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Abstract

Ovarian follicle growth in three dimensional (3D) matrices in vitro has limitations:
a) matrices don’t expand as follicles grow, b) requirements for enzyme-mediated
retrieval, and c¢) animal-derived components prevent clinical application.
Therefore, we evaluated N-Isopropylacrylamide (SFX-1), a novel synthetic 3D
culture matrix, for follicle culture. Groups of three murine secondary follicles
were encapsulated in 50 uL of DMEM/F12-1%ITS-10%FCS (DMEM/F12) or
SFX-1 (3:2 v/v DMEM/F12) or Matrigel (1:1 DMEM/F12) and cultured for
48 h. Matrigel contains growth factors but SFX-1 has no animal-derived fac-
tors. Each culture condition was examined in 6 wells containing 18 follicles, in
four replicate experiments (n = 4). Photomicrographs were used to determine
follicle diameters and morphological integrity. Follicles were Live-Dead (LD)
stained or disaggregated to generate cells for viability assessment using Try-
pan Blue (TB). Estradiol, progesterone and anti-mullerian hormone (AMH)
in conditioned media were measured using Enzyme-linked Immunoassay. All
culture conditions supported similar increases in follicle diameter. DMEM/F12
did not maintain morphological integrity which prevented follicle retrieval
after 48 h; 25% were retrieved from DMEM/F12, but 44% and 41% follicles
were retrieved from SFX-1 and Matrigel respectively. Follicles retrieved from
Matrigel could not be disaggregated, which prevented TB viability assessment.
LD estimations of viable cells/follicle were lower than TB, but culture condi-
tions had no effect on viability; SFX-1 64% + 8% and DMEM/F12 69% + 9%.
SFX-1 and Matrigel supported similar levels of progesterone synthesis, only
Matrigel supported estrogen synthesis, but none of the culture conditions
supported AMH production. SFX-1 was not cytotoxic and was comparable to
Matrigel. Further development of SFX-1 for use with human follicles is sup-
ported.
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1. Introduction

Ovaries contain follicles which are three dimensional (3D) spheres made up of a
central oocyte (egg) surrounded by layers of granulosa cells, and additional lay-
ers of theca cells in the larger, more mature follicles. The main function of the
granulosa and theca cells is to support oocyte maturation so that it can be ferti-
lized by spermatozoa after ovulation in vivo [1]. Ovarian follicles are cultured in
vitro for many reasons including in vitro maturation to produce fertilizable oocytes,
and to allow investigation of the fertility-suppressing effects of chemotherapeutics on
granulosa cell viability and hormone production [2]-[9]. Two-dimensional (2D)
culture systems have been used to grow follicles but these cause collapse of the
3D spherical structure with consequent impairment of follicle and oocyte matu-
ration [5] [10] [11] [7]. In contrast, culturing ovarian follicles in 3D matrices
supports the growth of follicles in all directions, maintains inter-cellular gap
junctions and maintains enclosure of the oocyte within the granulosa cell layers
[5] [7]. The purpose of this study is to compare two 3D matrices (established
versus novel) with a 2D follicle culture system (negative control).

Two dimensional (2D) culture systems allow cells to grow in a monolayer on a
rigid and flat substrate [12]. 2D follicle culture systems have been evaluated by
examining oocyte germinal vesicle break-down (GVB) [10] [13] and meiotic ar-
rest [10], both indicators of oocyte maturation and fertilisability, as well as fol-
licle granulosa cell viability [8], follicular growth to antral stage [8] [14], follicu-
lar integrity [15] [16] [17], and the production of steroid hormones; estrogen
(E2) and progesterone (P4) [8] [7]. However, the application of 2D follicle cul-
ture systems to the in vitro maturation of follicles and oocytes has been criticized
because they do not maintain follicular integrity throughout the culture period,
and granulosa cells tend to grow out through the follicle basal lamina within
four days of culture [7]. Moreover, 2D culture systems do not model the in vivo
3D environment in which follicles are enclosed by the extracellular matrix of the
ovary [12]. Follicular integrity is essential for follicle and oocyte maturation be-
cause granulosa cells communicate constantly with each other and the oocyte
through gap junctions [5] [15] [16] [17]. When follicles are cultured in 2D sys-
tems, stress on the intercellular gap junctions causes a significant reduction in
oocyte growth, extrusion of oocytes, loss of spherical structure [5] [7] [10] [11]
[7] and flattening of the follicles [18]. Although follicles cultured in 2D systems
grow and can exhibit 2.1 to 5.3-fold increases in diameter [10] [11], only 62% of
the oocytes undergo GVB [13] and the oocyte diameters tend to be significantly

smaller after 10 days in culture than those of freshly isolated oocytes from fol-
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licles of comparable age [10] [11]. It was argued that the enzymatic disaggrega-
tion of ovarian tissue to collect follicles damaged the basal laminae of the iso-
lated follicles and that this compromised follicular integrity [5], contributed to
the detachment of granulosa cells from each other and the oocyte [7] and im-
paired maturation. However, when follicles were collected mechanically from
the ovaries without enzymes, cultured in a 2D system for 6 days and the viability
assessed using Live-Dead stain, the follicular viability was only 8% [19]. In some
studies, follicles were said to be viable if the follicle retained a 3D spherical
structure and granulosa cells enclosed the oocyte [8], but in situ studies indi-
cated that about 20% to 40% of granulosa cells in a follicle can be non-viable, ir-
respective of species [20]-[26] and in isolated morphologically intact, spherical
follicles 10% of granulosa cells were not viable when measured by staining the
whole follicle with Live-Dead stain [27] or by Trypan Blue staining [28]. To-
gether, these studies indicate that 2D culture systems are not optimal for follicu-
lar and oocyte maturation.

Three dimensional (3D) in vitro culture matrices have been developed to
overcome the limitations of 2D culture systems. /n vivo, the distinct cellular
compartments of ovarian follicles; theca cells, basal laminae, granulosa cells and
the cumulus oocyte complex (COC) [5], are embedded in an extracellular matrix
consisting of collagen, fibrinogen and hyaluronic acid [18] [29] [30] [31] [32].
The follicles are in turn embedded in the extracellular matrix of the ovary which
consists of collagen, proteoglycans, and tenascin C [33] [34]. There are two
broad types of 3D matrices; alginate and Matrigel. Alginate matrices are derived
from algae and comprise f-d-mannuronic acid and a-l-guluronic acid that
forms gel by ionic cross-linking of the guluronic residue. Higher concentrations
of alginate (0.25%) however reduced the growth and maturation of follicles and
oocytes [35] [36] [37] but incorporation of components of extra cellular matrix
such as collagen I and IV, fibronectin and laminin into alginate increased ste-
roid hormone (P4 and E2) production by follicles, probably because it pro-
moted the adhesion of granulosa cells to each other and the oocyte [20] [38]
[39]. Fibrin-alginate based matrix is responsive to follicle growth because pro-
teases present in the matrix are activated by follicular cells during growth [40].
Matrigel is an extract from tumor cells and consists of collagen IV, fibronectin,
laminin, entactin, sulfate proteoglycans, heparins and growth factors [41]. Lig-
uid Matrigel forms a gel at or above 20°C and hence when cultured at 37°C,
supports follicular growth and integrity [41]. Matrigel however, does not allow
expansion or growth of follicles over time [5]. Another problem associated with
alginate and Matrigel 3D matrices is the need to use enzymes to retrieve follicles
when the culture is finished [5] [20] [40].

Three dimensional culture systems must allow gas exchange and diffusion of
nutrients, and this permeation is affected by the porosity of the matrix. 3D cul-
ture matrices must be not toxic to the growing cells and ideally should also allow
sustainable growth for the duration of the culture period (Desai et a/ 2010) by
supporting the growth of follicles in all directions and by holding the cellular
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and non-cellular compartments close together within a spherical structure [18].
Another factor affecting 7n vitro follicle culture is the co-culture of groups of fol-
licles together, because this has been reported to promote oocyte development
and follicular growth irrespective of other aspects of the culture system [14] [18]
possibly because follicles can communicate with each other, as in the in vivo sit-
uation.

Human follicles are collected from various patient cohorts, primarily to cul-
ture and produce fertilizable oocytes that can be submitted to established clinical
IVF protocols which will enable infertile couples to have children. Regulatory
agencies do not permit human cells that will be implanted or transferred into
patients to be exposed to animal-derived products [42]. Many advances have
been made to optimize in vitro culture systems for follicles, but at the time of
writing no method has been unequivocally proven to be effective for consistent
follicular development 7n vitro. The animal-derived Matrigel culture system holds
promise but needs modification to allow non-destructive isolation of the follicle
from the gel, and further data are required to determine if the fibrin-alginate in-
terpenetrating network (FA-IPN) follicle culture system supports correct mor-
phological development.

Healthy premenopausal human ovarian tissue is scarce, and few human fol-
licles are available for research and development. Therefore, the objective of this
study was to evaluate SFX-1, a novel 3D culture matrix, in terms of its ability to
support murine 3D follicular growth, and to determine if the new culture matrix
is worth further study using human follicles in the future. SFX-1 is a thermosen-
sitive synthetic matrix that is fully defined and has no components derived from
animals, hence it has potential for clinical application for ovarian follicles, and
also for the culture of other 3D mammalian structures in vitro. The SFX-1 ma-
trix is in solution status below 33°C and gels above this temperature. This prop-
erty suggested it might be easier to encapsulate and retrieve follicles from SFX-1
than from Matrigel. On the other hand, SFX-1 does not contain proteins, growth
factors or structural components whereas Matrigel does, and this led to the hy-
pothesis that follicles cultured in DMEM/F12 with 10% FCS in a 2D system
would flatten, lose their spherical structure and fail to produce hormones, whe-
reas follicles cultured in SFX-1 with DMEM/F12 and 10% FCS would retain their
spherical structure and synthesize hormones, and follicles cultured in Matrigel
with DMEM/F12 and 10% FCS would have the best morphology and highest
hormone production. Since this is the first study to examine follicle culture in
SFX-1, it was important to determine if the new matrix was immediately and
acutely cytotoxic, therefore the study aims were to quantify murine follicle cell
viability, follicular growth, morphological integrity (maintenance of 3D spheri-

cal structure), and hormone production in a short 48-hour culture in vitro.

2. Materials and Methods

All reagents from Sigma Aldrich (Australia) unless otherwise stated.
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2.1. Synthesis of SFX-1

The SFX-1 matrix was synthesized by free radical emulsion polymerization as
reported previously [43]. Before the polymerization, the monomer N-Isopro-
pylacrylamide (NIPAM) was recrystallized in n-hexane and dried in vacuum at
room temperature, and acrylic acid (AA) was purified by vacuum distillation.
For the SFX-1 synthesis, 9.9 mmol NIPAM, 0.1 mmol AA, 0.2 mmol N,
N’-methylenebis (acrylamide) and 0.12 mmol of sodium dodecyl sulphate were
added in 97 mL of water. The solution was bubbled with nitrogen for 30 minutes.
3 mL of potassium persulphate aqueous solution (0.1 mmol) was then injected
into the degassing solution to initiate the polymerization at 70°C. After polyme-
rization for 5 h with continuous supply of nitrogen and stirring, the temperature
was reduced to the ambient temperature. The as-prepared products were puri-
fied by membrane dialysis with a cut-off molecular weight of 12 - 14 kDa against

Milli-Q water for one week with a daily water change.

2.2. Preparation of Reagents

Dulbecco’s Modified Eagle’s Medium with Hams F12 was supplemented with
1% insulin (5 ug/mL), transferrin (5 ug/mL) and selenium (5 ng/mL, “ITS”,
Gibco, New York, USA), and 1% penicillin (10,000 units/mL) and streptomycin
(10 mg/mL) and hereafter referred to as DMEM/F12. For use in all three culture
systems heat inactivated foetal calf serum (FCS, DKSH, Melbourne, AUS) was
added to DMEM/F12 to 10% v/v.

SFX-1 (50mg/mL) was diluted to 30 mg/mL with 40% v/v DMEM/F12 and
10% FCS on the day before each experiment. Matrigel (8.61 mg/mL) was diluted
1:1 with DMEM/F12 and 10% FCS immediately before encapsulating follicles.
Live-Dead combined stain containing 10 pM Calcein AM and 20 uM Ethidium
Homodimer-1 (Invitrogen, Paisley, UK) was prepared in 1X phosphate buffered
saline (PBS). Collagenase IV (12 mg/mL, 295 units/mg, Worthington, New Jer-
sey, USA) was prepared in DMEM/F12 and hyaluronidase (0.025%, 1228
units/mg, Lakewood, NJ) was prepared in 1X PBS.

2.3. Mouse Ovary Collection

Mature adult female mice (C57 BL, 10.7 £ 1 weeks, n = 8) were killed by cervical
dislocation and the isolated ovaries placed in 37°C DMEM/F12 and transported
to the laboratory at 37°C. These mice were excess to the needs of the breeding
colony and allocated to routine cull. They were euthanized by College of Medi-
cine animal facility staff, and the use of their ovaries for this research project was
approved by the Animal Welfare Committee at Flinders University, Adelaide,
South Australia.

2.4. Follicle Isolation from Ovaries

Whole ovaries were dissected free of oviducts, adipose tissue, and extraneous

tissue, cut in half, and disaggregated using 0.5 mL collagenase IV (2 mg/mL in
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DMEM/F12) for 30 minutes at 37 C with 1 minute agitation after every 10 mi-
nutes, then mechanically disaggregated with 22-gauge syringe needles for 5 mi-
nutes. All released follicles were collected and transferred to a 96-well plate con-
taining DMEM/F12 with 10% FCS.

2.5. Follicle Size Classification

Follicle diameters were initially estimated using a scale graticule in the lens eye
piece of a dissecting microscope at 3X magnification. Follicles were separated
into pools of primordial, primary, early secondary, late secondary or antral fol-
licles according to the size ranges described by Griffin J, Emery BR, Huang I,
Peterson CM and Carrell DT [44] and Young J and McNeilly AS [45]. The fol-
licles were collected from two mice on four separate occasions (n = 4 experi-
mental replicates). On each occasion, all the secondary follicles from two mice
were combined into one pool of follicles and examined using a dissection mi-
croscope to identify follicles with excellent morphology (see below for scoring
system). These were then randomly distributed to culture in SFX-1, Matrigel or
DMEM/F12, such that at the beginning of culture, all follicles had high M1 or
M2 scores for morphology and spherical integrity.

2.6. Follicle Culture

20 uL of Matrigel or SFX-1 or DMEM/F12 with 10% FCS were added to wells of
a 96 well plate and incubated at 37°C in a humidified incubator for 5 minutes.
Groups of three secondary follicles were added to each well, and overlain with 30
pL of Matrigel or SFX-1 or DMEM/F12. These were incubated at 37°C for
another 5 - 10 minutes, to ensure that follicles were encapsulated within each
matrix. The solid hydrogels (each well containing three follicles) were then
overlain with 100 uL DMEM/F12 with 10% FCS, and the follicles cultured for 48
h at 37°C with 5% CO,. The SFX-1 gel contained 40% and the Matrigel con-
tained 50% DMEM/F12 with 10% FCS, whereas the follicles in the 2D culture
system were surrounded by 100% DMEM/F12 with FCS. Each of the three cul-
ture systems (Matrigel, SFX-1 and DMEM/F12) were examined in 6 replicate
wells, so a total of 18 follicles were used to examine each culture condition with-
in each of 4 experimental replicates. Follicles were photographed using an in-
verted microscope immediately after encapsulation and before culture. After 48
hours at 37°C, media were collected, and the follicles were left at room tempera-
ture for ten minutes to allow the matrices to cool and become liquid gel. This al-
lowed the follicles to be retrieved without enzymes and washed with PBS. Nine
follicles from 3 replicate wells were subjected to Live-Dead staining whereas fol-
licles from the other three replicate wells were disaggregated (see below) and the

isolated granulosa cells assessed using a Trypan Blue exclusion assay.

2.7.Live-Dead Staining

Follicles (n = 27) in each replicate experiment (n = 4) were washed with PBS
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then stained with 150 uL Live-Dead combined stain at 37°C for 45 minutes. The
follicles were washed with PBS before fixation in 150 uL of 4% paraformalde-
hyde (PFA) for 40 minutes in the dark at room temperature. The Live-Dead
stained whole follicles were placed onto a poly-L-lysine coated glass microscope
slide with 5 pL buffered glycerol and a cover slip.

Images of Live-Dead stained whole follicles were captured using a fluores-
cence microscope (Brightfield BX50, Olympus) at 20x magnification using Mi-
cro-Manager (v1.4.13) image capture software. The fluorescence microphoto-
graphs were analysed using Image J (1.49v), and the diameters of each follicle
were determined by drawing a straight line across the follicle three times then
calculating the average.

After subtracting non-specific background fluorescence, the grey scale image
was used to identify all Live-stained, or Dead-stained areas. Overlapping stained
areas were subdivided by applying an Image ] plugin program “Watershed”. A
“Particle analyser” function in Image ] was then used to count the number of
separate stained areas. These were outlined to check against the original image,

and the estimated numbers were recorded for each follicle.

2.8. Follicle Disaggregation and Trypan Blue Exclusion Assay

Follicles (n = 27) in each replicate experiment (n = 4) were disaggregated in col-
lagenase IV for 30 minutes before treatment in hyaluronidase for another 30
minutes. The granulosa cells harvested from each group of 3 disaggregated fol-
licles were resuspended in 20 pL DMEM/F12, then 20 uL Trypan Blue was added
to these cell suspensions. 10 pL was loaded onto a haemocytometer, and the live
and dead cells in 9 large squares were counted. The mean + SD numbers of via-
ble or dead granulosa cells were expressed per follicle, and the numbers of viable
cells were expressed as percentage of the total number of granulosa cells from

one follicle.

2.9. Follicle Growth and Morphology

After 48 h culture, only the diameters of the Live-Dead stained follicles were
measured because follicles from the other three technical replicates were disag-
gregated and the granulosa cells were assessed using Trypan Blue. The mor-
phology of each Live-Dead stained follicle was classified as being intact (M1, the
follicle appeared completely enclosed by the basal lamina), or largely intact but
of lower morphological integrity (M2, the basal lamina appeared irregular or
broken in places, but without any loss or displacement of GC), or slightly (M3)
or completely disrupted (M4) [46] [47].

2.10. Progesterone Measurement

In each experiment and for each culture condition (SFX-1 or Matrigel or
DMEM/F12), conditioned media were collected from two replicate wells, each

containing three follicles, after 48 hours of culture. The conditioned medium
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from each culture well was examined in one well of a competitive enzyme-linked
immunoassay (EIA, Cayman Chemical ELISA, Ann Arbor, MI, USA), and dup-
licate wells were used to measure progesterone production. A mouse monoclon-
al anti-rabbit IgG, and an acetylcholinesterase progesterone tracer were used for
the progesterone EIA. The manufacturer reported a detection limit of 10 pg/mL,
an intra-assay coefficient of variation (CV) of 7.5%, and an inter-assay CV of
2.9% for this assay. For this study, the progesterone standard was diluted in
DMEM/F12 with 10% FCS to give concentrations that ranged from 7.18 to 1000
pg/mL.

2.11. Estradiol Measurement

In each experiment, and for each culture condition, conditioned media were
collected from two replicate wells (each containing 3 follicles) after 48 hours of
culture and examined in a competitive EIA (Cayman Chemical ELISA, Ann Ar-
bor, MI, USA) that used a mouse anti-rabbit IgG, and an acetylcholinesterase
estradiol tracer. The manufacturer reported a detection limit of 15 pg/mL, and
an intra-assay coefficient of variation (CV) of 7.8% to 18.8% for this assay. For
this study, the estradiol standard was diluted in the DMEM/F12 with 10% FCS to
give concentrations that ranged from 6.6 to 4000 pg/mL.

2.12. Anti-Mullerian Hormone (AMH) Enzyme Immunoassay

As described above, conditioned media from two replicate wells (each contain-
ing 3 follicles) were collected after 48 hours of culture. Conditioned media sam-
ples were examined in a two-step sandwich type EIA (Immunotech, Marseille
Cedex, France) that used an anti-AMH monoclonal antibody for capturing AMH,
and biotinylated monoclonal antibody together with streptavidin-peroxidase for
detecting bound AMH in the wells. The manufacturer reported a detection limit
of 1 pg/mL, an intra-assay coefficient of variation (CV) of 12%, and an inter-assay
CV of 14.2%. For this study, the AMH standards were diluted in DMEM/F12
with 10% FCS to give concentrations that ranged from 0 to 150 pM.

2.13. Statistical Analysis

The mean + SD values of four experimental replicate (n = 4) were determined
for each culture condition and experimental output (follicle diameter, granulosa
cell viability, P4, E2 or AMH concentration). Follicle diameters were subjected to
one-way ANOVA with Tukey’s Multiple Comparison test, whereas the numbers
of live and dead granulosa cells were subjected to a two-way ANOV A with Bon-
ferroni post-test. Statistical analyses were carried out using GraphPad Prism, and

statistical significance was assigned at p < 0.05.

3. Results
3.1. Follicle Growth

The initial diameter of the subset of secondary follicles that were allocated to
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Live-Dead staining was the same as the entire cohort of secondary follicles (Table
1), and there was no difference between the follicles that were randomly allo-
cated to each of the three culture conditions (SFX-1, Matrigel or DMEM/F12) at
the beginning of the experiment (Table 1). There was a significant increase (p <
0.05) in follicle diameter in all three matrices after 48-hour culture, but no dif-
ference between the three culture conditions; the SFX-1 matrix supported follicle

growth to the same extent as Matrigel.

3.2. Follicle Morphology

Green Live-staining was localised to the cytoplasm of granulosa cells, although
in some follicles the staining was more punctate (Figure 1(A)) than in others
(Figure 1(B)). Diffusive Live-staining was seen in the vicinity of the oocyte. Red
Dead-staining was localised to the nuclei of granulosa cells (Figure 1(C)) and to
the large nucleus of the oocyte in highly disrupted follicles with low M4 mor-
phology scores (Figure 1(D)). Fewer than half the follicles were retrieved from
the wells (SFX 44%, Matrigel 41%, DMEM/F12 25% retrieved) because in many
cases the granulosa cells attached to the floor or wall of the culture wells and
formed a monolayer, and the oocytes were not enclosed by granulosa cells
(Figure 1(E)).

All the follicles (n = 36 in each matrix) had an intact spherical morphology
which was scored as being M1 or M2 at the commencement of culture. The
highest numbers of follicles were retrieved (and Live-Dead stained) from SFX-1
after 48 h culture (n = 16 follicles), a similar number (n = 15) were retrieved af-
ter culture in Matrigel, but only nine follicles were retrieved after 48 h culture in
the 2D DMEM/F12 system. The follicles that could not be retrieved from the
culture wells did not have an intact spherical structure and were more disrupted
than the follicles given M4 scores (Figure 1(E)), hence the highest number of fol-
licles with poor, non-spherical morphology resulted from culture in DMEM/F12.

Matrigel maintained an intact spherical M1 or M2-graded morphology in 47%
of the follicles that could be retrieved (Figure 2), the 2D DMEM/F12 culture

system did not support the maintenance of any follicles with M1 scores, although

Table 1. Follicle Growth after 48 h in vitro.

Initial Follicle Initial Diameter (um) of Final Diameter

P t
Culture system Diameter Follicles allocated to  (um) of Live-Dead . ereet
. L. f . increase (%)
(um) Live-Dead staining stained follicles
SFX-1 (3D) 144 =20 153 £28 201 + 38* 43 +30
Matrigel (3D) 152+ 8 152 +5 213 +42* 40 £29
DMEM/F12 (2D) 148 £ 6 145+ 6 205 + 22* 41 +18

Murine secondary follicles (n = 216) were cultured in groups of three for 48h in SFX-1, Matrigel or
DMEM/F12. Half the follicles were assessed using Live-Dead stain. Photomicrographs of follicles were tak-
en before and after culture, and the images used to determine diameter. The mean + SD diameter of fol-
licles in 4 replicate experiments shown (n = 4), and the data assessed by one-way ANOVA with Tukey’s
Multiple Comparison test. *p < 0.05.
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Monolayer
of attached
granulosa
cells

Figure 1. Effect of Culture on Follicle Viability and Morphology. Intact spherical murine
secondary follicles with high morphological quality scores of M1 and M2 were cultured
for 48 h in 3D or 2D matrices, retrieved and Live-Dead stained. (A) An M2 Live-stained
follicle cultured in Matrigel. (B) M3 Live-stained follicle cultured in SFX-1. (C) M3
Dead-stained follicle cultured in SFX-1. (D) Disrupted M4 Dead-stained follicle cultured
in DMEM/F12. (E) Disrupted follicle with extruded oocyte in a culture well that could
not be retrieved nor Live-Dead stained.

44% of the low number of follicles that were retrieved had M2 scores, and in
SFX-1 only 12.5% of retrieved follicles maintained M1 or M2 morphological
scores. There were however significantly higher numbers of follicles with M3
scores (p < 0.01) in SFX-1 than those with M1 or M2 scores.

3.3. Follicular Cell Viability

Although follicles were washed free of Matrigel, it was not possible to produce a
single cell suspension that could be assessed in a Trypan Blue Exclusion assay.

The numbers of cells in follicles grown in 3D SFX-1 were not significantly higher
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O Matrigel
2 1 mDMEM/F12 R

gl

M1 M2 M3 M4

Number of Follicles
(=Y
(9]

Follicle Morphology

Figure 2. Effect of Culture on Follicle Morphology. Intact spherical murine secondary
follicles with high morphological quality scores of M1 and M2 were cultured for 48 h in
3D SFX-1 (n = 36) or Matrigel (n = 36), or in 2D DMEM/F12 (n = 36). The follicles were
retrieved, Live-Dead stained and given scores for spherical integrity and morphological
quality. M1 and M2 no loss of granulosa cells, M3 < 10% loss of granulosa cells, M4
highly disrupted with >10% loss of granulosa cells. The experiment was repeated on four
separate occasions (n = 4, 9 follicles per matrix per experiment) and Mean + StDev num-
ber of follicles in each morphological category shown. SFX-1 data subjected to 1-Way
ANOV A with Tukey post-test, **p < 0.01 compared to M1 & M2.

than in follicles grown in 2D DMEM/F12 cell culture medium (Figure 3(A))
when assessed by Trypan Blue, and the percentage of viable cells was similar; 64
+ 8 and 69 = 9 in SFX-1 and DMEM/F12 respectively. Intact Live-Dead stained
follicles were assessed using an Image Analysis protocol, which generated data
suggesting that these follicles contained more granulosa cells (average 486 + 49,
Figure 3(B)) than the disaggregated follicles assessed by Trypan Blue (average
279 + 108, Figure 3(A)). The percentages of viable cells in intact Live-Dead
stained follicles were similar after culture in the three matrices; 8% + 10% in
SFX-1, 20% * 6% in Matrigel and 14% + 13% in DMEM/F12 (Figure 3(B)).

3.4. Follicle Hormone Production

After a 48 h culture period, follicles cultured in SFX-1, Matrigel and DMEM did
not produce any detectable AMH (Table 2). Follicles cultured in SFX-1 and Ma-
trigel produced progesterone, and only follicles that were cultured in Matrigel

produced estrogen.

4. Discussion

Mouse ovarian follicles were cultured in a novel, fully defined 3D synthetic gel
system for the first time and compared with follicles grown in Matrigel or
DMEM/F12 for a short 48h period. Although the only nutrients in the SFX-1 3D
gel system derived from the medium (DMEM/F12 with 10% FCS and 1% ITS),
the diameters and morphological integrity of follicles grown in SFX-1 were not

significantly lower than those grown in Matrigel and were clearly superior to
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Figure 3. Effect of 48 h Follicle Culture on Cell Viability. Groups of three murine secon-
dary follicles per well were cultured in SEX-1, Matrigel or in DMEM/F12 medium. After
48 h in vitro, follicles were (A) disaggregated to produce a single cell suspension which
was assessed using a Trypan Blue Exclusion assay to identify live and dead cells or (B)
Live-Dead stained and Image Analysis used to quantify the number of areas of staining.
Live cells were expressed as a percentage of total cells per follicle. The experiment was re-
peated on four separate occasions (n = 4) and Mean * StDev number per follicle shown.

Table 2. Hormone produced by follicles after 48 hours culture.

Hormone SFX-1 Matrigel DMEM/F12
AMH ND ND ND
E2 ND 17.8+9 ND
P4 478 + 285 506 + 210 ND

Groups of three follicles were cultured in SFX-1, Matrigel or DMEM/F12 for 48 h. Conditioned media were
collected, and anti-mullerian hormone (AMH), estradiol 174 (E2) and progesterone (P4) produced by
groups of 3 follicles were measured in duplicate by enzyme immuno-assay. The mean + SD pg/mL (n = 4)
shown. ND: not detectable.

those grown in DMEM/F12 with 10% FCS. All three culture systems supported
short-term growth as indicated by increases in follicle diameters, but the mor-
phological integrity scores were highest in Matrigel, as expected. This was prob-
ably because Matrigel is a biologically active matrix that contains collagen, lami-
nin and sulfate proteoglycans, [30] as well as other growth factors such as EGF,
FGF, IGF-1, PDGF and TGF-p [41], and these facilitated adhesion of granulosa
cells to each other and the oocyte [20]. Nevertheless, it was clear that 3D struc-
tural support in the presence of minimal nutrients, as characterized by the SFX-1
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culture system, was sufficient to support follicle growth and maintain a spherical
structure. In addition to this, the highest numbers of follicles were retrieved
from SFX-1. Although more than half of the encapsulated follicles in the 3D sys-
tems could not be retrieved, a problem noted by others who used 3D matrices
containing collagen [5] [48] [49], in future studies components of the ovarian
ECM [18] [29] [30] [31] [32] may be incorporated into SFX-1 in a gradual
process designed to identify the combination that maximizes follicle growth and
retrieval.

The total numbers of granulosa cells estimated by Live-Dead staining were
higher than those estimated by Trypan Blue. This discrepancy was probably a
consequence of the heterogeneous Live-staining localization which confounded
our automated Image Analysis protocol; many areas of Live-staining were
smaller than the area of a granulosa cell, and hence the total number of granulo-
sa cells in Live-stained follicles appeared higher than that obtained using the
Trypan Blue exclusion assay. Nevertheless, both protocols yielded values similar
to those in published reports; 100-400 granulosa cells per secondary follicle [44]
[50] [51].

There were concerns that the enzyme disaggregation of follicles, and the cen-
trifugation force applied to retrieve the disaggregated granulosa cells, might have
reduced viability before assessment in the Trypan Blue exclusion assay [25] [26]
[30] [52] [53], but the proportions of viable granulosa cells were lower when
quantified using Live-Dead stain (~15%) than when using Trypan Blue (~65%).
The Live-Dead stain identification of viable cells is based on activity of cytop-
lasmic esterase enzyme and conversion of Calcein AM to fluorescent Calcein.
However, in vitro follicle culture at atmospheric oxygen levels and 5% CO, is
associated with increased production of Reactive Oxygen Species which in turn
reduce the activity of cytoplasmic esterase [19] [54] [55] [56]. Trypan Blue
measures cell membrane integrity while Live-Dead stain measures enzyme activ-
ity, and the different mechanisms of action may account for the differences in
viable cell quantification found in this study. Irrespective of the method used to
quantify viable cells, fewer than half of the cells appeared to be viable in each fol-
licle after 48 h in vitro, whereas in situ studies reported that 80% of granulosa
cells were viable [20] [21] [22] [23] [24]. It was surprising that Matrigel did not
maintain significantly higher viable cell numbers than either of the other two
culture systems. Altogether our results suggest that the isolation of follicles from
ovarian tissue, followed by a 48 h culture at atmospheric oxygen levels and 5%
CO, in any system, reduced the viability of follicular granulosa cells. In future,
modified SFX-1 will be used in conjunction with other factors that promote fol-
licle growth in vitro, such as the partial pressures of oxygen and CO, [19] [37]
[57] [58].

Hormones produced by granulosa cells are an important indicator of follicle
viability and maturation. Matrigel supported the production of both estrogen

and progesterone but none of the culture systems supported AMH production,
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even though it has been reported that secondary follicles express the gene for
AMH [59] [60] [61] [62]. It is possible than the relatively low levels of granulosa
cell viability, and impaired cell-cell communication [5], may have prevented
AMH synthesis and secretion.

Our hypothesis was supported; Matrigel supported the growth of high quality
morphologically intact follicles that produced steroid hormones, but the retrieval
of follicles from Matrigel was difficult. Follicles cultured in DMEM/F12 with
10% FCS in a 2D system lost their spherical structure and failed to produce
hormones, in contrast to follicles also cultured in DMEM/F12 and 10% FCS but
with the addition of SFX-1, which retained their spherical structure and synthe-
sized the steroid hormone progesterone. Importantly, SFX-1 was not acutely cy-

totoxic to follicular cells during 48 h in vitro.

5. Conclusion

We conclude that SFX-1 is a promising synthetic 3D culture matrix that was not
cytotoxic and supported follicle growth, in the absence of any animal-derived
structural components or growth factors, apart from those in 10% FCS. This
study supports further development of SFX-1 for clinical application to the in
vitro maturation of follicles, and we recommend future studies in which defined
extracellular components and recombinant growth factors are added to SFX-1

for the extended culture of follicles.
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