when non-physiological materials are 

used. Some of these materials, such as graphene oxide, have even been shown to enhance 

in vitro fertilization (IVF) performance in various species, such as pigs, cattle, or mice. 

The research undertaken in this doctoral thesis specifically focuses on the identification 

of new materials and the development of procedures for creating 3D devices that 

contribute to perfecting the in vitro production system. In light of these reasons, there is 

still sufficient room for improving ART. By identifying new materials and procedures to 

build these devices, the efficiency of the process could be significantly improved in the 

quality and quantity of embryos produced. Therefore, this doctoral thesis aims to 

contribute to these objectives. 

In the first chapter, our aim was to evaluate the suitability of different 3D printing 

processes in combination with a corresponding set of commercially available 

biomaterials. For extrusion printing, we used polylactic acid (PLA) and polycaprolactone 

(PCL), while for stereolithography printing, we used polyethylene glycol diacrylate 

(PEGDA) in stiffness variants (PEGDA500, PEGDA200, PEGDA PhotoInk). 

In order to examine the potential adverse effects these materials might have on 

embryos when present during fertilization, we conducted an embryo assay, an assay 

approved by the Food and Drug Administration (FDA) in the murine model to evaluate 

the quality of products intended for IVF. We chose to use bovine cattle as an animal 

model, taking advantage of its benefits over other animal models such as murine or 

zebrafish. 
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In this study, we implemented the conventional IVP system, using cumulus-

oocyte complexes (COCs) recovered from slaughterhouse cow ovaries. After aspiration 

and selection, COCs were subjected to in vitro maturation for 22 hours. Specific assays 

were performed for each material, dividing the embryos into three groups: control group, 

rinse group, and scaffold group, defined according to IVF conditions. 

In the control group, IVF was performed using fresh medium, while in the rinse 

group, the medium used for IVF was in contact with the different materials for 24 hours 

before use, with the aim of checking for possible release of toxic residues by the material. 

Finally, in the scaffold group, IVF was performed in the presence of the scaffold. Each 

material had its own rinse group and scaffold group, sharing the control group. We used 

frozen semen selected by density gradients for fertilization. 

Embryonic culture was carried out under the same conditions for all groups, and 

only replicates in which the control showed a blastocyst rate between 20% and 40%, 

considered normal in bovine IVP, were considered. We measured division parameters 

and blastocyst rates on days 7 and 8. Additionally, we fixed and stained the embryos 

obtained using a double differential staining, measuring various parameters of embryonic 

quality, such as the number of cells, the ratio between trophectoderm and inner cell mass, 

and the proportion of apoptotic cells. 

We observed a negative impact on division and blastocyst rates when IVF was 

performed in media exposed to most stereolithography materials (PEGDA200, 

PEGDA500). This adverse effect could possibly be related to filtered compounds used to 

print and stabilize the scaffolds, although this phenomenon was not as evident with 

PEGDA PhotoInk and only the presence of the PEGDA500 material had detrimental 
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effects. On the other hand, all materials printed by extrusion (PLA and PCL) did not 

generate any adverse effects on division or blastocyst rates. 

Principal component analysis (PCA) reveals that embryos generated in the 

presence of extrusion-printed scaffolds show the greatest similarity to control embryos 

when considering all analyzed parameters, including division rates, blastocyst rates, 

number of cells, ratio between trophectoderm and inner cell mass, as well as the 

proportion of apoptotic cells. However, although embryos produced in the presence of 

PLA, or in medium conditioned by it, did not show significant differences in any of the 

analyzed parameters, PCA revealed a higher degree of disparity compared to the control 

group compared to PCL. Therefore, our results suggest that PCL could be the optimal 

choice for the construction of new IVF devices. 

In the second chapter, we investigated the impacts of a non-physiological material, 

molybdenum disulfide (MoS2), on the IVF process and sperm capacitation. This 

compound has previously been used in scaffold functionalization, improving its 

properties and promoting cell growth, similar to graphene oxide, which has been shown 

to increase IVF efficiency in various species. 

Although MoS2 has not shown adverse effects on other cell types, its impact on 

gametes, especially sperm, and whether it could replicate the benefits observed with 

graphene oxide, are unknown. In this study, to solubilize MoS2, we conjugated it with 

catechin, an antioxidant. We evaluated various concentrations of these compounds and 

conjugates to determine the optimal one. We used seminal doses from boars, centrifuging 

the semen to remove the diluent, and resuspending the sperm in capacitating medium 

supplemented with the mentioned compounds. We monitored acrosome integrity to detect 

possible toxic effects on sperm and analyzed indicators of capacitation (intracellular 
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calcium concentration, membrane fluidity, and mitochondrial activity) using flow 

cytometry and western blot (protein phosphorylation). Finally, we functionally evaluated 

sperm through IVF, using in vitro matured porcine COCs obtained from slaughterhouse 

ovaries, as in the previous study. 

The results indicate that MoS2 conjugated with catechin (MoS2/CT) did not affect 

acrosome integrity. Flow cytometry did not reveal differences in intracellular calcium 

concentration, membrane disorder, or mitochondrial activity. Western blot also showed 

no variations in protein phosphorylation. However, we observed a higher penetration rate 

and polyspermy in IVF when only catechin was used, not the MoS2/CT complex. These 

findings suggest that catechin could have had an antioxidant effect, protecting sperm from 

reactive oxygen species and prolonging their viability. Additionally, we noted that MoS2 

had no adverse effects on these gametes or on the capacitation process. 

In the third chapter of this thesis, we addressed the study of the oviduct structure, 

recognizing the importance of understanding the anatomy and morphology of this organ 

to mimic and understand its physiological environment. Traditionally, studies of this 

organ have been carried out using microscopy techniques, which, although useful, may 

have limitations in allowing the analysis of reduced and error-prone areas during 

reconstruction. 

In the final phase of this research, sections of the oviduct were reconstructed using 

computerized microtomography (MicroTC) techniques. This non-destructive technique 

enables precise 3D model acquisition. Oviducts from genital tracts obtained from the 

slaughterhouse were selected and classified according to the different phases of the 

estrous cycle based on ovarian morphology. The oviducts were fixed in 

paraformaldehyde, embedded in paraffin blocks, and then imaged using MicroTC. 
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From these images, detailed measurements of the oviduct folds were made, as well 

as fractal dimension and lacunarity analysis. Additionally, three-dimensional 

reconstructions of the oviduct were carried out. To date, scaffolds designed to simulate 

the oviduct environment have not taken into account its complex architecture. The 3D 

models generated from these images can be converted into files compatible with 3D 

printing, allowing the creation of exact replicas. These replicas would not only be useful 

for creating devices for IVF but could also be used for biophysical and biomechanical 

studies, aspects closely linked to the functions performed by the oviduct. 

In summary, this work establishes the foundations for the development of a new 

IVF device that more accurately mimics the complex architecture of the oviduct, opening 

up opportunities for more advanced research in assisted reproduction.
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1. Use and problematic of the assisted reproductive techniques. 

Since the birth of Louise Brown, the first “test-tube baby” in 1978 (Hilson et 

al., 1978; Edwards et al., 1980), assisted reproductive techniques (ARTs) have 

changed the way we face infertility, a problem that currently affects a large number 

(15-20%) of couples in reproductive age (Cox et al., 2022). This problem is one of 

the reasons why birth rates are currently below the replacement rate in most 

European countries, and that has promoted that the use of ARTs rise until more than 

one million treatment cycles in one year (Gliozheni et al., 2022). This high number 

of cycles means that, in some countries, the babies born through these techniques 

represent more than 7% of the national births. For that reason, the value of these 

technologies in the market was around 26 billion dollars in 2019, and it is expected 

to reach 45 billion within 2025 (Aderaldo et al., 2023).  

However, the use of ARTs in animals has been reported even before, with 

the earliest recorded instance of embryo transfer dating back to 1890, by Walter 

Heape (Heape, 1891). The use of these techniques in animals can be an attractive 

option for transgenesis and medicine, allowing the creation of suitable donors for 

organ transplantation (Sykes, 2022), or new animal models for human diseases 

(Navarro-Serna et al., 2022). Furthermore, it's worth highlighting that ARTs offer a 

range of significant advantages for animal production (Figure 1). These advantages 

include shortening generational times, reducing the risk of disease transmission, 

reducing quarantine costs, and enhancing the adaptability of animals in different 

species (Mapletoft and Hasler, 2005; Martinez et al., 2005; Amiridis and Cseh, 

2012). In addition to reducing quarantine costs and the risk of diseases, ARTs 

significantly ease international trade, since transporting live animals is considerably 

harder and expensive compared to the transportation of embryos or semen.  
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Figure 1. Schematic representation of the possible production gains achieved with 

ARTs (Modified from Fowler et al., 2018). 

Therefore, their use in animals has been growing and continues to rise each 

year according to the International Embryo Technology Society (IETS) (Viana, 

2022). Despite that in some domestic species such as goats or sheep, the embryo in 

vitro production (IVP) grown by more than 150% in just one year, cattle still lead 

the way with over one million embryos produced and transferred to recipients. One 

of the reasons, a part from the abovementioned, is that dairy production is inversely 

correlated with fertility (Hansen, 2000). In addition, ARTs could hold even more 

significant value in cattle breeding in light of the challenges presented by global 

warming. Bovine embryos are known to be exceptionally vulnerable to heat stress 

before reaching the morula stage (Sakatani et al., 2004). The application of these 

techniques has been proposed as a promising strategy to mitigate the adverse effects 

of heat stress on early-stage embryos (Sakatani, 2017), since in the laboratory 

temperature can be controlled, preventing heat-induced stress, and enhancing the 

pregnancy rate under this condition.  

Among the wide array of ARTs, two of them are particularly challenging for 

the IVP of embryos: the in vitro fertilization (IVF) and the so-called 



18 
 

intracytoplasmic-sperm injection (ICSI). During the IVF the oocytes are placed in a 

culture dish, where they are exposed to sperm. In this case, spermatozoon selection 

for fertilization occurs naturally since sperm penetrate by itself, without human 

intervention. On the other hand, ICSI is an invasive technique in which the 

embryologist selects a spermatozoon and injects it into the ooplasm, overcoming the 

naturals barriers such as the zona pellucida and even the oolemma. The use of ICSI 

experienced a significant rise and ultimately stabilized in 2006, with its 

incorporation in 70% of the treatment cycles in humans (Gliozheni et al., 2022), even 

when there is no indication (Boulet et al., 2015). 

Since their creation, ARTs have been subject to continuous improvements 

and refinements. However, despite the advancements achieved, the ARTs are still 

suboptimal. Not all oocytes successfully develop into embryos, and the ones that do 

reach the blastocyst stage may not exhibit the same quality as their in vivo 

counterparts, showing reduced developmental capacity in species such as bovine 

(Nava-Trujillo and Rivera, 2023) or swine (Romar et al., 2019). This suboptimal 

quality can primarily be attributed to the epigenetic reprogramming process that 

occurs during the early stages of mammalian embryo development when they consist 

of just a few cells (Ishida and Moore, 2013) which renders them susceptible to 

environmental factors. For instance, maternal malnutrition has been observed to 

affect imprints on the offspring´s epigenome (Begum et al., 2013). Furthermore, this 

susceptibility to the environment, makes embryos exceptionally vulnerable to 

suboptimal in vitro conditions, which notably differ from the natural conditions of 

the female reproductive tract. These differences in environmental factors, such as 

oxygen levels or temperature, can influence the developmental trajectory of embryo 

(García-Martínez et al., 2018, 2020).  
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It has been well-known from decades that ARTs cause epigenetic 

modification of embryo genes (Stojanov and O’Neill, 2001; DeBaun et al., 2003; 

Lucifero et al., 2006). In addition, it has been suggested that IVF/ICSI can influence 

perinatal outcomes, increasing the risk of low birth weights or preterm births in 

humans (Henningsen et al., 2011) or result in lower placental efficiency in pigs 

(París-Oller et al., 2021). Furthermore, it has been observed that these effects are not 

consistently rectified during an organism's development, leading to variations 

between in vitro produced and in vivo derived offspring growth (París-Oller et al., 

2022), as well as differences in the glucose tolerance (Chen et al., 2014). 

Numerous studies have shown that when the parameters such oxygen 

(García-Martínez et al., 2018), temperature (García-Martínez et al., 2020) or pH 

(Soriano-Úbeda et al., 2017), are adjusted closer to the physiologic ranges, 

significant improvements occur in the IVP system.  

2. Spermatozoa: a long way until fertilization  

While after mating, millions of ejaculated sperm can be counted in the vagina 

or cervix, depending on the species, only a few hundred manage to reach the oviduct, 

the organ where fertilization takes place (Mburu et al., 1996; Soto-Heras et al., 

2023). However, even though the vast majority of sperm are lost during their 

journey, the few that reach the oviduct are capable of in vivo fertilization. 

Nevertheless, in in vitro conditions, we have a different situation since even though 

the oocytes are exposed to thousands/millions of spermatozoa, fertilization is not 

always successful. These discrepancies between natural and laboratory 

environments can be explained by the strong selection that spermatozoa undergo in 

the female genital tract. For instance, in some species, cervical mucus is 
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hypothesized to serve as a selective barrier for sperm, as it is highly effective at 

impeding defective spermatozoa that are unable to swim normally or possess a poor 

hydrodynamic profile due to morphoanomalies (Barros et al., 1984; Katz et al., 

1990), eliminating around 70-85% of the sperm in this step (Kölle, 2022). After 

overcoming this barrier, spermatozoa enter the uterus, where another portion of the 

sperm population appears to be attacked by neutrophilic granulocytes, which are 

present in significant numbers following their post-insemination migration into the 

uterus (Taylor et al., 2008). Later on, the spermatozoa arrive at the utero tubal 

junction, the part of the oviduct that connects with the uterus. While in humans this 

part does not play a significant role in sperm selection due to the strong anatomical 

continuity between the oviduct and the uterus, in certain species such as ruminants, 

pigs, rats, hamster or mice, it does indeed play a role in sperm selection, being 

considered the second main selective barrier that exists after the cervix (Mahé et al., 

2021). In those species, the utero tubal junction only allows the pass to live (Baker 

and Degen, 1972), unreacted (Muro et al., 2016) and motile (Gaddum‐Rosse, 1981) 

spermatozoa. Although the mechanisms of sperm selection at this point are still 

unknown, it has been suggested a single molecule depending interaction, since the 

sperm of ADAM3 knockout mice are unable to overcome this point (Yamaguchi et 

al., 2009).  

Finally, after this nightmarish journey, the few fortunate sperm that have 

overcome all barriers enter the oviduct, where the environment is much more 

favourable. Here, it seems like there are no leukocytes to attack them (Rodriguez‐

Martinez et al., 1990). Instead, they bind to the ciliated cells of the oviduct 

epithelium, forming the sperm reservoir. These ciliated cells “take care” of 

spermatozoa, delaying the process of sperm capacitation (Rodriguez-Martinez, 
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2007), and extending their viability from hours to months, depending on the species 

(Holt, 2011). This process ensures that sperm are ready at the time of ovulation, 

when they are released, and acquire their fertilization capacity (Boilard et al., 2002; 

Lamy et al., 2017).  

However, when they are free, they need still to navigate through a long and 

intricate way, overcoming all the folds of the oviduct until they reach the oocyte. For 

that reason, it has been proposed that the mating of the spermatozoa and the oocyte 

is not a coincidence (Cerezales et al., 2015). In vitro studies have shown that 

spermatozoa can respond to temperature gradients. This phenomenon is not limited 

to a single species; it has been documented in rabbits (Bahat et al., 2003), pigs 

(Martin-Hidalgo et al., 2018), humans (Bahat et al., 2003, 2012), cattle (Mondal et 

al., 2017), and horses (Ruiz-Díaz et al., 2020), and is recognized as a common trait 

among mammalian sperm (Xiao et al., 2022). In conjunction with the finding that 

after ovulation, in certain animals such as rabbits (David et al., 1972) or pigs (Hunter 

and Nichol, 1986), the temperature in the fertilization place is higher than in the 

sperm reservoir, researchers propose that thermotaxis could be one of the 

mechanisms guiding sperm to the site of fertilization.  

On the other hand, it has been shown that spermatozoa are able to align 

against the fluid flow (Miki and Clapham, 2013), a phenomenon called rheotaxis. 

As previously, this effect has been observed in several species as mouse (Miki and 

Clapham, 2013), human (De Martin et al., 2017), boar (Fair and Romero-

Aguirregomezcorta, 2019) and bull (Tung et al., 2014; Johnson et al., 2017). For this 

ability of the sperm together with the fact that there is a current flow that goes from 

the ovaries to the uterus (Miki and Clapham, 2013; Yoshimoto et al., 2017), 

rheotaxis has been proposed as another mechanism to guide the spermatozoa until 
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the oocyte. Lastly, sperm are capable of moving in response to chemical gradients 

of certain substances. One of the first chemoattractants reported was the follicular 

fluid in humans (Ralt et al., 1991) and since then, the phenomenon has been observed 

in species such as mice (Oliveira et al., 1999) or bovine (Dominguez et al., 2018). 

However, follicular fluid is not the only fluid that could have chemoattractants. The 

cumulus cells accompanying the oocyte produce progesterone (Bar-Ami et al., 

1989), a steroid capable of inducing chemotaxis in humans (Gatica et al., 2013), 

cattle (Dominguez et al., 2018) and rabbits (Teves et al., 2006), among others 

(Giojalas and Guidobaldi, 2020).  

Although these mechanisms have been heavily criticized because in the in 

vivo oviduct peristaltic movements may play a more significant role (Hino and 

Yanagimachi, 2019), they have proven to be useful in vitro, improving sperm 

selection and IVP outcome (De Martin et al., 2017; Dominguez et al., 2018; Pérez-

Cerezales et al., 2018; Doostabadi et al., 2022; Ruiz-Díaz et al., 2023). In figure 2, 

a representation of the proposed mechanisms is provided. 

Figure 2. Representation of the theoretical mechanism that guides spermatozoa until 

the oocyte (Modified from Giojalas and Guidobaldi, 2020) 

After fertilization, the first division of the embryos takes place. It has been 

observed that the presence of the embryo, can induce distinct gene expression 
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patterns in the epithelial cells (Smits et al., 2016; Hamdi et al., 2019). This diverse 

gene expression could play essential roles, such as facilitating embryo transport 

(e.g., ciliary motility) or creating an optimal environment for early embryo 

development (Maillo et al., 2016). In a bidirectional way, it has been observed that 

co-culture of embryos with epithelial cells promotes a different gene expression 

profile of genes involved in embryo quality (Cordova et al., 2014). In fact, when the 

embryos are produced in oviducts, they have higher quality, even in a heterologous 

manner (Lazzari et al., 2002; Rizos et al., 2007). The aforementioned effects have 

been observed in both in vitro and in vivo experiments in the bovine species.  

Traditionally, the oviduct has been regarded as a simple tube, mainly because 

pregnancy can be achieved without exposing gametes or embryos to the oviduct's 

environment. However, as we have previously discussed, its functions should not be 

underestimated, as we are dealing with a highly complex system that is even capable 

of reacting differently depending on the sperm's sex, since the presence of X or Y- 

sperm population can change the oviductal transcriptome (Almiñana et al., 2014). 

3. Mimicking the oviduct 

It's important to highlight that the abovementioned in vitro studies have 

predominantly relied on monolayer cultures. Those standard 2D growth techniques 

have played an important role in advancing our understanding of how OECs respond 

to different stimuli. Nevertheless, 2D cell cultures may not always represent the 

optimal approach for conducting studies, since they fail to closely mimic the 

physiological conditions. As Watson et al., (2017) said, this kind of in vitro studies 

give us results describing the 2D life, where the cells “talk only to cells of like mind, 

live in the dark and in their own excrement, and don’t bury their dead”. A solution 
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for this problem could be to adopt a 3D approach, providing us with a more realistic 

perspective on how these responses might translate to an in vivo environment (Ravi 

et al., 2015; Watson et al., 2017) 

In the last years, several works have been published using the 3D-culture 

approach to study diverse areas of the female reproductive tract, like the uterus 

(Wang et al., 2013; Murphy et al., 2019; López-Martínez et al., 2021), oviduct 

(Eddie et al., 2015; Francés-Herrero et al., 2021) or vagina (Orabi et al., 2017; 

Jakubowska et al., 2020). Meanwhile, there is a growing interest in the development 

of microfluidics, a field that focuses on the control and manipulation of fluids at 

microscopic scales to recreate the dynamic in vivo flow (Campo et al., 2023). When 

that technology has been applied to 3D cultures, it has been even possible to recreate 

the menstrual cycle in vitro (Xiao et al., 2017). By combining both 3D cell cultures 

and microfluidics technology, it is possible to create the so-called "oviducts on a 

chip", that represent a significant advancement in improving IVP (Ferraz et al., 2017, 

2018). These innovative scaffold devices accurately replicate the physiological 

conditions of the oviduct, providing a more realistic environment for sperm-egg 

interaction. 

Functionalizing scaffolds is a pivotal aspect of tissue engineering and 

regenerative medicine, as it enables the customization of biomaterials. The choice 

of materials for scaffold functionalization is an important decision, since it 

profoundly influences the scaffold's bioactivity, biocompatibility (Liu et al., 2012), 

and mechanical properties (Ma et al., 2021), even when they are functionalized with 

non-physiologic materials (Forero et al., 2017; Hezma et al., 2017; Shimabukuro et 

al., 2022). 
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In recent years, there has been a growing utilization of non-physiological 

materials in biomedicine (Zhou et al., 2020). Graphene oxide is an example of how 

they can be used in assisted reproduction techniques. When added to the culture 

medium, graphene oxide significantly improves IVF performance in murine 

(Bernabò et al., 2020), porcine (Bernabò et al., 2019), and bovine (Ramal-Sanchez 

et al., 2019) models. Molybdenum disulfide (MoS2), a substance with a structure 

similar to graphene and the ability to promote cell differentiation and proliferation, 

stands out among these non-physiological compounds. MoS2 is composed of layers 

that overlap and are kept together by van der Waals forces, and its properties could 

be particularly interesting to functionalizing the scaffolds. In the last years, this 

material has been already used in drug delivery and cancer therapy (Wang et al., 

2021), and even it has been shown that it can promote cell differentiation and 

proliferation when it is present in the culture media (Zou et al., 2017), properties that 

could be useful in a scaffold. In addition, it has been used recently to construct 

scaffolds together with polycaprolactone (PCL) for bone regeneration and to 

promote anastomosis, showing itself as a promising tool to prevent anastomosis 

leakage (Ebrahim Soltani et al., 2023) and demonstrating improved cell growth and 

osteogenic activity (Ma et al., 2021). 

In the light of the above-discussed reasons, there is still ample room for 

improvement in the ART in general and in the IVF and ICSI procedures in particular. 

By identifying new materials and new procedures to construct 3D IVF-devices the 

efficiency of the process could make a significant leap in the quality and quantity of 

embryos produced. The present PhD thesis intends to contribute to these goals. 

To that aim, the next steps were followed: 
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• Chapter 1 

In the initial phase of this thesis, our primary objective was to identify 

appropriate materials for supporting IVF, with the intention of using them in the 

construction of an IVF device in the near future. To achieve this, we employed 

various 3D printing methods, each paired with compatible materials tailored to the 

specific printing technique. Subsequently, our research endeavoured to explore the 

impact of these materials on IVF assessing the ability of the embryos to develop in 

their presence. 

Animal embryos have played an important role in the development of crucial 

areas of ARTs like the cryopreservation or formulation of the culture media 

(Chronopoulou and Harper, 2015), particularly, the use of mouse and rabbit 

embryos. Actually, the use of mouse embryos, is still important since serves as a 

quality control in the modern laboratory. In fact, before a culture media or another 

IVF product is approved for clinical use, the Food and Drug Administration (FDA) 

mandates rigorous quality control measures. This includes not only assessing 

parameters such as pH, osmolarity, and endotoxicity but also requiring the 

performance of a mouse embryo assay (MEA) (Mouse Embryo Assay for Assisted 

Reproduction Technology Devices, FDA, 2021). Lately, the researchers are using 

other animal models like zebrafish, in order to avoid the use of mammals embryos 

(Hoyberghs et al., 2020). However, these types of studies, nonetheless, pose ethical 

concerns, are expensive, and consume a significant amount of time. In this line, some 

pharmaceutical and chemical companies have recognized the zebrafish as a potential 

model for toxicological studies (Hoyberghs et al., 2020). This model has been 

already used to study the toxic effects of different 3D printing polymers (MacDonald 

et al., 2016; Oskui et al., 2016). Another plausible option is the bovine model, which 
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could offer multiple practical benefits for toxicological studies. One of the primary 

advantages is the ease and affordability of producing in vitro embryos. Bovine 

ovaries can be sourced from local abattoirs, which provides a cost-effective and 

accessible supply of biological material. Furthermore, obtaining semen is an easy 

process thanks to the numerous specialized companies dedicated to commercializing 

it for artificial insemination. In addition, using those sources does not necessitate the 

establishment of dedicated animal care facilities or the allocation of extra personnel 

for this purpose, in contrast with the mouse or zebrafish models, where maintaining 

and monitoring the animals can be a significant logistical and financial burden.  

One of the most compelling aspects of using the bovine model for 

toxicological studies is that these animals are already being sacrificed for the meat 

industry. This means that utilizing them as a model for scientific research effectively 

repurposes a resource that would otherwise go to waste. Since the animals are 

ultimately destined for human consumption, their use in scientific experimentation 

does not raise significant ethical concerns or pose an ethical dilemma. This 

sustainable and ethical aspect of the bovine model adds an extra layer of appeal for 

researchers seeking to conduct cost-effective and responsible toxicological studies. 

Indeed, some companies like EmbryoCloud (Murcia, Spain) are starting to offer 

services for the evaluation of culture mediums and medical devices. 

For these reasons, in this study, we have chosen to conduct a bovine embryo 

assay to investigate the compatibility of various materials, without consideration of 

the final device design. To achieve this, we conducted in vitro fertilization 

procedures in the presence of these materials or their exudates. Subsequently, we 

assessed key parameters, including cleavage rates and the formation of blastocysts. 
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Moreover, a double differential staining approach was employed with the objective 

of shedding more light on embryonic quality. 

 

• Chapter 2 

As mentioned, the MoS2 could be an interesting option to functionalize the 

biomaterials tested in Chapter 1 for a future IVF device.  This material is part of the 

family of inorganic 2D nanomaterials (Lv et al., 2015), a category of layered 

materials known for their remarkable thinness, planar and anisotropic architecture 

(Chimene et al., 2015). 2D nanomaterials have a higher specific surface area than 

1D or 3D nanomaterials, which means that there are more surface atoms than volume 

atoms in them (Murali et al., 2021). Thanks to these characteristics, it possesses a 

significant number of anchoring sites on its surface, enhancing its interaction with 

biological components, such as cells, cellular structures, and biomolecules (Murali 

et al., 2021). Moreover, these properties are particularly intriguing from a 

functionalization perspective, as they offer exceptional versatility in surface 

modification for a variety of applications (Roy et al., 2022). 

Taking into account that MoS2 has previously shown a lack of adverse effects 

on other cell types, we have chosen to examine its impact on gametes, specifically 

spermatozoa, to determine whether it exhibits properties similar to graphene oxide. 

In this study, we not only observed that MoS2 and catechins do not have a 

detrimental effect on spermatozoa but also delved deeper into their influence on 

sperm capacitation. This investigation aimed to shed light on whether these 

substances might possess properties similar to graphene oxide. We sought to discern 

how MoS2 and catechins could potentially impact the capacitation process of 
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spermatozoa, offering valuable insights into their functional attributes and the 

broader implications for reproductive biology and assisted reproductive 

technologies. 

In this context, we functionalized MoS2 with catechins, a flavonoid with high 

antioxidant capacity (Bernatoniene and Kopustinskiene, 2018). The amphiphilic 

nature of catechins (Rojas et al., 2022), combined with MoS2 ability to readily 

incorporate hydrophobic molecules (due to its hydrophobic surface) (Roy et al., 

2022), facilitates the interaction between the nanomaterial's surface and catechins. 

Additionally, functionalization with catechins renders MoS2 soluble, greatly 

facilitating studies on the material's compatibility with gametes.  

In the second chapter, MoS2 nanoflakes functionalized with CT and CT were 

employed to investigate their effects on the functional parameters of swine 

spermatozoa during capacitation. This study not only assessed the absence of 

adverse effects of the MoS2/CT and CT complexes on their own but also delved into 

the potential role of MoS2 in in vitro capacitation, a critical biological event. 

Different concentrations of MoS2/CT and CT (10, 1, and 0.1 ppm) were examined 

using a multi-step approach to evaluate possible effects in terms of acrosome 

damage, membrane disorder, biochemical patterns, and intracellular calcium. 

• Chapter 3 

Since the understanding of anatomy and morphology is crucial to understand 

and mimicking physiology processes, it becomes essential to delve into the study of 

the oviduct's anatomy. This organ has already been described through different 

techniques such as transvaginal sonohysterography (Deichert et al., 1989) or 

magnetic resonance (Carrascosa et al., 2016), generating low-resolution images. 
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With high accuracy, it has been characterized through electronic microscopy (Yániz 

et al., 2000; Yaniz et al., 2006; Yániz et al., 2014), although it is worth it to 

acknowledge that it is inherently limited by its ability to study only small areas. 

In contrast to the confined capabilities of electronic microscopy, MicroCT 

provides a non-destructive, three-dimensional imaging approach that enables the 

examination of larger tissue volumes (Metscher, 2009). Although at the beginning 

this technique was mainly used for mineralized tissues (Neues et al., 2007; Neues 

and Epple, 2008), the progress in the X-ray imaging has allowed the use of MicroCT 

for soft tissues (Withers et al., 2021; Holliday et al., 2022).  

Recently, CT-generated images have been employed to generate a file 

compatible with 3D printing technology for the production of bone phantoms (Mei 

et al., 2023). For that, in this chapter, we examine and characterize the internal 

structure of the oviduct with the aim that, shortly, the data acquired in this 

investigation can be harnessed to formulate a 3D printable file. We aimed to lay the 

foundation for the development of a precise oviduct 3D-printed model. This device 

could serve as a tool to improve in vitro fertilization. Moreover, would serve as a 

valuable tool for studying the interaction of gametes and embryos with the oviduct. 
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Objectives 

As reviewed in the introduction, the oviduct stands as a crucial organ for 

successful reproduction. Our overarching goal is to engineer a 3D-printed device capable 

of mimicking the oviduct's functionality, thereby improving the in vitro production. This 

goal necessitates a systematic approach: 

• Firstly, we delve into the assessment of the compatibility of various 3D printing 

materials with gametes (Chapter I). 

• Subsequently, our exploration extends to the evaluation of non-physiological 

materials that could be employed to functionalize the final device, and their 

potential on capacitation process (Chapter II). 

• Finally, we aim to gathering anatomical data from the oviduct, serving as a crucial 

reference for the creation of the 3D-printed device, allowing us the mimic as well 

the architecture of the organ (Chapter III).  
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Abstract 

Nowadays there is an increasing demand for assisted reproductive technologies 

due to the growth of infertility problems. Naturally, fertilization occurs in the oviduct, 

where the oviductal epithelial cells (OECs) secrete many molecules that affect the 

embryo’s metabolism and protect it from oxidative stress. When the OECs are grown in 

3D culture systems, they maintain a great part of their functional characteristics, making 

them an excellent model for in vitro fertilization (IVF) studies. In this work, we aimed to 

evaluate the suitability of different 3D-printing processes in conjunction with the 

mailto:pcoy@um.es


 

corresponding set of commercially available biomaterials: extrusion-based processing 

using polylactic acid (PLA) and polycaprolactone (PCL) and stereolithography or digital-

light processing using polyethylene-glycol-diacrylate (PEGDA) with different stiffness 

(PEGDA500, PEGDA200, PEGDA PhotoInk). All the 3D-printed scaffolds were used to 

support IVF process in a bovine embryo assay. Following fertilization, embryo 

development and quality were assessed in terms of cleavage, blastocyst rate at days 7 and 

8, total cell number (TCN), inner cell mass/trophectoderm ratio (ICN/TE), and apoptotic 

cell ratio (ACR). We found a detrimental effect on cleavage and blastocyst rates when 

the IVF was performed on any medium conditioned by most of the materials available 

for digital-light processing (PEGDA200, PEGDA500). The observed negative effect 

could be possibly due to some leaked compound used to print and stabilize the scaffolds, 

which was not so evident however with PEGDA PhotoInk. On the other hand, all the 

extrusion-based processable materials did not cause any detrimental effect on cleavage or 

blastocyst rates. The principal component analysis reveals that embryos produced in 

presence of 3D-printed scaffolds produced via extrusion exhibit the highest similarity 

with the control embryos considering cleavage, blastocyst rates, TCN, ICN/TE and ACR 

per embryo. Conversely, all the photo-cross linkable materials or medium conditioned by 

PLA, lead to the highest dissimilarities. Since the use of PCL scaffolds, as well as its 

conditioned medium, bring to embryos that are more similar to the control group. Our 

results suggest that extrusion-based 3D printing of PCL could be the best option to be 

used for new IVF devices, possibly including the support of OECs, to enhance bovine 

embryo development. 

1. Introduction 

In recent years, the demand for artificial reproductive technologies (ARTs) is 

growing due to an increase in infertility, which already affects 15% of couples of 



 

reproductive age and continues to rise every year (Assidi, 2022). The high number of 

infertile couples, together with reproductively healthy ones seeking to prevent genetic 

diseases in their offspring, have contributed to an increase in the proportion of children 

born through ARTs in Europe, from 2.3% (De Geyter et al., 2020) to 3.5% (Gliozheni et 

al., 2022) in just three years. In human reproduction, a popular technique is 

intracytoplasmic sperm microinjection (ICSI) (Haddad et al., 2021), in which a sperm 

selected by the embryologist is directly injected into the ooplasm. With this technique, 

positive results are obtained despite the low motility of the sample or immaturity of the 

sperm (Palermo et al., 1996). However, there are main concerns about ICSI for its 

invasiveness since it involves the piercing of the membrane. As a result, it could induce 

spindle damage or the introduction of contaminating external material (Verpoest and 

Tournaye, 2009). Another option is in vitro fertilization (IVF), where the oocyte and 

sperm are co-cultured in the same plate for a certain period so that penetration occurs 

without human intervention. Although IVF has been associated with an increased risk of 

congenital diseases or developmental delay (Waynforth, 2018), this method is considered 

the most physiological, since the spermatozoa penetrates the oocyte by itself. In addition, 

the scientific community is increasingly concerned about the potential long-term effects 

of ARTs (Sunde et al., 2016; Fleming et al., 2018). It is known that suboptimal in vitro 

conditions influence the epigenetic reprogramming of embryos (Canovas et al., 2017; 

Ferraz et al., 2018b). In humans, it has been suggested that ARTs may be related to a 

higher risk of imprinting disorders such as Beckwith-Wiedemann (Maher et al., 2003) or 

Angelman syndrome (Manipalviratn et al., 2009), although in the latter, it is very difficult 

to understand whether these disorders are related to the couple´s infertility-subfertility 

problems or to ARTs (Pérez-Aytés et al., 2017). Moreover, differences in growth in 



 

ARTs-derived offspring in pig (París-Oller et al., 2022) and human (Ceelen et al., 2009) 

have also been observed.  

All these above-mentioned problems could be solved by mimicking the 

physiological environment (i.e., the oviduct). In this organ, the oviductal epithelial cells 

(OECs) produce a large number of molecules that can protect embryos from oxidative 

stress and modify their metabolism (Ménézo et al., 2015). Indeed, two alternative 

strategies can be used to replicate natural conditions: i) the use of reproductive fluid as a 

culture media supplement (Canovas et al., 2017) and ii) co-culture of gametes and 

embryos with oviductal epithelial cells (OECs) (Ferraz et al., 2018b). Two-D cultures 

(where cells grow in a monolayer) are the most popular for studying the physiology of 

the oviduct and have been used in IVF and embryo culture in several species (Kölle et al., 

2020), probably due to their high reproducibility, low cost, or ease of handling (Costa et 

al., 2016). Indeed, when these cultures are used during embryo in vitro production (IVP), 

there is an enhanced developmental rate of bovine embryos (Abe and Hoshi, 1997). 

However, it has been shown that this 2D culture method is not the best suited for 

fertilization studies since the cells dedifferentiate and lose their polarity, morphology, 

secretory capacity, and ciliary activity (Ferraz et al., 2017). On the contrary, when 

cultured in 3D, these cells retain much of their natural features (Pennarossa et al., 2021), 

making them a better model by keeping gene and metabolic expression closer to the in 

vivo context than their 2D counterparts (Anton et al., 2015). When the physiological 

environment is mimicked using microfluidics culture during IVF, it has been shown that 

the epigenetic reprogramming of bovine embryos is more similar to in vivo derived 

embryos (Ferraz et al., 2018b). All these data are indicators of the limitations of the 2D 

culture methods, thus encouraging researchers to move towards 3D culture systems to 

improve the quality of IVP embryos. To achieve this goal, it is crucial to construct a 3D 



 

device in which it is possible to co-culture differentiated OECs with gametes/zygotes. As 

a matter of fact, despite the well-known relevance the oviduct in gamete 

maturation/activation, fertilization, and early embryo development, only a few 

bioengineering studies have been focused on these female reproductive structures, so far 

(Kessler et al., 2015; Xiao et al., 2017; Ferraz et al., 2018b, 2020; Francés-Herrero et al., 

2022).  

Nowadays, a great variety of 3D printable biomaterials are commercially available 

(Santoni et al., 2021). One popular biomaterial is polylactic acid (PLA), a promising 

biodegradable polymer that can be produced from renewable sources like sugarcane (Li 

et al., 2020). PLA-scaffolds have excellent biocompatibility (Shilov et al., 2022), and 

have been used for medical purposes in bone (Diomede et al., 2018; Velioglu et al., 2019) 

and cartilage regeneration (Rosenzweig et al., 2015). Together with PLA, 

polycaprolactone (PCL) is the most common biodegradable synthetic polymer used in 

tissue engineering (Arif et al., 2022), and it has already been employed for bone 

(Rumiński et al., 2018), liver (Huang et al., 2007) or skin (Ghosal et al., 2017) 

regenerative purposes. Similarly, photo-cross-linkable hydrogels are widely used, due to 

their tunable mechanical properties and to their capability to mimic native extracellular 

matrix (Lim et al., 2020; Zhang et al., 2022a). In fact, when viscoelasticity and stiffness 

properties of biomaterials can be tuned, this can represent an additional advantage to 

create scaffolds mimicking the native tissues with high resolution and complex 

architecture. Among them, polyethylene glycol diacrylate (PEGDA) is a synthetic 

polymer approved by the Food and Drug Administration (FDA) (Kim et al., 2022) that 

has been used in variegate studies, from bone (Rajabi et al., 2023) to cartilage (Zhang et 

al., 2022b) or muscle (Vannozzi et al., 2018) regeneration. In addition, PEGDA 

mechanical properties can be modulated by varying the molecular weight of the polymer 



 

(Nguyen et al., 2012) and it can be functionalized with cell binding motifs to enable cell 

adhesion (Della Sala et al., 2020). Despite the wide range of biomedical applications in 

which these materials have been used, no studies have been carried out so far to test the 

feasibility of these materials to construct a 3D-printed device for IVF.  

Because of this lack of information, our study aims to evaluate the 

biocompatibility of different materials (PLA, PCL, PEGDA500, PEGDA200, and 

PEGDA PhotoInk) to support IVF, using bovine embryo development parameters 

(cleavage, blastocyst rates at day 7 and 8). In addition, to assess the quality of the in vitro 

produced embryos, we examined three fundamental parameters (Wydooghe et al., 2014) 

the cell number/embryo (TCN), the inner cell mass/trophectoderm (ICM/TE) ratio, and 

the apoptotic cell ratio (ACR).  

2. Materials and methods  

2.1. Experimental design 

To evaluate the feasibility of different materials (PLA, PCL, PEGDA500, 

PEGDA200, and PEGDA PhotoInk) to support IVF and their effects on bovine embryo 

development, 3 experimental groups were settled for each of the materials tested:  

- Control group: the IVF was performed, without having any contact with the 

materials (Figure 1A). 

- Rinse group: to assess if these materials could release some unknown substances 

that could have adverse effects in IVF or embryo development, the IVF was carried out 

in a Fert-TALP medium conditioned by the scaffold of each material during 24h (Figure 

1B).  



 

- Scaffold group: prior to fertilization, the same scaffold used to condition the IVF 

media, was transferred to another well with new media and the IVF was performed in the 

presence of the scaffold (Figure 1C).  

 

Figure 1. Experimental design. A) IVF in normal Fert-TALP medium, without 

conditioning or scaffold, B) IVF in Fert-TALP medium conditioned by scaffold for 24h, 

and C) IVF performed in presence of the rinsed scaffold. 

The number of oocytes was n= 2892 distributed for each group as follows:  n=585 

for control, n=297 for scaffold PCL, n=293 for rinse PCL, n=196 for scaffold PLA, n=201 

for rinse PLA, n=131 for scaffold PEGDA500, n=143 for rinse PEGDA500, n=248 for 

scaffold PEGDA200, n=256 for rinse PEGDA200, n=269 for scaffold PEGDA PhotoInk, 

n=273 for rinse PEGDA PhotoInk. We carried out 11 replicates, the control group was 

present in every single replicate, while PCL material was present in 6 of them, the PLA 



 

material in 4, the PEGDA500 material in 3, and the PEGDA200 and PEGDA PhotoInk 

materials were present in 5 replicates. 

 

2.2. Culture media reagents. 

All chemicals were purchased from Sigma-Aldrich Quimica, S.A. (Madrid, Spain) 

unless otherwise indicated. 

2.3. 3D Printing Materials 

3D printed structures were produced to test the biocompatibility of the material 

and the effect of the 3D architecture on cells. All structures were designed using 

SolidWorks software (Dassault Systèmes SE, Vélizy-Villacoublay, France) and exported 

as an STL file. Depending on the printer used, the STL file was directly loaded on the 

printer or sliced using PrusaSlicer (Prusa Research, Prague, Czech Republic) to obtain 

the gcode file. 

The 3D models were printed using different materials with different stiffness 

(Table 1) and 3D printing methods. PLA filaments were purchased from Sharebot, Italy; 

PCL pellet (Mn=50.000 g/mol), PEGDA200, PEGDA500, and PEGDA Photoink were 

purchased from Cellink, Sweeden. PLA filaments were printed via extrusion-based 

processing (FFF, Fused Filament Fabrication) using a Sharebot 42 3D printer (Sharebot, 

Italy) with a 0.4 mm diameter nozzle. PCL (CELLINK, Gothenburg, Sweden) structures 

were 3D printed using a BioX, a pneumatic extrusion-based 3D bioprinter (CELLINK, 

Gothenburg, Sweden) using a 0.4 mm nozzle, a pressure of 180 kPa, a velocity in a range 

15-20 mm/s, and a temperature of 180°C according to suggested printing protocol. 

PEGDA500 Photoink, PEGDA200 Photoink, and PEGDA Photoink hydrogels (listed in 

decreasing order of stiffness) were 3D printed using a LumenX bioprinter based on 



 

stereolithography via digital light processing (CELLINK, Gothenburg, Sweden) 

considering a 50 µm layer height for the slicing and 20 mWatt/cm2 power, 3x as first layer 

time scale factor, and a variable time of 2 s/3 s/12 s depending on the formulation, 

respectively, according to printing protocol. 

Table 1. Hardness of different materials (PLA, PCL, PEGDA500, PEGDA200 and 

PEGDA PhotoInk) expressed by Young’s modulus. 

Material Young modulus Source 

PLA 3000 MPa Manufacturer (Sharebot) 

PCL 370 MPa Scocozza et al., 2023 

PEGDA500 500 KPa Manufacturer (Cellink) 

PEGDA200 200 KPa Manufacturer (Cellink) 

PEGDA PhotoInk 50 KPa Manufacturer (Cellink) 
 

2.4. Material sterilization  

PLA, PCL, PEGDA500, PEGDA200, and PEGDA PhotoInk were sterilized 

following the manufacturer’s instructions. Briefly, they were immersed in 70% ethanol 

for 5 min, then submerged twice in PBS (30 min each), and finally washed for 24 h with 

Fert-TALP (Parrish et al., 1986) culture medium supplemented con 175 U/mL heparin, 6 

mg/mL BSA, 0.20 mM Na-pyruvate and 50 μg/mL gentamicin. Fert-TALP medium 

consisted of 114 mM sodium chloride, 3.2 mM potassium chloride, 0.3 Mm sodium 

phosphate monobasic monohydrate, 10 mM sodium lactate, 2.0 mM calcium chloride 

dihydrate, 0.5 mM magnesium chloride hexahydrate and 25 mM sodium bicarbonate. 

2.5. in vitro maturation 

Ovaries from one year old cows were transported from the local slaughterhouse 

to the laboratory in physiological saline solution (0.9% w/vol) supplemented with 100 

mg/L kanamycin sulfate at 38.5ºC within two hours of slaughter. Once in the laboratory, 

the ovaries were washed with a 0.04% cetrimide solution and twice with saline. In vitro 

maturation was performed as previously described (Lopes et al., 2019) with minor 



 

modifications. Briefly, follicles between 2- and 8-mm diameter were aspirated. Only 

Cumulus-Oocyte Complexes (COCs) with at least 3 cumulus cell layers and with a 

homogeneous cytoplasm were selected and then washed 3 times in handling medium, 

consisting of TCM 199 supplemented with 4.2 mM sodium bicarbonate, 10 mM HEPES, 

2 mM glutamine, 1% w/v polyvinyl alcohol, 50 IU/mL penicillin and 50 μg/mL 

streptomycin. Subsequently, COCs were washed once in a maturation medium, consisting 

of TCM 199 (with Hanks’ salts) supplemented with 4.2 mM sodium bicarbonate, 2 mM 

glutamine, 50 IU/mL gentamicin, 10% v/v of bovine follicular fluid (BFF, NaturARTs-

BFF, Embryocloud, Murcia, Spain), 10 IU/mL equine chorionic gonadotropin (Foligon, 

Intervet International BV, Netherlands) and 10 IU/mL human chorionic gonadotropin 

(Veterin Corion, Divasa Farmavic, Spain) and incubated in 500 μl of maturation medium 

in groups of 50-55 COCs in a 4 well dish at 38.5ºC with a humidity-saturated atmosphere 

with 5% CO2 for 22 h. 

2.6. In vitro fertilization 

After maturation and 30 min before IVF, the oocytes were washed once in Fert-

TALP medium supplemented con 175 U/mL heparin, 6 mg/mL BSA, 0.20 mM Na-

pyruvate and 50 μg/mL gentamicin. For fertilization, frozen-thawed semen from three 

bulls of proven fertility was used. The straw was thawed in a water bath at 38.5ºC for 30 

sec. Once thawed, a Bovipure gradient (Nidacon, Sweden) was performed, centrifuging 

at 300 g for 10 min and removing the supernatant. Before insemination, sperm cells were 

washed once in modified Sperm-TALP medium (Parrish et al., 1988) (114 mM sodium 

chloride, 3.2 mM potassium chloride, 0.3 Mm sodium phosphate monobasic 

monohydrate, 10 mM sodium lactate, 2.0 mM calcium chloride dihydrate, 0.5 mM 

magnesium chloride hexahydrate, 25 mM sodium bicarbonate and 10mM HEPES) 

supplemented with 6mg/mL BSA, 1.0mM Na-pyruvate and 50 μg/mL gentamicin, by 



 

centrifuging at 300 g during 3 min and removing the supernatant. Insemination was 

performed in medium conditioned by the scaffold, in the presence of scaffold and in fresh 

medium, in a final concentration of 1x106 spz/mL. Oocytes were coincubated with the 

spermatozoa for 22h at 38.5ºC with a humidity-saturated atmosphere with 5% CO2. 

2.7. Embryo culture 

Twenty-two hours after insemination, the presumptive zygotes were moved into 

a 15 mL Falcon tube with a handling medium and vortexed for 4 min for decumulation. 

Zygotes were then washed once in Synthetic Oviductal Fluid medium (SOF) (Holm et 

al., 1999) and transferred into 50 μl microdrops of the same media covered by paraffin 

oil (Nidoil, Nidacon) in groups of 25 embryos per drop and cultured during 8 days at 

38.5ºC, 5% CO2 and 5% O2. Evaluation of embryo development occurred 48h post 

insemination as the percentage of cleaved embryos out of presumptive zygotes, and at 7 

and 8 days post insemination (dpi). In this study, only embryos with quality 1-2 according 

to the criteria of the International Embryo Technology Society (IETS) (summarized in 

Bó and Mapletoft, 2013) have been considered. 

2.8. Differential apoptotic staining 

To assess the total cell number (TCN), the inner cell mass/trophectoderm ratio 

(ICM/TE), and the apoptotic cell ratio (ACR), differential staining was performed as 

described previously (Wydooghe et al., 2011) with minor modifications. Briefly, day 8 

blastocysts were fixed in 4% paraformaldehyde for 20 min at RT and conserved in 2% 

paraformaldehyde at 4ºC until the moment of staining. The embryos were permeabilized 

with 0.5% Triton-X and 0.05% Tween in PBS overnight at 4ºC. On the second day, 

blastocysts were washed 3 times for 10 minutes in PBS containing 0.5% BSA (washing 

solution). Subsequently, the DNA of the cells was denatured with 2N HCl for 20 minutes 

followed by 100Mm trisHCL (pH=8.5) for 10min. After denaturation, the embryos were 



 

washed three times in washing solution and transferred to blocking solution (10% goat 

serum and 0.05% tween in PBS) overnight at 4ºC. After blocking, the blastocysts were 

washed 3 times in washing solution and incubated in ready-to-use mouse anti-CDX2 

primary antibody (Biogenex, San Ramon, USA) for overnight at 4ºC, while two embryos 

remained in blocking solution as negative control. After this incubation, test embryos 

were washed 3 times in washing solution and incubated 1:500 dilution of  rabbit anti -

active caspase-3 primary antibody (Cell Signaling Technology, Leiden, Netherlands) in 

blocking solution  overnight at 4ºC .On the last day, all blastocysts (negative and test) 

were washed three times for 10 min in washing solution, and incubated with 1:100 goat 

anti-mouse TRICT (Abcam, Cambridge, UK) in blocking solution for 1 h at RT. After 

another three-wash step, the embryos were incubated in 1:200 goat anti-rabbit FITC 

secondary antibody (Abcam, Cambridge, UK) in blocking solution for 1 h at RT. Finally, 

the blastocysts were washed, stained with Hoechst 33342 for 15 min, washed for the last 

time, mounted in Dabco (1,4-Diazabicyclo[2.2.2]octane solution), and evaluated under 

fluorescence microscopy (Eclipse Ti Series, Nikon, Japan). A representative image of 

embryo was taken using Nikon A1r laser confocal scanning microscope. 

2.9. Statistical analysis 

For statistical analysis, GraphPad Prism 8 Software (La Jolla, CA, USA) was used. 

Data were checked for normal distribution with Shapiro-Wilk normality test prior to 

perform the comparison with parametric tests. In all cases the differences among groups 

were considered statistically significant when p < 0.05.  

For Principal Component Analysis, Past 4.13 (Oslo, Norway) was used to evaluate 

the effect of different materials on Cleavage, blastocyst rate at day 7, blastocyst rate at 

day 8, TCN, ICM/TE and AC ratio. 



 

3. Results 

3.1. Effect of the different materials on cleavage 

We observed a significant lower cleavage rate in rinse PEGDA500 (45±15%), 

scaffold PEGDA500 (50±23%), and rinse PEGDA200 (63±8%) groups vs CTRL group 

(84±8%), while we did not observe any difference between the cleavage rate of  rinse 

PCL (82±10%), scaffold PCL (80±10%), rinse PLA (77±7%), scaffold PLA (81±6%), 

scaffold PEGDA200 (73±11%), rinse PEGDA PhotoInk (71±14%) or scaffold PEGDA 

PhotoInk (77±10%)  compared to the control (Figure 2). 

Figure 2. Effect of different materials on the percentage of cleaved embryos. The 

histograms show the cleavage rate when the IVF was performed with an unconditioned 

medium (CTRL), with medium conditioned by each material (rinse groups) or when 

different scaffolds were present (scaffold groups). The data show significant differences 

(p<0.05) in CTRL vs Scaffold PEGDA500, CTRL vs Rinse PEGDA500 and CTRL vs 

Rinse PEGDA200. The data are presented as the mean ± SD of 11 independent 

experiments. Data were analyzed using Dunnett’s test. ** P<0.01, ***P<0.005, **** 

P<0.0001 versus control. 



 

3.2. Effect of the different materials on blastocyst rate at Day 7 

Compared to the CTRL group (23±6%), blastocyst rates were significantly lower 

(p<0.05) in the rinse PEGDA500 (4±4%), scaffold PEGDA500 (7±7%), and rinse 

PEGDA200 (8±7%) groups on day 7 (Figure 3). The scaffold PCL group had a 25±10% 

blastocyst yield, which was not statistically different (p>0.05) vs the CTRL, while 

scaffold PLA (17±7%), scaffold PEGDA200 (14±7%), and scaffold PEGDA PhotoInk 

(16±4%) showed similar blastocyst rates. On the other hand, rinse groups have decreased 

embryo development compared to control but not significantly less than their scaffold 

groups, being 18±4% for rinse PCL, 13±4% for rinse PLA, and 16±7% for rinse PEGDA 

PhotoInk (Figure 3). 

Figure 3. Effect of different materials on blastocyst rate at day 7. The histograms 

show the blastocyst rate at day 7 when the IVF was performed with unconditioned 

medium (CTRL), with medium conditioned by each material (rinse groups) or when 

different scaffolds were present (scaffold groups). The data show significant differences 

(p<0.05) in CTRL vs Scaffold PEGDA500, CTRL vs Rinse PEGDA500 and CTRL vs 

Rinse PEGDA200. The data are presented as the mean of 11 independent experiments. 

Data were analyzed using the Dunnett’s test. ** P<0.01, ***P<0.005 versus control. 



 

3.3. Effect of the different materials on blastocyst rate at Day 8 

Blastocyst rate at day 8 were significantly lower in rinse PEGDA500 (6±6%), 

scaffold PEGDA500 (10±9%), and rinse PEGDA200 (12±9%) groups vs CTRL group 

(25±6%). On the scaffold’s groups, we had not statistical differences (p>0.05) for 

blastocyst yield in the scaffold PCL group with 29±8%, while the scaffold PLA (14±2%), 

scaffold PEGDA200 (20±9%) and scaffold PhotoInk (19±5%) groups showed similar 

blastocyst rates. In addition, rinse groups did not present significant differences vs the 

CTRL, being the blastocyst rates 22±6% for rinse PCL, 14±2% for rinse PLA, and 

17±11% for rinse PEGDA PhotoInk (Figure 4). 

Figure 4. Effect of different materials scaffolds on blastocyst rate at day 8. The 

histograms show the blastocyst rate at day 8 when the IVF was performed with 

unconditioned medium (CTRL), with medium conditioned by each material (rinse 

groups) or when different scaffolds were present (scaffold groups). The data shows 

significant differences (p<0.05) in CTRL vs Scaffold PEGDA500, CTRL vs Rinse 

PEGDA500 and CTRL vs Rinse PEGDA200. The data are presented as mean of 11 

independent experiments. Data were analyzed using the Dunnett’s test. * P<0.05, 

**P<0.01 versus control. 
 



 

3.4. Principal component analysis of the different materials considering all 

variables studied.  

The total cell number, the trophectoderm and the apoptosis were evaluated under 

fluorescence microscopy (Figure 5) and the ICM/TE ratio and ACR were calculated. 

Since we studied several biological factors (cleavage, blastocyst rate at day 7 and 8, TCN, 

ICM/TE ratio and ACR), we used the Principal Component Analysis (PCA) as a 

multivariable analysis to simplify the data analysis and interpretation by reducing the 

complexity (Jollife and Cadima, 2016). This analysis allows to reduce the amount of 

information needed since the system works with more compact representation of the data 

by retaining the relevant information and highlighting the underlying patterns and 

structures (Jollife and Cadima, 2016). PCA showed how the scaffold PCL, rinse PCL, 

scaffold PLA and control groups were more similar among them than to the other groups 

(scaffold PEGDA500, rinse PEGDA500, rinse PEGDA200, scaffold PEGDA200, rinse 

PLA, rinse PhotoInk and scaffold PhotoInk) (Figure 6). 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Representative confocal image of blastocyst at day 8. Fluorescent image of 

differential apoptotic staining (A-D). At day 8, bovine blastocysts were fixed, dyed with 

Hoechst 33342 for nuclei (B), immune-stained for CDX2 for the trophectoderm (C), and 

for active caspase-3 for the apoptosis (D). In (A) an overlay (B, C and D) is provided.  

Figure 6. Principal component analysis performed by assessing the different 

parameters studied (Cleavage, blastocyst rate at days 7 and 8, TCN, ICM/TE and 

ACR). Principal component analysis shows no separation among groups. However, we 

observed that the closest groups to control are scaffold PLA, scaffold PCL and rinse PCL. 



 

4. Discussion 

In the present study we performed a bovine embryo assay to evaluate the potential 

toxicity of PLA, PCL, PEGDA500, PEGDA200, and PEGDA PhotoInk biomaterials in 

the embryo IVP during IVF. In addition, we tested not only different materials but also 

different printing methods, using for each material the most suitable method for the 

scaffold construction needs. We chose this animal model since it has already been used 

for embryo assay (Ieda et al., 2018) and it represents a valuable model for IVF 

improvement trials (Ménézo and Hérubel, 2002). It is also well- known that IVP produces 

suboptimal embryos with a lower yield of blastocysts and lower developmental capacity 

than their in vivo counterparts (Heras et al., 2016; Canovas et al., 2017; Ferraz et al., 

2018b).  

The first step in producing a device that could improve the IVP is the choice of 

biomaterial. All the materials we propose have been used in cell culture and have shown 

a good biocompatibility (Eslahi et al., 2013; Biagini et al., 2021; Di Berardino et al., 2022; 

Testore et al., 2022). However, as the cytotoxicity of the materials such as PLA (Biagini 

et al., 2021) could be different according to the cell types, the biocompatibility should be 

tested in regard to gametes, zygotes and embryos.  

Our results suggest that the only material that has toxic effects is PEGDA500. 

This material had detrimental effect on bovine embryo development, promoting lower 

cleavage and lower blastocyst rate at day 7 and 8. This is an unexpected effect since 

PEGDA hydrogels have been suggested as effective candidates to carry out studies for 

embryogenesis and organogenesis due to their low cost, high reproducibility, and ease 

fabrication (Hribar et al., 2015). This is not the first time that biomaterials have shown 

unexpected negative effects when in contact with embryos. MacDonald et al. (2016) 

showed that VisiJet Crystal material (belonging to the strictest class for plastic 



 

biocompatibility) had a detrimental effect on zebrafish embryos (MacDonald et al., 2016). 

The materials E-shell200 and E-shell300 have also shown a deleterious effect on bovine 

embryo development, even having been considered biocompatible according to ISO 

10993 (Ferraz et al., 2018a). Furthermore, we must take into consideration the eventuality 

that our materials might not be exactly the same in chemistry as those used in previously 

works, since the full chemical composition may vary from one company to another. 

Another plausible factor could be the fact that in the 3D printed scaffolds could be found 

some residues of toxic compounds that have been used to stabilize and print the devices. 

Indeed, several studies have observed that different chemical species are leaked by 3D-

printed scaffolds (Oskui et al., 2016; Ferraz et al., 2018a).  

Additionally, we detected significant differences between the rinse group of 

PEGDA200 and CTRL group, but no differences when PEGDA200 scaffolds were 

compared to the controls. This result suggests that the PEGDA200 may require longer 

washing than the other PEGDA hydrogels, since this type of scaffold had no detrimental 

effects on embryo development during IVF after being washed for 24 hours and rinsed 

for another 24 hrs. However, all these hydrogels might not be the best option for the IVF 

device manufacturing because they were very fragile, and their rupture could be a relevant 

inconvenience during sterilization and handling.  

Conversely, neither PLA nor PCL have shown detrimental effects on cleavage and 

blastocyst rate parameters. The PLA synthetic polymer has been suggested as an optimal 

candidate for scaffold fabrication due to its high biocompatibility, low cost, and 

mechanical properties (Serra et al., 2013; Di Prima et al., 2016). To our knowledge, this 

is the first study testing those materials to support bovine IVF, showing high 

biocompatibility. This is an expected result since both PLA and PCL biomaterials have 

been used in an emerging field called REPROTEN, the discipline that applies tissue 



 

engineering to restore fertility (Amorim, 2017). It has been shown that PLA is a suitable 

material to create a nanofiber scaffold that enhance the in vitro cluster formation of mouse 

spermatogonia stem cells, allowing their proliferation and differentiation (Eslahi et al., 

2013; Ghorbani et al., 2019). As well, PCL has been used to culture spermatogonia stem 

cells (Talebi et al., 2019; Ghorbani et al., 2022), obtaining the same successful results as 

PLA. Furthermore, recent works have used PCL scaffolds as devices to carry out 

folliculogenesis in sheep (Di Berardino et al., 2022) and pig (Liverani et al., 2019).  

We observed worse results with the increase of the PEGDA material stiffness 

(PEGDA Photoink vs. PEGDA200 vs PEGDA500). Previously, it has been shown that 

the stiffness of different substrates can affect in vitro embryo development in mice 

(Kolahi et al., 2012), but in our case the lower efficiency could be due to the chemistry 

employed to promote higher stiffness of the material, since even when the scaffold is 

absent during IVF, the rinse groups showed lower efficiency. One possible explanation 

for the worse performance of the rinse groups could be that the scaffolds release toxic 

compounds during the rinse period culture, so when the scaffolds are used during IVF the 

release of these toxic chemicals is much lower or absent. However, to confirm this 

hypothesis mass spectrometry analysis should be performed.  

Altogether, these data suggest that the materials printed with stereolithography 

(PEGDAs) are less biocompatible than extrusion-printed materials (PLA and PCL). On 

the other hand, the TCN, the ICM/TE ratio and the ACR are three important parameters 

of embryo quality and in recent years, several studies have shown that the rate of ICM/TE 

is a strong predictor of live birth (Ai et al., 2021; Sivanantham et al., 2022). When we 

analyzed all these parameters, the principal component analysis (PCA) showed that the 

embryos produced in presence of PLA and PCL scaffolds are the most comparable to the 

control group. Regarding the PCL biopolymer, the rinse and the scaffold groups are both 



 

closer to the control ones, in terms of the analyzed parameters. While a different situation 

using the PLA biomaterial has been observed, since the scaffold group exhibited similar 

behavior to the control, contrary to the rinse group of the same biopolymer. For this 

reason, we consider PCL as the most suitable material for in vitro bovine embryo 

production.  

Considering that we have not identified any negative effects on bovine embryo 

development when PCL is present during IVF, its implementation in the construction of 

a device compatible with microfluidics systems becomes a promising possibility. The 

combination of these microfluidics systems with the above-mentioned devices could 

allow the creation of an in vitro model of the oviduct (Romar et al., 2019). This innovative 

application could have a significant impact on the research and understanding of sperm 

selection by mimicking rheotaxis, chemotaxis and thermotaxis (Pérez-Cerezales et al., 

2018; Ramal-Sanchez et al., 2021), fertilization and early development processes, 

providing a controlled and reproducible environment for experimental studies, without 

jeopardizing early embryo development. 

In conclusion, the utilization of PCL in the construction of an IVF device holds 

great promise for the improvement of ARTs in the near future. However, further research 

and development are necessary to test the biocompatibility with OECs, optimize the 

design and functionality of this PCL-based IVF devices, ensuring their long-term 

effectiveness and safety. Nonetheless, the outcomes of our study strongly support the 

potential of the PCL biomaterial and open the way for advancements in the field of ARTs. 
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Abstract: Nowadays, the adoption of In Vitro Fertilization (IVF) techniques is 

undergoing an impressive increase. In light of this, one of the most promising strategies 

is the novel use of non-physiological materials and naturally derived compounds for 

advanced sperm preparation methods. Here, sperm cells were exposed during 

capacitation to MoS2/Catechin nanoflakes and catechin (CT), a flavonoid with 

antioxidant properties, at concentrations of 10, 1, 0.1 ppm. The results showed no 

significant differences in terms of sperm membrane modifications or biochemical 

pathways among the groups, allowing the hypothesis that MoS2/CT nanoflakes do not 

induce any negative effect on the parameters evaluated related to sperm capacitation. 

Moreover, the addition of CT alone at a specific concentration (0.1 ppm) increased 



 

the spermatozoa fertilizing ability in an IVF assay by increasing the number of 

fertilized oocytes with respect to the control group. Our findings open interesting new 

perspectives regarding the use of catechins and new materials obtained using natural 

or bio compounds, which could be used to implement the current strategies for sperm 

capacitation. 

Keywords: molybdenum disulfide; catechins; spermatozoa; sperm capacitation; 

in vitro fertilization 

1. Introduction 

In vitro fertilization (IVF) is one of the most used assisted reproductive techniques, 

aimed at overcoming fertility problems, either in zootechnics or for human purposes. In 

this process, an egg is combined with spermatozoa in vitro, after the acquisition of their 

fertilizing potential in a process commonly known as capacitation. 

Recently, the use of non-physiological materials is gaining ground in the 

reproductive field as a support for the implementation of IVF techniques. For instance, 

previous studies demonstrated a significant improvement in the fertility outcomes when 

sperm cells were exposed to graphene oxide (GO) during capacitation in different animal 

models such as swine, bovine and mouse. This effect could probably be ascribed to the 

extraction of cholesterol from the sperm membrane thus inducing an intense lipid 

membrane remodeling [1–3]. 

Among non-physiological materials and naturally derived compounds, 

molybdenum disulfide (MoS2) and catechin stand out as interesting candidates to 

characterize the effects of their exposure on reproductive function. 



 

MoS2 is a member of the transition metal dichalcogenides (TMDs) family, which 

are layered materials with a structure consisting of overlapped layers held together by 

Van der Waals forces. Each sheet possesses a wafer-like structure with a central 

hexagonal layer of metal atoms sandwiched in a double layer of chalcogen atoms [4]. 

MoS2 is characterized by both a peculiar nanostructure and chemistry that has 

commenced to be employed in different fields, including catalysis, electrochemistry and 

an ever increasing use in biological/biomedical applications [5–7]. TMDs’ features are 

strictly dependent on the nanoscale reduction strategy and despite the impressive 

advancements achieved during the last years, their use for biological/biomedical 

applications is often limited by their scarce dispersibility in water and/or the need for 

toxic or pollutant chemicals for their synthesis. It is noteworthy that MoS2 is a 2D 

graphene-like material and, although the potential toxicity of TMDs materials has been 

studied in embryonated eggs [8] and on human lung carcinoma epithelial cells [9], to the 

best of our knowledge there are no studies evaluating the potential effects of TMDs on 

sperm capacitation. 

On the other hand, catechin (CT) is a flavonoid characterized by a high antioxidant 

capacity [10], and it has previously been demonstrated that CT supplementation to sperm 

storage may have a beneficial effect on sperm motility [11]. Interestingly, CT has proved 

to be able to assist the stabilization and synthesis of various nanomaterials, remaining 

firmly anchored on their surface and acting as a functional and stabilizing agent [12,13]. 

In the nanomaterials domain, the dispersion or exfoliation route represents a challenge to 

modulate the affinity and dispersibility of the materials in different media, defining the 

final material features in terms of structure, dimension and solubility and thus conferring 

additional functionalities [4,14–16]. 



 

In the present study, we aimed to study the effects of nanoflakes of MoS2 

functionalized with catechins and catechins on swine spermatozoa functional parameters 

during capacitation. The term capacitation encompasses a necessary series of events 

occurring naturally in vivo and by which spermatozoa undergo a functional modification, 

ultimately acquiring their fertilizing ability. While in vivo, sperm cells are free to migrate 

through the uterus, bind to the oviductal epithelium and encounter the multiple endocrine 

stimuli prior to the meeting with the oocyte [17–19]. In order to improve the current 

strategies for sperm capacitation, different concentrations of MoS2/CT and CT were 

evaluated (10, 1, and 0.1 ppm). A multiple-step approach was adopted to evaluate the 

potential effects of this interaction in terms of: (a) acrosome damage; (b) membrane 

disorder; (c) biochemical patterns (PKA activity and tyrosine phosphorylation patterns); 

(d) intracellular calcium concentration; and (e) mitochondrial activity. As a functional 

test, finally an IVF assay was performed to assess the sperms’ fertilizing ability. 

2. Results and discussion 

Here, the potential effects of MoS2/CT and CT addition during spermatozoa 

capacitation were analyzed using a swine in vitro model. The swine model has acquired 

enormous importance for biomedical research and represents an optimal animal model 

for the study of human reproductive events [20–22]. 

2.1. Preparation and Characterization of Water-Phase Exfoliated MoS2/CT 

Nanoflakes 

As reported in Figure 1, the bulk-MoS2 sonochemical liquid phase exfoliation assisted by 

catechin (conducted according to the Section 3 Materials and Methods) allowed a stable 

colloidal dispersion of MoS2/CT nanoflakes to be obtained, which was then used for 

further experiments. As expected, in the bulk form this TMD possesses crystalline 



 

structures characterized by micrometric sides and thickness (Figure 1B); in this 

conformation, MoS2 is not dispersible in water. Figure 1 C, D show the SEM micrograph 

of the MoS2 after exfoliation assisted by catechin (MoS2/CT). The CT-assisted exfoliated 

MoS2 flakes resulted in being significantly smaller when compared to the bulk MoS2, 

proving a noticeable exfoliation success.  In this conformation, the MoS2/CT is a colloid, 

stable for more than 1 year (Figure 1C, right). In the SEM magnification of Figure 1D, 

the MoS2/CT flakes obtained are visible and are characterized by nano sides. The catechin 

effectiveness in the exfoliation of MoS2 was proved in our previous work [12], where the 

exfoliation strategy was proposed, optimized, and the nanoflakes obtained were fully 

characterized. An average size value of about 153±2 nm was obtained via dynamic light 

scattering for the MoS2/CT flakes. It is noteworthy that the same study highlighted an 

interesting residual antioxidant potential for MoS2/CT, which was attributed to the MoS2 

surface modification influenced by the catechin, able to bring charges and redox-active 

moieties. 

 Figure 1. (A) Graphical sketch of the MoS2 sonochemical exfoliation assisted 

by catechin. (1) Bulk MoS2, (2) catechin structure, (3) sonochemical exfoliation process, 

(4) MoS2/CT nanoflakes. (B) SEM micrograph of the bulk-MoS2 (unexfoliated); (C) SEM 

micrograph of the exfoliated MoS2/CT (left); picture of the MoS2-CT colloidal water-

dispersion (right). (D) SEM magnification of the MoS2/CT nanoflakes. 



 

Several exfoliation strategies have been proposed for layered materials. 

Nevertheless, liquid-phase exfoliation (LPE) has become an affordable and sustainable 

large-scale strategy to produce water-dispersed 2D nanomaterials. Two-dimensional nano 

colloids have been obtained in water using LPE by employing different surfactants, 

polymeric structures and different amphiphilic compounds, which are able to interact with 

the dispersed/exfoliated nanostructures mainly via non-covalent interactions [23–25]. 

Recently, our group has demonstrated how naturally-derived polyphenols can assist the 

graphene and group VI TMDs’ exfoliation in water, acting as stabilizing agents and 

conferring at the same time additional features, partially preserving their antioxidant 

moieties [12,13]. 

Catechin is a flavonoid with an amphiphilic structure that is naturally present in 

different foods, characterized by a high antioxidant capacity and thus associated with 

several potential biological functions and health benefits [10]. Thanks to its amphiphilic 

structure, catechin can act as a stabilizing agent for nanomaterials’ production and 

stabilization in water. Catechin has demonstrated an active role in the formation, 

stabilization and functionalization of metal nanoparticles, graphene, and nanocomposites. 

Moreover, the catechin adhesion on the formed nanomaterials apports additional 

electrochemical and antimicrobial features [12,15,26,27], proving to be a useful naturally-

derived functional and stabilizing agent. 

The sonochemical preparation in water of the MoS2/CT can be resumed as follow: 

(i) the ultrasound energy allows the layers and dimension number/size reductions of the 

crystalline bulk-MoS2; (ii) the stabilization/functionalization of the formed MoS2 

nanoflakes is guaranteed by the catechins’ ability to remain attached to the surface of the 

produce MoS2 flakes acting as a stabilizing agent. In this case, the catechin carbon 

skeleton allows π–π interactions with neo-produced MoS2 flakes, while the CT hydroxyl 



 

groups interact with water via hydrogen bonds allowing the nanoflakes to remain 

dispersed, ensuring also charge repulsion among flakes and avoiding layer re-stacking. 

The ability of the compounds containing catechol groups, to allow π–π stacking with other 

π systems has been already proved by Saiz-Poseu and colleagues (2019) [28] and by 

Silveri and colleagues (2021) [13] for graphene; on the other hand, electrochemical 

studies supported the hypothesis that the catechol of catechin is attached to the MoS2 

nanoflakes but has antioxidant moieties free to react [12]. 

The water-dispersible nature of MoS2/CT nanoflakes allowed easy nanomaterial 

handling via differential centrifugation. This important feature enables (i) purifying the 

exfoliated nanoflakes, (ii) removing the excess supernatant, and (iii) resuspending the 

MoS2/CT in the spermatozoa capacitating medium at the desired concentration. This is a 

challenge for TMDs exfoliated in organic solvents, which are not water dispersible. 

However, different exfoliation strategies in water imply the use of highly toxic or pollu- 

tant chemicals [29]. Unlike the extensively studied graphene oxide, which is naturally 

dispersible in water, probably the lack of biological studies on spermatozoa with TMDs 

is attributable to (i) the difficult manipulation of TMDs in aqueous media, (ii) the low-

optimal TMDs’ exfoliation (studies are often conducted on just roughly dispersed TMDs), 

(iii) high toxicity materials produced via conventional approaches. 

2.2. MoS2/CT and CT Supplementation Does Not Affect the Acrosome Integrity 

The first step to examine the potential impact of MoS2/CT and CT exposure on 

spermatozoa was the monitoring of the acrosome damage. Because spermatozoa that have 

lost their acrosome are unable to fertilize an egg, depending on the species, the acrosome 

reaction (AR) is one of the most important fertilization mechanisms [30]. 



 

Acrosome integrity was evaluated at 0 and 1.5 h after in vitro capacitation. As 

evidenced in Figure 2, after 1.5 h of capacitation in the presence of MoS2/CT and CT the 

proportion of acrosome-reacted spermatozoa was similar among the groups, showing no 

significative differences (p > 0.05). Thus, it is possible to affirm that MoS2/CT and CT at 

the different concentrations tested have no statistically significant effect on acrosome 

integrity. 

2.3. MoS2/CT and CT Supplementation Does Not Modify the Intracellular 

Calcium Concentration, Membrane Fluidity and Mitochondrial Activity 

Flow cytometry analysis was performed to evaluate the effects of MoS2/CT and 

CT supplementations in three different events of sperm capacitation after 1.5 h of 

incubation in capacitating conditions: the increase in the intracellular calcium 

concentration; the sperm membrane disorder (thus revealing the potential membrane 

fluidity increase); and the mitochondrial activity. The results showed no differences in 

terms of intracellular calcium concentration, membrane disorder and mitochondrial 

activity, as graphically illustrated in Figures 3–5, respectively. Supplementary Materials 

S1 shows the CTRL group after 0, 1.5 of capacitation. 



 

 

Figure 2. Acrosome integrity. The graph shows the percentage of non-reacted 

spermatozoa after 1.5 h of capacitation for the different experimental groups: CTRL, CT 

10 ppm, CT 1 ppm, CT 0.1, MoS2/CT 10 ppm, MoS2/CT 1 ppm and MoS2/CT 0.1 ppm. 

A normal acrosome damage rate was obtained, similar to the control (CTRL) group (p > 

0.05). Three independent technical and biological (from different boars) replicates were 

performed. 

Capacitation status has been associated with changes in the sperm machinery at 

mem- brane and cytosolic levels. For instance, the intracellular calcium ([Ca2+]i) 

homeostasis is a key element in sperm capacitation and acrosome reaction [31]. In resting 

conditions, the calcium clearance is tightly regulated by Ca2+ pumps (Ca2+-ATPases), 

Na+/Ca2+-exchangers, and Ca2+-channels in the sperm plasma membrane and in 

intracellular organelles, includ- ing the acrosome, the redundant-nuclear-envelope (RNE) 

and the mitochondria [32]. A key role is attributed to the Catsper channels, which are 

directly involved in sperm capacitation producing an influx of Ca2+ as a consequence of 

their stimulation [33,34]. During capacitation, the [Ca2+]i rises and acts like a second 



 

messenger converting extracellular stimuli into a chemical response involving several 

molecular systems, such as, protein kinase C (PKC), protein kinase A (PKA), actin, and 

many others [35]. At the same time, one of most relevant events of AR is the very fast 

surge of [Ca2+]i, following the spermatozoa’s interaction with the oocyte [35]. Thus, Ca2+ 

is not only a homeostatic factor and a second messenger in spermatozoa, but it also 

controls and modulates the crucial physiological function in a sperm’s life, as also 

happens in excitable cells such as neurons, myocardiocytes, and muscular cells. 

 

Figure 3. Flow cytometry analysis of intracellular calcium concentration. The graphs 

show the frequency of spermatozoa emitting a specific fluorescence intensity, which was 

subdivided into intervals ranging from 0 to 20,000 a.u. Capacitation was performed up to 

1.5 h. Fluo 4-AM was used in combination with PI. Three independent technical and 

biological experiments were performed (n = 3). 

During sperm capacitation, the membrane physicochemical characteristics 

change, which is an important aspect to consider since the sperm cytosol is virtually 

absent, thus implying a direct contact of the sperm plasma membrane with underlying 



 

structures [36]. The sperm head plasma membrane (PM) presents a different composition 

between the inner and outer leaflets and this asymmetry is established and maintained by 

several translocating enzymes [36,37]. During capacitation, the phospholipid asymmetry 

is reduced and the phospholipids move inward and outward according to their 

concentration gradient [38]. The lipid remodeling allows the removal of cholesterol from 

extracellular protein, which determines the increase in the ability of the sperm plasma 

membrane (PM) and the outer acrosome membrane (OAM) to fuse (fusogenicity), a 

prerequisite for the acrosome reaction [39]. 

Mitochondrial activity is required for several sperm functions [40]. In addition to 

contributing to generate ATP, mitochondria act as a hub between the generation of re- 

active oxygen species (ROS) and the activation of apoptosis-related pathways [41]. The 

result of the capacitation process is the acquisition of fertilizing ability or activating pro- 

apoptotic pathways. 

Thus, the findings obtained showed no differences in terms of mitochondrial 

activity, membrane disorder and intracellular calcium concentration, implying that 

MoS2/CT and CT do not exert any affect in these events of sperm capacitation in vitro. 

 

 

 



 

 

Figure 4. Flow cytometry analysis of membrane disorder and fluidity. The graphs show 

the frequency of spermatozoa emitting a specific fluorescence intensity, which was 

subdivided into intervals ranging from 0 to 50,000 a.u. Capacitation was performed up to 

1.5 h. DilC-12 was used as a probe. Three independent technical and biological 

experiments were performed (n = 3). 

2.4. MoS2/CT and CT Supplementation Does Not Influence Sperm pKa Activity 

and Tyrosine Phosphorylation Patterns 

Flow cytometry was used to analyze the early events of capacitation that lead to 

PKA activation and the subsequent tyrosine phosphorylation cascade, which were 

then analyzed by Western blot (WB). Sperm protein soluble adenylyl cyclase (sAC) 

is activated during capacitation, raising the intracellular pH [42]. As a result, PKA 

and cAMP levels increase [43] and cAMP binds to the PKA regulatory subunits, 

allowing the dissociation of the tetramer and the activation of the catalytic subunit 

and thus initiating a cascade of intracytoplasmic signaling events [44]. Once released, 

the catalytic subunits continue their function phosphorylating a wide range of 

substrates on the Ser/Thr residues, activating a variety of protein kinases and/or 



 

inhibiting protein phosphatases to increase the phosphorylation of tyrosine residues 

either directly or indirectly [30,45] and contributing to reshaping the global protein 

phosphorylation pattern. This change occurs either in the flagellum or in the sperm 

head, and it appears to be mandatory for a spermatozoon to reach the ability to fertilize 

the oocyte [30,45]. While the results show the normal differences between non- 

capacitated and capacitated spermatozoa in terms of residues’ phosphorylation, our 

results showed no significant differences among the experimental groups. The 

phosphorylation patterns obtained were similar for MoS2/CT and CT (10, 1 and 0.1 

ppm) with respect to the control group (Figure 6). All full-length membranes and 

immunoblotting images from three independent experiments were added to 

Supplementary Materials S2. 

Figure 5. Flow cytometry analysis of mitochondrial activity. The graphs show the 

frequency of spermatozoa emitting a specific fluorescence intensity, which was 

subdivided into intervals ranging from 0 to 30,000 a.u. Capacitation was performed 

up to 1.5 h. Mitotracker Red was used in combina- tion with a near-IR probe. Three 

independent technical and biological experiments were performed (n = 3). 

 

 



 

 

 

 

 

Figure 6. Western blot analysis of PKA activity and tyrosine phosphorylation patterns. 

The image illustrates (A) the PKA activity and (B) the tyrosine phosphorylation patterns 

after 1.5 h of incubation under capacitating conditions. Antibodies were incubated on the 

same blot after membrane stripping and re-blotting. Blots were cut prior to hybridization. 

α-tubulin was used as a load control. Each of the eight lanes contains 1 × 107 spermatozoa 

from different animals. At least three independent experiments with different animals 

were performed. 

2.5. CT Supplementation Improves the IVF Outcomes 

Finally, IVF was used as a functional test to evaluate the sperms’ acquisition of 

the fertilizing ability after the exposure to MoS2/CT and CT at selected concentrations. 

Since the analysis of the PKA activity, phosphorylation patterns, acrosome reaction 

induction, mitochondrial activity, membrane fluidity and intracellular calcium 

concentration revealed no differences among the groups treated with different 

concentrations of MoS2/CT and CT (10, 1, 0.1 ppm), only the lowest concentrations were 

selected to perform the IVF assay, in order to minimize any potential risk, as well as the 

biological material needed. 

IVF assays are a valuable tool to assess the sperm fertilizing ability in boar [46,47] 

due to the fact that the fertilization rates, the number of polyspermic oocytes and number 

of spermatozoa/polyspermic oocytes are related to the capacitation status and fertility of 

the semen [48,49]. As observed in Figure 7, the addition of CT alone at a specific 

concentration (0.1 ppm) during capacitation increases the spermatozoa fertilizing ability, 

evidenced by the increased number of fertilized oocytes and of polyspermic oocytes with 

respect to the control group. 



 

Figure 7. IVF outcomes. Three different groups were subjected to IVF assay: CTRL, CT 

0.1 and MoS2/CT 0.1 ppm. Data are expressed as percentages, showing the number of 

fertilized oocytes, the number of polyspermic oocytes and the number of spermatozoa per 

polyspermic oocyte, comparing the groups of spermatozoa capacitated in the presence of 

MoS2/CT and CT (0.1 ppm) to the control group. Data were analyzed using Dunnett’s 

test. * p < 0.05 versus control. Four independent experiments were performed. 

Our findings support the evidence from previous studies showing that the addition 

of CT to the extender had a positive effect on sperm motility of caprine sperm [11]. 

This fact allows hypothesizing that the addition of CT might have provided an 

antioxidant activity, modulating the presence of reactive oxygen species (ROS) in our 

system. However, further experiments are needed to decipher the lipoperoxidation level 

and the ROS production, among others. The oxidative stress, observed by the excess of 

ROS, plays a key role in the life of mammalian sperm. Considering that spermatozoa are 

very sensitive to oxidative processes and that they are unable to transcribe and synthesize 

new proteins, with a cytosol virtually absent, preventing or fighting the oxidative stress 

remains hard to achieve [50]. This situation is aggravated due to the lipid composition of 

the plasma membrane, where the concentration of polyunsaturated fatty acids (PUFAs) 



 

is higher than in other cell types. PUFAs are the main target of ROS, and their oxidation 

culminates in the generation of cytotoxic aldehydes. Furthermore, the peroxidation of 

membrane lipids leads to a loss of motility and flexibility, causing the loss of all 

membrane-dependent functions [50–52]. The major consequence of oxidative stress is 

the damage of the sperm’s DNA [50,51]. 

Even if sperm cells are very susceptible to oxidative stress, low levels of ROS 

con- tribute to the full maturation of spermatozoa [50], which is necessary for 

capacitation, hyperactivation, acrosome reaction, oocyte fusion and fertilization [53,54]. 

Furthermore, there is a leading role in the interaction between ROS and cholesterol, since 

the oxidation of a part of cholesterol by ROS leads to the formation of oxysterols that 

facilitate the removal of cholesterol from the sperm plasma membrane to enhance the 

sperm membrane fluidity [55,56]. 

This study focused on the effect of an innovative material and a naturally derived 

compound on the spermatozoa fertilizing ability. Due to the results obtained, it is possible 

to affirm that nanoflakes of MoS2/CT at different concentrations (10, 1, 0.1 ppm) do not 

induce any negative effect on the sperm parameters related to capacitation evaluated here. 

Moreover, CT alone at a specific concentration (0.1 ppm) acts as a helper of sperm 

capacitation by improving the IVF results, which could probably be explained by the 

balance of the ROS levels. These results open encouraging new perspectives for the 

improvement of Assisted Reproduction Technologies (ART), which has experienced an 

increase in use during the last decades, both in humans [57] and in animal farming [58]. 

At the same time, an improvement in these techniques could fight against the ever 

increasing prevalence of numerous pathologies associated with ART-generated embryos, 

since ARTs may epigenetically modify gene expression, influencing the long-term 

development of the embryo by mechanisms that should still be investigated. For instance, 



 

many reports have shown the increasing prevalence of Angelman syndrome (AS), [59,60] 

and the phenomenon of large offspring syndrome in farm animals [61], with a phenotypic 

similarity to Beckwith–Wiedemann Syndrome (BWS) in humans [61–63]. 

3. Materials and Methods 

3.1. Chemicals 

Unless otherwise stated, all the chemicals were purchased from Sigma-Aldrich 

(St. Louis, MO, USA). Milli-Q water was purchased from Millipore (Bedford, MA, 

USA).  

3.2. MoS2 sonochemical exfoliation in water assisted by catechin 

MoS2 exfoliation assisted by catechin (CT) was conducted according to Rojas and 

colleagues (2022) [12] with some modifications.  A total of 0.5 g of bulk MoS2 powder 

(<2 µm; 99% purity) was placed in 50 mL of a 2.5 mg mL−1 (+)-catechin water solution 

(Milli-Q water) and roughly dispersed using a low-power ultrasonic bath. The dispersion 

was placed in a steel beaker and subjected to a sonochemical exfoliation treatment using 

a Branson SFX550 (550 W, 20 kHz) sonifier. The sonication probe employed was a 13 

mm Ø Branson disruptor horn. Sonochemical exfoliation was conducted at 50% 

amplitude using a 5 h pulse program (2 s ON and 1 s OFF), maintaining the temperature 

below 15 ºC. The obtained MoS2/CT dispersion was thus subjected to purification and 

size selection via differential centrifugation. The MoS2 not properly exfoliated was 

precipitated with centrifugation at 250 g (1 h). In this case, the supernatant was recovered, 

and the formed pellet discarded. The MoS2/CT size selection and removal of the 

exfoliation medium containing the residual catechin in solution were conducted on the 

supernatant of the previous treatment, achieved via a 20,000 g centrifugation (15 min). 

Then, the supernatant was removed, and the sediment collected and resuspended in water. 



 

The exfoliation yield was estimated via gravimetry, and MoS2/CT water dispersion and 

was stored at 4 ºC in the dark. MoS2/CT before use was further purified via a 10,000 x g 

centrifugation, where the supernatant was discarded, and the sediment was recovered in 

sterile Dulbecco-PBS to obtain a 200 mg L−1 MoS2-CT working dispersion. 

The pristine and exfoliated MoS2 was characterized using a high-resolution 

scanning electron microscopy ΣIGMA (Carl Zeiss Microscopy GmbH, Munich, 

Germany). Solutions and materials used for in vitro studies were sterilized before their 

use and handled under a sterile hood. Catechin solutions were freshly prepared before 

use. 

3.3. Experimental groups 

For the present work, a total of seven experimental groups were analyzed. Control 

group without CT nor MoS2/CT was included (CTRL). Complexes of MoS2 

functionalized with catechin (MoS2/CT) were used at three different concentrations: 

MoS2/CT 10 ppm; MoS2/CT 1 ppm; and MoS2/CT 0.1 ppm. These concentrations were 

stablished based on the available literature [33] and the absence of a consensus regarding 

the use of specific concentrations. As control, catechin alone (CT) was utilized at the 

same concentrations (CT 10 ppm, CT 1 ppm, CT 0.1 ppm). Finally, Figure 8 

schematically illustrates the experimental design, representing the experimental groups 

and the analyses performed. 



 

 

Figure 8. Experimental design. Spermatozoa were exposed to MoS2 

functionalized with catechin at different concentrations (10, 1, 0.1 ppm), catechin alone 

at the same concentrations (10, 1, 0.1 ppm) for 1.5 h in capacitation medium, a control 

group (CTRL) was maintained. Different sperm capacitation events were analyzed: 

acrosome damage, membrane fluidity, mitochondrial activity, intracellular calcium 

concentration, biochemical phosphorylation patterns and IVF assays. 

3.4. Spermatozoa preparation and incubation 

Spermatozoa were collected and washed following an already standardized proto- 

col [64]. Briefly, sperm samples purchased from a specialized company (Società Agricola 

Geneetic S.r.l, Castellazzo, Italy) were incubated in a TCM199 medium supplemented 

with 13.9 mM glucose, 1.25 mM sodium pyruvate, 2.25 mM calcium lactate and 1 mM 

caffeine used to induce capacitation in vitro. MoS2/CT and CT dispersions at different 

concentrations were added to the capacitating medium to obtain the sample groups: CT 

10 ppm, CT 1 ppm, CT 0.1 ppm, MoS2/CT 10 ppm, MoS2/CT 1 ppm, and MoS2/CT 0.1 

ppm. Sperm cells were incubated at a final concentration of 1 x 107 cells/mL for 0 or 1.5 

h at 38.5 ºC in 5% CO2 and a humidified atmosphere (Heraeus, Hera Cell). Sperm motility 

was visually estimated before the capacitation by light microscopy before each 



 

experiment and only samples with sperm motility > 90% were considered for further 

analyses. 

3.5. Monitoring of MoS2/CT toxicity on acrosome integrity. 

Acrosome integrity was monitored by using a two stain technique with Hoechst 

33258 and FITC-PSA able to identify alive unreacted and reacted spermatozoa [65]. At 

least 100 cells were assessed by fluorescence microscopy in three independent 

experiments performed at different capacitation times (T0, T1.5), in the following groups: 

CTRL, MoS2/CT, and CT treated spermatozoa (10, 1, 0.1 ppm). 

3.6. Flow cytometry analysis of intracellular calcium concentration, membrane 

fluidity and mitochondrial activity 

Flow cytometry analysis was performed to evaluate the differences between the 

different sperm groups in terms of: (a) intracellular calcium concentration; (b) sperm 

membrane lipid disorder; and (c) sperm mitochondrial activity. For each experiment and 

each condition (MoS2/CT 10 ppm; MoS2/CT 1 ppm; and MoS2/CT 0.1 ppm; CT 10 ppm; 

CT 1 ppm; CT 0.1 ppm; CTRL), three different biological and technical experiments were 

performed at 0 and 1.5 h of capacitation. 

After capacitation, sperm cells were placed in a flow cytometry tube and incubated 

at RT while gently shaking with: (a) 1 µM Fluo 4-AM (15 min) to study the intracellular 

calcium concentration; (b) 1 µM DilC-12 (15 min) to measure the membrane lipid 

disorder; and (c) 1 µM Mitotracker Red (30 min) to check the activation of the 

mitochondria. To distinguish dead and live spermatozoa, two different stains were used 

when possible, 



 

depending on the fluorescence emission spectra of the different probes previously 

stated: 1 µM PI (5 min) was used in combination with Fluo 4-AM, while 1 µL 

LIVE/DEAD™ Fixable Near-IR Dead Cell Stain Kit (Catalog number: L10119, 

TermoFisher Scientific, Waltham, MA, USA) (10 min) was combined with Mitotracker 

Red. After the incubation time, 100,000 events/sample were acquired by flow cytometry 

(FACSCanto, BD Biosciences, Franklin Lakes, NJ, USA—three laser, eight color 

configuration). Each reagent was titrated (8-point titration) under assay conditions; 

dilutions were established based on achieving the highest signal (mean fluorescence 

intensity, MFI) for the positive population and the lowest signal for the negative 

population, representing the optimal signal-to-noise ratio, and stain indexes were 

calculated. Instrument performances, data reproducibility, and fluorescence calibrations 

were sustained and checked by the Cytometer Setup and Tracking Beads (BD 

Biosciences). To evaluate non-specific fluorescence, the Fluorescence Minus One (FMO) 

control was used. Compensation was assessed using CompBeads and FACSuite FC Beads 

(BD Biosciences) and single stained fluorescent samples. Data were analyzed first using 

FACSuite v 1.0.5 (BD Biosciences) software, and then FcsWizard Software was used to 

convert .fcs data to .csv format in order to perform an exhaustive analysis of the 

fluorescence emitted from every single spermatozoon for the various fluorescence probes 

[66]. To that, the columns “FCS”, “SSC”, “Fluo-4AM”, “PI”, “DilC12”, “Mito” and 

“NIR” with the data from the 100,000 events acquired, were selected and filtered 

following these criteria: forward scatter (FCS) between 35,000 and 135,000 arbitrary 

units (a.u); side scatter (SSC) between 20,000 and 145,000 a.u; Fluo 3-AM, M540 and 

Mitotracker Red >0 a.u; PI between 0 and 30,000 a.u; and near infrared between 0 and 

20,000 a.u. Then, data were treated and subdivided in intervals of fluorescence intensity 

as follow: 41 intervals for intracellular calcium (from 0 to 20,000 a.u, 500 a.u range); 101 



 

intervals for membrane disorder (from 0 to 50,000 AU, 500 a.u range); 61 intervals for 

mitochondrial activity (from 0 to 30,000 a.u, 500 a.u range). At least 98% of the data 

fitted within this range. 

3.7. Evaluation of Sperm PKA Activity and Tyrosine Phosphorylation Patterns 

(pTyr) by Western Blot 

To evaluate protein kinase A (PKA) activity and protein tyrosine phosphorylation 

pattern (pTyr), at 1.5 h of capacitation, sperm cells were diluted in a sample buffer 5x 

(5 mM DDT, 2% SDS, 1 M Tris, 10% Glycerol and 0.1% Bromophenol blue), heated 

(100 ◦C for 5 min) and centrifuged (15,000 x g for 10 min at 4 ºC). Proteins were 

migrated on an SDS-PAGE 4–15% gradient gel (Mini-PROTEAN® TGX™ Precast 

Protein Gels, BioRad, Hercules, CA, USA) and blotted on a nitrocellulose membrane 

using the Trans-Blot® TurboTM Transfer System (BioRad, Steenvoorde, France). The 

membranes were stained with Ponceau S solution and scanned, then membranes were 

blocked for 1 h in 5% (w/v) milk powder diluted in TBS-T and incubated with anti-

phospho-pKa antibody (Phospho-pKa Substrate (RRXS*/T*), dilution 1:5000, Rabbit 

mAb, Cell Signaling, Leiden, The Netherlands) in 5% (w/v) BSA (w/v) in TBS-T 

(gently shaking, 4 ºC, overnight). After washing, membranes were incubated with 

secondary antibody anti-rabbit HRP (1:10,000, Santa Cruz Technology, Dallas, TX, 

USA) for 1 h. Peroxidase was revealed using the SuperSignal™ West Pico PLUS 

Chemiluminescent Substrate (ThermoFisher, Waltham, MA, USA) and the images 

were digitally captured using an Azure C300 (Chemiluminescent Western Blot 

Imaging System, Azure Biosystems, Dublin, CA, USA). Tyrosine phosphorylation 

was assessed on the same membranes by stripping the previous antibodies with 

RestoreTM Western Blot Stripping Buffer (ThermoFisher). After washing, membranes 

were blocked in 10% (w/v) bovine gelatin (w/v) in TBS-T for 1 h and incubated with 



 

anti-phosphotyrosine antibody (Clone 4G10, dilution 1:10,000, Mouse mAb, Merck 

Millipore, Burlington, MA, USA) in PBS-T for 1.5 h. After washing, membranes 

were finally incubated with the secondary anti- Mouse HRP (1:10,000, Santa Cruz 

Technology) antibody for 1 h and revealed as described previously in this section. At 

least three biological replicates were performed for each antibody and experimental 

group. 

3.8. In Vitro Fertilization Assay 

To study the potential effects of MoS2/CT and CT on spermatozoa fertilizing 

ability, an in vitro fertilization (IVF) assay was carried out using an already validated 

protocol [65]. Ovaries from pre-pubertal gilts were collected at a local slaughterhouse 

and transported to the laboratory within 1 h at 25 ºC. After washing, cumulus–oocyte 

complexes (COCs) were collected by aspirating the follicles that met the requirements 

(4–5 mm of diameter, translucent appearance, good vascularization and compactness 

of their granulosa layer and cumulus mass). Maturation was achieved in vitro by 

culturing the COCs in four-well dishes containing 500 µl of α-MEM medium 

supplemented with 10% FBS, 1% penicillin/streptomycin, 1% Ultraglutamine, 5 

UI/mL hCG and 5 UI/mL PMSG for 44 h at 38.5 ◦C in a humidified atmosphere with 

5% CO2 (Heraeus, Hera Cell, Hanau, Germany). 

Once matured, oocytes were denuded in Dulbecco-PBS with hyaluronidase on a 

warmed stage at 38.5 ºC under a stereomicroscope. Only oocytes presenting the first 

polar body (MII stage) under the stereomicroscope were used for the IVF assay. 

Matured oocytes and capacitated sperm cells (1 x 106 cells/mL) from the selected 

groups (CTRL, CT 0.1 ppm and MoS2/CT 0.1 ppm) were co-incubated in a 

fertilization medium (capacitation medium supplemented with 10% FBS). After 3 h 



 

of co-incubation, oocytes were transferred to a fresh medium and maintained in 

culture for at least 12 h. The penetration rate was evaluated after staining with Hoechst 

33342 and assessed under the fluorescence microscope. The IVF outcomes are 

expressed as fertilization rate (% of penetrated oocytes), incidence of polyspermy (% 

of polyspermic oocytes) and number of penetrating spermatozoa/polyspermic oocyte 

according to already published and valuable works [47,65]. A total of four 

independent experiments were performed, reaching a total number of 104 oocytes 

(number of fertilized oocytes per group: CTRL, 10 fertilized of 33 total oocytes; CT 

0.1 ppm 18 fertilized of 34 total oocytes; MoS2/CT 0.1 ppm 18 fertilized of 37 total 

oocytes).  

3.9.Statistical analysis  

For statistical analysis, GraphPad Prism 6 Software (La Jolla, CA, USA) was 

used. Data were checked for normal distribution with a D’Agostino and Pearson 

normality test prior to performing the comparison with parametric or non-parametric 

tests, as required. In all cases, the differences among groups were considered 

statistically significant when p < 0.05. To normalize the western bot data, Ponceau 

red staining was used, following a validated protocol [67]. Briefly, the whole lanes 

were quantified by densitometry and bands were afterwards quantified using 

ImageQuantTL (GE Healthcare LifeSciences, Barrington, IL, USA). To assess the 

effect of different treatments on IVF, four independent technical and biological 

experiments were carried out. An a priori power analysis was performed to establish 

the number of oocytes with G*Power 3.1.9.7 software, obtaining a final power of our 

analysis ≥95%. 

 



 

 

4. Conclusions 

In conclusion, our study demonstrates that the incubation of spermatozoa in the 

presence of catechins (0.1 ppm) enhances their fertilizing ability and the incubation with 

nanoflakes of MoS2/CT at different concentrations do not induce any negative effect on 

the sperm parameters related to capacitation. However, further experiments are needed to 

decipher the exact mechanism by which catechins are able to increase the sperm 

fertilizing ability and to explore their antioxidant potential on spermatozoa. 

The findings open interesting perspectives regarding the use of catechins and new 

materials obtained using natural or bio compounds, which could be used to implement 

the current strategies for sperm capacitation. 
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Abstract 

The oviduct plays a crucial role in the reproductive process, acting as the conduit 

for the intricate journey of life initiation in mammals. In this organ, essential processes 

take place, serving as the stage for fertilization and the early stages of embryonic 

development. This organ has traditionally been studied through conventional microscopy 

methods, although such approaches come with inherent limitations, such as the potential 

for distortions and sample destruction during the preparation process. This study delves 

into the anatomical intricacies of the oviduct, focusing on two regions, the uterotubal 

junction (UTJ) and the ampullary-isthmic junction (AIJ) using micro-computed 

tomography (MicroCT), a non-destructive, high-resolution alternative to explore the 3D 

anatomy of the UTJ and AIJ regions. In this study, the portions of the UTJ and AIJ of a 

paraffin-embedded oviduct have been reconstructed using images obtained through 

MicroCT. Additionally, we have taken measurements of the height and width of the folds 

within the oviduct, along with assessments of dimension fractal, lacunarity, and shape 
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factor. Results reveal variations in mucosal folds, with increased size and lumen 

occupancy towards the ampulla. Additionally, blind sacs or crypts are observed, akin to 

those found in various species, suggesting potential roles in sperm sequestration or 

reservoir formation. MicroCT's ability to generate detailed 3D models opens avenues for 

applications beyond anatomy studies. The obtained data could serve as a basis for creating 

3D-printed replicas. In conclusion, this research provides information about the oviduct 

anatomy, leveraging MicroCT technology for detailed 3D reconstructions, which can 

significantly contributes to the understanding of geometric-morphological characteristics 

influencing functional traits.  

1. Introduction 

The oviduct is the organ that connects the ovaries to the uterus, serving as the site 

where the journey of life begins for all mammals. Anatomically, this organ is divided into 

4 regions, the infundibulum, the ampulla, the isthmus, and the uterotubal junction (Coy 

et al., 2018). After ovulation, the infundibulum is responsible for collecting the cumulus-

oocyte complex, and on the isthmus, the sperm will form the spermatic reservoir attaching 

to the epithelial cells, suffering changes in its membrane, and prolonging their viability. 

During ovulation, sperm will be released from the reservoir and reach the ampulla, where 

fertilization takes place. On the other hand, the uterine-tubal junction could be considered 

one of the main selection barriers (Mahé et al., 2021). The epithelium of the oviduct is 

composed of two types of cells: secretory and ciliated. The secretory cells are responsible 

for the formation of oviductal fluid (Hugentobler et al., 2010), which plays an important 

role in creating an appropriate environment for the transport and nourishment of gametes, 

as well as in protecting the fertilized egg during its journey through the oviduct (Ménézo 

et al., 2015). Conversely, the ciliated cells possess carbohydrate residues that are 

recognized by lectin-like proteins on the head of spermatozoa, leading to their binding 
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and the creation of the previously mentioned sperm reservoir (Talevi and Gualtieri, 2010). 

The oviduct has a dynamic environment, since its cell proportion and functionality change 

in response to the hormonal swings that take place throughout the cycle (Steinhauer et al., 

2004; Yániz et al., 2000). For instance, during the follicular phase, ciliated cells prevail 

in the ampulla of the oviduct while during the luteal phase, secretory cells take the 

forefront in this region (Abe, 1996). By contrast, in other segments of the oviduct, like 

the isthmus, the proportion of these cell types remains relatively stable with minimal 

variations throughout the estrus cycle (Abe, 1996). 

Understanding the anatomy of the oviduct is important for comprehending the 

processes that take place within it. However, traditional microscopy methods have their 

limitations, such as potential distortions and the destruction of samples during preparation 

(Miranda et al., 2015). In this context, micro-computed tomography (MicroCT) emerges 

as a promising alternative for anatomical studies of the oviduct and other complex 

structures. MicroCT offers a powerful and versatile approach to studying anatomical 

structures like the oviduct. Its non-destructive nature, high resolution, three-dimensional 

visualization capabilities, and quantitative analysis tools make it an invaluable tool for 

advancing our understanding of reproductive biology and other fields of biological 

research. 

Exploring the three-dimensional anatomy of the uterotubal junction and the 

ampullary-isthmic junction using MicroCT technology represents a significant 

advancement in our understanding of reproductive biology. This innovative approach 

allows us to delve deep into the intricate structures of the oviducts, shedding light on their 

morphology and spatial relationships in ways that were previously inaccessible. 
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By employing MicroCT, it is possible to capture highly detailed and precise 

images of these anatomical regions, providing a level of insight that traditional two-

dimensional imaging methods cannot match. This capability is particularly valuable in 

the study of the uterotubal junction and the ampullary-isthmic junction, where subtle 

variations in morphology can have profound implications for reproductive function. 

Furthermore, this pilot study serves as an important validation of the utility of 

MicroCT in anatomical research. By demonstrating its effectiveness in imaging delicate 

structures like the oviducts, we pave the way for future studies to leverage this technology 

for a wide range of anatomical investigations. Moreover, the ability to generate detailed 

three-dimensional models of oviduct anatomy opens up new avenues for research and 

education. These models could serve as valuable tools for teaching anatomy to medical 

and veterinary students, as well as for training surgeons in specialized procedures. 

Additionally, researchers can utilize these models to create 3D-printed scaffolds that 

precisely mimic the anatomical and physiological conditions of the oviduct. By 

replicating the intricate structures and microenvironments of the oviducts, these scaffolds 

hold the potential to advance various fields, including tissue engineering, drug delivery 

systems, and regenerative medicine. This innovative approach allows for more accurate 

experimentation and testing, leading to the development of targeted interventions for 

conditions affecting the oviducts 

2. Materials and methods 

2.1. Oviduct selection and collection 

Genital tracts from sows and gilts were obtained at the local slaughterhouse and 

transported into the lab within 2 hours of slaughter. Once in the lab, the cycle stage of the 

tracts was determined based on the ovarian morphology as described previously 

(Carrasco et al., 2008) and classified into early follicular, late follicular, early luteal, or 
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late luteal phase. An oviduct was selected for each phase of the reproductive cycle, 

dissected and divided into segments. The portions corresponding to the isthmus and the 

uterine-tubal junction were washed in PBS and fixed in 4% paraformaldehyde for 1 hour. 

Subsequently, the samples underwent dehydration through a series of alcoholic solutions 

(ranging from 50% to 100%) and soaked in xylene 3 times for 15 minutes each (45 min 

tot). An incubation step with xylene paraffin (1:1) was carried out for 45 minutes at 56ºC 

before embedding in paraffin wax. 

2.2. MicroCT and Image acquisition  

MicroCT datasets of swine oviducts at different stages of estrous cycle were 

acquired by using the high-resolution 3D-imaging system Skyscan 1172G (Bruker, 

Kontich – Belgium), using an L7901-20 Microfocus X-ray Source (Hamamatsu), with 

image pixel/size of 7.4 μm, camera binning 2x2, source voltage of 39 kV, source current 

of 240 μA, exposure time of 500 ms. The reconstructed tomographic volumes of the 

acquired images were performed using built-in NRecon Skyscan reconstruction software 

(Version: 1.6.6.0; Skyscan Bruker). 3D-images were generated using 3D-Visualization 

Software CTvox v. 2.5, while the volume rendering and virtual sectioning views using 

DataViewer v. 1.4.4 (Skyscan Bruker) and the analysis of the sample was performed 

using CT-Analyser software version 1.13. 

2.3. Histology and Light Microscopy 

Paraffin embedded oviducts were microtome-sectioned at 10 µm and stained with 

Hematoxylin (Sigma-Aldrich, cat. MHS16) - Eosin (Sigma-Aldrich, cat. 109,844) 

standard protocol to perform histological assay. Images were obtained with the 

stereomicroscope MZ12 (Leica) equipped with a color camera. The histological analysis 

highlighted the accuracy and fidelity of the two-dimensional and three-dimensional 
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images obtained from microtomography, which has the further advantage of guaranteeing 

the structural integrity of the sample and avoiding distortions and artefacts resulting from 

the sectioning procedures (Fig.1, 3, 6). 

2.4. Image analysis  

Using microCT images, measurements of the length and width of the oviduct folds 

were conducted, as illustrated in Figure 1. The FIJI program (ImageJ 2.0.0-rc-43/1.50e) 

was employed for this purpose, utilizing its built-in measurement tool to ensure accuracy 

in anatomical dimensions. Similarly, to calculate the fractal dimension and lacunarity 

values, we applied the box-counting method using the FracLac plugin in Fiji. 

 

Figure 1. Comparison between virtual and histological oviduct sectioning, with a 

schematic representation of the measurement method performed. 

2.5. Two-dimensional image processing 

For the processing of two-dimensional images, the software Mimics from the 

Belgian company Materialise (Materialise, Leuven, Belgium) and 3Matic (Materialise, 

Leuven, Belgium) were used. Mimics is the primary software for processing biomedical 

images in the rapid prototyping sector. Initially, the DICOM files were loaded, and the 

correct orientation of the images (Top-Bottom, Anterior-Posterior, Right-Left) was set. 

Once the images were loaded, the software provided their visualization of the three 
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anatomical planes: transverse/axial, coronal/frontal, and sagittal. It was decided to 

analyze, in particular, the series of images from the ampullary-isthmus junction (AIJ) and 

of the utero-tubal junction (UTJ). This approach ensured that images from all phases 

acquired were available, regardless of their original format. Each image series generated 

a project within Mimics, i.e., a file in .mcs format. At this point, an initial segmentation 

was performed on each of the four files by selecting the region of interest through the 

crop project operation. Specifically, various slices along all three directions (x, y, z) were 

excluded from the project, retaining only the structures of interest and reducing the 

number of slices to be analyzed. This helped eliminate the influence of regions not 

relevant to the study. To achieve this, the position and size of a rectangle were set in all 

three views (axial, coronal, and sagittal) to delimit the volume of interest in the resulting 

parallelepiped in the three-dimensional view. After a careful analysis of the images from 

various contrast phases, the different anatomical structures that would be included in the 

overall three-dimensional virtual model have been segmented separately: both the 

external and internal structures of the reference tract (UTJ and AIJ). For each of these 

structures, it was assessed which image series was most suitable for their segmentation. 

This decision was based on the presence of enhanced visibility of the mentioned structures 

in those specific images. Regarding the improvement of image quality, especially in terms 

of contrast, a point-wise enhancement technique was employed. This involves applying 

a transformation that maps a small range of grey levels onto the entire possible range, 

aiming to achieve visual enhancement. Finally, it is specified that the term "mask" refers 

to a set of pixels that have been grouped together as a result of various operations 

performed on the three two-dimensional views. Each mask is associated with a specific 

color, a minimum HU value, and a maximum HU value. 
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2.6. Processing of the three-dimensional model 

Once the segmentation of the different structures has been carried out, it is 

necessary to process the three-dimensional model by performing a smoothing operation 

with the appropriate number of iterations. This is done to achieve a virtual model suitable 

for both three-dimensional visualization and the subsequent potential 3D printing phase. 

The three-dimensional object calculated from the mask inevitably exhibits a step effect 

due to the spatial resolution of the images, which is evidently insufficient for our 

purposes. The edges of the three-dimensional object, reconstructed from the mask, tend 

to follow individual pixels that have dimensions of approximately 1 mm x 1 mm. This 

scaling effect can be observed both in the three-dimensional view and on the individual 

slices for each anatomical structure. The smoothing operation was performed in the 

Mimics software rather than the modelling software 3-Matic by Materialise, used in the 

later phase of processing the three-dimensional model and optimizing the mesh. This 

choice is because, once the smoothing operation with a certain number of iterations is 

completed in Mimics, it is possible to compare the result with CT images on individual 

sections (axial, coronal, and sagittal) by visualizing the contours of the obtained three-

dimensional object.  In general, smoothing operations contribute significantly to 

enhancing the surface quality of a model. Nevertheless, it is crucial to exercise caution, 

as an excessively high number of smoothing iterations can lead to alterations in the model, 

resulting in unexpected outcomes. It is important to keep in mind that real-life organs do 

not possess perfectly smooth surfaces. The complete virtual model obtained in this way 

enabled the three-dimensional visualization of various anatomical structures. In this 

visualization, appropriate degrees of transparency were set for different structures, 

allowing for the visualization of outer and inner structures as well. 
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2.7. Processing of the three-dimensional model 

The calculation of the shape factor is a procedure used in various contexts, such as 

physics, engineering, or thermodynamics. The shape factor is a quantity that expresses 

the geometry of one body in relation to another, often concerning thermal radiation 

exchange or fluid dynamics. Its mathematical expression can vary depending on the 

specific context. 

In general terms, the shape factor (F) that we used can be calculated using the following 

simplified formula: 

𝐹 =
𝑆 ∗ ℎ

𝑉
 

where S and V are respectively the surfaces and volumes of the two bodies under 

consideration, the UTJ and AIJ, and h is the height of the traits. However, in more 

complex situations, such as radiation exchange between non-ideal surfaces, the formula 

can be more intricate and involve angles, distances, and emissivity properties of the 

surfaces.  

3. Results 

3.1. Utero tubal junction 

In this particular segment of the oviduct, it is noteworthy that there are small folds 

present, and their dimensions typically fall within the range between 143.88-987.6μm 

length (Table 1) and 69.81-366.3μm width (Table 2), measurements that are distributed 

uniformly (Figure 2). These folds don’t reach a great percentage of the lumen (Figure 3), 

an observation that is supported by the high lacunarity value (Table 4). 
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Figure 2. Violin Plot representing the different measurement of length (left) and width 

(right) of the folds from the UTJ. 

 

Figure 3. Comparison between histological (left) and virtual (right) oviduct UTJ 

sectioning. 
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Figure 4. Violin Plot representing the different measurement of fractal dimension (left) 

and lacunarity (right) of the folds from the UTJ. 

On the contrary, the distribution of values for fractal dimension and lacunarity in 

UTJ is concentrated around a different subpopulation (Figure 4). The fractal dimension 

encompasses values within the range 1.189-1.1779 (Table 3), while the lacunarity values 

ranges within 0.901-2.701 (Table 4).  On the other hand, the shape factor values of the 

UTJ external (Table 5) and internal (Table 6) region is provided.
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Table 1.  Measurements of oviduct folds length (μm) in the UTJ. 

 

 

 

Table 2.  Measurements of oviduct folds width (μm) in the UTJ. 

 

 

 

 

 

Table 3. Calculated fractal dimension of UTJ region 

 

  

 

  

 

Length (μm) 

Late follicular Early Follicular  Late luteal  Early luteal 

 Oviduct 1 Oviduct 2 Oviduct 1 Oviduct 2 Oviduct 1 Oviduct 2 Oviduct 1 Oviduct 2 

Median 585.6 369.2 369.2 401.9 332.7 760.9 407.3 444.1 

10% 457.0 313.4 313.4 288.2 234.6 639.5 322.0 351.1 

Min 410,7 289.0 289.0 241.9 143.88 466.0 143.7 319.0 

90% 656.8 426.2 426.2 439.7 436.4 873.2 600.9 493.8 

Max 737.1 461.5 461.5 469.0 492.2 987.6 812.9 549.4 

Width (μm) 

Late follicular  Early Follicular Late luteal Early luteal  

 Oviduct 1 Oviduct 2 Oviduct 1 Oviduct 2 Oviduct 1 Oviduct 2 Oviduct 1 Oviduct 2 

Median 143.2 140.8 206.1 177.3 106.7 136.0 137.1 158.5 

10% 114.0 110.2 116.1 115.9 80.0 96.99 93.24 103.8 

Min 87.28 89.11 80.91 84.45 69.81 76.45 72.84 89.11 

90% 195.0 172.8 255.2 221.9 154.7 182.9 178.2 263.3 

Max 239.3 230.5 366.3 256.5 211.9 244.6 215.7 321.3 

Fractal dimension 

Late follicular  Early Follicular  Late luteal  Early luteal  

 Oviduct 1 Oviduct 2 Oviduct 1 Oviduct 2 Oviduct 1 Oviduct 2 Oviduct 1 Oviduct 2 

Median 1.562 1.697 1.445 1.208 1.631 1.437 1.574 1.579 

10% 1.480 1.683 1.421 1.197 1.594 1.422 1.556 1.553 

Min 1.464 1.673 1.414 1.189 1.587 1.419 1.551 1.548 

90% 1.623 1.777 1.511 1.256 1.706 1.495 1.652 1.627 

Max 1.635 1.779 1.514 1.261 1.707 1.497 1.654 1.630 
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Table 4. Calculated lacunarity for UTJ region 

 

 

 

 

 

Table 5. Shape factor of the external oviduct in UTJ region 

 

 

 

 

 

Table 6. Shape factor of the internal oviduct in UTJ region 

 

 

 

 

 

Lacunarity 

Late follicular  Early Follicular Late luteal  Early luteal  

 Oviduct 1 Oviduct 2 Oviduct 1 Oviduct 2 Oviduct 1 Oviduct 2 Oviduct 1 Oviduct 2 

Median 2.120 1.238 2.052 2.365 1.109 1.987 2.467 2.774 

10% 1.963 1.061 1.895 2.086 0.908 1.787 2.103 2.533 

Min 1.928 1.012 1.865 2.061 0.901 1.783 2.071 2.483 

90% 2.541 1.386 2.116 2.470 1.310 2.155 3.699 2.872 

Max 2.704 1.417 2.127 2.510 1.316 2.181 4.039 2.906 

External shape factor 

 Late follicular Early Follicular Late luteal Early luteal 

 Oviduct 1 Oviduct 2 Oviduct 1 Oviduct 2 Oviduct 1 Oviduct 2 Oviduct 1 Oviduct 2 

Volume (mm3) 66.31 127.71 31.53 26.64 41.55 43.64 84.22 39.80 

Surface (mm2) 234.11 353.68 124.53 109.56 170.13 130.69 268.53 143.59 

Height (mm) 4.46 4.46 4.46 4.46 4.46 4.46 4.46 4.46 

Shape index 15.75 12.35 17.62 18.34 18.26 13.36 14.22 16.09 

shape index (1/mm) 3.53 2.77 3.95 4.11 4.09 2.99 3.19 3.61 

Internal shape factor 

 Late follicular Early Follicular Late luteal Early luteal 

 Oviduct 1 Oviduct 2 Oviduct 1 Oviduct 2 Oviduct 1 Oviduct 2 Oviduct 1 Oviduct 2 

Volume (mm3) 3.95 3.2 0.52 0.80 1.66 1.58 7.78 2.87 

Surface (mm2) 77.88 50.2 13.83 16.31 30.20 23.92 106.27 30.19 

Height (mm) 4.46 4.46 4.46 4.46 4.46 4.46 4.46 4.46 

Shape index 87.94 69.97 118.62 90.93 81.14 67.52 60.92 46.92 

shape index (1/mm) 19.72 15.69 26.60 20.39 18.19 15.14 13.66 10.52 
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3.2. Ampullary-isthmic junction 

 In this section of the oviduct, we not only observe a higher prevalence of folds 

but also an increase in their individual sizes, ranging between 126-1446μm length (Table 

7) and 40.02-512μm width (Table 8), resulting in a more substantial occupancy within 

the lumen, reducing the lacunarity (Table 10). In AIJ, distinct subpopulations of folds are 

discernible, with one set characterized by larger dimensions and another set exhibiting 

smaller dimensions (Figure 6). By contrast to the width measurements, where the data 

distribution is not centered around specific values, but rather displays a more 

homogeneous spread (Figure 5). 

Figure 5. Violin Plot representing the different measurement of length (left) and widths 

(right) of the folds from the AIJ. 
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Figure 6. Comparison between histological (left) and virtual (right) oviduct AIJ sectioning  

Figure 7. Violin Plot representing the different measurement of fractal dimension (left) 

and lacunarity (right) of the folds from the UTJ. 

Similar to what we observed with the length of the folds, the fractal dimension 

and lacunarity are also divided into different subpopulation (Figure 7). The fractal 

dimension encompasses values within the range 1.559-1.770 (Table 9), while the 

lacunarity values ranges within 0.577-1.544 (Table 10). On the other hand, the shape 

factor values of the AIJ external (Table 11) and internal (Table 12) region is provided..
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Table 7.  Measurements of oviduct folds length (μm) in the AIJ region. 

 

 

 

Table 8.  Measurements of oviduct folds width (μm) in the AIJ. 

 

 

 

 

Table 9. Calculated fractal dimension of AIJ region 

 

 

  

 

  

 

 

Length (μm) 

Late follicular Early Follicular  Late luteal  Early luteal 

 Oviduct 1 Oviduct 2 Oviduct 1 Oviduct 2 Oviduct 1 Oviduct 2 Oviduct 1 Oviduct 2 

Median 809.6 972.2 789.6 867.2 480.1 290.1 445.6 766.4 

10% 504.9 838.5 584.1 543.0 222.6 189.9 319.5 427.0 

Min 126.0 754.7 461.5 369.2 133.6 182.5 232.1 264.8 

90% 1415 1072 1046 1154 616.8 407.1 818.5 1109 

Max 1446 1161 1166 1220 647.5 410.8 894 1214 

Width (μm) 

Late follicular  Early Follicular Late luteal Early luteal  

 Oviduct 1 Oviduct 2 Oviduct 1 Oviduct 2 Oviduct 1 Oviduct 2 Oviduct 1 Oviduct 2 

Median 287.3 261.8 201.6 218.5 139.3 97.94 136.4 172.7 

10% 148.1 201.7 141.5 139.8 104.6 40.69 101.3 117.2 

Min 89.11 156.8 89.42 84.37 73.34 40.02 64.13 84.37 

90% 386.3 392.5 279.2 294.6 178.7 149.5 168.5 277.5 

Max 486.9 512.7 362.3 387.8 198.8 155.0 193.8 320.3 

Fractal dimension 

Late follicular  Early Follicular  Late luteal  Early luteal  

 Oviduct 1 Oviduct 2 Oviduct 1 Oviduct 2 Oviduct 1 Oviduct 2 Oviduct 1 Oviduct 2 

Median 1.679 1.657 1.686 1.713 1.686 1.582 1.692 1.647 

10% 1.666 1.638 1.677 1.704 1.670 1.561 1.677 1.633 

Min 1.656 1.635 1.673 1.697 1.665 1.559 1.671 1.628 

90% 1.723 1.701 1.740 1.770 1.746 1.638 1.738 1.715 

Max 1.727 1.707 1.742 1.770 1.750 1.642 1.739 1.717 
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Table 10. Calculated lacunarity for AIJ region 

 

 

 

 

Table 11. Shape factor of the external oviduct in AIJ region. 

 

 

 

 

Table 12. Shape factor of the internal oviduct in AIJ region. 

 

 

 

Lacunarity 

Late follicular  Early Follicular Late luteal  Early luteal  

 Oviduct 1 Oviduct 2 Oviduct 1 Oviduct 2 Oviduct 1 Oviduct 2 Oviduct 1 Oviduct 2 

Median 1.152 1.195 0.7559 0.7032 1.413 0.7915 0.8870 0.9286 

10% 1.042 1.083 0.6469 0.5797 1.250 0.6545 0.7792 0.7584 

Min 1.032 1.073 0.6329 0.5770 1.228 0.6418 0.7700 0.7273 

90% 1.220 1.270 0.7955 0.7250 1.505 0.9142 0.9007 0.9703 

Max 1.223 1.274 0.8141 0.7507 1.544 0.9283 0.9077 0.9879 

External shape factor 

 Late follicular Early Follicular Late luteal Early luteal 

 Oviduct 1 Oviduct 2 Oviduct 1 Oviduct 2 Oviduct 1 Oviduct 2 Oviduct 1 Oviduct 2 

Volume (mm3) 40.79 44 23.6 26.51 29.83 23.79 35.10 48.41 

Surface (mm2) 226.97 225.73 234.99 286.61 155.14 84.67 166.89 323.40 

Height (mm) 4.46 4.46 4.46 4.46 4.46 4.46 4.46 4.46 

shape index 24.82 22.88 44.41 48.21 23.20 15.87 21.21 29.79 

shape index (1/mm) 5.56 5.13 9.96 10.81 5.20 3.56 4.75 6.68 

Shape factor 

 Late follicular Early Follicular Late luteal Early luteal 

 Oviduct 1 Oviduct 2 Oviduct 1 Oviduct 2 Oviduct 1 Oviduct 2 Oviduct 1 Oviduct 2 

Volume (mm3) 4.87 4.32 6.36 5.88 1.99 0.40 0.81 8.34 

Surface (mm2) 66.76 73.22 103.86 141.18 41.52 8.96 18.91 195.45 

Height (mm) 4.46 4.46 4.46 4.46 4.46 4.46 4.46 4.46 

shape index 61.15 75.59 72.83 107.16 92.96 99.90 104.12 104.56 

shape index (1/mm) 13.71 16.95 16.33 24.03 20.84 22.40 23.35 23.44 
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3.3. 3-D reconstruction  

In the 3D reconstruction, the tortuous structure of the AIJ section of the oviduct is 

represented, offering a detailed view of the high tortuosity it possesses (Figure 8). The 

visualization also highlights the spatial arrangement of the folds within this section and 

small blind-ended sacs. On the other hand, in the UTJ of the oviduct, the lumen is 

narrower and exhibits a less tortuous structure compared to other sections. 

Figure 8. 3D reconstruction of AIJ (A-D) and UTJ (E-H) regions in different phases of 

the cycle late follicular (A, E), early follicular (B, F) late luteal (C, G) and early luteal (D, 

H). 

4. Discussion 

In this study, we have delved into the architectural examination of different 

segments of the oviduct, attempting to recreate conditions as closely as possible to those 

encountered in vivo and reporting for the first time parameters such as the shape factor, 

fractal dimension and lacunarity.  

The classical method for reconstructing the oviduct has traditionally involved 

using histology slides. However, it has been shown that this method may not be the most 

suitable, as it could result in gaps (Senter-Zapata et al., 2016). Additionally, when using 
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histology, it can be reconstruction inaccuracies ranging due to deformation o 

misalignment (Gibson et al., 2013), in particular due to the difficulty of managing three-

dimensional orientation. Multiple manual artifacts affect the perfect alignment of the 

sample in all directions of space. In fact, the positioning procedures of the sample inside 

the embedding medium, the mounting of the histological specimen on the microtome, the 

simultaneous three-dimensional angulation of the specimen and the instrument are 

evident causes of problematic management of the spatial orientation of the specimens. 

This type of problem is completely overcome in the case of virtual histology that can be 

performed by microCT, which also becomes the basis of the three-dimensional model 

perfectly fitting the original sample. MicroCT technique has proven to be a valuable tool 

for studying mineralized biologic tissues (Neues and Epple, 2008), although its utility in 

the investigation of soft tissues has been somewhat constrained due to the limited contrast 

these tissues typically exhibit (Metscher, 2009). Some tries have been made previously 

to study the internal structure of the oviduct through microCT (Burkitt et al., 2011). Some 

of them have been made with the oviduct unmodified and without contrast, and other ones 

fill the oviduct with a strong contrast agent (Burkitt et al., 2011).  The initial attempt 

proved to be unsuccessful as it yielded no discernible internal structures. In contrast, the 

subsequent approaches provided what could be likened to a photographic "negative" of 

the oviduct. This effect was achieved due to the significant disparity in clarity between 

the contrast agent and the surrounding tissue. However, when compared when histology 

slides, the structure observed was not very detailed. In our work, we employed the 

paraffin embedding method, a technique that enables us to visualize the high-resolution 

structure of the oviduct by leveraging its endogenous contrast, as previously described 

for murine embryos (Ermakova et al., 2018). Although in human the use of MicroCT has 
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been already used successfully (Castro et al., 2019), to our knowledge, those represent 

the first data obtained from swine oviducts through microCT. 

Similar to what has been observed in humans (Castro et al., 2019; Rocca et al., 

1989) or sheep (Yániz et al., 2014), our results show throughout all phases of the cycle, 

at the UTJ level, mucosal folds are sparse and smaller in size, occupying limited space 

within the lumen. However, as we move away from the uterus and progress towards the 

fallopian tubes until the ampulla, a significant increase in the size of these folds and the 

proportion of space they occupy within the lumen becomes evident. This increase in 

lumen occupancy is not only apparent from the measurements of the folds in the images 

but is also corroborated by the decrease in lacunarity. In addition, even though our sample 

size is relatively small, it is worth noting that the maximum fold amplitude is consistently 

observed during the follicular phase, as previously described using electronic microscopy 

(Yaniz et al., 2006). It has been suggested that the folds in the oviduct could play a crucial 

role in the transport of oocytes and embryos during the fertilization process. These 

oviductal epithelial folds serve to significantly increase the surface area of the epithelium, 

thereby enhancing the likelihood of contact between the oocyte/embryo and the ciliated 

cells within the oviduct (Koyama et al., 2019). Moreover, the specific structure of these 

folds appears to play a key role in alleviating the pressure difference in the oviductal fluid 

before and after the passage of the oocyte/embryo (Koyama et al., 2019). It has been 

observed that the Celsr1 gene controls the proper formation of these oviductal folds, and 

Celsr1-deficient mice present an altered ciliary beating coordination, and aberrant fold 

orientation distribution, even leading to infertility (Shi et al., 2014), presumably due to 

difficulties in the effective transport of oocytes and embryos through the oviduct.  

In the 3D reconstruction of the oviduct, we can observe numerous blind sacs or 

crypts, which are small, pouch-like structures within the oviduct. These anatomical 
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features have been described in pigs (Yaniz et al., 2006) and in other animal species, 

including humans (Castro et al., 2019), ovine (Yániz et al., 2014), marsupials (Bedford 

and Breed, 1994; Rodger and Bedford, 1982), hamster (Smith et al., 1987), bovine (Yániz 

et al., 2000), and moles (Bedford et al., 1999). In some animals, such as shrews, it has 

been suggested that the crypts in the oviduct mucosa may serve the function of 

"sequestering" sperm, thereby preventing polyspermy (Bedford et al., 1997). Meanwhile, 

in other animals like cows (Yániz et al., 2000) or sows (Yaniz et al., 2006), it has been 

proposed that these structures could also collaborate to form the sperm reservoir. Even in 

species like Sminthopsis crassicaudata, a notable reduction in flagellar movement has 

been observed when sperm are within these crypts (Bedford and Breed, 1994). This 

reduction in flagellar activity may represent a regulatory mechanism that helps maintain 

sperm viability while they await the opportunity to fertilize the egg. 

It is not the first time that microCT has been used to characterize the architecture 

of organs such as lungs (Scott et al., 2015), tendons or arteries (Shearer et al., 2016), or 

even to recreate 3D images of breast cancer specimens (DiCorpo et al., 2020). MicroCT 

can generate 3D models that can then be converted into files suitable for 3D printing, thus 

enabling the creation of three-dimensional replicas of those organs (Eltorai et al., 2015). 

This technology has been used to create custom prostheses (Dai et al., 2007), and could 

be used to create models for surgeon planning (Starosolski et al., 2014)   or for educational 

purposes (Shelmerdine et al., 2018).  

The data gleaned from this study possesses significant potential to lay the 

groundwork for the development of a sophisticated 3D printing model. This model would 

be meticulously crafted to encompass the intricate architecture of the organ under 

investigation, such as the oviduct. By meticulously incorporating the detailed structural 
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nuances revealed by the microCT imaging, this 3D printing file would serve as a blueprint 

for creating a physical device that faithfully replicates the natural features of the organ. 

The process of creating such a device entail translating the intricate anatomical 

details captured by microCT into a digital format suitable for 3D printing. This involves 

precisely delineating the various components, such as the mucosal folds, epithelial 

linings, and vasculature, to ensure an accurate representation of the organ's morphology. 

Additionally, factors such as tissue density and composition may also be considered to 

further enhance the realism of the model. 

Once the digital model is refined, it can be translated into a format compatible 

with 3D printing technology. Advanced printing techniques, including additive 

manufacturing processes, can then be employed to fabricate the physical device layer by 

layer. This results in a tangible replica of the organ, faithfully reproducing its intricate 

features and spatial arrangement. The implications of such a 3D-printed device are 

manifold. From a research standpoint, it provides a valuable tool for conducting in-depth 

anatomical studies and biomechanical analyses. Researchers can utilize the device to 

explore various physiological phenomena, simulate pathological conditions, and 

investigate the efficacy of therapeutic interventions. 

The data obtained from this pilot study could potentially serve as a foundation for 

generating a 3D printing file that considers the organ's intricate architecture, thus enabling 

the creation of a device that replicates its natural features. 

In recent years, the interest in this organ has grown, owing to its involvement in 

critical processes such as the formation of the sperm reservoir, sperm capacitation, 

fertilization, and the creation of the optimal environment it provides for the developing 

embryo (Coy et al., 2012; Li and Winuthayanon, 2017). Furthermore, there have been 
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efforts to create scaffolds for in vitro construction of this organ (Ferraz et al., 2017a; 

Ferraz et al., 2020; Xiao et al., 2017), but until now, none have considered its complex 

architecture, often simplifying to a mere tubular structure. 

Recent advancements in 3D printing technology have opened up new possibilities 

in the field of organ-on-a-chip systems (Ferraz and Ferronato, 2023). These innovative 

devices, when combined with microfluidic systems, have the potential to replicate the 

physiology of organs, offering a valuable tool for enhanced studies of organ function and 

disease (Huh et al., 2011). Notably, in recent years, research has shown that conducting 

in vitro fertilization processes within devices mimicking the oviduct can yield superior 

outcomes (Ferraz et al., 2017b; Ferraz et al., 2018). Considering this, the reconstructions 

obtained in this study hold the promise of serving as the blueprint for a 3D-printed device 

that accurately reflects this complex architecture. Furthermore, it would enable the 

conduction of more sophisticated studies on the biophysics of the organ, leading to a 

deeper understanding of its intricate functions. 

The study conducted a comprehensive assessment to determine the most suitable 

segmentation technique for accurately representing the morphological traits of interest. 

This evaluation encompassed various segmentation methods, including automatic, 

interactive, and manual approaches. The challenge of segmentation in biomedical 

imaging, as highlighted in both the existing literature and this experimental investigation, 

predominantly arises from the lack of efficient automated tools. While manual 

segmentation remains a labor-intensive process, particularly in the intricate realm of 

biomedical imaging, automation offers the potential to streamline and expedite this 

crucial aspect of analysis. 
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The complexity of biomedical images, especially when dealing with intricate 

pathologies and clinical cases, underscores the necessity for robust segmentation 

techniques. Conventional clinical practices often encounter limitations in conducting 

thorough diagnostic investigations due to the absence of suitable tools for accurate and 

efficient segmentation. Therefore, the quest for advanced segmentation methods is 

paramount to enhance the precision and efficacy of biomedical imaging analyses, 

ultimately leading to improved diagnostic outcomes and patient care. 

Moreover, it is essential to recognize that the processing of biomedical images 

represents only one facet of a broader continuum in the research and clinical workflow. 

This continuum begins with the acquisition of diagnostic images from experimental 

subjects and culminates in the creation of corresponding 3D-printed anatomical models. 

Here, 3D printing emerges as a transformative technology that bridges the virtual and 

physical realms, enabling the fabrication of tangible prototypes from digital 

representations. 

In summary, the pursuit of optimal segmentation techniques in biomedical 

imaging is crucial for advancing both research and clinical practice. By addressing the 

challenges inherent in segmentation, such as automation and accuracy, researchers and 

clinicians can harness the full potential of biomedical imaging to enhance diagnostic 

precision, therapeutic efficacy, and patient outcomes. Additionally, the integration of 3D 

printing technology further amplifies the impact of biomedical imaging by translating 

virtual data into tangible assets with diverse applications in research, education, and 

clinical care. In this context, 3D printing represents a transformative technology that 

facilitates the conversion of virtual models into physical prototypes. These prototypes, 

capable of faithfully reproducing even the most intricate shapes and geometric features, 

serve as a gateway to novel research endeavours grounded in real biomedical images. 
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Conclusions 

• The presence of PEGDA500 in the culture media or its exudate, as well as the 

exudate from PEGDA200 material during IVF, has detrimental effects on bovine 

embryo development. 

• Although parameters in embryo development, such as cleavage or blastocyst rate 

at days 7 and 8, do not seem to be affected when PEGDA PhotoInk or its exudates, 

PLA or its exudates, PCL or its exudates, or PEGDA200 material are present 

during in vitro fertilization (IVF), the principal component analysis (PCA) 

including total cell number (TCN), inner cell mass/trophectoderm (ICM/TE), and 

apoptotic cell rate (ACR), suggests that PCL is the most suitable material for 

constructing a new 3D printed IVF device. This conclusion is substantiated by the 

observation that both its rinse group and scaffold group exhibit the closest 

resemblance to the control group. 

• MoS2/CT nanoflakes at different concentrations do not provoke negative effects 

on sperm and do not have a negative impact for IVF.  

• The presence of CT at 0.1 ppm concentration during capacitation and boost their 

fertilizing ability. 

• MicroCT images has proven to be a useful tool to create 3D reconstruction of 

paraffin-embedded oviduct. The reconstruction faithfully reflects the anatomical 

reality, providing a detailed and accurate representation of the oviduct's internal 

structure. This reconstruction could serve as a solid foundation for the 

development of a 3D-printed oviduct, ensuring precision and authenticity in 

replicating the internal architecture of the oviduct.
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Supplementary Materials S1. CTRL group flow cytometry analysis after 0, 1.5 

of capacitation. 
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All full-length membranes and immunoblotting images from three independent 

experiments. 

 

 

Supplementary Figure S1. Representative image of a membrane prior to hybridization. 

Blots used were mini size. This figure shows a membrane after Ponceau staining and prior 

to the incubation with the corresponding antibody 
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Supplementary Figure S2. Three representative blots with full-length membranes and 

membrane edges for anti-phospho-pKa antibody (Cell Signaling, Leiden, The Netherlands) 

and anti-phosphotyrosine antibody (Merck Millipore, USA). Left: molecular weight; middle: 

PKA activity and right: tyrosine phosphorylation patterns. 
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Advancing bovine in vitro
fertilization through 3D printing:
the effect of the 3D printed
materials

Ramses Belda-Perez1,2, Sonia Heras2, Costanza Cimini1,
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Alessia Colosimo1, Bianca Maria Colosimo4, Silvia Santoni4,
Barbara Barboni1, Nicola Bernabò1,3 and Pilar Coy2*
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Teramo, Teramo, Italy, 2Physiology of Reproduction Group, Department of Physiology, Faculty of
Veterinary Medicine, International Excellence Campus for Higher Education and Research (Campus Mare
Nostrum), University of Murcia, Murcia, Spain, 3Institute of Biochemistry and Cell Biology (CNRIBBC/
EMMA/Infrafrontier/IMPC), National Research Council, Rome, Italy, 4Department of Mechanical
Engineering, Politecnico di Milano, Milano, Italy

Nowadays there is an increasing demand for assisted reproductive technologies
due to the growth of infertility problems. Naturally, fertilization occurs in the
oviduct, where the oviductal epithelial cells (OECs) secrete many molecules that
affect the embryo’s metabolism and protect it from oxidative stress. When the
OECs are grown in 3D culture systems, they maintain a great part of their
functional characteristics, making them an excellent model for in vitro
fertilization (IVF) studies. In this work, we aimed to evaluate the suitability of
different 3D-printing processes in conjunction with the corresponding set of
commercially available biomaterials: extrusion-based processing using
polylactic acid (PLA) and polycaprolactone (PCL) and stereolithography or
digital-light processing using polyethylene-glycol-diacrylate (PEGDA) with
different stiffness (PEGDA500, PEGDA200, PEGDA PhotoInk). All the 3D-
printed scaffolds were used to support IVF process in a bovine embryo assay.
Following fertilization, embryo development and quality were assessed in terms
of cleavage, blastocyst rate at days 7 and 8, total cell number (TCN), inner cell
mass/trophectoderm ratio (ICN/TE), and apoptotic cell ratio (ACR). We found a
detrimental effect on cleavage and blastocyst rates when the IVF was performed
on any medium conditioned by most of the materials available for digital-light
processing (PEGDA200, PEGDA500). The observed negative effect could be
possibly due to some leaked compound used to print and stabilize the scaffolds,
which was not so evident however with PEGDA PhotoInk. On the other hand, all
the extrusion-based processable materials did not cause any detrimental effect
on cleavage or blastocyst rates. The principal component analysis reveals that
embryos produced in presence of 3D-printed scaffolds produced via extrusion
exhibit the highest similarity with the control embryos considering cleavage,
blastocyst rates, TCN, ICN/TE and ACR per embryo. Conversely, all the photo-
cross linkable materials or medium conditioned by PLA, lead to the highest
dissimilarities. Since the use of PCL scaffolds, as well as its conditioned medium,
bring to embryos that are more similar to the control group. Our results suggest
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that extrusion-based 3D printing of PCL could be the best option to be used for
new IVF devices, possibly including the support of OECs, to enhance bovine
embryo development.

KEYWORDS

IVF, bovine, embryo culture, biomaterials, PCL, PEGDA, PLA

1 Introduction

In recent years, the demand for artificial reproductive
technologies (ARTs) is growing due to an increase in infertility,
which already affects 15% of couples of reproductive age and
continues to rise every year (Assidi, 2022). The high number of
infertile couples, together with reproductively healthy ones seeking
to prevent genetic diseases in their offspring, have contributed to
an increase in the proportion of children born through ARTs in
Europe, from 2.3% (De Geyter et al., 2020) to 3.5% (Gliozheni
et al., 2022) in just 3 years. In human reproduction, a popular
technique is intracytoplasmic sperm microinjection (ICSI)
(Haddad et al., 2021), in which a sperm selected by the
embryologist is directly injected into the ooplasm. With this
technique, positive results are obtained despite the low motility
of the sample or immaturity of the sperm (Palermo et al., 1996).
However, there are main concerns about ICSI for its invasiveness
since it involves the piercing of the membrane. As a result, it could
induce spindle damage or the introduction of contaminating
external material (Verpoest and Tournaye, 2009). Another
option is in vitro fertilization (IVF), where the oocyte and
sperm are co-cultured in the same plate for a certain period so
that penetration occurs without human intervention. Although
IVF has been associated with an increased risk of congenital
diseases or developmental delay (Waynforth, 2018), this method
is considered the most physiological, since the spermatozoa
penetrates the oocyte by itself. In addition, the scientific
community is increasingly concerned about the potential long-
term effects of ARTs (Sunde et al., 2016; Fleming et al., 2018). It is
known that suboptimal in vitro conditions influence the epigenetic
reprogramming of embryos (Canovas et al., 2017; Ferraz et al.,
2018b). In humans, it has been suggested that ARTs may be related
to a higher risk of imprinting disorders such as Beckwith-
Wiedemann (Maher et al., 2003) or Angelman syndrome
(Manipalviratn et al., 2009), although in the latter, it is very
difficult to understand whether these disorders are related
to the couple´s infertility-subfertility problems or to ARTs
(Pérez-Aytés et al., 2017). Moreover, differences in growth in
ARTs-derived offspring in pig (París-Oller et al., 2022) and
human (Ceelen et al., 2009) have also been observed.

All these above-mentioned problems could be solved by
mimicking the physiological environment (i.e., the oviduct). In
this organ, the oviductal epithelial cells (OECs) produce a large
number of molecules that can protect embryos from oxidative
stress and modify their metabolism (Ménézo et al., 2015). Indeed,
two alternative strategies can be used to replicate natural
conditions: 1) the use of reproductive fluid as a culture media
supplement (Canovas et al., 2017) and 2) co-culture of gametes
and embryos with oviductal epithelial cells (OECs) (Ferraz et al.,
2018b). Two-D cultures (where cells grow in a monolayer) are the

most popular for studying the physiology of the oviduct and have
been used in IVF and embryo culture in several species (Kölle
et al., 2020), probably due to their high reproducibility, low cost,
or ease of handling (Costa et al., 2016). Indeed, when these
cultures are used during embryo in vitro production (IVP),
there is an enhanced developmental rate of bovine embryos
(Abe and Hoshi, 1997). However, it has been shown that this
2D culture method is not the best suited for fertilization studies
since the cells dedifferentiate and lose their polarity, morphology,
secretory capacity, and ciliary activity (Ferraz et al., 2017). On the
contrary, when cultured in 3D, these cells retain much of their
natural features (Pennarossa et al., 2021), making them a better
model by keeping gene and metabolic expression closer to the in
vivo context than their 2D counterparts (Anton et al., 2015).
When the physiological environment is mimicked using
microfluidics culture during IVF, it has been shown that the
epigenetic reprogramming of bovine embryos is more similar to
in vivo derived embryos (Ferraz et al., 2018b). All these data are
indicators of the limitations of the 2D culture methods, thus
encouraging researchers to move towards 3D culture systems to
improve the quality of IVP embryos. To achieve this goal, it is
crucial to construct a 3D device in which it is possible to co-
culture differentiated OECs with gametes/zygotes. As a matter of
fact, despite the well-known relevance the oviduct in gamete
maturation/activation, fertilization, and early embryo development,
only a few bioengineering studies have been focused on these female
reproductive structures, so far (Kessler et al., 2015; Xiao et al., 2017;
Ferraz et al., 2018b; Ferraz et al., 2020; Francés-Herrero et al., 2022).

Nowadays, a great variety of 3D printable biomaterials are
commercially available (Santoni et al., 2021). One popular
biomaterial is polylactic acid (PLA), a promising biodegradable
polymer that can be produced from renewable sources like
sugarcane (Li et al., 2020). PLA-scaffolds have excellent
biocompatibility (Shilov et al., 2022), and have been used for
medical purposes in bone (Diomede et al., 2018; Velioglu et al.,
2019) and cartilage regeneration (Rosenzweig et al., 2015). Together
with PLA, polycaprolactone (PCL) is the most common
biodegradable synthetic polymer used in tissue engineering (Arif
et al., 2022), and it has already been employed for bone (Rumiński
et al., 2018), liver (Huang et al., 2007) or skin (Ghosal et al., 2017)
regenerative purposes. Similarly, photo-cross-linkable hydrogels are
widely used, due to their tunable mechanical properties and to their
capability to mimic native extracellular matrix (Lim et al., 2020;
Zhang et al., 2022a). In fact, when viscoelasticity and stiffness
properties of biomaterials can be tuned, this can represent an
additional advantage to create scaffolds mimicking the native
tissues with high resolution and complex architecture. Among
them, polyethylene-glycol-diacrylate (PEGDA) is a synthetic
polymer approved by the Food and Drug Administration (FDA)
(Kim et al., 2022) that has been used in variegate studies, from bone
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(Rajabi et al., 2023) to cartilage (Zhang et al., 2022b) or muscle
(Vannozzi et al., 2018) regeneration. In addition, PEGDA
mechanical properties can be modulated by varying the
molecular weight of the polymer (Nguyen et al., 2012) and it can
be functionalized with cell binding motifs to enable cell adhesion
(Della Sala et al., 2020). Despite the wide range of biomedical
applications in which these materials have been used, no studies
have been carried out so far to test the feasibility of these materials to
construct a 3D-printed device for IVF.

Because of this lack of information, our study aims to evaluate
the biocompatibility of different materials (PLA, PCL,
PEGDA500, PEGDA200, and PEGDA PhotoInk) to support
IVF, using bovine embryo development parameters (cleavage,
blastocyst rates at day 7 and 8). In addition, to assess the
quality of the in vitro produced embryos, we examined three
fundamental parameters (Wydooghe et al., 2014) the cell number/
embryo (TCN), the inner cell mass/trophectoderm (ICM/TE)
ratio, and the apoptotic cell ratio (ACR).

2 Materials and methods

2.1 Experimental design

To evaluate the feasibility of different materials (PLA, PCL,
PEGDA500, PEGDA200, and PEGDA PhotoInk) to support IVF
and their effects on bovine embryo development, three experimental
groups were settled for each of the materials tested:

- Control group: the IVF was performed, without having any
contact with the materials (Figure 1A).

- Rinse group: to assess if these materials could release some
unknown substances that could have adverse effects in IVF or
embryo development, the IVF was carried out in a Fert-TALP
medium conditioned by the scaffold of each material during
24 h (Figure 1B).

- Scaffold group: prior to fertilization, the same scaffold used to
condition the IVF media, was transferred to another well with

FIGURE 1
Experimental design. (A) IVF in normal Fert-TALPmedium, without conditioning or scaffold, (B) IVF in Fert-TALPmedium conditioned by scaffold for
24 h, and (C) IVF performed in presence of the rinsed scaffold.
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new media and the IVF was performed in the presence of the
scaffold (Figure 1C).

The number of oocytes was n = 2892 distributed for each group as
follows: n = 585 for control, n = 297 for scaffold PCL, n = 293 for rinse
PCL, n = 196 for scaffold PLA, n = 201 for rinse PLA, n = 131 for
scaffold PEGDA500, n = 143 for rinse PEGDA500, n = 248 for
scaffold PEGDA200, n = 256 for rinse PEGDA200, n = 269 for
scaffold PEGDA PhotoInk, n = 273 for rinse PEGDA PhotoInk. We
carried out 11 replicates, the control group was present in every single
replicate, while PCL material was present in 6 of them, the PLA
material in 4, the PEGDA500 material in 3, and the PEGDA200 and
PEGDA PhotoInk materials were present in 5 replicates.

2.2 Culture media reagents.

All chemicals were purchased from Sigma-Aldrich Quimica,
S.A. (Madrid, Spain) unless otherwise indicated.

2.3 3D printing materials

3D printed structures were produced to test the biocompatibility
of the material and the effect of the 3D architecture on cells. All
structures were designed using SolidWorks software (Dassault
Systèmes SE, Vélizy-Villacoublay, France) and exported as an
STL file. Depending on the printer used, the STL file was directly
loaded on the printer or sliced using PrusaSlicer (Prusa Research,
Prague, Czech Republic) to obtain the gcode file.

The 3D models were printed using different materials with
different stiffness (Table 1) and 3D printing methods. PLA
filaments were purchased from Sharebot, Italy; PCL pellet
(Mn = 50.000 g/mol), PEGDA200, PEGDA500, and PEGDA
Photoink were purchased from Cellink, Sweeden. PLA
filaments were printed via extrusion-based processing (FFF,
Fused Filament Fabrication) using a Sharebot 42 3D printer
(Sharebot, Italy) with a 0.4 mm diameter nozzle. PCL
(CELLINK, Gothenburg, Sweden) structures were 3D printed
using a BioX, a pneumatic extrusion-based 3D bioprinter
(CELLINK, Gothenburg, Sweden) using a 0.4 mm nozzle, a
pressure of 180 kPa, a velocity in a range 15–20 mm/s, and a
temperature of 180°C according to suggested printing protocol.
PEGDA500 Photoink, PEGDA200 Photoink, and PEGDA
Photoink hydrogels (listed in decreasing order of stiffness)
were 3D printed using a LumenX bioprinter based on

stereolithography via digital light processing (CELLINK,
Gothenburg, Sweden) considering a 50 µm layer height for the
slicing and 20 mWatt/cm2 power, 3x as first layer time scale factor,
and a variable time of 2/3/12 s depending on the formulation,
respectively, according to printing protocol.

2.4 Material sterilization

PLA, PCL, PEGDA500, PEGDA200, and PEGDA PhotoInk
were sterilized following the manufacturer’s instructions.
Briefly, they were immersed in 70% ethanol for 5 min, then
submerged twice in PBS (30 min each), and finally washed for
24 h with Fert-TALP (Parrish et al., 1986) culture medium
supplemented con 175 U/mL heparin, 6 mg/mL BSA, 0.20 mM
Na-pyruvate and 50 μg/mL gentamicin. Fert-TALP medium
consisted of 114 mM sodium chloride, 3.2 mM potassium
chloride, 0.3 Mm sodium phosphate monobasic monohydrate,
10 mM sodium lactate, 2.0 mM calcium chloride dihydrate,
0.5 mM magnesium chloride hexahydrate and 25 mM sodium
bicarbonate.

2.5 In vitro maturation

Ovaries from 1 year old cows were transported from the local
slaughterhouse to the laboratory in physiological saline solution
(0.9% w/vol) supplemented with 100 mg/L kanamycin sulfate at
38.5°C within two hours of slaughter. Once in the laboratory, the
ovaries were washed with a 0.04% cetrimide solution and twice
with saline. In vitro maturation was performed as previously
described (Lopes et al., 2019) with minor modifications. Briefly,
follicles between 2- and 8-mm diameter were aspirated. Only
Cumulus-Oocyte Complexes (COCs) with at least three
cumulus cell layers and with a homogeneous cytoplasm were
selected and then washed three times in handling medium,
consisting of TCM 199 supplemented with 4.2 mM sodium
bicarbonate, 10 mM HEPES, 2 mM glutamine, 1% w/v polyvinyl
alcohol, 50 IU/mL penicillin and 50 μg/mL streptomycin.
Subsequently, COCs were washed once in a maturation
medium, consisting of TCM 199 (with Hanks’ salts)
supplemented with 4.2 mM sodium bicarbonate, 2 mM
glutamine, 50 IU/mL gentamicin, 10% v/v of bovine follicular
fluid (BFF, NaturARTs-BFF, Embryocloud, Murcia, Spain),
10 IU/mL equine chorionic gonadotropin (Foligon, Intervet
International BV, Netherlands) and 10 IU/mL human chorionic
gonadotropin (Veterin Corion, Divasa Farmavic, Spain) and
incubated in 500 μL of maturation medium in groups of
50–55 COCs in a four well dish at 38.5°C with a humidity-
saturated atmosphere with 5% CO2 for 22 h.

2.6 In vitro fertilization

After maturation and 30 min before IVF, the oocytes were
washed once in Fert-TALP medium supplemented con 175 U/mL
heparin, 6 mg/mL BSA, 0.20 mM Na-pyruvate and 50 μg/mL
gentamicin. For fertilization, frozen-thawed semen from three

TABLE 1 Hardness of different materials (PLA, PCL, PEGDA500, PEGDA200, and
PEGDA PhotoInk) expressed by Young’s modulus.

Material Young modulus Source

PLA 3,000 MPa Manufacturer (Sharebot)

PCL 370 MPa Scocozza et al. (2023)

PEGDA500 500 KPa Manufacturer (Cellink)

PEGDA200 200 KPa Manufacturer (Cellink)

PEGDA PhotoInk 50 KPa Manufacturer (Cellink)

Frontiers in Bioengineering and Biotechnology frontiersin.org04

Belda-Perez et al. 10.3389/fbioe.2023.1260886

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1260886


bulls of proven fertility was used. The straw was thawed in a water
bath at 38.5°C for 30 s. Once thawed, a Bovipure gradient (Nidacon,
Sweden) was performed, centrifuging at 300 g for 10 min and
removing the supernatant. Before insemination, sperm cells were
washed once inmodified Sperm-TALPmedium (Parrish et al., 1988)
(114 mM sodium chloride, 3.2 mM potassium chloride, 0.3 Mm
sodium phosphate monobasic monohydrate, 10 mM sodium
lactate, 2.0 mM calcium chloride dihydrate, 0.5 mM magnesium
chloride hexahydrate, 25 mM sodium bicarbonate and 10 mM
HEPES) supplemented with 6 mg/mL BSA, 1.0 mM Na-pyruvate
and 50 μg/mL gentamicin, by centrifuging at 300 g during 3 min and
removing the supernatant. Insemination was performed in medium
conditioned by the scaffold, in the presence of scaffold and in fresh
medium, in a final concentration of 1 × 106 spz/mL. Oocytes were
coincubated with the spermatozoa for 22 h at 38.5°C with a
humidity-saturated atmosphere with 5% CO2.

2.7 Embryo culture

Twenty-two hours after insemination, the presumptive zygotes
were moved into a 15 mL Falcon tube with a handling medium and
vortexed for 4 min for decumulation. Zygotes were then washed
once in Synthetic Oviductal Fluid medium (SOF) (Holm et al., 1999)
and transferred into 50 μLmicrodrops of the samemedia covered by
paraffin oil (Nidoil, Nidacon) in groups of 25 embryos per drop and
cultured during 8 days at 38.5°C, 5% CO2 and 5% O2. Evaluation of
embryo development occurred 48 h post insemination as the
percentage of cleaved embryos out of presumptive zygotes, and at
7 and 8 days post insemination (dpi). In this study, only embryos
with quality 1–2 according to the criteria of the International
Embryo Technology Society (IETS) (summarized in Bó and
Mapletoft, 2013) have been considered.

2.8 Differential apoptotic staining

To assess the total cell number (TCN), the inner cell mass/
trophectoderm ratio (ICM/TE), and the apoptotic cell ratio (ACR),
differential staining was performed as described previously
(Wydooghe et al., 2011) with minor modifications. Briefly, day
8 blastocysts were fixed in 4% paraformaldehyde for 20 min at RT
and conserved in 2% paraformaldehyde at 4°C until the moment of
staining. The embryos were permeabilized with 0.5% Triton-X and
0.05% Tween in PBS overnight at 4°C. On the second day, blastocysts
were washed three times for 10 min in PBS containing 0.5% BSA
(washing solution). Subsequently, the DNA of the cells was denatured
with 2N HCl for 20 min followed by 100 Mm trisHCL (pH = 8.5) for
10 min. After denaturation, the embryos were washed three times in
washing solution and transferred to blocking solution (10% goat
serum and 0.05% tween in PBS) overnight at 4°C. After blocking,
the blastocysts were washed three times in washing solution and
incubated in ready-to-use mouse anti-CDX2 primary antibody
(Biogenex, San Ramon, United States) for overnight at 4°C, while
two embryos remained in blocking solution as negative control. After
this incubation, test embryos were washed three times in washing
solution and incubated 1:500 dilution of rabbit anti -active caspase-3
primary antibody (Cell Signaling Technology, Leiden, Netherlands) in

blocking solution overnight at 4°C. On the last day, all blastocysts
(negative and test) were washed three times for 10 min in washing
solution, and incubated with 1:100 goat anti-mouse TRICT (Abcam,
Cambridge, United Kingdom) in blocking solution for 1 h at RT. After
another three-wash step, the embryos were incubated in 1:200 goat
anti-rabbit FITC secondary antibody (Abcam, Cambridge,
United Kingdom) in blocking solution for 1 h at RT. Finally, the
blastocysts were washed, stained with Hoechst 33342 for 15 min,
washed for the last time, mounted in Dabco (1,4-Diazabicyclo[2.2.2]
octane solution), and evaluated under fluorescence microscopy
(Eclipse Ti Series, Nikon, Japan). A representative image of
embryo was taken using Nikon A1r laser confocal scanning
microscope.

2.9 Statistical analysis

For statistical analysis, GraphPad Prism 8 Software (La Jolla, CA,
United States) was used. Data were checked for normal distribution
with Shapiro-Wilk normality test prior to perform the comparison
with parametric tests. In all cases the differences among groups were
considered statistically significant when p < 0.05.

For Principal Component Analysis, Past 4.13 (Oslo, Norway) was
used to evaluate the effect of different materials on Cleavage, blastocyst
rate at day 7, blastocyst rate at day 8, TCN, ICM/TE and AC ratio.

FIGURE 2
Effect of different materials on the percentage of cleaved
embryos. The histograms show the cleavage rate when the IVF was
performed with an unconditioned medium (CTRL), with medium
conditioned by each material (rinse groups) or when different
scaffolds were present (scaffold groups). The data show significant
differences (p < 0.05) in CTRL vs. Scaffold PEGDA500, CTRL vs. Rinse
PEGDA500 and CTRL vs. Rinse PEGDA200. The data are presented as
the mean ± SD of 11 independent experiments. Data were analyzed
using Dunnett’s test. **p < 0.01, ***p < 0.005, ****p < 0.0001 versus
control.
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3 Results

3.1 Effect of the different materials on
cleavage

We observed a significant lower cleavage rate in rinse
PEGDA500 (45% ± 15%), scaffold PEGDA500 (50% ± 23%), and
rinse PEGDA200 (63% ± 8%) groups vs. CTRL group (84% ± 8%),
while we did not observe any difference between the cleavage rate of
rinse PCL (82% ± 10%), scaffold PCL (80% ± 10%), rinse PLA
(77% ± 7%), scaffold PLA (81% ± 6%), scaffold PEGDA200 (73% ±
11%), rinse PEGDA PhotoInk (71% ± 14%) or scaffold PEGDA
PhotoInk (77% ± 10%) compared to the control (Figure 2).

3.2 Effect of the different materials on
blastocyst rate at day 7

Compared to the CTRL group (23% ± 6%), blastocyst rates were
significantly lower (p < 0.05) in the rinse PEGDA500 (4% ± 4%),
scaffold PEGDA500 (7% ± 7%), and rinse PEGDA200 (8% ± 7%)
groups on day 7 (Figure 3). The scaffold PCL group had a 25% ± 10%
blastocyst yield, which was not statistically different (p > 0.05) vs. the
CTRL, while scaffold PLA (17% ± 7%), scaffold PEGDA200 (14% ±
7%), and scaffold PEGDA PhotoInk (16% ± 4%) showed similar
blastocyst rates. On the other hand, rinse groups have decreased

embryo development compared to control but not significantly less
than their scaffold groups, being 18% ± 4% for rinse PCL, 13% ± 4%
for rinse PLA, and 16% ± 7% for rinse PEGDA PhotoInk (Figure 3).

3.3 Effect of the different materials on
blastocyst rate at day 8

Blastocyst rate at day 8 were significantly lower in rinse PEGDA500
(6% ± 6%), scaffold PEGDA500 (10% ± 9%), and rinse PEGDA200
(12% ± 9%) groups vs. CTRL group (25% ± 6%). On the scaffold’s
groups, we had not statistical differences (p> 0.05) for blastocyst yield in
the scaffold PCL group with 29% ± 8%, while the scaffold PLA (14% ±
2%), scaffold PEGDA200 (20% ± 9%) and scaffold PhotoInk (19% ±
5%) groups showed similar blastocyst rates. In addition, rinse groups
did not present significant differences vs. the CTRL, being the blastocyst
rates 22% ± 6% for rinse PCL, 14% ± 2% for rinse PLA, and 17% ± 11%
for rinse PEGDA PhotoInk (Figure 4).

3.4 Principal component analysis of the
different materials considering all variables
studied

The total cell number, the trophectoderm and the apoptosis
were evaluated under fluorescence microscopy (Figure 5) and the

FIGURE 3
Effect of different materials on blastocyst rate at day 7. The
histograms show the blastocyst rate at day 7 when the IVF was
performed with unconditioned medium (CTRL), with medium
conditioned by each material (rinse groups) or when different
scaffolds were present (scaffold groups). The data show significant
differences (p < 0.05) in CTRL vs. Scaffold PEGDA500, CTRL vs. Rinse
PEGDA500 and CTRL vs. Rinse PEGDA200. The data are presented as
the mean of 11 independent experiments. Data were analyzed using
the Dunnett’s test. **p < 0.01, ***p < 0.005 versus control.

FIGURE 4
Effect of different materials scaffolds on blastocyst rate at day 8.
The histograms show the blastocyst rate at day 8 when the IVF was
performed with unconditioned medium (CTRL), with medium
conditioned by each material (rinse groups) or when different
scaffolds were present (scaffold groups). The data shows significant
differences (p < 0.05) in CTRL vs. Scaffold PEGDA500, CTRL vs. Rinse
PEGDA500 and CTRL vs. Rinse PEGDA200. The data are presented as
mean of 11 independent experiments. Data were analyzed using the
Dunnett’s test. *p < 0.05, **p < 0.01 versus control.
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FIGURE 5
Representative confocal image of blastocyst at day 8. Fluorescent image of differential apoptotic staining (A–D). At day 8, bovine blastocysts were
fixed, dyed with Hoechst 33342 for nuclei (B), immune-stained for CDX2 for the trophectoderm (C), and for active caspase-3 for the apoptosis (D). In (A)
an overlay (B–D) is provided.

FIGURE 6
Principal component analysis performed by assessing the different parameters studied (Cleavage, blastocyst rate at days 7 and 8, TCN, ICM/TE and
ACR). Principal component analysis shows no separation among groups. However, we observed that the closest groups to control are scaffold PLA,
scaffold PCL and rinse PCL.
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ICM/TE ratio and ACR were calculated. Since we studied several
biological factors (cleavage, blastocyst rate at day 7 and 8, TCN,
ICM/TE ratio and ACR), we used the Principal Component Analysis
(PCA) as a multivariable analysis to simplify the data analysis and
interpretation by reducing the complexity (Jollife and Cadima,
2016a). This analysis allows to reduce the amount of information
needed since the system works with more compact representation of
the data by retaining the relevant information and highlighting the
underlying patterns and structures (Jollife and Cadima, 2016b) PCA
showed how the scaffold PCL, rinse PCL, scaffold PLA and control
groups were more similar among them than to the other groups
(scaffold PEGDA500, rinse PEGDA500, rinse PEGDA200, scaffold
PEGDA200, rinse PLA, rinse PhotoInk and scaffold PhotoInk)
(Figure 6).

4 Discussion

In the present study we performed a bovine embryo assay to
evaluate the potential toxicity of PLA, PCL, PEGDA500,
PEGDA200, and PEGDA PhotoInk biomaterials in the embryo
IVP during IVF. In addition, we tested not only different
materials but also different printing methods, using for each
material the most suitable method for the scaffold construction
needs. We chose this animal model since it has already been used for
embryo assay (Ieda et al., 2018) and it represents a valuable model
for IVF improvement trials (Ménézo and Hérubel, 2002). It is also
well-known that IVP produces suboptimal embryos with a lower
yield of blastocysts and lower developmental capacity than their in
vivo counterparts (Heras et al., 2016; Canovas et al., 2017; Ferraz
et al., 2018b).

The first step in producing a device that could improve the IVP
is the choice of biomaterial. All the materials we propose have been
used in cell culture and have shown a good biocompatibility (Eslahi
et al., 2013; Biagini et al., 2021; Di Berardino et al., 2022; Testore
et al., 2022). However, as the cytotoxicity of the materials such as
PLA (Biagini et al., 2021) could be different according to the cell
types, the biocompatibility should be tested in regard to gametes,
zygotes and embryos.

Our results suggest that the only material that has toxic effects is
PEGDA500. This material had detrimental effect on bovine embryo
development, promoting lower cleavage and lower blastocyst rate at
day 7 and 8. This is an unexpected effect since PEGDA hydrogels
have been suggested as effective candidates to carry out studies for
embryogenesis and organogenesis due to their low cost, high
reproducibility, and ease fabrication (Hribar et al., 2015). This is
not the first time that biomaterials have shown unexpected negative
effects when in contact with embryos. MacDonald et al. (2016)
showed that VisiJet Crystal material (belonging to the strictest class
for plastic biocompatibility) had a detrimental effect on zebrafish
embryos (MacDonald et al., 2016). The materials E-shell200 and
E-shell300 have also shown a deleterious effect on bovine embryo
development, even having been considered biocompatible according
to ISO 10993 (Ferraz et al., 2018a). Furthermore, we must take into
consideration the eventuality that our materials might not be exactly
the same in chemistry as those used in previously works, since the
full chemical composition may vary from one company to another.
Another plausible factor could be the fact that in the 3D printed

scaffolds could be found some residues of toxic compounds that
have been used to stabilize and print the devices. Indeed, several
studies have observed that different chemical species are leaked by
3D-printed scaffolds (Oskui et al., 2016; Ferraz et al., 2018a).

Additionally, we detected significant differences between the
rinse group of PEGDA200 and CTRL group, but no differences
when PEGDA200 scaffolds were compared to the controls. This
result suggests that the PEGDA200may require longer washing than
the other PEGDA hydrogels, since this type of scaffold had no
detrimental effects on embryo development during IVF after being
washed for 24 h and rinsed for another 24 h. However, all these
hydrogels might not be the best option for the IVF device
manufacturing because they were very fragile, and their rupture
could be a relevant inconvenience during sterilization and handling.

Conversely, neither PLA nor PCL have shown detrimental
effects on cleavage and blastocyst rate parameters. The PLA
synthetic polymer has been suggested as an optimal candidate for
scaffold fabrication due to its high biocompatibility, low cost, and
mechanical properties (Serra et al., 2013; Di Prima et al., 2016). To
our knowledge, this is the first study testing those materials to
support bovine IVF, showing high biocompatibility. This is an
expected result since both PLA and PCL biomaterials have been
used in an emerging field called REPROTEN, the discipline that
applies tissue engineering to restore fertility (Amorim, 2017). It has
been shown that PLA is a suitable material to create a nanofiber
scaffold that enhance the in vitro cluster formation of mouse
spermatogonia stem cells, allowing their proliferation and
differentiation (Eslahi et al., 2013; Ghorbani et al., 2019). As well,
PCL has been used to culture spermatogonia stem cells (Talebi et al.,
2019; Ghorbani et al., 2022), obtaining the same successful results as
PLA. Furthermore, recent works have used PCL scaffolds as devices
to carry out folliculogenesis in sheep (Di Berardino et al., 2022) and
pig (Liverani et al., 2019).

We observed worse results with the increase of the PEGDA
material stiffness (PEGDA Photoink vs PEGDA200 vs. PEGDA500).
Previously, it has been shown that the stiffness of different substrates
can affect in vitro embryo development in mice (Kolahi et al., 2012),
but in our case the lower efficiency could be due to the chemistry
employed to promote higher stiffness of the material, since even
when the scaffold is absent during IVF, the rinse groups showed
lower efficiency. One possible explanation for the worse
performance of the rinse groups could be that the scaffolds
release toxic compounds during the rinse period culture, so when
the scaffolds are used during IVF the release of these toxic chemicals
is much lower or absent. However, to confirm this hypothesis mass
spectrometry analysis should be performed.

Altogether, these data suggest that the materials printed with
stereolithography (PEGDAs) are less biocompatible than extrusion-
printed materials (PLA and PCL). On the other hand, the TCN, the
ICM/TE ratio and the ACR are three important parameters of
embryo quality and in recent years, several studies have shown
that the rate of ICM/TE is a strong predictor of live birth (Ai et al.,
2021; Sivanantham et al., 2022). When we analyzed all these
parameters, the principal component analysis (PCA) showed that
the embryos produced in presence of PLA and PCL scaffolds are the
most comparable to the control group. Regarding the PCL
biopolymer, the rinse and the scaffold groups are both closer to
the control ones, in terms of the analyzed parameters. While a
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different situation using the PLA biomaterial has been observed,
since the scaffold group exhibited similar behavior to the control,
contrary to the rinse group of the same biopolymer. For this reason,
we consider PCL as the most suitable material for in vitro bovine
embryo production.

Considering that we have not identified any negative effects on
bovine embryo development when PCL is present during IVF, its
implementation in the construction of a device compatible with
microfluidics systems becomes a promising possibility. The
combination of these microfluidics systems with the above-
mentioned devices could allow the creation of an in vitro model
of the oviduct (Romar et al., 2019). This innovative application could
have a significant impact on the research and understanding of
sperm selection by mimicking rheotaxis, chemotaxis and
thermotaxis (Pérez-Cerezales et al., 2018; Ramal-Sanchez et al.,
2021), fertilization and early development processes, providing a
controlled and reproducible environment for experimental studies,
without jeopardizing early embryo development.

In conclusion, the utilization of PCL in the construction of an
IVF device holds great promise for the improvement of ARTs in the
near future. However, further research and development are
necessary to test the biocompatibility with OECs, optimize the
design and functionality of this PCL-based IVF devices, ensuring
their long-term effectiveness and safety. Nonetheless, the outcomes
of our study strongly support the potential of the PCL biomaterial
and open the way for advancements in the field of ARTs.
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Abstract: Nowadays, the adoption of In Vitro Fertilization (IVF) techniques is undergoing an impres-
sive increase. In light of this, one of the most promising strategies is the novel use of non-physiological
materials and naturally derived compounds for advanced sperm preparation methods. Here, sperm
cells were exposed during capacitation to MoS2/Catechin nanoflakes and catechin (CT), a flavonoid
with antioxidant properties, at concentrations of 10, 1, 0.1 ppm. The results showed no significant
differences in terms of sperm membrane modifications or biochemical pathways among the groups,
allowing the hypothesis that MoS2/CT nanoflakes do not induce any negative effect on the pa-
rameters evaluated related to sperm capacitation. Moreover, the addition of CT alone at a specific
concentration (0.1 ppm) increased the spermatozoa fertilizing ability in an IVF assay by increasing
the number of fertilized oocytes with respect to the control group. Our findings open interesting
new perspectives regarding the use of catechins and new materials obtained using natural or bio
compounds, which could be used to implement the current strategies for sperm capacitation.

Keywords: molybdenum disulfide; catechins; spermatozoa; sperm capacitation; in vitro fertilization

1. Introduction

In vitro fertilization (IVF) is one of the most used assisted reproductive techniques,
aimed at overcoming fertility problems, either in zootechnics or for human purposes. In
this process, an egg is combined with spermatozoa in vitro, after the acquisition of their
fertilizing potential in a process commonly known as capacitation.

Recently, the use of non-physiological materials is gaining ground in the reproductive
field as a support for the implementation of IVF techniques. For instance, previous studies
demonstrated a significant improvement in the fertility outcomes when sperm cells were
exposed to graphene oxide (GO) during capacitation in different animal models such as
swine, bovine and mouse. This effect could probably be ascribed to the extraction of choles-
terol from the sperm membrane thus inducing an intense lipid membrane remodeling [1–3].
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Among non-physiological materials and naturally derived compounds, molybdenum disul-
fide (MoS2) and catechin stand out as interesting candidates to characterize the effects of
their exposure on reproductive function.

MoS2 is a member of the transition metal dichalcogenides (TMDs) family, which are
layered materials with a structure consisting of overlapped layers held together by Van der
Waals forces. Each sheet possesses a wafer-like structure with a central hexagonal layer of
metal atoms sandwiched in a double layer of chalcogen atoms [4]. MoS2 is characterized
by both a peculiar nanostructure and chemistry that has commenced to be employed
in different fields, including catalysis, electrochemistry and an ever increasing use in
biological/biomedical applications [5–7]. TMDs’ features are strictly dependent on the
nanoscale reduction strategy and despite the impressive advancements achieved during
the last years, their use for biological/biomedical applications is often limited by their
scarce dispersibility in water and/or the need for toxic or pollutant chemicals for their
synthesis. It is noteworthy that MoS2 is a 2D graphene-like material and, although the
potential toxicity of TMDs materials has been studied in embryonated eggs [8] and on
human lung carcinoma epithelial cells [9], to the best of our knowledge there are no studies
evaluating the potential effects of TMDs on sperm capacitation.

On the other hand, catechin (CT) is a flavonoid characterized by a high antioxidant
capacity [10], and it has previously been demonstrated that CT supplementation to sperm
storage may have a beneficial effect on sperm motility [11]. Interestingly, CT has proved
to be able to assist the stabilization and synthesis of various nanomaterials, remaining
firmly anchored on their surface and acting as a functional and stabilizing agent [12,13].
In the nanomaterials domain, the dispersion or exfoliation route represents a challenge to
modulate the affinity and dispersibility of the materials in different media, defining the
final material features in terms of structure, dimension and solubility and thus conferring
additional functionalities [4,14–16].

In the present study, we aimed to study the effects of nanoflakes of MoS2 function-
alized with catechins and catechins on swine spermatozoa functional parameters during
capacitation. The term capacitation encompasses a necessary series of events occurring
naturally in vivo and by which spermatozoa undergo a functional modification, ultimately
acquiring their fertilizing ability. While in vivo, sperm cells are free to migrate through
the uterus, bind to the oviductal epithelium and encounter the multiple endocrine stimuli
prior to the meeting with the oocyte [17–19]. In order to improve the current strategies for
sperm capacitation, different concentrations of MoS2/CT and CT were evaluated (10, 1,
and 0.1 ppm). A multiple-step approach was adopted to evaluate the potential effects of
this interaction in terms of: (a) acrosome damage; (b) membrane disorder; (c) biochemical
patterns (PKA activity and tyrosine phosphorylation patterns); (d) intracellular calcium
concentration; and (e) mitochondrial activity. As a functional test, finally an IVF assay was
performed to assess the sperms’ fertilizing ability.

2. Results and Discussion

Here, the potential effects of MoS2/CT and CT addition during spermatozoa capacita-
tion were analyzed using a swine in vitro model. The swine model has acquired enormous
importance for biomedical research and represents an optimal animal model for the study
of human reproductive events [20–22].

2.1. Preparation and Characterization of Water-Phase Exfoliated MoS2/CT Nanoflakes

As reported in Figure 1, the bulk-MoS2 sonochemical liquid phase exfoliation assisted
by catechin (conducted according to the Section 3 Materials and Methods) allowed a stable
colloidal dispersion of MoS2/CT nanoflakes to be obtained, which was then used for further
experiments. As expected, in the bulk form this TMD possesses crystalline structures
characterized by micrometric sides and thickness (Figure 1B); in this conformation, MoS2
is not dispersible in water. Figure 1C,D show the SEM micrograph of the MoS2 after
exfoliation assisted by catechin (MoS2/CT). The CT-assisted exfoliated MoS2 flakes resulted
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in being significantly smaller when compared to the bulk MoS2, proving a noticeable
exfoliation success. In this conformation, the MoS2/CT is a colloid, stable for more than
1 year (Figure 1C, right). In the SEM magnification of Figure 1D, the MoS2/CT flakes
obtained are visible and are characterized by nano sides. The catechin effectiveness in the
exfoliation of MoS2 was proved in our previous work [12], where the exfoliation strategy
was proposed, optimized, and the nanoflakes obtained were fully characterized. An
average size value of about 153 ± 2 nm was obtained via dynamic light scattering for the
MoS2/CT flakes. It is noteworthy that the same study highlighted an interesting residual
antioxidant potential for MoS2/CT, which was attributed to the MoS2 surface modification
influenced by the catechin, able to bring charges and redox-active moieties.
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Figure 1. (A) Graphical sketch of the MoS2 sonochemical exfoliation assisted by catechin. (1) Bulk
MoS2, (2) catechin structure, (3) sonochemical exfoliation process, (4) MoS2/CT nanoflakes. (B) SEM
micrograph of the bulk-MoS2 (unexfoliated); (C) SEM micrograph of the exfoliated MoS2/CT
(left); picture of the MoS2-CT colloidal water-dispersion (right). (D) SEM magnification of the
MoS2/CT nanoflakes.

Several exfoliation strategies have been proposed for layered materials. Nevertheless,
liquid-phase exfoliation (LPE) has become an affordable and sustainable large-scale strategy
to produce water-dispersed 2D nanomaterials. Two-dimensional nano colloids have been
obtained in water using LPE by employing different surfactants, polymeric structures and
different amphiphilic compounds, which are able to interact with the dispersed/exfoliated
nanostructures mainly via non-covalent interactions [23–25]. Recently, our group has
demonstrated how naturally-derived polyphenols can assist the graphene and group VI
TMDs’ exfoliation in water, acting as stabilizing agents and conferring at the same time
additional features, partially preserving their antioxidant moieties [12,13].

Catechin is a flavonoid with an amphiphilic structure that is naturally present in
different foods, characterized by a high antioxidant capacity and thus associated with
several potential biological functions and health benefits [10]. Thanks to its amphiphilic
structure, catechin can act as a stabilizing agent for nanomaterials’ production and stabi-
lization in water. Catechin has demonstrated an active role in the formation, stabilization
and functionalization of metal nanoparticles, graphene, and nanocomposites. Moreover,
the catechin adhesion on the formed nanomaterials apports additional electrochemical and
antimicrobial features [12,15,26,27], proving to be a useful naturally-derived functional and
stabilizing agent.

The sonochemical preparation in water of the MoS2/CT can be resumed as follow:
(i) the ultrasound energy allows the layers and dimension number/size reductions of
the crystalline bulk-MoS2; (ii) the stabilization/functionalization of the formed MoS2
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nanoflakes is guaranteed by the catechins’ ability to remain attached to the surface of the
produce MoS2 flakes acting as a stabilizing agent. In this case, the catechin carbon skeleton
allows π–π interactions with neo-produced MoS2 flakes, while the CT hydroxyl groups
interact with water via hydrogen bonds allowing the nanoflakes to remain dispersed,
ensuring also charge repulsion among flakes and avoiding layer re-stacking. The ability of
the compounds containing catechol groups, to allow π–π stacking with other π systems
has been already proved by Saiz-Poseu and colleagues (2019) [28] and by Silveri and
colleagues (2021) [13] for graphene; on the other hand, electrochemical studies supported
the hypothesis that the catechol of catechin is attached to the MoS2 nanoflakes but has
antioxidant moieties free to react [12].

The water-dispersible nature of MoS2/CT nanoflakes allowed easy nanomaterial
handling via differential centrifugation. This important feature enables (i) purifying the
exfoliated nanoflakes, (ii) removing the excess supernatant, and (iii) resuspending the
MoS2/CT in the spermatozoa capacitating medium at the desired concentration. This
is a challenge for TMDs exfoliated in organic solvents, which are not water dispersible.
However, different exfoliation strategies in water imply the use of highly toxic or pollu-
tant chemicals [29]. Unlike the extensively studied graphene oxide, which is naturally
dispersible in water, probably the lack of biological studies on spermatozoa with TMDs is
attributable to (i) the difficult manipulation of TMDs in aqueous media, (ii) the low-optimal
TMDs’ exfoliation (studies are often conducted on just roughly dispersed TMDs), (iii) high
toxicity materials produced via conventional approaches.

2.2. MoS2/CT and CT Supplementation Does Not Affect the Acrosome Integrity

The first step to examine the potential impact of MoS2/CT and CT exposure on
spermatozoa was the monitoring of the acrosome damage. Because spermatozoa that have
lost their acrosome are unable to fertilize an egg, depending on the species, the acrosome
reaction (AR) is one of the most important fertilization mechanisms [30].

Acrosome integrity was evaluated at 0 and 1.5 h after in vitro capacitation. As ev-
idenced in Figure 2, after 1.5 h of capacitation in the presence of MoS2/CT and CT the
proportion of acrosome-reacted spermatozoa was similar among the groups, showing no
significative differences (p > 0.05). Thus, it is possible to affirm that MoS2/CT and CT at the
different concentrations tested have no statistically significant effect on acrosome integrity.

2.3. MoS2/CT and CT Supplementation Does Not Modify the Intracellular Calcium Concentration,
Membrane Fluidity and Mitochondrial Activity

Flow cytometry analysis was performed to evaluate the effects of MoS2/CT and CT
supplementations in three different events of sperm capacitation after 1.5 h of incubation in
capacitating conditions: the increase in the intracellular calcium concentration; the sperm
membrane disorder (thus revealing the potential membrane fluidity increase); and the
mitochondrial activity. The results showed no differences in terms of intracellular calcium
concentration, membrane disorder and mitochondrial activity, as graphically illustrated
in Figures 3–5, respectively. Supplementary Materials S1 shows the CTRL group after 0,
1.5 of capacitation.
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Figure 2. Acrosome integrity. The graph shows the percentage of non-reacted spermatozoa after
1.5 h of capacitation for the different experimental groups: CTRL, CT 10 ppm, CT 1 ppm, CT 0.1,
MoS2/CT 10 ppm, MoS2/CT 1 ppm and MoS2/CT 0.1 ppm. A normal acrosome damage rate was
obtained, similar to the control (CTRL) group (p > 0.05). Three independent technical and biological
(from different boars) replicates were performed.

Capacitation status has been associated with changes in the sperm machinery at mem-
brane and cytosolic levels. For instance, the intracellular calcium ([Ca2+]i) homeostasis is a
key element in sperm capacitation and acrosome reaction [31]. In resting conditions, the cal-
cium clearance is tightly regulated by Ca2+ pumps (Ca2+-ATPases), Na+/Ca2+-exchangers,
and Ca2+-channels in the sperm plasma membrane and in intracellular organelles, includ-
ing the acrosome, the redundant-nuclear-envelope (RNE) and the mitochondria [32]. A key
role is attributed to the Catsper channels, which are directly involved in sperm capacitation
producing an influx of Ca2+ as a consequence of their stimulation [33,34]. During capacita-
tion, the [Ca2+]i rises and acts like a second messenger converting extracellular stimuli into
a chemical response involving several molecular systems, such as, protein kinase C (PKC),
protein kinase A (PKA), actin, and many others [35]. At the same time, one of most relevant
events of AR is the very fast surge of [Ca2+]i, following the spermatozoa’s interaction
with the oocyte [35]. Thus, Ca2+ is not only a homeostatic factor and a second messenger
in spermatozoa, but it also controls and modulates the crucial physiological function in
a sperm’s life, as also happens in excitable cells such as neurons, myocardiocytes, and
muscular cells.
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Figure 3. Flow cytometry analysis of intracellular calcium concentration. The graphs show the
frequency of spermatozoa emitting a specific fluorescence intensity, which was subdivided into
intervals ranging from 0 to 20,000 a.u. Capacitation was performed up to 1.5 h. Fluo 4-AM was used
in combination with PI. Three independent technical and biological experiments were performed
(n = 3).

During sperm capacitation, the membrane physicochemical characteristics change,
which is an important aspect to consider since the sperm cytosol is virtually absent, thus
implying a direct contact of the sperm plasma membrane with underlying structures [36].
The sperm head plasma membrane (PM) presents a different composition between the
inner and outer leaflets and this asymmetry is established and maintained by several
translocating enzymes [36,37]. During capacitation, the phospholipid asymmetry is re-
duced and the phospholipids move inward and outward according to their concentration
gradient [38]. The lipid remodeling allows the removal of cholesterol from extracellular
protein, which determines the increase in the ability of the sperm plasma membrane (PM)
and the outer acrosome membrane (OAM) to fuse (fusogenicity), a prerequisite for the
acrosome reaction [39].

Mitochondrial activity is required for several sperm functions [40]. In addition to
contributing to generate ATP, mitochondria act as a hub between the generation of re-
active oxygen species (ROS) and the activation of apoptosis-related pathways [41]. The
result of the capacitation process is the acquisition of fertilizing ability or activating pro-
apoptotic pathways.

Thus, the findings obtained showed no differences in terms of mitochondrial activity,
membrane disorder and intracellular calcium concentration, implying that MoS2/CT and
CT do not exert any affect in these events of sperm capacitation in vitro.
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Figure 4. Flow cytometry analysis of membrane disorder and fluidity. The graphs show the frequency
of spermatozoa emitting a specific fluorescence intensity, which was subdivided into intervals ranging
from 0 to 50,000 a.u. Capacitation was performed up to 1.5 h. DilC-12 was used as a probe. Three
independent technical and biological experiments were performed (n = 3).

2.4. MoS2/CT and CT Supplementation Does Not Influence Sperm pKa Activity and Tyrosine
Phosphorylation Patterns

Flow cytometry was used to analyze the early events of capacitation that lead to PKA
activation and the subsequent tyrosine phosphorylation cascade, which were then analyzed
by Western blot (WB). Sperm protein soluble adenylyl cyclase (sAC) is activated during ca-
pacitation, raising the intracellular pH [42]. As a result, PKA and cAMP levels increase [43]
and cAMP binds to the PKA regulatory subunits, allowing the dissociation of the tetramer
and the activation of the catalytic subunit and thus initiating a cascade of intracytoplas-
mic signaling events [44]. Once released, the catalytic subunits continue their function
phosphorylating a wide range of substrates on the Ser/Thr residues, activating a variety of
protein kinases and/or inhibiting protein phosphatases to increase the phosphorylation
of tyrosine residues either directly or indirectly [30,45] and contributing to reshaping the
global protein phosphorylation pattern. This change occurs either in the flagellum or in
the sperm head, and it appears to be mandatory for a spermatozoon to reach the ability
to fertilize the oocyte [30,45]. While the results show the normal differences between non-
capacitated and capacitated spermatozoa in terms of residues’ phosphorylation, our results
showed no significant differences among the experimental groups. The phosphorylation
patterns obtained were similar for MoS2/CT and CT (10, 1 and 0.1 ppm) with respect to
the control group (Figure 6). All full-length membranes and immunoblotting images from
three independent experiments were added to Supplementary Materials S2.
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Figure 5. Flow cytometry analysis of mitochondrial activity. The graphs show the frequency of
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tion with a near-IR probe. Three independent technical and biological experiments were performed
(n = 3).
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membrane stripping and re-blotting. Blots were cut prior to hybridization. α-tubulin was used as a 
load control. Each of the eight lanes contains 1 × 107 spermatozoa from different animals. At least 
three independent experiments with different animals were performed. 

Figure 6. Western blot analysis of PKA activity and tyrosine phosphorylation patterns. The image
illustrates (A) the PKA activity and (B) the tyrosine phosphorylation patterns after 1.5 h of incubation
under capacitating conditions. Antibodies were incubated on the same blot after membrane stripping
and re-blotting. Blots were cut prior to hybridization. α-tubulin was used as a load control. Each
of the eight lanes contains 1 × 107 spermatozoa from different animals. At least three independent
experiments with different animals were performed.

2.5. CT Supplementation Improves the IVF Outcomes

Finally, IVF was used as a functional test to evaluate the sperms’ acquisition of the
fertilizing ability after the exposure to MoS2/CT and CT at selected concentrations. Since
the analysis of the PKA activity, phosphorylation patterns, acrosome reaction induction,
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mitochondrial activity, membrane fluidity and intracellular calcium concentration revealed
no differences among the groups treated with different concentrations of MoS2/CT and CT
(10, 1, 0.1 ppm), only the lowest concentrations were selected to perform the IVF assay, in
order to minimize any potential risk, as well as the biological material needed.

IVF assays are a valuable tool to assess the sperm fertilizing ability in boar [46,47] due
to the fact that the fertilization rates, the number of polyspermic oocytes and number of
spermatozoa/polyspermic oocytes are related to the capacitation status and fertility of the
semen [48,49]. As observed in Figure 7, the addition of CT alone at a specific concentration
(0.1 ppm) during capacitation increases the spermatozoa fertilizing ability, evidenced by
the increased number of fertilized oocytes and of polyspermic oocytes with respect to the
control group.
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Figure 7. IVF outcomes. Three different groups were subjected to IVF assay: CTRL, CT 0.1 and
MoS2/CT 0.1 ppm. Data are expressed as percentages, showing the number of fertilized oocytes, the
number of polyspermic oocytes and the number of spermatozoa per polyspermic oocyte, comparing
the groups of spermatozoa capacitated in the presence of MoS2/CT and CT (0.1 ppm) to the control
group. Data were analyzed using Dunnett’s test. * p < 0.05 versus control. Four independent
experiments were performed.

Our findings support the evidence from previous studies showing that the addition of
CT to the extender had a positive effect on sperm motility of caprine sperm [11].

This fact allows hypothesizing that the addition of CT might have provided an an-
tioxidant activity, modulating the presence of reactive oxygen species (ROS) in our system.
However, further experiments are needed to decipher the lipoperoxidation level and the
ROS production, among others. The oxidative stress, observed by the excess of ROS, plays
a key role in the life of mammalian sperm. Considering that spermatozoa are very sensitive
to oxidative processes and that they are unable to transcribe and synthesize new proteins,
with a cytosol virtually absent, preventing or fighting the oxidative stress remains hard
to achieve [50]. This situation is aggravated due to the lipid composition of the plasma
membrane, where the concentration of polyunsaturated fatty acids (PUFAs) is higher than
in other cell types. PUFAs are the main target of ROS, and their oxidation culminates
in the generation of cytotoxic aldehydes. Furthermore, the peroxidation of membrane
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lipids leads to a loss of motility and flexibility, causing the loss of all membrane-dependent
functions [50–52]. The major consequence of oxidative stress is the damage of the sperm’s
DNA [50,51].

Even if sperm cells are very susceptible to oxidative stress, low levels of ROS con-
tribute to the full maturation of spermatozoa [50], which is necessary for capacitation,
hyperactivation, acrosome reaction, oocyte fusion and fertilization [53,54]. Furthermore,
there is a leading role in the interaction between ROS and cholesterol, since the oxidation
of a part of cholesterol by ROS leads to the formation of oxysterols that facilitate the re-
moval of cholesterol from the sperm plasma membrane to enhance the sperm membrane
fluidity [55,56].

This study focused on the effect of an innovative material and a naturally derived
compound on the spermatozoa fertilizing ability. Due to the results obtained, it is possible
to affirm that nanoflakes of MoS2/CT at different concentrations (10, 1, 0.1 ppm) do not
induce any negative effect on the sperm parameters related to capacitation evaluated
here. Moreover, CT alone at a specific concentration (0.1 ppm) acts as a helper of sperm
capacitation by improving the IVF results, which could probably be explained by the
balance of the ROS levels. These results open encouraging new perspectives for the
improvement of Assisted Reproduction Technologies (ART), which has experienced an
increase in use during the last decades, both in humans [57] and in animal farming [58]. At
the same time, an improvement in these techniques could fight against the ever increasing
prevalence of numerous pathologies associated with ART-generated embryos, since ARTs
may epigenetically modify gene expression, influencing the long-term development of the
embryo by mechanisms that should still be investigated. For instance, many reports have
shown the increasing prevalence of Angelman syndrome (AS), [59,60] and the phenomenon
of large offspring syndrome in farm animals [61], with a phenotypic similarity to Beckwith–
Wiedemann Syndrome (BWS) in humans [61–63].

3. Materials and Methods
3.1. Chemicals

Unless otherwise stated, all the chemicals were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Milli-Q water was purchased from Millipore (Bedford, MA, USA).

3.2. MoS2 Sonochemical Exfoliation in Water Assisted by Catechin

MoS2 exfoliation assisted by catechin (CT) was conducted according to Rojas and
colleagues (2022) [12] with some modifications. A total of 0.5 g of bulk MoS2 powder
(<2 µm; 99% purity) was placed in 50 mL of a 2.5 mg mL−1 (+)-catechin water solution
(Milli-Q water) and roughly dispersed using a low-power ultrasonic bath. The dispersion
was placed in a steel beaker and subjected to a sonochemical exfoliation treatment using a
Branson SFX550 (550 W, 20 kHz) sonifier. The sonication probe employed was a 13 mm
Ø Branson disruptor horn. Sonochemical exfoliation was conducted at 50% amplitude
using a 5 h pulse program (2 s ON and 1 s OFF), maintaining the temperature below 15 ◦C.
The obtained MoS2/CT dispersion was thus subjected to purification and size selection
via differential centrifugation. The MoS2 not properly exfoliated was precipitated with
centrifugation at 250× g (1 h). In this case, the supernatant was recovered, and the formed
pellet discarded. The MoS2/CT size selection and removal of the exfoliation medium
containing the residual catechin in solution were conducted on the supernatant of the
previous treatment, achieved via a 20,000× g centrifugation (15 min). Then, the supernatant
was removed, and the sediment collected and resuspended in water. The exfoliation yield
was estimated via gravimetry, and MoS2/CT water dispersion and was stored at 4 ◦C in
the dark. MoS2/CT before use was further purified via a 10,000× g centrifugation, where
the supernatant was discarded, and the sediment was recovered in sterile Dulbecco-PBS to
obtain a 200 mg L−1 MoS2-CT working dispersion.

The pristine and exfoliated MoS2 was characterized using a high-resolution scanning
electron microscopy ΣIGMA (Carl Zeiss Microscopy GmbH, Munich, Germany). Solutions
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and materials used for in vitro studies were sterilized before their use and handled under a
sterile hood. Catechin solutions were freshly prepared before use.

3.3. Experimental Groups

For the present work, a total of seven experimental groups were analyzed. Control
group without CT nor MoS2/CT was included (CTRL). Complexes of MoS2 functionalized
with catechin (MoS2/CT) were used at three different concentrations: MoS2/CT 10 ppm;
MoS2/CT 1 ppm; and MoS2/CT 0.1 ppm. These concentrations were stablished based on
the available literature [33] and the absence of a consensus regarding the use of specific
concentrations. As control, catechin alone (CT) was utilized at the same concentrations (CT
10 ppm, CT 1 ppm, CT 0.1 ppm). Finally, Figure 8 schematically illustrates the experimental
design, representing the experimental groups and the analyses performed.
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Figure 8. Experimental design. Spermatozoa were exposed to MoS2 functionalized with catechin at
different concentrations (10, 1, 0.1 ppm), catechin alone at the same concentrations (10, 1, 0.1 ppm) for
1.5 h in capacitation medium, a control group (CTRL) was maintained. Different sperm capacitation
events were analyzed: acrosome damage, membrane fluidity, mitochondrial activity, intracellular
calcium concentration, biochemical phosphorylation patterns and IVF assays.

3.4. Spermatozoa Preparation and Incubation

Spermatozoa were collected and washed following an already standardized proto-
col [64]. Briefly, sperm samples purchased from a specialized company (Società Agricola
Geneetic S.r.l, Castellazzo, Italy) were incubated in a TCM199 medium supplemented with
13.9 mM glucose, 1.25 mM sodium pyruvate, 2.25 mM calcium lactate and 1 mM caffeine
used to induce capacitation in vitro. MoS2/CT and CT dispersions at different concentra-
tions were added to the capacitating medium to obtain the sample groups: CT 10 ppm, CT
1 ppm, CT 0.1 ppm, MoS2/CT 10 ppm, MoS2/CT 1 ppm, and MoS2/CT 0.1 ppm. Sperm
cells were incubated at a final concentration of 1 × 107 cells/mL for 0 or 1.5 h at 38.5 ◦C in
5% CO2 and a humidified atmosphere (Heraeus, Hera Cell). Sperm motility was visually
estimated before the capacitation by light microscopy before each experiment and only
samples with sperm motility > 90% were considered for further analyses.
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3.5. Monitoring MoS2/CT Toxicity on Acrosome Integrity

Acrosome integrity was monitored by using a two stain technique with Hoechst
33,258 and FITC-PSA able to identify alive unreacted and reacted spermatozoa [65]. At
least 100 cells were assessed by fluorescence microscopy in three independent experi-
ments performed at different capacitation times (T0, T1.5), in the following groups: CTRL,
MoS2/CT, and CT treated spermatozoa (10, 1, 0.1 ppm).

3.6. Flow Cytometry Analysis of Intracellular Calcium Concentration, Membrane Fluidity and
Mitochondrial Activity

Flow cytometry analysis was performed to evaluate the differences between the
different sperm groups in terms of: (a) intracellular calcium concentration; (b) sperm
membrane lipid disorder; and (c) sperm mitochondrial activity. For each experiment and
each condition (MoS2/CT 10 ppm; MoS2/CT 1 ppm; and MoS2/CT 0.1 ppm; CT 10 ppm;
CT 1 ppm; CT 0.1 ppm; CTRL), three different biological and technical experiments were
performed at 0 and 1.5 h of capacitation.

After capacitation, sperm cells were placed in a flow cytometry tube and incubated
at RT while gently shaking with: (a) 1 µM Fluo 4-AM (15 min) to study the intracellular
calcium concentration; (b) 1 µM DilC-12 (15 min) to measure the membrane lipid disorder;
and (c) 1 µM Mitotracker Red (30 min) to check the activation of the mitochondria. To
distinguish dead and live spermatozoa, two different stains were used when possible,
depending on the fluorescence emission spectra of the different probes previously stated:
1 µM PI (5 min) was used in combination with Fluo 4-AM, while 1 µL LIVE/DEAD™
Fixable Near-IR Dead Cell Stain Kit (Catalog number: L10119, TermoFisher Scientific,
Waltham, MA, USA) (10 min) was combined with Mitotracker Red. After the incubation
time, 100,000 events/sample were acquired by flow cytometry (FACSCanto, BD Biosciences,
Franklin Lakes, NJ, USA—three laser, eight color configuration). Each reagent was titrated
(8-point titration) under assay conditions; dilutions were established based on achieving
the highest signal (mean fluorescence intensity, MFI) for the positive population and the
lowest signal for the negative population, representing the optimal signal-to-noise ratio,
and stain indexes were calculated. Instrument performances, data reproducibility, and
fluorescence calibrations were sustained and checked by the Cytometer Setup and Tracking
Beads (BD Biosciences). To evaluate non-specific fluorescence, the Fluorescence Minus One
(FMO) control was used. Compensation was assessed using CompBeads and FACSuite
FC Beads (BD Biosciences) and single stained fluorescent samples. Data were analyzed
first using FACSuite v 1.0.5 (BD Biosciences) software, and then FcsWizard Software was
used to convert .fcs data to .csv format in order to perform an exhaustive analysis of
the fluorescence emitted from every single spermatozoon for the various fluorescence
probes [66]. To that, the columns “FCS”, “SSC”, “Fluo-4AM”, “PI”, “DilC12”, “Mito” and
“NIR” with the data from the 100,000 events acquired, were selected and filtered following
these criteria: forward scatter (FCS) between 35,000 and 135,000 arbitrary units (a.u); side
scatter (SSC) between 20,000 and 145,000 a.u; Fluo 3-AM, M540 and Mitotracker Red >0 a.u;
PI between 0 and 30,000 a.u; and near infrared between 0 and 20,000 a.u. Then, data were
treated and subdivided in intervals of fluorescence intensity as follow: 41 intervals for
intracellular calcium (from 0 to 20,000 a.u, 500 a.u range); 101 intervals for membrane
disorder (from 0 to 50,000 AU, 500 a.u range); 61 intervals for mitochondrial activity (from
0 to 30,000 a.u, 500 a.u range). At least 98% of the data fitted within this range.

3.7. Evaluation of Sperm PKA Activity and Tyrosine Phosphorylation Patterns (pTyr) by
Western Blot

To evaluate protein kinase A (PKA) activity and protein tyrosine phosphorylation
pattern (pTyr), at 1.5 h of capacitation, sperm cells were diluted in a sample buffer 5× (5 mM
DDT, 2% SDS, 1 M Tris, 10% Glycerol and 0.1% Bromophenol blue), heated (100 ◦C for 5 min)
and centrifuged (15,000× g for 10 min at 4 ◦C). Proteins were migrated on an SDS-PAGE
4–15% gradient gel (Mini-PROTEAN® TGX™ Precast Protein Gels, BioRad, Hercules, CA,
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USA) and blotted on a nitrocellulose membrane using the Trans-Blot® TurboTM Transfer
System (BioRad, Steenvoorde, France). The membranes were stained with Ponceau S
solution and scanned, then membranes were blocked for 1 h in 5% (w/v) milk powder
diluted in TBS-T and incubated with anti-phospho-pKa antibody (Phospho-pKa Substrate
(RRXS*/T*), dilution 1:5000, Rabbit mAb, Cell Signaling, Leiden, The Netherlands) in 5%
(w/v) BSA (w/v) in TBS-T (gently shaking, 4 ◦C, overnight). After washing, membranes
were incubated with secondary antibody anti-rabbit HRP (1:10,000, Santa Cruz Technology,
Dallas, TX, USA) for 1 h. Peroxidase was revealed using the SuperSignal™ West Pico
PLUS Chemiluminescent Substrate (ThermoFisher, Waltham, MA, USA) and the images
were digitally captured using an Azure C300 (Chemiluminescent Western Blot Imaging
System, Azure Biosystems, Dublin, CA, USA). Tyrosine phosphorylation was assessed on
the same membranes by stripping the previous antibodies with RestoreTM Western Blot
Stripping Buffer (ThermoFisher). After washing, membranes were blocked in 10% (w/v)
bovine gelatin (w/v) in TBS-T for 1 h and incubated with anti-phosphotyrosine antibody
(Clone 4G10, dilution 1:10,000, Mouse mAb, Merck Millipore, Burlington, MA, USA) in
PBS-T for 1.5 h. After washing, membranes were finally incubated with the secondary anti-
Mouse HRP (1:10,000, Santa Cruz Technology) antibody for 1 h and revealed as described
previously in this section. At least three biological replicates were performed for each
antibody and experimental group.

3.8. In Vitro Fertilization Assay

To study the potential effects of MoS2/CT and CT on spermatozoa fertilizing ability,
an in vitro fertilization (IVF) assay was carried out using an already validated protocol [65].
Ovaries from pre-pubertal gilts were collected at a local slaughterhouse and transported
to the laboratory within 1 h at 25 ◦C. After washing, cumulus–oocyte complexes (COCs)
were collected by aspirating the follicles that met the requirements (4–5 mm of diam-
eter, translucent appearance, good vascularization and compactness of their granulosa
layer and cumulus mass). Maturation was achieved in vitro by culturing the COCs in
four-well dishes containing 500 µl of α-MEM medium supplemented with 10% FBS, 1%
penicillin/streptomycin, 1% Ultraglutamine, 5 UI/mL hCG and 5 UI/mL PMSG for 44 h at
38.5 ◦C in a humidified atmosphere with 5% CO2 (Heraeus, Hera Cell, Hanau, Germany).

Once matured, oocytes were denuded in Dulbecco-PBS with hyaluronidase on a
warmed stage at 38.5 ◦C under a stereomicroscope. Only oocytes presenting the first polar
body (MII stage) under the stereomicroscope were used for the IVF assay. Matured oocytes
and capacitated sperm cells (1 × 106 cells/mL) from the selected groups (CTRL, CT 0.1 ppm
and MoS2/CT 0.1 ppm) were co-incubated in a fertilization medium (capacitation medium
supplemented with 10% FBS). After 3 h of co-incubation, oocytes were transferred to a fresh
medium and maintained in culture for at least 12 h. The penetration rate was evaluated after
staining with Hoechst 33,342 and assessed under the fluorescence microscope. The IVF out-
comes are expressed as fertilization rate (% of penetrated oocytes), incidence of polyspermy
(% of polyspermic oocytes) and number of penetrating spermatozoa/polyspermic oocyte
according to already published and valuable works [47,65]. A total of four independent
experiments were performed, reaching a total number of 104 oocytes (number of fertilized
oocytes per group: CTRL, 10 fertilized of 33 total oocytes; CT 0.1 ppm 18 fertilized of
34 total oocytes; MoS2/CT 0.1 ppm 18 fertilized of 37 total oocytes).

3.9. Statistical Analysis

For statistical analysis, GraphPad Prism 6 Software (La Jolla, CA, USA) was used.
Data were checked for normal distribution with a D’Agostino and Pearson normality test
prior to performing the comparison with parametric or non-parametric tests, as required.
In all cases, the differences among groups were considered statistically significant when
p < 0.05. To normalize the western bot data, Ponceau red staining was used, following a
validated protocol [67]. Briefly, the whole lanes were quantified by densitometry and bands
were afterwards quantified using ImageQuantTL (GE Healthcare LifeSciences, Barrington,
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IL, USA). To assess the effect of different treatments on IVF, four independent technical
and biological experiments were carried out. An a priori power analysis was performed to
establish the number of oocytes with G*Power 3.1.9.7 software, obtaining a final power of
our analysis ≥95%.

4. Conclusions

In conclusion, our study demonstrates that the incubation of spermatozoa in the
presence of catechins (0.1 ppm) enhances their fertilizing ability and the incubation with
nanoflakes of MoS2/CT at different concentrations do not induce any negative effect on
the sperm parameters related to capacitation. However, further experiments are needed to
decipher the exact mechanism by which catechins are able to increase the sperm fertilizing
ability and to explore their antioxidant potential on spermatozoa.

The findings open interesting perspectives regarding the use of catechins and new
materials obtained using natural or bio compounds, which could be used to implement the
current strategies for sperm capacitation.
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