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   Abstract : To compare the effects of two-(2D, microplate) and three-dimensional (3D, 
alginate) culture systems on the in vitro growth of small antral follicles in cattle, 
individual follicles were separately cultured in the two culture systems for 8 days. Half 
of the culture medium was replaced by fresh medium every 2 days; the former medium 
was used to assess the amount of follicular hormone secretion using ELISA. Individual 
follicle morphology, diameter, and survival rate were recorded every alternate day. The 
results showed that in 4 days,  there was no signifi cant difference between the two 
systems, except that the growth rate of follicles in 2D system was relatively faster. After 4 
days, estradiol concentration in 3D system was higher than that in 2D system. However, 
progesterone concentration was lower than that in the 2D system. The survival rate and 
oocyte quality of follicles in 2D system were signifi cantly lower than those in 3D system 
on day 8. The follicle diameter slightly increased (30-60 μm) in the entire process. Taken 
together, for in vitro culture of follicles within 4 days, the 2D culture system is more 
suitable.  However, when the culture duration is >4 days, the 3D culture system is more 
suitable.

Key words: Cattle,   follicle in vitro culture, small antral follicles, two culture systems.

INTRODUCTION

    Understanding the regulatory mechanism of 
ovarian follicle growth and atresia is clinically 
signifi cant in the selection of high-quality germ 
cells for assisted reproduction. In mammals, 
many follicles are activated into the growth 
phase from fetal life through reproductive age. 
However, most follicles become atretic during 
the growing period, which results in considerable 
wastage of follicles in single fetus mammals who 
have a low follicle density, long reproductive 
cycle, and low reproductive capacities, such 
as humans (Xu et al. 2006), horses, and cattle 
(Petro et al. 2010). In vitro culture is a great 
way to increase the utilization rate of follicles 

(Gomes et al. 2015, Haag et al. 2013). Over the 
past decade, there was a great deal of research 
on follicle culture. For example, various murine 
in vitro culture systems have been successfully 
established for the growth of mature mouse 
oocytes from primordial follicles, in vitro 
fertilization, and development of fertile progeny 
after embryo transfer (Itami et al. 2014). Also, 
studies have reported breakthrough progress 
in the in vitro development in large nonrodent 
species. Culture systems have been established 
for culturing preantral follicles, such as those 
found in sheep (Praveen Chakravarthi et al. 
2015), goat (Silva et al. 2015), buffalo (Gupta et 
al. 2008), pig (Wu et al. 2001), and cattle (Petro 
et al. 2010). Although there are many studies on 
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bovine follicles, most are based on culturing 
preantral follicles (Araujo et al. 2015). There are 
few studies on in vitro culture of bovine small 
antral follicles.

Culturing bovine small antral follicles in vitro 
will be of great value for experimental purposes. 
Compared with human ovaries, bovine ovaries 
have highly similar anatomical, physiological, 
and oocyte characteristics; hence, the bovine 
model has been increasingly recommended and 
accepted as a female ovarian disease model 
in research. Furthermore, the ability to culture 
follicles in vitro is significant for maintaining 
fertility for delayed childbearing or in females 
whose follicles are destroyed due to cancer 
(Salem et al. 2017). Small antral follicles have a 
developed follicular structure and morphology, 
which is very helpful for follicle culture. However, 
a stable in vitro culture system supporting 
the long-term survival of bovine small antral 
follicles and completing oocyte meiosis has not 
been developed.

The current in vitro follicle culture systems 
show wide variation. Several in vitro follicle 
culture methods have been successfully 
developed, such as in mice (Higuchi et al. 2015), 
sheep (Cecconi et al. 2004), goat (Huanmin & 
Yong 2000), monkey (Xu et al. 2013), and humans 
(Xu et al. 2009), including two-dimensional (2D) 
systems and three-dimensional (3D) systems. 
The 2D follicle culture systems show great 
diversity, such as the droplet method (Jorssen 
et al. 2015), microplate culture (Telfer 1996), and 
culture plate inversion culture (Wycherley et al. 
2004). Among these, the microplate method is 
the most commonly used, which helps in the 
optimal use of various hormones secreted by the 
follicle itself. Moreover, it is convenient and easy 
to evaluate. However, in long-term in vitro follicle 
culture, the theca cells can easily attach to the 
petri dish bottom, which can seriously damage 
the 3D follicular structure (Wan et al. 2009). On 

the other hand, 3D follicle culture methods 
also show great diversity, such as hanging drop 
(Tang et al. 2011), alginate hydrogel system, and 
alginate and fibrin mixture (Shikanov et al. 2011, 
Xu et al. 2011). Among these, alginate is the 
most commonly used substrate. Alginate is a 
biologically inert molecule (Rinaudo 2008), and 
has the characteristics of easy encapsulation, 
gelation and digestion, mildness, maintenance 
of follicle activity and integrity of the 3D 
structure, and scope for follicular expansion 
(West et al. 2007). However, follicular growth can 
be affected by the surrounding alginate.

In this report, we cultured bovine small 
antral follicles using 2D microplate and 3D 
alginate systems and compared the growth and 
development of bovine follicles between the 
two culture systems. The growth, morphology, 
hormone production, and the number of 
competent oocytes were evaluated. By 
comparing the advantages and disadvantages of 
both methods, we aimed to find a more suitable 
culture method for the growth and development 
of follicles in cattle and other animals. 

MATERIALS AND METHODS
Chemicals and media 
All chemicals and media were purchased from 
Sigma Chemical Co. (St. Louis, MO, USA) unless 
mentioned otherwise.

The basal medium (BM) was McCoy’s 5A 
supplemented with 10% FBS (GIBCO, Grand 
Island, NY, USA), 50 mg/mL streptomycin, 2 
mmol/L glutamine, and 100 IU/mL penicillin. 
The follicle culture medium (FCM) was McCoy’s 
5A supplemented with 10% FBS, 50 mg/mL 
streptomycin, 2 mmol/L glutamine, 100 IU/mL 
penicillin, 5 μg/mL insulin, 5 μg/mL transferrin, 
5 ng/mL sodium selenite, 4 ng/mL FSH, 3 mg/
mL BSA(GIBCO, Grand Island, NY, USA), 50 μg/
mL ascorbic acid, and 2 mmol/L hypoxanthine. 



YUANYUAN HE et al. COMPARISON OF FOLLICLE DEVELOPMENT IN 2D AND 3D SYSTEMS

An Acad Bras Cienc (2020) 92(Suppl. 2) e20180935 3 | 15 

The pH of the medium was adjusted between 
7.2 and 7.4 before filtration, following which the 
medium was sealed at a temperature of 4°C for 
preservation.

Collection of ovarian tissue
We used Qinchuan cattle aged 5-10 years 
old. Bovine ovaries were collected from a 
slaughterhouse 90 km away from Xi’an, Shanxi 
Province, and transported to the laboratory 
in a thermos flask filled with sterile saline at 
35°C-37.5°C within 6 h. The ovaries were rinsed 
3-4 times in PBS, and the residual ovarian 
mesangial and adipose tissue were cut using 
sterile scissors. Next, the treated ovaries were 
placed in a 50 mL centrifuge tube containing BM.

Isolation and selection of small antral follicles
The processes of follicle isolation and selection 
have been previously reported (Xu et al. 2016b). 
Briefly, ovarian cortical slices (5-mm thick) were 
vertically cut from the ovarian surface using 
surgical scissors under sterile conditions (Telfer 
1996). Small antral follicles (<2 mm in diameter,  
the average diameter of follicles: 778.65 ± 
199.56 μm) were mechanically isolated using 
tweezers and ophthalmic scissors, selected 
under a stereomicroscope (Nikon, Tokyo, Japan), 
manually dissected from the ovarian cortical 
strips using a 1-mL syringe and transferred to 
Petri dishes with FCM for further evaluation of 
the follicle quality. 

The follicles were divided into three groups 
according to the morphological characteristics 
of the follicles observed by an Olympus CK40 
inverted microscope. The survival rate of 
granulosa and theca cells in each group was 
determined using trypan blue. The survival 
state of the oocyte was analyzed based on the 
morphology of the oocyte and the results of the 
live/dead staining test. According to the test 
results, follicles suitable for culture are selected.

Two-dimensional culture system
The selected small antral follicles were 
individually cultured in each well of a 48-well 
plastic plate (one follicle/well) containing 800 
μL FCM and cultured for 8 days in the incubator 
at 37.5°C and 5% CO2. Every two days, half the 
medium was replaced by FCM medium and the 
400 μL of old FCM was collected and stored at 
−80°C for the analysis of steroid hormones (Xu 
et al. 2013). 

Three-dimensional culture system
Sodium alginate solution (0.25% (w/v) was 
prepared (Xu et al. 2009) and filter sterilized. 
Then, 50 μL of this solution was seeded onto 
96-well plates (Corning Incorporated) and 
incubated at 37.5°C and 5% CO2 for 15 min before 
the addition of  small antral follicles (Green & 
Shikanov 2016). To form the beads, a solution 
containing 50 mM CaCl2, 140 mM NaCl, 10 mM 
HEPES (pH 7.2) was slowly transfused into the 
96-well plate for cross-linking for 2 min (Tingen 
et al. 2011). Every bead was cultured in a 48-
well plastic plate containing 800 μL FCM and 
incubated at 37.5°C and 5% CO2 for 10 days. 
Every other day, half the amount of the medium 
was replaced by fresh FCM medium and the old 
FCM was collected and stored at −80°C for the 
analysis of steroid hormones (Xu et al. 2013).

Follicle survival and growth
Follicle survival, diameter, and growth rate 
were assessed once every 2 days using an 
Olympus CK40 inverted microscope and 
Image J software, as previously described (Xu 
et al. 2013). The diameter of the follicles was 
determined by evaluating the distance from the 
outer layer of follicles at the widest diameter 
and the next diameter perpendicular to the 
first measurement (Cadoret et al. 2017) and 
calculating the mean of the two values (Tingen 
et al. 2011). The survival rate was determined 
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according to follicular morphology. Follicles 
were considered atretic if the integrity of the 
follicle was destroyed, the oocyte was dark or 
not surrounded by the granulosa cell layer, the 
granulosa cells appeared dark or fragmented, or 
the follicle diameter was decreased (Rossetto et 
al. 2013). Follicle images were imported into the 
Image J software, and each follicle’s diameter 
was evaluated.

Follicle viability was checked using live/
dead staining (2 µM calcein AM, 4 µM EthD-1) and 
inverted fluorescence microscopy. The control 
group comprised of newly isolated follicles, 
whereas the test group comprised cultured 
follicles (Amorim et al. 2009). Calcein AM and 
EthD-1 were used as staining solutions, which 
are taken up by live cells, emitting a strong 
green fluorescence; the dead cells emit bright 
red fluorescence (Araujo et al. 2015, McNatty et 
al. 2006). Follicles were incubated in 80 µL PBS 
containing 2 µM calcein AM and 4 µM EthD-1 
for 10 min at 37.5°C in a CO2 incubator (Araujo 
et al. 2015), followed by washing twice in FCM 
and observing under an inverted fluorescence 
microscope.

Assessment of oocytes
Some cultured follicles were randomly selected, 
and their oocytes were isolated to evaluate the 
quality every other day. The alginate from 3D 
system was degraded using a gel with 10 U/
mL alginate lyase for 45 min in a CO2 incubator 
to release the follicles. The oocytes from both 
the culture systems were then denudated by 
treating with 0.3% hyaluronidase and mildly 
aspirating through a smoothed drawn glass 
pipette. Oocyte conditions were assessed using 
the same camera, software, and staining as 
described above. If a clear gap existed between 
the zona pellucida and oocyte cytoplasm, or if 
the oocyte cytoplasm was dark and condensed, 
the oocytes were considered unhealthy.

Hormone assay
The hormone level of follicles was an important 
basis for evaluating follicle quality. To assess 
the quality of follicles in group I, II and III, 
follicular fluid was collected  and refrigerated 
at −80°C.  To examine and appraise follicular 
steroidogenesis in vitro, half the amount of the 
culture medium was pipetted at 2, 4, 6, and 8 
days and refrigerated at −80°C. Progesterone (P4) 
and estradiol (E2) levels in the culture medium 
and follicular fluid were determined using the 
progesterone ELISA kit (the minimum detectable 
dose of bovine Pg is typically <10 pmol/L; Donglin 
Sci & Tech Development Co., Ltd., Wuxi, China) 
and estradiol ELISA kit (sensitivity <0.422 ng/mL; 
Ke Lei Biological Technology, Shanghai, China), 
respectively, according to the manufacturer’s 
protocols.

Statistical analysis
Statistical analysis was performed with SPSS 20.0 
(IBM Corporation, Armonk, NY, USA) software. 
A probability (P) of < 0.05 was considered 
statistically significant. All data are presented 
as the mean ± SD unless mentioned otherwise.

RESULTS
Selection of follicles for culture
According to morphological characteristics, 225 
small antral follicles were divided into three 
categories: group I, in which 71 follicles have an 
oocyte surrounded by cumulus cells, with intact 
mural granulosa cells and limited by an intact 
basement membrane and outer thecal-stromal 
layer rich in blood vessels (Fig. 1 aI); group II, in 
which 76 follicles have a disrupted architecture 
in the mural granulosa cell layer inside the basal 
membrane (Fig. 1 aII); and group III, in which 78 
follicles, the mural granulosa cell layers inside 
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the basal membrane are completely separated 
from the basement membrane (Fig. 1 aIII).

P4 level in the follicular fluid of group I 
follicles was significantly lower than that in 
other groups; the E2 level in the follicular fluid 
of group I was significantly higher than in other 
groups. As shown in Figure 1, the P4 level (3.98 
± 0.62 ng/mL) in group I was significantly lower 
than those in the other two groups (6.57 ± 0.72 
and 11.08 ± 0.90 ng/mL; Fig. 1b). E2 level (15.69 

± 1.0 ng/mL) in group I was significantly higher 
than those in the other two groups (10.13 ± 1.1 
ng/mL and 5.37 ± 0.75 ng/mL; Fig. 1c).

There was no significant difference in the 
survival rate of theca cells in the three groups 
(Table I). In contrast, there were significant 
differences in the survival rates of granulosa 
cells between the three groups. As shown in 
table I.

Figure 1. Morphological features and Steroidsteroid hormone secretion of different follicle groups follicles. Group 
I, bovine follicle with complete cell membrane structure, granulosa cells, and rich in blood vessels on the surface 
(I). Group II, bovine follicle with complete cell membrane structure, incomplete granulosa cell layer, and rich in 
blood vessels on the surface (II). Group III, bovine follicle with the mural granulosa cell layers inside the basal 
membrane are completely separated from the basement membrane (III). P4 levels in the follicular fluid of Group 
I follicles was significantly lower than those in other group follicles (b). E2 levels in the follicular fluid of group 
I follicles were significantly higher than those in other group follicles (c). Values with different superscripts are 
significantly different (P < 0.05). Data are presented as the mean ± SD (Bars = 100 μm).
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The health status of oocytes in follicles of 
the three groups cultured in vitro was labeled 
with calcein-AM and ethidium homodimer-1 (Fig. 
2). According to experimental results, the rate of 
healthy oocytes (%) was 81.78 ± 6.2%, 37.61 ± 4.6%, 
and 0.00 % in group I, II, and III, respectively (Fig. 3).

In summary, the group I follicles were of the 
best quality among the three groups, thus they 
were selected and used on the further steps of 
the study.

Evaluation of small antral follicle survival
516 follicles with the same morphological 
characteristics of group I follicles were selected 
for in vitro culture. Among them, 256 follicles 
were cultured in a 2D system, and 260 follicles 
were cultured in a 3D system.

Follicle morphology

Morphological changes in small antral follicles 
within 8 days of culture in the two culture systems 
were evaluated. In the first 4 days, the granulosa 
cell layer and follicular fluid were homogeneous, 
and follicles were slightly transparent, which 
strongly indicated 3D morphology (Fig. 4) in both 
the systems. After 4 days, in the 2D system, theca 
cells adhered to the culture plate and began 
proliferating, and some morphological integrity 
of the follicles was destroyed (Fig. 4d). In the 
3D system, the majority of follicles maintained 
the 3D morphology (Fig. 4f-j) and did not bind 

the bottom of the plate, but there was cell mass 
emigration, and cells existed in the sodium 
alginate gel layer; besides,  with the increase in 
the culture duration, the number of migrating 
cells also increased (Fig. 4j).

Diameter change

The diameters of follicles cultured in the 2D 
system increased slightly faster than those of 
follicles in the 3D system (P < 0.05) compared 
with the follicles cultured in the 3D system in 
the first 4 days (Fig. 5). Then, the diameters of 
follicles in the 3D system increased relatively 
faster, whereas those of follicles in the 2D 
culture system increased slowly or even ceased 
to increase (Fig. 5).

Viability assessment of follicles cultured in 
vitro by live/dead fluorescence labeling

There were differences in the morphology of 
granulosa cells between the two systems on 
day 4. Follicular granulosa cells cultured under 
2D conditions were a structure resembling 
a mycelial morphological characteristic that 
seems to connect the granulosa cells. However, 
follicles cultured in 3D conditions had no 
significant changes in morphology. On day 8, the 
green fluorescence intensity of the follicles in 
the 2D system was significantly lower than that 
of the follicles in the 3D system (Fig. 6).

Table I. The survival rate of granulosa and theca cells in different groups of follicles.

Items Group I Group II Group III

Survival rate of granulosa cells (%) 92.50% ± 6.50%a 79.75 ± 5.70%b 45.70% ± 6.45%c

Survival rate of theca cells (%) 96.75% ± 3.25% 97.85% ±2.75% 96.40% ± 4.16%

Note: Values are presented as the mean ± SD of different follicle groups from at least three independent cultures. Different 
letters within each row indicate statistically significant differences (P < 0.05).
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Figure 2. Healthy 
and unhealthy 
oocyte morphology. 
Oocytes stained 
for viability appear 
healthy (H) and 
unhealthy (N-H). 
Oocytes are labeled 
with calcein-AM 
(live cells, green) 
and ethidium 
homodimer-1 
(dead cells, red). 
H, healthy oocyte; 
N-H, unhealthy 
oocyte; Bars = 50 
μm.

Figure 3. The rate of healthy oocytes 
in different groups of follicles. 
In group I, the percentage of 
healthy oocytes in the follicles was 
significantly higher than that in the 
other two groups. There were no 
healthy oocytes in group III follicles. 
Values with different superscripts 
are significantly different (P < 0.05). 
Data are presented as the mean ± 
SD.
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Figure 4.  Micrographs showing morphological changes of follicles within 8 days of culture in the two culture 
systems. In the 2D system, a-c, days 0, 2, and 4, intact and healthy small antral follicles; d, day 6, parts of follicles 
bind to the basal plate and begin to proliferate cells; e, day 8, the follicles are completely combined with the 
plates and a large number of cells are produced. In the 3D system, f-i, days 0, 2, 4, and 6, intact and healthy small 
antral follicles maintain their 3D structure; j, day 8, follicles still maintain their 3D structures, but some cells 
proliferate out [×40; Bars = 100μm (a-j)].

Figure 5.  The effects of different culture systems on follicle growth rate. The diameters of follicles at 0, 2, 4, 6, and 
8 days are relative diameters, i.e., the values obtained by subtracting the follicle diameter on day 0 of the same 
follicle. The actual mean diameter of the follicles placed in culture is 778.65 ± 199.56μm. In the first 4 days, the 
diameters of follicles cultured in the two-dimensional (2D) system increased slightly faster. Four days later, the 
follicle diameters in the three-dimensional system grew faster. The follicular diameter increased slowly or even 
ceased to grow in the 2D culture system. Different letters indicate statistical significance in the culture systems (a, 
b, c, d) (P < 0.05). Data are presented as the mean ± SD.
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Steroid production
In the first four days, there was no significant 
difference in E2 and P4 production by follicles 
grown in the two culture systems.  Four days 
later, the P4 level significantly increased over 
time in the 2D system, whereas the E2 level 
rapidly increased in the 3D system. At day 8, 
P4 secretion was remarkably higher in follicles 
cultured in the 2D system than in those cultured 
in the 3D system; E2 levels showed the opposite 
trend (Fig. 7).

Oocyte quality
There was no significant difference in the 
proportion of healthy oocytes in both the culture 
system in the first four days. On day 6, the ratio 
of healthy oocytes in follicles cultured in the 2D 
system is less than half of that cultured in the 
3D system. On day 8, the ratio of healthy oocytes 
of the 2D system was significantly lower than 
that in the 3D system. (Table II).

Abbreviations
2D: Two-dimensional; 3D: Three-dimensional; 
E2: Estradiol; P4: Progesterone; FBS: Fetal bovine 
serum; ITS: insulin, transferrin, sodium-selenite; 

Figure 6. Micrographs showing the viability of follicles within 8 days of culture in the two culture systems. The 
experiment was divided into two groups: two-dimensional (2D) and three-dimensional (3D). Each group was 
cultured with 16 follicles at a time. All the experiments were repeated many times. Follicles are labeled with 
Calcein-AM (live cells, green) and ethidium homodimer-1 (dead cells, red). a-c, the newly isolated follicle is a 
negative control. d-l, days 2, 4, and 8, follicles cultured in 2D conditions. Follicular granulosa cells of follicles 
cultured in 2D system were the structure resembling a mycelial morphological characteristic that seems to 
connect the granulosa cells to each other on day 4, and the fluorescence intensity of the follicles was significantly 
low on day 8. m-u, days 2, 4, and 8, follicles cultured in 3D conditions. Follicular granulosa cells of follicles cultured 
in 3D system were the structure resembling a mycelial morphological characteristic that seems to connect the 
granulosa cells to each other on day 8 [×40; Bars = 100μm (a-u)].
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FSH: Follicle-stimulating hormone; BSA: Albumin 
from bovine serum; BM: The basal medium; FCM: 
The follicle culture medium.

DISCUSSION 

Assessment of the quality of follicles is an 
important component in the study of follicle 
selection and culture. There are many studies on 
the quality of bovine small antral follicles, which 

are histologically classified as healthy or atretic 
(Irving-Rodgers et al. 2009). A healthy follicle has 
a complete cell membrane structure (Rodgers 
& Irving-Rodgers 2010), uniform cytoplasm, 
increased blood vessels on the surface (Rinaudo 
2008), and an intact granulosa cell layer (Araujo 
et al. 2014). However, atretic follicles with turbid 
follicular fluid look dim, and the granulosa cell 
layer shows serious litter with obvious signs of 
atresia (Jin et al. 2010). In this study, according 

Table II. The rate of healthy oocytes of follicles cultured in two culture systems.

Cultural method Na (%)
Rate of healthy oocytes (%)

2 d 4 d 6 d 8 d

Two-
dimensional 

culture

86.16±4.95
(n = 58)

79.37±5.20a,A

(n = 36)
54.45±4.40b,B

(n = 34)
16.67±3.55c,A

(n = 35)
0d,A

(n = 32)

Three-
dimensional 

culture

87.07 ± 5.20
(n = 67)

78.95±4.50a,A

(n = 35)
53.84±4.79b,B

(n = 37)
38.29±3.87c,B

(n = 36)
19.30±3.50d,B

(n = 35)

Note: Values are the average SD of multiple follicles or oocytes from at least three independent cultures; 
Na, rate of healthy oocytes from fresh ovarian antral follicles; n, total number of follicles for oocytes analysed;
Different letters indicate statistical significance in the same system on different days (a, b, c, d) or on the same day in the 
different culture systems (A, B) (P < 0.05).

Figure 7. The effects of different culture systems on E2 and progesterone production by bovine follicles in vitro. 
No differences were observed between the two groups for P4 and E2 in the first 4 days. At day 8 of culture, the P4 
concentration was significantly higher in follicles cultured in the 2D system than in the follicles cultured in the 3D 
system. E2 concentration was significantly lower in follicles cultured in the 2D system than those cultured in the 
3D system. Data are presented as the mean ±SD. Different letters indicate statistical significance in the culture 
systems (a, b, c, d, e) (P < 0.05).
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to the morphology of follicles, follicles were 
divided into three groups. The quality of each 
group follicles was analyzed by comparing 
the survival rate of granulosa cells and theca 
cells, the expression levels of P4 and E2, and 
the quality of oocytes. Compared with group 
II and group III, we found that group I follicles 
have an intact Slavjanski (basal) membrane 
structure, a typical and intact granulosa cell 
layer, uniform cytoplasm, rich in blood vessels 
on the surface, a spherical central oocyte (Fig. 1 
aI), the highest rate of survival granulosa cells 
(Table I) and healthy oocytes (Fig. 3), including 
low P4 secretion and high E2 secretion (Fig. 1c). 
The results are consistent with the results of 
some classification studies on follicle quality 
(Araujo et al. 2014, Higuchi et al. 2015).

Culturing bovine small antral follicles in 
vitro may be a valuable alternative to ovarian 
disease research in women, and research 
on follicle in vitro culture systems has been 
a hot spot. However, the mechanisms of 
action by which the specific advantages and 
disadvantages of different cultural systems 
occur remain unclear. The current study used 
bovine small antral follicles as models, and 
2D microplate method and 3D sodium alginate 
system as culture methods to study follicular 
growth in vitro. We demonstrated that follicles 
cultured in the 2D system grew faster than those 
in the 3D culture system in the first 4 days. After 
4 days, follicles cultured in the 3D system grew 
faster. This may be due to the following reasons: 
First, in the first 4 days, small antral follicles 
cultured in 2D systems became flattened for 
the lack of 3D support. At the same time, the 
rigidity of alginate affected follicle growth, 
which is consistent with a previous study 
result stating that mouse follicles embedded 
in alginate gel showed growth inhibition and 
reduced steroidogenesis (Rossetto et al. 2013). 
Second, after 4 days, the 3D culture system can 

well support the three-dimensional structure of 
bovine follicles in vitro (Qiu et al. 2013) compared 
with the 2D system (Araújo et al. 2011), which 
was very beneficial to the survival of follicles. 
However, the follicles cultured in the 2D culture 
system are often combined with the bottom of 
the culture dish, which will destroy the three-
dimensional structure of the follicle.

According to the literature, the diameter of 
rhesus monkey follicles increases from 150 to 
≥700 μm (Xu et al. 2016a). The diameter of mice 
follicles increases by 560 μm (Sun et al. 2004), 
that of pig follicles increases by approximately 
100 μm (Araujo et al. 2015), and that of sheep 
follicles increases by only 32 μm (Pangas et al. 
2003). In our study, although the follicles grew 
gradually, the increase in follicle diameter was 
not large (approximately 30-60 μm) in both the 
systems. There was a difference in the survival 
rate of follicles on day 6, and bovine small antral 
follicles (<2 mm) cultured in 3D system could 
successfully remain active until day 8 without 
losing their normal 3D structure. The above 
indicators are in agreement with the results of 
Qiu et al who stated that goat follicle diameter is 
similar to that of cattle (Qiu et al. 2013). This may 
be due to the following reasons: First, the status 
of the follicles are affected by follicular wave. 
Follicle growth is promoted at the beginning of 
the follicle wave and inhibited at the end of the 
wave (Nagai et al. 2016). During different periods 
of follicular waves, E2 and P4 concentrations 
in the follicular fluid also change (Xu et al. 
2016a), which may affect the growth of follicles. 
Second, as mono-ovular animal species, the 
living environment of bovine follicles is more 
complex, with less vitality. Most mouse follicles 
can grow, probably because of the strong vitality 
of the species. Third, compared with other 
species, bovine in vitro experiments with small 
antral follicles are rare, and the concentration 
of various components in the follicle culture 
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medium is variable, which may affect follicle 
growth. Besides, many different factors may  
affect the growth of follicles, such as the method 
of medium replacement (Shikanov et al. 2009), 
BM used (Pangas et al. 2003), and addition of 
supplements (Hasegawa et al. 2006).

Interestingly, after living/dead staining, 
follicular granulosa cells of follicles cultured 
in 2D system were the structure resembling 
a mycelial morphological characteristic that 
seems to connect the granulosa cells. The 
longer the culture duration, the more obvious 
the phenomenon. We speculated that during 
culture, (1) The granulosa cells originally 
attached to the inner membrane of the follicle 
were detached from the follicular lining and 
dissolved. 2) the adhesive secreted by follicles 
results in the adhesion of the falling granulosa 
cells. The specific reason for this phenomenon 
needs further study.

For the past several years, in follicular 
atresia studies, P4 and E2 concentration ratio 
in culture have been widely used to determine 
the degree of follicular atresia (Silva et al. 2015). 
Increased E2 levels and decreased P4 levels in 
the follicular fluids suggest that the quality of 
follicles is improving (Rodrigues et al. 2015, Jin et 
al. 2010). Comparing with the changes in E2 levels 
and the degree of DNA shrinkage of granulosa 
cells, a decrease in E2 synthesis and secretion 
occurs before a large number of granulosa cells 
undergo nuclear pyknosis. Our results indicated 
that, during the first 4 days, the concentration 
of the same hormone secreted by follicles was 
not significantly different in the follicle culture 
medium between the two culture systems. Four 
days later, the trend of follicular secretion of 
E2 and P4 showed significant differences. P4 
levels in the 2D culture system increased faster 
than those in the 3D culture system, which is 
consistent with the literature (Kreeger et al. 
2005). The results showed that the efficacy of 

the short-term culture of follicles in both the 
culture systems was similar. However, for long-
term culture, the 3D culture system was more 
conducive to the growth of follicles.

The quality of oocytes is an important 
reference for evaluating follicular status. In the 
study, after 4 days, the rate of healthy oocytes 
under 2D conditions was significantly lower than 
that under 3D conditions. We speculated that 
the reason for this low ratio may be as follows: 
a) Due to the loss of the three-dimensional 
structure, the follicles under 2D conditions have 
a higher mortality rate after four days of culture. 
b) During different periods of follicular waves, 
E2 and P4 concentrations in the follicular fluid 
also change (Xu et al. 2016a). Hormones have a 
significant effect on the quality of oocytes in the 
follicles (He 2017).

CONCLUSION

In conclusion, our studies revealed that there 
was no difference between the two in vitro 
culture systems in the first 4 days of culture. 
For >4 days, the 3D culture system is better. 
However, if the aim is to cultivate follicles for a 
longer duration, the culture system should be 
improved. 

Acknowledgments 
This work was supported by grants from the National 
Major Project of China (NO.2016ZX08007-002); Shaanxi 
Province Agricultural Program for Science and Technology 
Development (2014K02-07-02)

REFERENCES

AMORIM CA, VAN LANGENDONCKT A, DAVID A, DOLMANS MM & 
DONNEZ J. 2009. Survival of human pre-antral follicles 
after cryopreservation of ovarian tissue, follicular 
isolation and in vitro culture in a calcium alginate 
matrix. Hum Reprod 24: 92-99.



YUANYUAN HE et al. COMPARISON OF FOLLICLE DEVELOPMENT IN 2D AND 3D SYSTEMS

An Acad Bras Cienc (2020) 92(Suppl. 2) e20180935 13 | 15 

ARAÚJO VR, CHAVES RN, DUARTE ABG, CELESTINO JJDH, DA 
SILVA GM, FERNANDES DD, DE MATOS MHT, CAMPELLO CC & DE 
FIGUEIREDO JR. 2011. Effect of culture medium replacement 
protocol on the in vitro development of isolated caprine 
secondary follicles. Small Ruminant Res 95: 139-143.

ARAUJO VR, GASTAL MO, FIGUEIREDO JR & GASTAL EL. 2014. 
In vitro culture of bovine preantral follicles: a review. 
Reprod Biol Endocrinol 12: 78.

ARAUJO VR, GASTAL MO, WISCHRAL A, FIGUEIREDO JR & 
GASTAL EL. 2015. Long-term in vitro culture of bovine 
preantral follicles: Effect of base medium and medium 
replacement methods. Anim Reprod Sci 161: 23-31.

CADORET V, FRAPSAUCE C, JARRIER P, MAILLARD V, BONNET A, 
LOCATELLI Y, ROYERE D, MONNIAUX D, GUERIF F & MONGET P. 
2017. Molecular evidence that follicle development is 
accelerated in vitro compared to in vivo. Reproduction 
153: 493-508.

CECCONI S, CAPACCHIETTI G, RUSSO V, BERARDINELLI P, MATTIOLI 
M & BARBONI B. 2004. In vitro growth of preantral follicles 
isolated from cryopreserved ovine ovarian tissue. Biol 
Reprod 70: 12-17.

GOMES RG, LISBOA LA, SILVA CB, MAX MC, MARINO PC, OLIVEIRA 
RL, GONZALEZ SM, BARREIROS TR, MARINHO LS & SENEDA MM. 
2015. Improvement of development of equine preantral 
follicles after 6 days of in vitro culture with ascorbic acid 
supplementation. Theriogenology 84: 750-755.

GUPTA PS, RAMESH HS, MANJUNATHA BM, NANDI S & RAVINDRA 
JP. 2008. Production of buffalo embryos using oocytes 
from in vitro grown preantral follicles. Zygote 16: 57-63.

HAAG KT, MAGALHAES-PADILHA DM, FONSECA GR, WISCHRAL A, 
GASTAL MO, KING SS, JONES KL, FIGUEIREDO JR & GASTAL EL. 2013. 
In vitro culture of equine preantral follicles obtained via 
the Biopsy Pick-Up method. Theriogenology 79: 911-917.

HASEGAWA A, MOCHIDA N, OGASAWARA T & KOYAMA K. 2006. 
Pup birth from mouse oocytes in preantral follicles 
derived from vitrified and warmed ovaries followed by in 
vitro growth, in vitro maturation, and in vitro fertilization. 
Fertil Steril 86: 1182-1192.

HE X. 2017. Microfluidic Encapsulation of Ovarian Follicles 
for 3D Culture. Ann Biomed Eng 45: 1676-1684.

HIGUCHI CM, MAEDA Y, HORIUCHI T & YAMAZAKI Y. 2015. A 
Simplified Method for Three-Dimensional (3-D) Ovarian 
Tissue Culture Yielding Oocytes Competent to Produce 
Full-Term Offspring in Mice. PLoS ONE 10: e0143114.

HUANMIN Z & YONG Z. 2000. In vitro development of 
caprine ovarian preantral follicles. Theriogenology 54: 
641-650.

IRVING-RODGERS HF, HARLAND ML, SULLIVAN TR & RODGERS RJ. 
2009. Studies of granulosa cell maturation in dominant 
and subordinate bovine follicles: novel extracellular 
matrix focimatrix is co-ordinately regulated with 
cholesterol side-chain cleavage CYP11A1. Reproduction 
137: 825-834.

ITAMI N, KAWAHARA-MIKI R, KAWANA H, ENDO M, KUWAYAMA T & 
IWATA H. 2014. Age-associated changes in bovine oocytes 
and granulosa cell complexes collected from early antral 
follicles. J Assist Reprod Genet 31: 1079-1088.

JIN SY, LEI L, SHIKANOV A, SHEA LD & WOODRUFF TK. 2010. A 
novel two-step strategy for in vitro culture of early-stage 
ovarian follicles in the mouse. Fertil Steril 93: 2633-2639.

JORSSEN EP, LANGBEEN A, MAREI WF, FRANSEN E, DE PORTE HF, 
LEROY JL & BOLS PE. 2015. Morphologic characterization of 
isolated bovine early preantral follicles during short-
term individual in vitro culture. Theriogenology 84: 
301-311.

KREEGER PK, FERNANDES NN, WOODRUFF TK & SHEA LD. 2005. 
Regulation of mouse follicle development by follicle-
stimulating hormone in a three-dimensional in vitro 
culture system is dependent on follicle stage and dose. 
Biol Reprod 73: 942-950.

MCNATTY KP, LAWRENCE S, GROOME NP, MEERASAHIB MF, 
HUDSON NL, WHITING L, HEATH DA & JUENGEL JL. 2006. Meat 
and Livestock Association Plenary Lecture 2005. Oocyte 
signalling molecules and their effects on reproduction 
in ruminants. Reprod Fertil Dev 18: 403-412.

NAGAI K, YANAGAWA Y, KATAGIRI S & NAGANO M. 2016. The 
relationship between antral follicle count in a bovine 
ovary and developmental competence of in vitro-grown 
oocytes derived from early antral follicles. Biomed Res 
37: 63-71.

PANGAS SA, SAUDYE H, SHEA LD & WOODRUFF TK. 2003. Novel 
approach for the three-dimensional culture of granulosa 
cell-oocyte complexes. Tissue Eng 9: 1013-1021.

PETRO EM, COVACI A, LEROY JL, DIRTU AC, DE COEN W & BOLS PE. 
2010. Occurrence of endocrine disrupting compounds 
in tissues and body fluids of Belgian dairy cows and its 
implications for the use of the cow as a model to study 
endocrine disruption. Sci Total Environ 408: 5423-5428.

PRAVEEN CHAKRAVARTHI V, KONA SS, SIVA KUMAR AV, BHASKAR M 
& RAO VH. 2015. Quantitative expression of antiapoptotic 
and proapoptotic genes in sheep ovarian follicles grown 
in vivo or cultured in vitro. Theriogenology 83: 590-595.

QIU M, QUAN F, HAN C, WU B, LIU J, YANG Z, SU F & ZHANG 
Y. 2013. Effects of granulosa cells on steroidogenesis, 
proliferation and apoptosis of stromal cells and theca 



YUANYUAN HE et al. COMPARISON OF FOLLICLE DEVELOPMENT IN 2D AND 3D SYSTEMS

An Acad Bras Cienc (2020) 92(Suppl. 2) e20180935 14 | 15 

cells derived from the goat ovary. J Steroid Biochem Mol 
Biol 138: 325-333.

RINAUDO M. 2008. Main properties and current 
applications of some polysaccharides as biomaterials. 
Polym Int 57: 397-430.

RODGERS RJ & IRVING-RODGERS HF. 2010. Morphological 
classification of bovine ovarian follicles. Reproduction 
139: 309-318.

RODRIGUES JK, NAVARRO PA, ZELINSKI MB, STOUFFER RL & XU J. 
2015. Direct actions of androgens on the survival, growth 
and secretion of steroids and anti-Mullerian hormone by 
individual macaque follicles during three-dimensional 
culture. Hum Reprod 30: 664-674.

ROSSETTO R ET AL. 2013. Effect of medium composition 
on the in vitro culture of bovine pre-antral follicles: 
morphology and viability do not guarantee functionality. 
Zygote 21: 125-128.

SALEM WH, LETOURNEAU JM, CHAN J, CHAN SW, CEDARS M 
& ROSEN MP. 2017. Cancer survivors of gynecologic 
malignancies are at risk for decreased opportunity for 
fertility preservation. Contracept Reprod Med 2: 12.

SHIKANOV A, XU M, WOODRUFF TK & SHEA LD. 2009. 
Interpenetrating fibrin-alginate matrices for in vitro 
ovarian follicle development. Biomaterials 30: 5476-5485.

SHIKANOV A, XU M, WOODRUFF TK & SHEA LD. 2011. A method 
for ovarian follicle encapsulation and culture in a 
proteolytically degradable 3 dimensional system. J Vis 
Exp (49) 2695.

SILVA GM ET AL. 2015. In vitro development of secondary 
follicles from pre-pubertal and adult goats cultured in 
two-dimensional or three-dimensional systems. Zygote 
23: 475-484.

SUN F, BETZENDAHL I, SHEN Y, CORTVRINDT R, SMITZ J & 
EICHENLAUB-RITTER U. 2004. Preantral follicle culture as a 
novel in vitro assay in reproductive toxicology testing in 
mammalian oocytes. Mutagenesis 19: 13-25.

TANG Y, WANG W, NI L & LIU HC. 2011. A modified protocol for 
in vitro maturation of mouse oocytes from secondary 
preantral follicles. Fertil Steril 96.

TELFER EE. 1996. The development of methods for 
isolation and culture of preantral follicles from bovine 
and porcine ovaries. Theriogenology 45: 101-110.

TINGEN CM, KIESEWETTER SE, JOZEFIK J, THOMAS C, TAGLER D, 
SHEA L & WOODRUFF TK. 2011. A macrophage and theca 
cell-enriched stromal cell population influences growth 
and survival of immature murine follicles in vitro. 
Reproduction 141: 809-820.

WAN X, ZHU Y, MA X & ZHU J. 2009. Establishment of in-vitro 
mouse preantral follicle culture systems. Wei Sheng Yan 
Jiu 38: 153-158.

WEST ER, SHEA LD & WOODRUFF TK. 2007. Engineering 
the follicle microenvironment. Semin Reprod Med 25: 
287-299.

WU J, EMERY BR & CARRELL DT. 2001. In vitro growth, 
maturation, fertilization, and embryonic development 
of oocytes from porcine preantral follicles. Biol Reprod 
64: 375-381.

WYCHERLEY G, DOWNEY D, KANE MT & HYNES AC. 2004. 
A novel follicle culture system markedly increases 
follicle volume, cell number and oestradiol secretion. 
Reproduction 127: 669-677.

XU J, HENNEBOLD JD & SEIFER DB. 2016a. Direct vitamin 
D3 actions on rhesus macaque follicles in three-
dimensional culture: assessment of follicle survival, 
growth, steroid, and antimullerian hormone production. 
Fertil Steril 106: 1815-1820.

XU J, LAWSON MS, YEOMAN RR, MOLSKNESS TA, TING AY, STOUFFER 
RL & ZELINSKI MB. 2013. Fibrin promotes development 
and function of macaque primary follicles during 
encapsulated three-dimensional culture. Hum Reprod 
28: 2187-2200.

XU J, XU F, LETAW JH, PARK BS, SEARLES RP & FERGUSON BM. 2016b. 
Anti-Mullerian hormone is produced heterogeneously in 
primate preantral follicles and is a potential biomarker 
for follicle growth and oocyte maturation in vitro. J Assist 
Reprod Genet 33: 1665-1675.

XU M, BARRETT SL, WEST-FARRELL E, KONDAPALLI LA, KIESEWETTER 
SE, SHEA LD & WOODRUFF TK. 2009. In vitro grown human 
ovarian follicles from cancer patients support oocyte 
growth. Hum Reprod 24: 2531-2540.

XU M, FAZLEABAS AT, SHIKANOV A, JACKSON E, BARRETT SL, 
HIRSHFELD-CYTRON J, KIESEWETTER SE, SHEA LD & WOODRUFF 
TK. 2011. In vitro oocyte maturation and preantral follicle 
culture from the luteal-phase baboon ovary produce 
mature oocytes. Biol Reprod 84: 689-697.

XU M, WEST E, SHEA LD & WOODRUFF TK. 2006. Identification of 
a stage-specific permissive in vitro culture environment 
for follicle growth and oocyte development. Biol Reprod 
75: 916-923.

How to cite 
HE Y, MENG K, WANG X, DONG Z, ZHANG Y & QUAN F. 2020. Comparison 
of Bovine Small Antral Follicle Development in Two- and Three-
Dimensional Culture Systems. An Acad Bras Cienc 92: e20180935. 
DOI 10.1590/0001-3765202020180935.



YUANYUAN HE et al. COMPARISON OF FOLLICLE DEVELOPMENT IN 2D AND 3D SYSTEMS

An Acad Bras Cienc (2020) 92(Suppl. 2) e20180935 15 | 15 

Manuscript received on September 6, 2018; 
accepted for publication on December 13, 2018

YUANYUAN HE 
https://orcid.org/0000-0003-0156-5671 

KAI MENG
https://orcid.org/0000-0002-3939-273X

XIAOMEI WANG
https://orcid.org/0000-0002-5607-7862

ZHIHANG DONG
https://orcid.org/0000-0003-1932-0023

YONG ZHANG
https://orcid.org/0000-0001-9811-3019 

FUSHENG QUAN
https://orcid.org/0000-0003-0478-5418

Northwest A&F University, College of Veterinary 
Medicine, Department of Clinical Veterinary 
Medicine, Yangling 712100 Shaanxi, China

Correspondence to: Fusheng Quan 
E-mail: quanfusheng@nwsuaf.edu.cn

Author contributions 
Y. He and K. Meng contributed equally to this work. Y. He 
wrote and conceived the structure of the manuscript. Y. 
He, K. Meng, and X.M. Wang contributed to completing the 
experiment. Z.H. Dong contributed to the data processing 
and format modification of the experiment. Y. Zhang and F.S. 
Quan contributed to designing and revising the manuscript. All 
authors have read and approved the published version of the 
manuscript.


