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Synthetic matrices which mimic the extracellular composition of native tissue create a comprehensive model for
studying development and disease. Here, we have engineered a composite material which retains cell-secreted
ECM for the culture of ovarian follicles by embedding electrospun dextran fibers functionalized with base-
ment membrane binder (BMB) peptide in PEG hydrogels. In the presence of ECM-sequestering fibers, encapsu-
lated immature primordial follicles and ovarian stromal cells aggregated into large organoid-like structures with
dense deposition of laminin, perlecan, and collagen I, leading to steroidogenesis and significantly greater rates of
oocyte survival and growth. We determined that cell aggregation restored key cell-cell interactions critical for
oocyte survival, whereas oocyte growth was dependent on cell-matrix interactions achieved in the presence of
BMB. Here we have shown that sequestration and retention of cell-secreted ECM along synthetic fibers mimics
fibrous ECM structure and restores the cell-cell and cell-matrix interactions critical for engineering an artificial

ovary.

1. Introduction

In vitro systems are valuable tools for regenerative medicine and
models to study biological mechanisms in a controlled environment.
Within the native tissues, ECM plays an important biological role, pro-
moting reciprocal cell-matrix interactions through integrin binding and
other receptors, supporting expansion and proliferation through matrix
remodeling, and modulating the release and sequestration of matrix-
bound growth factors [1,2]. Existing hydrogel-based 3D culture sys-
tems support co-culture of multiple cell types and organoid-like struc-
tures and recapitulate the bidirectional exchange of soluble cytokines
mimicking to some extent the physical and biochemical microenviron-
ment of the extracellular matrix (ECM) in which cells reside in vivo [3,4].
However, as the field of regenerative medicine and tissue engineering
progresses, there is a growing need for biomimetic in vitro systems that
promote reciprocal cell-matrix interactions and may help elucidate how
these interactions drive the behavior of cells, cell clusters and
organoid-like structures in vitro.
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Ovarian follicles are the multicellular aggregates in the ovary
responsible for a woman’s fertility and ovarian endocrine function.
Currently, young women and prepubertal girls diagnosed with cancer
and facing ovo-toxic treatments have limited options to preserve their
fertility, with cryopreservation of ovarian tissue prior to chemotherapy
being the most promising route [5,6]. However, only primordial and
early-stage primary follicles survive cryopreservation. Ovarian follicles
share many similarities with tissue organoids including a diverse
composition of cells, three dimensionality, cell proliferation and dif-
ferentiation. Follicles are complex multi-cellular structures each con-
taining an oocyte (egg) surrounded by hormone-producing somatic
cells. Periodically, a small cohort of primordial follicles activates and
initiates the growing process, called folliculogenesis, culminating with
ovulation [7-9]. The survival and growth of follicles in the early stages is
dependent on paracrine signaling from surrounding follicles [10-13]
and stromal cells [14-16], as well as physical cues from the ECM
[17-19]. As follicles grow, they degrade and soften the surrounding
ECM and deposit new matrix to accommodate volumetric expansion in
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later stages [20,21]. Softening of the matrix can be readily mimicked in
vitro with degradable hydrogels which provide a stiff-to-soft transition
necessary for follicle growth, but the reciprocal remodeling of ECM,
crucial for cell-matrix interactions, remains a challenge to incorporate in
in vitro settings [22-26]. We recently engineered reciprocal cell-matrix
interactions by functionalizing degradable PEG hydrogels with
ECM-sequestering peptides which retained cell-secreted ECM within the
hydrogel, improving growth and maturation rates of secondary follicles
[17], but the structure of the newly deposited ECM proteins was
amorphous and did not mimic the highly fibrillar and dense ECM in
which earlier stage primordial follicles reside [27,28]. Furthermore, a
recently published study suggests that the complex fibrillar structure of
perifollicular ECM supports physiologic follicle-matrix signaling in vivo,
providing a critical design criterion for next-generation follicle culture
[29]. To address this limitation, degradable synthetic hydrogels have
been paired with tunable electrospun fibers which can be functionalized
with bioactive ligands through Michael-type addition chemistry [30,
31]. As such, we posit that sequestration and proper structural tem-
plating of cell-secreted ECM is crucial for the organization and
controlled expansion of ovarian follicles.

To match the multicomponent composition of the native extra-
follicular tissue environment, here we describe a novel approach to
creating structurally and biologically relevant matrix in the form of 3D
fiber-reinforced hydrogel composites that can template cell-secreted
ECM along the fibers. These hydrogels offer independent control over
both the bulk material (PEG hydrogel crosslinked with proteolytically
degradable peptides) and fiber constituents (electrospun dextran fiber
segments decorated with bioactive peptides). The bulk hydrogel and the
fiber components were modified with ECM-binding peptides to
sequester cell-secreted ECM molecules to allow encapsulated follicles to
reconstruct the extrafollicular matrix compositionally and structurally
similar to native tissue. We utilized this novel composite hydrogel sys-
tem to culture the most immature primordial follicles and demonstrated
markedly improved oocyte survival in a matrix that combines follicles,
stromal cells, and ECM for mimicking the ovarian microenvironment.
This work highlights a distinction between unguided ECM deposition
within a bulk hydrogel in contrast to the creation of fibrous tissue-like
ECM templated by synthetic fibers which we find (1) drives the orga-
nization of the follicle-like structures with oocytes surrounded by so-
matic cells, and (2) promotes follicle survival, growth, and hormone
production. Moreover, the design of this matrix and the ability to
sequester cell-secreted ECM likely holds utility for a wider range of
tissue engineering applications.

2. Materials and methods
2.1. Fiber fabrication and functionalization

All reagents were purchased from Thermo Fisher unless specified
otherwise and all peptides were purchased from GenScript (Piscataway,
NJ, USA). Dextran vinyl sulfone (DexVS) was synthesized using a pre-
viously established protocol for vinyl sulfonating polysaccharides
adapted for use with high MW dextran (MW 86 kDa, MP Biomedicals,
Santa Ana, CA) [16,25,26]. Briefly, pure divinyl sulfone (12.5 mL, Fisher
Scientific, Hampton, NH) was added to a sodium hydroxide solution
(0.1 M, 250 mL) containing dextran (5 g). This reaction was carried out
at 1500 RPM for 3.5 min, after which the reaction was terminated by
adjusting the pH to 5.0 via the addition of hydrochloric acid. All reaction
products were dialyzed for 5 days against Milli-Q ultrapure water, with
two water exchanges daily, and then lyophilized for 3 days to obtain the
pure product. Functionalization of DexVS was characterized by 1H-
NMR spectroscopy in D20 and was calculated as the ratio of the proton
integral (6.91 ppm) and the anomeric proton of the glucopyranosyl ring
(5.166 and 4.923 ppm); here a vinyl sulfone/dextran repeat unit ratio of
0.376 was determined for DexVS polymers.

For electrospinning, DexVS was dissolved at 0.6 g mL™! in a 1:1
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mixture of Milli-Q ultrapure water and dimethylformamide with 0.015%
Irgacure 2959 photoinitiator. Methacrylated rhodamine (0.5 mM; Pol-
ysciences, Inc., Warrington, PA) was incorporated into the electro-
spinning solution to fluorescently visualize fibers. This polymer solution
was utilized for electrospinning within an environment-controlled glo-
vebox held at 21 °C and 30% relative humidity. Electrospinning was
performed at a flow rate of 0.3 mL h™}, gap distance of 5 cm, and voltage
of - 10.0 kV onto a grounded collecting surface attached to a linear
actuator. Fiber layers were collected on glass slabs and primary cross-
linked under ultraviolet light (100 mW cm2) and then secondary
crosslinked (100 mW cm’2) inal mg mL ! Irgacure 2959 solution.
After polymerization, fiber segments were resuspended in a known
volume of PBS (typically 3 mL). The total volume of fibers was then
calculated via a conservation of volume equation: total resulting solu-
tion volume = volume of fibers + volume of PBS (3 mL). After calcu-
lating total fiber volume, solutions were re-centrifuged, supernatant was
removed, and fiber pellets were resuspended to create a 1.1 vol% fiber
solution, which were then aliquoted and stored at 4 °C. To support ECM
deposition, 2.0 mM BMB peptide (GCREI-
SAFLGIPFAEPPMGPRRFLPPEPKKP, GenScript), was coupled to vinyl
sulfone groups along the DexVS backbone via Michael-type addition
chemistry for 30 min. Fibers were loosely pelleted at 2000xg for 10 s
then resuspended in hydrogel precursors for encapsulation with follicles
and cells.

2.2. Hydrogel and peptide formulations

All hydrogels were formed using 8-arm PEG-vinyl sulfone (PEG-VS)
(40 kDa, >99% purity, JenKem Technology) crosslinked via Michael-
type addition with trifunctional (3 cysteine) plasmin-sensitive cross-
linkers: a fast-degrading GCYKNRGCYKNRCG (YKNR), slow-degrading
GCYKNSGCYKNSCG  (YKNS), or non-degrading GCYKpNSpG-
CYKpNSpCG (D-YKNS or YKpNSp) which incorporates the non-native D-
isomers of lysine and serine to render the peptide nondegradable by
plasmin. A 1:1 M ratio of YKNS (slow degrading) and YKNR (fast
degrading) was used unless noted otherwise as this ratio has previously
been shown to support folliculogenesis [17]. Before crosslinking, PEG
was modified with basement membrane binding peptide (BMB bulk) or
cysteines to serve as a non-sequestering control. Hydrogels had a final
formulation of 5 wt% PEG, 0.75 mM bulk modification, and 3.08 mM
total crosslinker resulting in a 1:1 stoichiometric ratio of -VS to thiol
(-SH) groups. PEG and ECM-binding peptide were dissolved in isotonic
50 mM HEPES buffer (pH = 7.4 at 37 °C), mixed, and allowed to react
for 15 min at 25 °C. Peptide crosslinkers were then dissolved in 50 mM
HEPES and mixed with BMB-functionalized PEG. Complete hydrogel
precursor solution was used to resuspend follicle and fiber pellets, and 5
pL drops were pipetted onto parafilm-coated glass slides. Hydrogels
were crosslinked at 37 °C for 5 min then transferred to follicle mainte-
nance medium (minimal essential medium Eagle-alpha modification
[aMEM] supplemented with 1% (v/v) fetal bovine serum and 0.5% (v/v)
penicillin-streptomycin) to terminate gelation.

2.3. Fiber and hydrogel characterization

Fiber lengths and widths in 10x images of suspended fibers were
measured using ImageJ. Cysteine-modified bulk hydrogels with (n = 6)
and without (n 6) BMB-functionalized fibers were characterized
through axial compression testing. To test the effect of cell-driven pro-
teolytic degradation on hydrogels’ mechanical properties, we embedded
BMB-functionalized fibers and encapsulated stromal cells and follicles at
a density of 0.4 ovaries/gel in bulk hydrogels modified with 0.75 mM
BMB. These gels were characterized through axial compression testing
on days 0 (n = 5) and after 18 days of culture (n = 6). Unconfined
compression of 8 mm diameter cylindrical hydrogel samples was per-
formed on a TA HR 30 Discovery Hybrid Rheometer with an 8 mm
parallel plate. Compression was performed at a rate of 5 pm/s until 40%
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strain at 37 °C. Stress was calculated by division of force by cross-
sectional area of the hydrogel sample, and the elastic modulus was
found by calculating the slope of the linear elastic region of the resulting
stress-strain curves. The mass equilibrium swelling ratio (Qn) was
calculated as the swollen hydrogel mass divided by the lyophilized
hydrogel mass. Hydrogels were swollen overnight in phosphate buffered
saline, weighed, then lyophilized until dry.

2.4. Follicle isolation, encapsulation, and culture

All animal procedures were performed in compliance with the
Guidelines for the Care and Use of Animals at the University of Michi-
gan. Procedures were approved by the Institutional Animal Care and Use
Committee (IACUC) at the University of Michigan (PRO00009635).
Female C57Bl/6 and male CBA mice were purchased from Envigo for
breeding. Primordial follicles and stromal cells were enzymatically iso-
lated from the ovaries of 5-day old B6CBAF1 pups to yield hundreds of
follicles and cells for encapsulation. Ovaries were placed in warm Lei-
bovitz’s L-15 medium supplemented with 0.5% (v/v) penicillin-
streptomycin and 2.5 mg mL ™! collagenase 1A (Sigma Aldrich) for 15
min, then transferred to fresh L-15 with PenStrep and vigorously
pipetted for 3 min to remove the outermost follicles and cells, followed
by enzyme quenching with fetal bovine serum (1% v/v). The remaining
pieces of tissue were returned to the digestion medium for 15 min, fol-
lowed by the dissociation and quenching steps. Follicles and cells were
passed through a 40 pm cell strainer to remove larger follicles and pieces
of undigested tissue, however the diversity and proportions of the
remaining cells and follicles was assumed to resemble the native ovary.
The follicle and cell suspension was pelleted at 100xg for 5 min. The
supernatant was removed, and the pellet was resuspended with hydrogel
precursors, then 5 pL droplets were pipetted onto parafilm-coated glass
slides for gelation. Gels were transferred to pre-equilibrated follicle
maintenance medium (minimal essential medium Eagle-alpha modifi-
cation [aMEM] supplemented with 1% (v/v) fetal bovine serum and
0.5% (v/v) penicillin-streptomycin) and stored in an incubator (37 °C,
5% CO53) for 30 min to 1 h. Follicles were cultured in 150 pL of follicle
growth medium («MEM supplemented with 1 mg mL-1 bovine fetuin
(Sigma Aldrich), 3 mg mL-1 bovine serum albumin, 5 pg mL-1 each
insulin-transferrin-selenium (Sigma Aldrich), and 10 mIU mL-1 recom-
binant human FSH (Gonal-F)) in individual wells of a 96-well plate for
18 days. Every two days, half of the growth medium was replaced with
fresh growth medium. For experiments in which matrix metal-
loproteinases were inhibited, follicle growth medium was supplemented
with marimastat (Sigma Aldrich) at 0.5 pM. Unless otherwise stated, 10
gels per condition were cultured for each experiment.

2.5. Follicle density, survival and activation

Initial follicle densities and subsequent activation and survival were
quantified through immunofluorescent staining for FOXO3a, an oocyte
activation marker which exports from the nucleus to the cytoplasm
when activated (Supplemental Fig. 1). Hydrogels containing follicles
were fixed for 1 h in 4% paraformaldehyde at room temperature then
washed in PBS (3x, 15 min each). Samples were transferred to a 25% w/
v solution of Optimal Cutting Temperature (OCT) medium in water for
24 h at 4 °C, followed by 24 h each in 50% OCT solution then 100% OCT
at 4 °C. Samples were cryosectioned on a Microm HM 525 cryostat at
—21 °C to make 200 pm thick sections. Samples were blocked for 12 h at
4 °C in 5% normal goat serum in PBS. Primary antibodies for FOXO3a
(Cell Signaling Technology, 2497S) were diluted 1:250 in blocking so-
lution and incubated for 12 h at 4 °C. Samples were washed in blocking
solution (3%, 1 h each) then incubated with Hoechst 33342 nuclear stain
(Thermo Fisher) and secondary antibodies (Thermo Fisher, AlexaFluor
647 A-21244) diluted 1:500 in blocking solution for 12 h at 4 °C.
Samples were washed in PBS (3%, 1 h each) then mounted in concave
slides with Prolong Diamond (Thermo Fisher). Tile scan z-stack images
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were captured on a Leica SP8 laser scanning confocal microscope to
obtain full images of the entire cryosectioned sample.

Follicle activation was quantified from hydrogels cultured for two
days to allow sufficient time for activation and to obtain accurate counts
of healthy follicles which survived the dissociation and encapsulation
process. Dormant and activated oocytes were manually counted from
stained cryosections, in which activated oocytes exhibited distinct
cytoplasmic staining of FOXO3a (Supplemental Fig. 1), and dormant
oocytes were identified by the presence of a comparatively large cell
(>10 pm) surrounded by at least two squamous cells with flattened
nuclei visualized with Hoechst. Follicle activation after 2 days of culture
was calculated by dividing the number of oocytes with cytoplasmic
FOXO3a staining by the total sum of oocytes counted within each
cryosection.

Encapsulated follicle densities at the start of culture and follicle
survival after 18 days of culture were based on follicle densities within
cryosections. Oocytes were identified based on size and visual appear-
ance or FOXO03a staining. Denuded oocytes which appeared healthy
(clear and round) were included in density calculations for their po-
tential to be rescued and enveloped in cell aggregates. The volume of the
cryosection was calculated from the cross-sectional area, measured in
ImageJ, and the height of the z-stack image. This volume was then used
to calculate the density of follicles (oocytes/pL) as presented in Sup-
plemental Fig. 1, and an average density across multiple cryosections
was extrapolated to the entire 5 pL gel for determining the approximate
number of encapsulated follicles at the start of culture. Follicle densities
after 18 days of culture were similarly determined from multiple cry-
osections, and this density was used to determine the approximate
number of remaining oocytes in the entire hydrogel. Follicle survival
was then calculated by dividing this approximate number of oocytes by
the calculated average number of starting follicles in the hydrogel
determined from samples after 2 days of culture.

2.6. Oocyte collection and in vitro maturation (IVM)

After 18 days of culture, hydrogels (n = 3 or 4) were proteolytically
dissolved to release the encapsulated follicles and cells to assess matu-
ration. Culture medium was removed from the hydrogels and replaced
with equilibrated aMEM supplemented with 1.14 U mL™! plasmin
(Sigma Aldrich) and 2.6 Wiinsch units mL~! Liberase DH (Sigma
Aldrich). Hydrogels were dissolved for 45 min at 37 °C in 5% CO2 and
pipetted every 15 min to aid in degradation. Follicles and cells were left
to settle for 5 min, then the degradation medium was removed and
replaced with 150 pL of equilibrated maturation medium («MEM sup-
plemented with 10% fetal bovine serum, 5 ng/mL epidermal growth
factor, 1.5 IU mL ™! human chorionic gonadotropin, and 10 mIU mL™}
follicle stimulating hormone) for 20 h. Follicles were then treated with
0.03% hyaluronidase (type IV-S from bovine testes, Sigma Aldrich,
750-3000 IU/mg) to release cumulus oocyte complexes. Cumulus cells
were removed, and oocytes were evaluated to determine meiotic stage
and diameters measured in ImageJ. Oocytes which were fragmented,
dark in appearance, or showing signs of degeneration were not included
in counts of viable oocytes.

2.7. Immunostaining and confocal microscopy

Hydrogels containing follicles (n = 2) were fixed for 1 h in 4%
paraformaldehyde at room temperature then washed in PBS (3%, 15 min
each). Samples were transferred to a 25% w/v solution of Optimal
Cutting Temperature (OCT) medium in water for 24 h at 4 °C, followed
by 24 h each in 50% OCT solution then 100% OCT at 4 °C. Samples were
cryosectioned on a Microm HM 525 cryostat at —21 °C to make 200 pm
thick sections. Samples were blocked for 12 h at 4 °C in 5% normal goat
serum in PBS. Primary antibodies for laminin (Abcam, ab80580),
collagen I (Sigma Aldrich, SAB4500362), and perlecan (Santa Cruz
Biotechnology, sc-33707) were diluted 1:250 in blocking solution and
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incubated for 12 h at 4 °C. Samples were washed in blocking solution
(3%, 1 h each) then incubated with Hoechst 33342 nuclear stain
(Thermo Fisher) and secondary antibodies (Thermo Fisher, AlexaFluor
647, A-21247 and A-21244) diluted 1:500 in blocking solution for 12 h
at 4 °C. Samples were washed in PBS (3%, 1 h each) then mounted in
concave slides with Prolong Diamond (Thermo Fisher). Images were
captured on a Leica SP8 laser scanning confocal microscope. All confocal
images were captured using the same laser power, gain, and imaging
parameters outlined in Supplemental Table 1. All confocal images are
presented as maximum intensity projections of 200 pm thick hydrogel
sections. A baseline subtraction was performed on all follicle images
based on the mean intensity in order to reduce noise caused by auto-
fluorescence. Mean fluorescence intensity measurements were taken
from unaltered images in Leica LASX software. Fluorescence was
measured from two cryosections per condition by randomly sampling
200 x 200 pixel (113.6 x 113.6 pm) regions across the cryosections. The
average intensity of the region of interest was measured for each channel
in the region of interest, then ECM fluorescence intensity was normal-
ized to the nuclei (Hoechst) intensity of the same region to accommo-
date for loss of intensity and resolution of both ECM and nuclei
fluorescence intensity as more light is scattered deep within samples.
Each region of interest was treated as an individual sample for statistical
analysis.

2.8. Hormone analysis

Follicle-secreted sex hormones androstenedione, estradiol, and pro-
gesterone were analyzed from the culture medium of encapsulated fol-
licles and cells from days 10-18 of culture. Hormone analysis for varying
follicle densities was performed on pooled medium from two gels and
divided into three technical replicates. Hormone analysis for BMB bulk/
BMB fiber gels and corresponding non-sequestering controls was per-
formed on medium from individual samples for four biological repli-
cates. Replicates of each condition were analyzed by the University of
Virginia Center for Research in Reproduction Ligand Assay and Analysis
Core (Eunice Kennedy Shriver NICHD/NIH Grant R24HD102061).

2.9. Statistical methods

Statistical analysis of follicle measures and ECM quantification was
performed in GraphPad Prism 9. Follicle densities and activation after
two days of culture were compared using an ordinary one-way ANOVA
followed by a Tukey test to correct for multiple comparisons. Oocyte
counts on day 18, oocyte diameters, average aggregate cross-sectional
areas, and ECM mean fluorescence intensity were compared using
Brown-Forsythe and Welch’s ANOVA followed by a Tukey test to correct
for multiple comparisons. Unless stated otherwise, data is presented as
average £ standard deviation. P < 0.05 was considered statistically
significant, and significance was defined as *p < 0.05, **p < 0.01, ***p
< 0.005, ****p < 0.0001.

3. Results

3.1. Degradable PEG hydrogels support activation and co-culture of
ovaries dissociated into individual primordial follicles and cells

Ovaries dissociated into individual follicles and cells were encapsu-
lated in non-sequestering PEG hydrogels (n = 3 for each concentration)
at concentrations ranging 0.2-1.0 ovary/gel to determine the extent of
follicle activation and density sufficient for paracrine support without
overwhelming the culture medium (Supplemental Fig. 1). Across all
conditions, follicles exhibited similar rates of activation (~75%) after
two days in culture, confirmed by the export of FOXO3a to the cyto-
plasm. Follicle survival across all conditions was approximately 10-20%
with 0.2 ovary/gel exhibiting the lowest survival and 1.0 ovary/gel
exhibiting the highest survival. At the lowest encapsulation density (0.2
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ovary/gel) insufficient paracrine support likely led to follicle death, and
at higher encapsulation densities (0.8 and 1.0 ovary/gel), the culture
medium was quickly exhausted and did not support folliculogenesis as
evidenced by dense cell clusters, shriveled degenerated oocytes, and
acidic culture medium. Encapsulation of 0.4 ovary in a 5 pL gel was
determined to be the optimal density for culture with 124 + 23 follicles/
pL, 4.18E6 + 1.1E6 stromal cells/mL, and 77.8% =+ 3.0% activation
(Supplemental Fig. 1). To assess degradation the bulk elastic modulus
was measured on days O and 18 showing that hydrogels soften from
about 13.6 kPa with 95% CI [9.6 kPa, 16.1 kPa] to 1.9 kPa with 95% CI
[1.5 kPa, 2.7 kPa] during culture (Supplemental Fig. 2).

3.2. Clustering of ECM-binding peptides on fibers increased ECM
deposition

Modification of bulk PEG hydrogel with BMB peptide previously
improved maturation rates of oocytes from larger more mature follicles
[17]. Here we sought to determine whether the presence of fibers or
BMB peptide would promote reclustering and ECM deposition after
ovary dissociation and improve oocyte survival and growth. We first
confirmed that the presence of fibers within the hydrogel did not affect
the bulk mechanical properties of the gel (Supplemental Fig. 2). DexVS
fibers measured an average 67 + 67 pm in length and 2.1 + 0.7 pm in
diameter, which falls within the range of diameters of ovarian ECM fi-
bers and bundles [29]. There was no statistical difference in elastic
modulus or swelling ratio between hydrogels with and without
embedded BMB-functionalized fibers at 2% v/v. Bulk hydrogels without
embedded fibers have a median elastic modulus of 19.86 kPa with 95%
CI [17.7, 22.6] and a swelling ratio of 24.8 + 1.2. Hydrogels embedded
with DexVS fibers have a median elastic modulus of 18.16 kPa with 95%
CI [16.3, 20] and a swelling ratio of 23.9 + 1.6. We cultured follicles in
non-sequestering bulk hydrogels embedded with non-sequestering fi-
bers (‘Control Fibers’), bulk BMB-modified hydrogels without fibers
(‘BMB Bulk’), or non-sequestering bulk hydrogels embedded with
BMB-functionalized fibers (‘BMB Fibers’) (Fig. 1a). As expected, in the
control fiber condition, follicles and cells did not bind to fibers, and
remained in small separated, clusters. Insufficient cell proliferation,
required for hormone production and signaling, and minimal aggrega-
tion around oocytes, critical for oocyte growth, contributed to low
oocyte survival and growth with only 2% oocytes per gel surviving to
day 18 and an average oocyte diameter of 36 pm. Similarly, follicles in
BMB bulk gels remained in small clusters and exhibited low survival
with only 1% of oocytes retrieved on day 18. In contrast, in the BMB
fiber condition we observed cell contact with fibers, most probably via
interactions with cell-deposited ECM and follicles survived and grew
significantly better (Fig. 1c). Cell-ECM-fiber interactions enabled cell
aggregation and fiber manipulation to form large multi-follicular
structures within the hydrogels. Oocyte survival significantly
improved compared to the control fiber and BMB bulk conditions with
14% live oocytes on day 18. Oocytes reached 43 pm in diameter, a
significant increase compared to the control fiber condition. Immuno-
histochemical analysis for laminin, perlecan, and collagen I revealed
significantly greater ECM deposition when cells were cultured with
BMB-functionalized fibers compared to control fibers and bulk BMB
hydrogels (Fig. 1d).

3.3. Cell-ECM but not cell-RGD interactions improve primordial follicle
growth and survival

Next, we investigated differences in cell-matrix interactions via
sequestered ECM compared to direct integrin binding to fibers func-
tionalized with RGD (Fig. 2). Non-sequestering control hydrogels
without DexVS fibers recapitulate the bulk mechanical stiffness of the
ovarian ECM and allow proteolytic degradation, but without RGD or
sequestered ECM present, have minimal cell-matrix interactions medi-
ated by integrins. In this condition only 4.8% =+ 0.6% of oocytes from
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Fig. 1. Examining ECM deposition and cell aggregation via DexVS fibers and BMB peptide. (a) Schematics depicting culture conditions in non-sequestering bulk
hydrogels embedded with non-sequestering DexVS fibers (control fibers), BMB-modified bulk hydrogels without DexVS fibers (BMB bulk), and non-sequestering bulk
hydrogels with BMB-functionalized DexVS fibers (BMB fibers) in which BMB peptide will bind cell-secreted ECM proteins. Fibers were embedded in hydrogels at a 2%
v/v density. (b) Representative brightfield images at 20 x objective (scale bar 100 pm) and 5x objective (inset, scale bar 500 pm) after 0 and 18 days of culture. (c)
Quantification of average aggregate cross-sectional area (—/— n = 6, BMB/NA n = 6, -/BMB n = 8), oocytes collected from each gel (n = 4 per condition), and oocyte
diameters (oocytes pooled from 4 gels per condition, total oocytes: /- n = 53, BMB/NA n = 32, -/BMB n = 208) after 18 days of culture. (c) Representative confocal
images of laminin, perlecan, and collagen type I (red) deposited by cells (nuclei, blue) in hydrogels with or without fibers (green) (scale bar 50 pm) with quanti-
fication of mean fluorescence intensity (MFI) of ECM normalized to nuclear stain (Hoechst) intensity (n = 10 samples per ECM per condition).

encapsulated follicles survived after 18 days of culture with an average
oocyte diameter of 37.4 + 5.7 pm. To test whether the lack of integrin-
mediated interactions between cells and the gel was responsible for poor
follicle survival, we incorporated DexVS fibers modified with RGD in
non-sequestering PEG hydrogels (n = 9). In this condition we observed
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two different cellular organizations [1]: in 78% of the gels (7 of 9),
follicles and cells aggregated in small clusters with minimal interactions
with the RGD-fibers, and [2] in 22% of the gels (2 of 9), cells adhered to
the RGD-fibers and formed a rather spread-out interconnected network
of cells, which lost cell-oocyte connections and extruded the oocytes. A
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Fig. 2. ECM-sequestering peptides promoted ECM deposition and improved oocyte outcomes. (a) Representative brightfield images at 20x (scale bar 100 pm) and
5x objectives (inset, scale bar 500 pm) after 0 and 18 days of culture in unmodified PEG hydrogels (control), unmodified PEG gels embedded with 2%v/v RGD-
functionalized DexVS fibers (RGD fibers), or BMB-modified PEG hydrogels embedded with 2%v/v BMB-functionalized DexVS fibers (BMB Bulk BMB Fibers).
Cells cultured in hydrogels containing RGD fibers exhibited two distinct behaviors with 78% of hydrogels maintaining isolated cell clusters and 22% of hydrogels
driving cell adhesion and network formation along fibers; (b) Representative images of oocytes collected from hydrogels after 18 days of culture. (c) Live oocytes
collected from each gel (-/NA n = 4, -/RGD n = 3, BMB/BMB n = 4), and (d) oocyte diameter after 18 days of culture (-/NA n = 119 oocytes pooled from 4 gels,
-/RGD n = 42 oocytes pooled from 3 gels, BMB/BMB n = 306 oocytes pooled from 4 gels). (¢) Concentrations of steroid hormones androstenedione (A), estradiol (E),
and progesterone (P) in medium collected from BMB Bulk/BMB Fiber hydrogels (n = 4). (f) Representative confocal images of collagen type I (red) deposition by cells

(nuclei, blue) in hydrogels containing fibers (green) functionalized with either RGD or BMB (scale bar 50 pm).

macroscopic view of the hydrogels illustrates this distinct difference in
cell behavior (Fig. 2a, Day 18 inset images). In both cases, oocyte sur-
vival and growth were poor, leading to only 2.3% + 0.8% oocyte sur-
vival on day 18 and reaching 38.2 + 5.3 pm in diameter. After
confirming that RGD led to poor oocyte survival, we tested whether a
different mechanism of cell-matrix interactions mediated by
cell-deposited ECM would result in cell aggregation and follicle reor-
ganization similar to native ovarian tissues. We incorporated BMB
peptides in both DexVS fibers and the bulk of the PEG hydrogels to
maximize sequestration of cell-secreted ECM. Follicles and cells cultured
in this condition formed networks by pulling and incorporating the fi-
bers in the clusters, forming more dense aggregates with BMB-fibers
compared to RGD-fibers. Oocyte survival increased 2.5 and 5 times
compared to non-sequestering and RGD-fibers controls reaching 12.4%
+ 2.1% survival. The secretion of gonadal hormones from follicles
cultured in the presence of BMB continuously increased, reaching 3
ng/mL of estradiol, 10 ng/mL of androstenedione and 30 ng/mL of
progesterone, which is consistent with steroidogenic signatures of
growing and maturing follicles (Fig. 2e). Continuously increasing hor-
mone production is typical of follicles developing from the primordial to
secondary and early antral stages [32]. High variance across samples is
expected as each gel contains a large population of follicles at many
different developmental stages. Analysis of cell-fiber and cell-matrix
interactions revealed that in the RGD-fiber condition, cells adhered to
fibers with minimal deposition of type I collagen in the tissue structures.
In contrast, the deposition of type I collagen was significantly greater
within the aggregates in the BMB-fiber condition (Fig. 2f). We concluded
that while cells directly engaged with both RGD- and
BMB-functionalized fibers, only the latter promoted follicle-localized
ECM deposition and aggregation.

3.4. Density of ECM-sequestering fibers modulates cell aggregation

Having determined that BMB presentation on DexVS fibers leads to
increased ECM deposition, cell aggregation, and improved oocyte sur-
vival, we sought to determine whether increasing the concentration of
encapsulated fibers in the gel, i.e. fiber density (FD), would enable better
connectivity between cells eventually contributing to contraction into
larger aggregates. We encapsulated follicles in non-sequestering PEG
embedded with BMB-functionalized fibers at varying densities to
determine if oocyte survival and growth correlated with aggregate size
(Fig. 3). Average aggregate size indeed increased with increasing fiber
density, with an average cross-sectional area of approximately 18000
pm?, 62000 pm?, and 271000 pm? in the FD0.5%, FD1.0%, and FD2.0%
conditions, respectively. Oocyte survival also increased with fiber den-
sity, with approximately 5.2%, 8.4%, and 15.8% oocyte survival in the
FD0.5%, FD1.0%, and FD2.0% conditions, respectively. Importantly,
oocytes that survived in all the conditions reached similar diameters of
approximately 45 pm. Confocal analysis of deposited laminin, perlecan,
and type I collagen revealed that these ECM components were present in
aggregates of all sizes, suggesting that fibers presented balanced BMB
sites for anchoring cell-secreted ECM.

Although fiber density has been shown to have negligible effects on
bulk composite stiffness, the inclusion of synthetic fibers that are stiffer
than the surrounding hydrogel may cause disparities in local mechanics
and diffusion of soluble factors ([30], Supplemental Fig. 2). To control
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for effects that may arise from varying fiber density within the gels, we
generated composites containing a fixed 2% v/v fraction of fibers but
composed of different ratios of BMB-modified to control,
cysteine-modified fibers (Fig. 4). Similar to our findings from experi-
ments with increasing BMB-functionalized fiber density, cross-sectional
area of aggregates increased with increasing proportions of BMB fibers,
but no significant difference in oocyte survival or growth was observed.
Upon visual inspection, it appeared more ECM is deposited in gels with
greater proportions of BMB fibers, but when normalized to BMB-fiber
content, no clear trends arise (Supplemental Fig. 3), suggesting that
any amount of BMB present on fibers facilitates ECM sequestration and
allows cells to aggregate.

3.5. Inhibition of hydrogel and ECM remodeling affect oocyte outcomes

Follicles were encapsulated in BMB-fiber embedded PEG hydrogels
crosslinked by peptides possessing varying degrees of susceptibility to
degradation to examine the effects of aggregate formation and proteo-
lytic remodeling on oocyte survival and growth (Fig. 5). YKNR is a
plasmin-sensitive sequence, naturally occurring in fibrin, whereas YKNS
has a single amino acid substitution resulting in decreased enzyme af-
finity and slower rates of degradation. Hydrogels crosslinked with 100%
YKNR degrade too fast and do not last until the end of culture [33]. On
the contrary, hydrogels crosslinked with 100% YKNS degrade slower,
but may be less permissive for cell proliferation [16,33]. Thus, mixing
the two crosslinking peptides, YKNS and YKNR, enabled fine control of
the speed of hydrogel degradation and resulted in the greatest follicle
survival and growth [17]. Follicles encapsulated in hydrogels cross-
linked with only YKNS with overall slower degradation formed smaller
aggregates, but oocyte survival and growth matched that of the YKN-
S/YKNR hydrogels (Fig. 5b). Conversely, follicles cultured in hydrogels
crosslinked with non-cleavable YKpNSp (D-YKNS) peptide did not
interact with BMB fibers and oocyte survival and growth were signifi-
cantly diminished. Marimastat, a broad-spectrum MMP-inhibitor,
should only inhibit the degradation and remodeling of cell-deposited
ECM and in theory should not directly affect plasmin-driven degrada-
tion of YKNS/YKNR crosslinked hydrogels. Marimastat-treated follicles
did not form aggregates and oocyte survival was significantly decreased
compared to control YKNS/YKNR crosslinked hydrogels where MMP
activity was not inhibited. The few oocytes which survived grew to
similar diameters as the degradable hydrogel conditions, but the yield
was prohibitively low (less than 3%) for clinical translation. Immuno-
fluorescent analysis revealed dense deposition of ECM in the YKN-
S/YKNR and YKNS only conditions, while very little ECM was observed
in the presence of marimastat. Interestingly, collagen I was colocalized
to BMB-fibers in the YKpNSp condition, but little laminin or perlecan
was deposited (Supplemental Fig. 4).

4. Discussion

Synthetic hydrogels have long been used to mimic the bulk me-
chanical properties of tissue for organoid cultures, but organ architec-
ture and function is dependent on complex microenvironmental cues not
yet recapitulated by homogeneous hydrogels [34,35]. Recent advances
in materials science now enable the creation of hierarchical composites
with fibers surrounded by soft gel matrix, mimicking the composition of
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(nuclei, blue) formed around BMB-functionalized fibers (green) (scale bar 50 pm). Unmodified fibers are not fluorescently tagged in confocal images.
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stromal ECM in native tissues [36]. Electrospun fibers, fabricated with of ECM. Here we employed ECM-binding peptides for sequestering

varying stiffness, length, and diameters, model the diversity of fibrillar cell-secreted proteins and proteoglycans on DexVS fibers within a PEG
ECM components encountered in vivo, and functionalization of these hydrogel and explored how peptide presentation and fiber density
fibers with bioactive peptides mimics the numerous biological functions impacted ECM deposition and subsequent cell-matrix interactions
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(Fig. 6). To our knowledge, this is the first use of a fully synthetic
hydrogel composite material to control the templating of cell-secreted
ECM and allow aggregation and assembly of follicular organoid-like
structures for a long-term culture.

Integrin binding sequences such as RGD have long been the gold
standard to allow cells to bind to otherwise bioinert hydrogels, but these
peptides are limited when compared to the range of interactions cells
would have with the different components of native ECM. Conversely,
BMB binds a multitude of cell-secreted ECM molecules, thereby creating
layers of proteins and proteoglycans for cell-matrix interactions. Here
we demonstrated that fiber functionalization with either RGD or BMB
can promote cell adhesion, but only BMB conditions improved oocyte
survival and growth compared to non-sequestering controls. We hy-
pothesized that layering of multiple ECM components on BMB fibers
diversifies and restores the cell-matrix interactions which were lost
when follicles and cells were isolated from ovarian tissue for encapsu-
lation. By sequestering cell-secreted ECM components, cell signaling
pathways specific to ovarian ECM can be restored in the BMB conditions,
as opposed to direct integrin interactions with RGD. Specifically,

301

laminin and perlecan were deposited in BMB-functionalized conditions,
both of which are present in follicle basement membranes and play
important roles during folliculogenesis, such as steroid production and
gonadotropin signaling [26,37,38]. Our previous study showed
improved follicle growth and maturation with BMB and a
laminin-derived peptide, AG73, likely because both sequences restored
specific basement membrane interactions [17]. Here, we improved upon
that system by using fibers as a scaffold for deposition and alignment,
ultimately resulting in controlled ECM retention and templating within
the hydrogels. This allowed ovarian follicles to reconstruct their native
environment by depositing and remodeling matrix that preserved the
delicate connections between cells through aggregation yet allowed
growth and proliferation.

Throughout this study, we observed differences in oocyte growth and
survival as a function of BMB peptide presentation, fiber density, and
degradability of the bulk hydrogel. Importantly, the 3-fold increase in
the yield of surviving oocytes has a tremendous clinical significance in
improving the chances of obtaining a fertilizable egg. In general, con-
ditions which contained BMB-functionalized fibers promoted cell
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aggregation along with oocyte survival and growth. Conditions without
BMB-fibers and conditions where interaction with BMB-fibers was
inhibited, either physically in a non-degradable matrix or chemically
through MMP inhibition, exhibited no aggregation and low oocyte
survival. This indicates that critical cell-cell interactions are maintained
within clusters, and ECM deposition on BMB-fibers facilitated aggrega-
tion into follicle-like structures, allowing immature follicles with mini-
mal neighboring cells be pulled into clusters and rescued, overall
promoting the survival of encapsulated follicles. Our findings further
suggest that the aggregates formed with the fibers do not collapse or
densify over time, supporting the notion of reciprocal remodeling, e.g.,
degradation and deposition of new ECM.

The presence of BMB-functionalized fibers allowed cells and follicles
to aggregate, which was critical for oocyte survival; however, the size of
the aggregates did not correlate with the oocyte survival. It is likely that
the key cell-cell interactions restored upon initial aggregation in both
conditions were sufficient to support oocyte survival. Decoupling the
relationship between aggregate size and oocyte survival was more
complicated when considering fiber density. Hydrogels with increasing
fiber density exhibited both increased oocyte survival and aggregate
size, which we attributed to higher probability of cells to interact with
fibers at higher densities. However, when controlling for total fiber
density within in the hydrogel with varying BMB modification, aggre-
gate sizes increased with BMB-functionalized fiber proportions while
oocyte survival was unaffected. We hypothesized that BMB-
functionalized fibers served as initiators for aggregation and unmodi-
fied fibers entangled within BMB-fibers may pull additional cells and
follicles into the aggregate as cells remodel ECM bound to the BMB-
fibers. In doing so, follicles and cells can form small, localized aggre-
gates that improve oocyte survival even at low BMB-fiber proportions.
Across these conditions, it is evident that the formation of aggregates
significantly improves oocyte survival and growth, however the size of
the aggregate may be negligible. While the precise mechanisms are still
to be elucidated, we hypothesize that aggregates bring together a
diverse range of cell types, any of which may provide key signals for
oocyte development, and the cellular composition of the aggregates will
need to be further studied to understand which populations are
providing key support for folliculogensis.

5. Conclusion

In summary, we have developed an ECM-sequestering matrix for
primordial follicle culture and have shown improved oocyte survival
and growth when follicles and cells are encapsulated in degradable PEG
hydrogels embedded with electrospun DexVS fibers functionalized with
ECM-sequestering peptide, BMB, to serve as a scaffold for ECM deposi-
tion and remodeling, replicating the fibrous structure of native ECM.
ECM deposition on fibers not only restores direct cell-matrix interactions
which improve oocyte growth, but also facilitates cell aggregation to
restore cell-cell interactions for oocyte survival (Fig. 6). By facilitating
ECM deposition and cell aggregation in a degradable hydrogel, we were
able to mimic the physical and chemical cues present in the native ovary.
The biomimetic hydrogel presented here is a promising platform for in
vitro follicle culture and a potential fertility preservation option for
women undergoing gonadotoxic cancer therapies. Further studies could
employ this culture system to decipher the precise mechanisms of cell-
cell and cell-matrix binding in an artificial ovary, explore key regula-
tors of early stage folliculogenesis, identify essential ovarian stromal cell
populations for follicle support, and could also be applied to the broader
field of tissue engineering.
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