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Synthetic hydrogel supports the function and regeneration
of artificial ovarian tissue in mice
Jiwon Kim1, Amanda S Perez2, Jake Claflin2, Anu David2, Hong Zhou2 and Ariella Shikanov1,2

Many prepubertal girls and young women suffer from premature ovarian insufficiency induced by chemotherapy given for
treatment of cancer and autoimmune diseases. Autotransplantation of cryopreserved ovarian tissue could restore the lost ovarian
endocrine function and fertility. Unfortunately, tissue ischemia, inconsistent graft quality and the risk of reintroducing malignant
cells may stand in the way of the clinical translation of this approach. To address these risks and limitations, we engineered an
artificial ovarian tissue from immature follicles using a synthetic hydrogel, poly(ethylene glycol) vinyl sulfone (PEG-VS), as a
supportive matrix. Enzymatically isolated follicles from 6–7-day-old mice ovaries were encapsulated in 7% PEG-VS hydrogels
modified with 0.5 mmol/l RGD and crosslinked with a trifunctional matrix metalloproteinase-sensitive peptide. PEG hydrogels with
the encapsulated follicles were orthotopically implanted into ovariectomised mice to investigate whether PEG hydrogel supports
folliculogenesis and steroidogenesis in vivo. After 30 days, grafts revealed multiple fully developed antral follicles and corpora lutea,
which corresponded with regular ovulation cycles and follicle-stimulating hormone (FSH) levels. The elevated levels of FSH, caused
by bilateral ovariectomy, were reversed by the implanted follicles and maintained at physiological levels for 60 days. Importantly,
primordial and primary follicles still represented 60% of the follicular pool, demonstrating selective recruitment of primordial
follicles into the growing pool. Functioning blood vessels in the grafts 30 and 60 days after implantation proved the capability of
PEG hydrogels to undergo graft remodelling and revascularisation. Our results demonstrate that PEG hydrogels with encapsulated
immature ovarian follicles successfully functioned as an artificial ovarian tissue for 60 days in vivo.
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INTRODUCTION
The number of cancer survivors has been growing owing
to advancements in anticancer treatments, and the long-term
survival rates improved 480% in most childhood malignancies.1,2

Yet, cytotoxic chemotherapy, radiotherapy and bone marrow
transplantation treatments often cause infertility and premature
ovarian failure.3,4 Clinically approved fertility preservation options
exist only for adult patients who can produce a fully mature egg.5

If the anticancer treatment can be delayed, then these patients
can undergo hormonal stimulation to stimulate follicle develop-
ment and recover mature oocytes.6 The retrieved oocytes can
then be cryopreserved and used later for in vitro fertilisation
treatments. Unfortunately, the option of egg preservation is not
applicable to patients who require immediate treatment or
prepubescent girls, whose dormant ovaries cannot produce
mature eggs.6 Furthermore, the cytotoxic chemotherapy affects
the ability of the prepubescent girls to undergo complete
and physiological puberty.7 This eventually leads to a variety of
long-term clinical complications, such as delayed growth of bones,
impaired cognitive development, cardiovascular and metabolic
complications.8

Autotransplantation of cryopreserved ovarian tissue has shown
promising results for fertility and ovarian function restoration and
has resulted in 60 reported live human births, since 2004.9 Unlike
in vitromaturation and fertilisation of mature eggs, transplantation
of ovarian tissue does not require repeated cycles of hormone
stimulation, thus reducing the risk of ovarian hyperstimulation

syndrome and delay in chemotherapy treatments.10 Despite
promising results, there is a significant loss of the follicular pool
owing to tissue ischemia and it requires multiple invasive
procedures to extend ovarian function because of the short life
span of autografts.11–13 Yet, the most prohibitive limitation of
the ovarian tissue autotransplantation is a potential risk for
reintroducing malignant cells, especially in patients with leukemia
and other blood-borne cancers.14 Therefore, grafting of multiple
isolated follicles presents a safer alternative, because individual
follicles are separated from the stromal environment before being
encapsulated in a three-dimensional supportive matrix.
Ovarian tissue contains follicles at different developmental

stages surrounded by stroma cells and rich vasculature. Follicles,
the functional units of the ovary, are composed of a germ cell (the
oocyte) and layers of somatic cells (granulosa and theca cells),
which are responsible for the production and metabolism of
gonadal hormones, estradiol and progesterone. At birth, the
human ovary contains approximately one million of immature
follicles, called primordial follicles, which have the potential to
develop and produce mature oocytes capable of fertilisation. This
number decreases to 300,000 follicles at puberty and continues to
decline until menopause.15 Because of the non-regenerative
nature of follicles, a sufficient number of follicles must be present
in the ovary in order to sustain ovarian endocrine function.
Primordial follicles, the most immature and most abundant class

of follicles, constitute the ovarian reserve, and activation of a small
portion of this reserve each cycle ensures ovarian function.15

1Department of Macromolecular Science & Engineering, University of Michigan, Ann Arbor, MI, USA and 2Department of Biomedical Engineering, University of Michigan,
Ann Arbor, MI, USA.
Correspondence: A Shikanov (shikanov@umich.edu)
Received 7 December 2015; revised 20 April 2016; accepted 24 May 2016

www.nature.com/npjregenmed

Published in partnership with the Australian Regenerative Medicine Institute

http://dx.doi.org/10.1038/npjregenmed.2016.10
mailto:shikanov@umich.edu
http://www.nature.com/npjregenmed


Activated primordial follicles enter the growing pool of preantral
follicles and secrete sex hormones. A burst activation of premature
follicles can shorten the longevity of the graft. A successful
transplantation would require significant primordial follicle
population, which can contribute to monthly cycles and provide
healthy, fertilisable eggs.6,16–18 Several reports have investigated
an approach of grafting enzymatically isolated immature follicles
encapsulated in naturally derived hydrogels, such as alginate,19

fibrin,20–22 fibrin and vascular endothelial growth factor,21,23

for delivery of isolated follicles and demonstrated complete
folliculogenesis in vivo showing the potential of this approach.
Here for the first time, we report the application of synthetic
hydrogels with defined degradation kinetics and tunable physical
properties24 to support long-term engraftment and function of
the artificial ovarian tissue.
To address the limitations of fertility preservation options

available only to a small subset of patients, we investigated
whether an engineered ovarian tissue supports the ovarian
endocrine function in sterile mice. We constructed an artificial
ovary from preantral follicles encapsulated in a tunable synthetic
hydrogel, poly(ethylene glycol) vinyl-sulfone (PEG-VS), as a
supportive matrix. The tunable biophysical and biochemical
properties24,25 of PEG hydrogels successfully mimic the native
complexity of the extracellular matrix. End-functionalised multi-
arm PEG-VS allows modification with integrin-binding peptides
(such as RGD (Arg-Gly-Asp)) to allow cell–matrix interactions26,27

and crosslinking with protease-sensitive peptides to allow cell-driven
degradation and remodelling of the matrix. PEG-based matrices
support folliculogenesis in vitro,28 vascularisation of tissue
constructs in vivo29 and promote matrix remodelling in bone
defects.30,31 We hypothesised that PEG-VS hydrogels modified
with RGD and crosslinked with matrix metalloproteinase-sensitive
peptide can serve as a supportive matrix for an engineered
artificial ovarian tissue. Matrix with matrix metalloproteinase-
sensitive peptide would allow cell and follicle-driven remodelling
as the abundance of collagen in the natural ovarian tissues
undergoes remodelling during follicular development and
ovulation.32 We evaluated the development of immature follicles
encapsulated in PEG hydrogels and assessed the graft function
after orthotopic transplantation into ovariectomised mice. Our
results demonstrated for the first time that synthetic PEG

hydrogels with proteolytically controlled degradation successfully
supported follicle growth and promoted graft remodelling in vivo.

RESULTS
Development of immature follicles encapsulated in PEG
Histological analysis of PEG hydrogels explanted 14, 30 and
60 days after transplantation was performed to evaluate the
development of the implanted follicles. The initial population of
the follicles (day 0) was mostly primordial follicles (67.6%) with
30.8% primary and a small percentage (1.6%) of secondary follicles
(Figure 1a,e). Antral follicles appeared 14 days after transplanta-
tion (Tx), which is consistent with the fact that the transition from
primordial to antral takes 14 to 18 days during normal
folliculogenesis in mice33 (Figure 1f). Multiple fully mature pre-
ovulatory follicles were observed in the grafts retrieved after 30
(Figure 1g) and 60 days (Figure 1h) post-Tx, which indicated the
progression and the extent of the follicle development during this
period. From day 14 to day 60, the proportion of secondary and
antral follicles increased by 7.7 times and 36 times, respectively
(Figure 2b), and tissue regeneration progressed as encapsulated
follicles were going through follicle development (Figure 1b–d).

Immature follicular pool sustained
We quantified the number and the distribution of follicles per gel
before and after transplantation to evaluate the follicular reserve
(Figure 2a,b). There was a decreasing trend of the primordial
follicle number and an increasing trend of the antral follicle
number over 60 days in grafts (Figure 2a). This was a result of
primordial follicles entering the growing pool every estrous cycle
and reaching fully mature preovulatory follicles. The variability in
the initial number of follicles encapsulated in the graft was due to
the loss of follicles during the sedimentation and encapsulation
processes. The expected decreasing trend of the early-stage
follicle numbers in grafts (Figure 2a) indicates a functioning graft
that activates a small cohort of follicles each estrous cycle.
Multiple growing follicles at the primary and early secondary
stages were observed 14 days after transplantation. As primordial
follicles were recruited into the growing pool, a 51.4% decrease of
primordial follicles occurred over 60 days in vivo. However, 60% of
the immature follicular pool, including both primordial and

Figure 1. Folliculogenesis in PEG grafts. (a–d) Over 60 days, massive volumetric expansion was observed during the complete folliculogenesis,
beginning with the (e) mixed population of primordial and primary follicles to (f–h) antral follicles, and more tissue regeneration occurred (b–d).
Antrum formation was observed by day 14. By day 30 and 60, multiple antral follicles were observed. (Primordial (dotted arrow), Primary
follicle (**), Secondary follicle (***), Antral follicle (X)), Scale Bar= 500 μm (a–d), 50 μm (e), 100 μm (f–h).
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primary follicles, was still present in the grafts at day 60
(Figure 2b). On the basis of histological analysis, both primordial
and primary follicles were observed adjacent to secondary
follicles (Figure 2c), showing selective activation and recruitment
of primordial follicles into the growing pool.

Restoration of hypothalamus–pituitary–gonadal axis
Ovariectomy (OvX), and the subsequent absence of circulating
gonadal hormones produced in the ovaries, disrupts the negative-
feedback loop of the hypothalamus–pituitary–gonad (HPG) axis.
The most immediate and pronounced clinical outcome after
removal of the ovaries is disruption and absence of regular estrous

cycles as well as elevated follicle-stimulating hormone (FSH) levels.
To investigate how the graft contributes to the restoration of HPG
axis, FSH levels were measured before and after transplantation
(Figure 3a). As expected, serum FSH levels significantly increased
post-OvX (from 8 to 64 ng/ml) and the levels remained constantly
elevated up to 14 days post-Tx. The elevated FSH levels, ranged
from 64 to 76 ng/ml, persisted without the implantation of PEG
grafts throughout the study in the control group. However,
FSH levels consistently decreased in mice that received the PEG
grafts, as the transplanted follicles initiated folliculogenesis and
steroidogenesis. The FSH levels declined to 36 ng/ml by day 35
post-Tx, and 13 ng/ml by day 49. The physiological levels of FSH
were maintained up to day 60 (10 ng/ml), confirming the

Figure 2. Follicle development and progression through the developmental stages. (a) The number of follicles in each graft at different stages
after transplantation. There was a decreasing trend of the primordial follicle number in grafts over 60 days as a result of entering the growing
pool every estrous cycle, ovulate and become corpus lutea. The distribution in the follicle numbers before transplantation resulted due to the
loss of follicles during encapsulation process (ngel= 4 from four mice, for each time point). Statistical significance was determined by the
Kruskal–Wallis test followed by Dunn’s post-test (Po0.05). (b) Graft composition and percentage of the follicles at each developmental stage.
After 14 days in vivo the majority of the implanted follicles were at primordial stage, similar to the graft composition at the implantation. After
30 days, 15% of the implanted follicles reached a preantral stage and 5% were antral. The percentage of primordial follicles decreased and the
percentage of growing follicles increased over 60 days in vivo. 60% of immature follicular pool, including both primordial and primary follicles,
was still presented in the grafts. (c) Primordial and primary follicles present at day 14, 30 and 60 after implantation (Primordial follicles (dashed
arrow), Primary follicle (**), Secondary follicle (***)). Scale Bar= 50 μm.
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restoration of the HPG axis. The resumption of the estrous cycle
14 days post-Tx in all the transplanted mice further confirmed the
presence of functioning artificial ovarian tissue (Figure 3b).
Presence of corpora lutea in the histological sections collected
after 30 and 60 days served as an important evidence of successful
ovulation, which was consistent with regular estrous cyclicity
(Figure 3c).

Graft remodelling and neovascularisation
The degree of remodelling and neovascularisation of the
implanted PEG hydrogel directly impacts the graft longevity.
Functioning blood vessels were found after 30 (Figure 4a) and 60
(Figure 4b) days post-Tx, which was indicated by the presence of
red blood cells in the lumen of the vessels. The presence of the
blood capillaries was confirmed by positive CD34 immunostaining
(Figure 4c), indicating PEG hydrogel’s capability of stromal
cells and follicle driven remodelling. The density of blood
vessels increased from 30 days post-Tx to 60 days post-Tx
(Figure 4d), further indicating the continuous remodelling.

DISCUSSION
In this study, we engineered a synthetic PEG hydrogel that
supports implantation of isolated ovarian follicles and promotes
ovarian function in vivo. Ovarian tissue from a blood-borne
cancer patient potentially could contain cancer cells and
autotransplantation may lead to cancer recurrence. Our approach

mitigates this problem because follicles are purified from the rest
of the ovarian tissue by enzymatic tissue digestion. Several groups
demonstrated that enzymatically isolated follicles could be sorted
from the rest of the ovarian tissue resided with cancer cells using
microfluidic device34 or by sedimentation.21 However, the survival
and the function of enzymatically collected primordial follicles are
low due to the lack of a structural support and cell signalling from
the surrounding matrix.35,36 Therefore, we employed PEG hydro-
gels with the storage modulus of 5.2 kPa, which mimicked the
stiffness of soft stromal tissues (Supplementary Figure S2). And
here we demonstrated that PEG hydrogels can provide the
physical support to preserve oocyte–somatic cell connections and
the overall architecture of encapsulated follicles while enabling
follicular expansion through degradation.
Volumetric expansion of the follicle is one of the key structural

events during folliculogenesis. Starting at the primordial stage, the
volumetric expansion of the growing follicle is ~ 300-folds in mice
and about 105-fold in humans when the follicle reaches antral
preovulatory stages.15,28 As a result, the surrounding matrix of
the encapsulated follicles must accommodate the volumetric
expansion associated with the follicular growth, either through
elastic expansion or degradation. Natural hydrogels, such as
alginate and fibrin, provided an important platform to study
folliculogenesis in vitro and in vivo. For example, alginate
hydrogels support follicle growth and three-dimensional culture
of rodent follicles. Yet, the non-degradable nature of the alginate
hydrogel was prohibitive in supporting the complete develop-
ment of a human follicle, which typically reaches a diameter of

Figure 3. Graft function. (a) FSH level significantly increased post-OvX, confirming the complete OvX. For the group transplanted with PEG
graft, FSH level decreased beginning at 35 days post-Tx (**), and FSH level declined to Pre-OvX levels by 49 days post-Tx, confirming the
restoration of HPG axis. All the data are reported as mean± s.d. (with PEG graft: D-14–D28 (nmice= 11), D35–D60 (nmice= 6)). An asterisk (*)
denoted significance within the group transplanted with PEG graft compared with pre-OvX (D-14). Statistical significance was determined by
a one-way analysis of variance (ANOVA) followed by Tukey’s test (Po0.01). (b) Vaginal cytology demonstrated resumed cyclicity in 50% of
mice after 7 days post-Tx and 100% by 14 days. Cyclicity was maintained up to 60 days, supporting 12–15 estrous cycles in mice. (nmice= 4).
(c) Corpora lutea (CL) were observed at 30 and 60 days post-Tx, in agreement with the FSH levels. CL formation suggests ovulatory events and
they showed the typical characteristic of centrally located blood clot (dashed outline).
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20 mm at the final stages.37 On the other hand, the fast degrading
fibrin gels provided the required physical support for the
remodelling and growth of the implanted follicles, but for a
limited time.20 These examples emphasised the importance of
material properties for the follicle growth and maturation. The
synthetic tunable PEG hydrogels were able to accommodate
massive volumetric expansions of growing follicles within the graft
as indicated by the presence of multiple fully gown antral follicles.
We also observed the development of early-stage follicles into

antral follicles and corpora lutea, concluding the final stage of
folliculogenesis in PEG hydrogels after 30 days in vivo. The
proportion of growing follicles continuously increased over the
60 days post implantation, while the total number of the follicles
in the grafts decreased over the same period. The natural decline
in follicle numbers occurs as immature follicles enter the growing
pool every estrous cycle, then mature and ovulate. Maintaining
high percentage of primordial and primary follicles after 60 days
in vivo suggested a selective activation, rather than a burst
activation and premature depletion of primordial follicles, which is
believed to be a common cause of an early graft failure.11–13 This
resembles behaviour of the normal ovarian reserve where the
majority of primordial follicles remain in quiescent state and only a
small cohort activates each cycle.37

Overall, multiple fully grown antral follicles and the corpora
lutea corresponded with the physiological levels of FSH. We
measured the FSH levels to evaluate the function of the artificial
ovarian tissue and the restoration of the endocrine HPG axis. After
the complete development of the early-stage follicles, granulosa
cells of antral follicles produced high levels of estrogen, resulting
in the restoration of feedback to reduce FSH secretion by the
pituitary gland. We demonstrated that resumed cyclicity at
14 days, and significant decrease in FSH levels at 30 days
post-Tx, which corresponded with the appearance of antral
follicles in the histological sections. As the proportion of growing
follicles continuously increased, FSH levels further declined
reaching physiological levels, confirming the restoration of the
HPG axis. Regular estrous cycles were maintained up to 60 days,

which is another indication of potential restoration of normal
endocrine function.
The described ovarian PEG graft initially sustained follicle

survival by diffusion of essential nutrients without active
vasculature.38 However, vascularisation of the graft is needed to
prevent hypoxia in the long-term, control follicular quiescence
and inhibit atresia for a larger construct with multiple growing
follicles.39 Human ovarian cortical strips are dense and have longer
revascularisation periods, which negatively affect the outcomes of
ovarian grafts.12,13 Similarly, within plasma clots, oocytes were
lost by extrusion and necrosis, and more losses occurred after
transplantation due to hypoxia before the graft was vascularised.40

The presence of functioning blood vessels containing red blood
cells shows a promising result of cell-driven remodelling and
tissue regeneration within PEG hydrogels. The formation of a
vascular network occurred mostly around follicles due to the
presence of high concentration of proangiogenic growth factors,
such as vascular endothelial growth factor.41 The presence of
stromal cells is also likely to have contributed to vascularisation
process after grafting by regulating vascular remodelling and
producing angiogenic factors.42 Neovascularisation driven by
endothelial and stromal cells of the host is a promising approach
to reconstructing an artificial organ for long-term applications.
These results demonstrate the promising role of synthetic PEG
hydrogels as a platform for reproductive tissue engineering and
regenerative medicine.

MATERIALS AND METHODS
Ovariectomy and orthotopic transplantation
A bilateral OvX was performed on 12–16-week-old mice (B6CBAF1) to
mimic premature ovarian failure and absence of ovarian endocrine
function. Animals were treated in agreement with the NIH Guide for the
Care and Use of Laboratory Animals and the Institutional Animal Care and
Use Committee (IACUC) protocol at the University of Michigan. All the
surgical procedures were approved and performed according to the IACUC
protocol (PRO00006459). Ovaries were removed from the ovarian bursa as
previously described43 with some modification. Briefly, a 1.5-cm

Figure 4. Graft remodelling and revascularisation. Functioning blood vessels (arrows) were found after (a) 30 days and (b) 60 days in vivo, as
indicated by the presence of red blood cells (box). Scale Bar= 100 μm, box: 50 μm (c) CD34 staining (arrows) confirmed the infiltration of blood
capillaries into the graft. (d) Blood vessel density (number of blood vessel (nb) per mm2) significantly increased from 30 days to 60 days
post-Tx, confirming more progressed remodelling process. Neovascularisation was observed in three out of five mice for 30 days post-Tx and
four of five mice for 60 days. Statistical significance was determined by the Mann–Whitney test (P= 0.1).
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longitudinal midline incision was made in the abdominal wall using aseptic
techniques and procedures. Then intraperitoneal space was exposed with
an abdomen retractor. Before the ovary was removed, the ovarian blood
vessels were tied to prevent bleeding after ovariectomy. To prevent the
bursal cavity from collapsing, a 15-μl alginate (1.0% w/v) bead was placed
inside the bursal cavity and closed with 10-0 non-absorbable sutures
(Figure 5a). The same procedure was repeated for each ovary. The
abdominal muscles and skin were closed with 5-0 absorbable sutures.
Following recovery, the animals were housed in the animal facility for at
least 14 days. Mice received analgesics for at least 48 h after surgery or as
needed. Fourteen to 21 days after ovariectomy, PEG hydrogels were
transplanted into both orthotopic sites as described above, following
removal of the alginate bead (Figure 5d–f). Ovariectomised mice were
randomly assigned to a control group that did not receive PEG grafts
post-OvX. The graft function was assessed through daily vaginal cytology,
serum levels of FSH and histology of the retrieved PEG-VS hydrogels after
14 (nmice = 11), 30 (nmice = 6) and 60 days (nmice = 6) after transplantation.
Power analysis was performed using Graphpad StatMate (GraphPad Prism
Software, La Jolla, CA, USA) (α=0.05, power480%) to determine the
number of animals.

Enzymatic follicle isolation and viability assessment
For all experiments, ovaries were isolated from 6–7-day-old female mice
(B6CBAF1), separated from the connective tissues and enzymatically
digested in 50 μl (13 Wünsch units per ml) Liberase DH (Roche,
Indianapolis, IN, USA) in 500 μl L15 (Leibovitz’s) media (Sigma-Aldirch,
St Louis, MO, USA) (Figure 5b). The total digestion time was 50 min at 37 °C,
followed by 20 min of gentle pipetting of enzyme-digested pieces. The
enzyme digestion was arrested by adding 10% fetal bovine serum and the
digest was transferred to a tube for sedimentation. The sedimentation
velocity of primordial and primary follicles was calculated according to a
previously published report.20 After 15 min of sedimentation, the top half

of the total media containing slower sinking arbitrary cells was removed.
The rest of the media volume remaining follicular suspension was removed
by centrifuging at 100g for 5 min. To determine any deleterious effects of
the isolation procedure on the viability of enzymatically isolated follicles,
double fluorescent labelling LIVE/DEAD Cell Imaging Kit (Invitrogen,
Carlsbad, CA, USA) was performed according to the manufacturer’s
protocol (Supplementary Figure S1).

Encapsulation of enzymatically isolated follicles in PEG-VS
hydrogels and graft preparation
The hydrogels were prepared by dissolving 8 arm PEG-Vinyl sulfone
(PEG-VS, hexaglycerol, 40,000 g/mol, 499% purity, Jenkem Technology,
Beijing, China) in 0.05 M HEPES Buffer at pH 7.66 at room
temperature, followed by addition of integrin-binding peptide (RGD)
(GenScript, Piscataway, NJ, USA). The hydrogels were formed via
Michael-type addition chemistry with matrix metalloproteinase-sensitive
tri-functional crosslinking peptides AcGCL↓GPAGCL↓GPACG (LGPA)
(1217.45 g/mol, 490% purity, GenScript, cleavage site indicated
by ↓, cysteines with reactive thiols are in bold). The stoichiometric ratio
of −VS to thiol (− SH) groups was kept at 1:1 ratio for all experiments. PEG
hydrogels were modified with the integrin-binding peptide
GCGYGRGDSPG (RGD) (1067.10 g/mol, GenScript) to allow cell adhesion
and migration. The modified PEG solution was kept at room temperature
for 15 min to allow the RGD peptide to chemically bind to the PEG
precursor, and 6.5 μl of the modified PEG solution was then pipetted into
the concentrated follicle suspension (1 μl) and gently mixed. The LGPA
crosslinker was dissolved in HEPES buffer and 5.5 μl of the crosslinking
peptide solution was added to the mixture of PEG-VS and follicle
suspension. Two grafts with follicles (6.5 μl each) were allowed to crosslink
on a heating plate at 37 °C for 10 min to complete the Michael-type
addition reaction. Upon complete gelation, these hydrogels were
transplanted immediately into the ovarian bursa (Figure 5c).

Figure 5. The timeline for inducing premature ovarian failure and grafting artificial ovarian tissue: (a) a bilateral ovariectomy (OvX) was
performed to induce premature ovarian failure in mice. In order to maintain the space within the bursa after OvX, inert alginate beads (black
arrow) were inserted to prevent the collapse and adhesion. (b) The early-stage follicles were enzymatically isolated from 6- or 7-day-old female
mice. (c) Follicles were encapsulated in PEG hydrogels. One PEG grafts with enzymatically isolated follicles was transplanted (Tx) into each
ovarian bursa, two implants per mouse. PEG grafts were retrieved (d) 14 (nmice= 11), (e) 30 (nmice= 6) and (f) 60 (nmice= 6) days after Tx (FP, fat
pad; S, sutures (dotted arrows); BV, blood vessels; AF, antral follicle).
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Functionality of the artificial ovarian tissue
Vaginal cytology. The presence of estrous cycle in the transplanted
animals was determined by daily vaginal cytology. The animals were
gently restrained by the tail and 0.1–0.2 ml of saline was pushed using a
syringe or a pipette in and out of the vaginal opening to collect cells to
identify cycle stage every day, before and after transplantation. The onset
and cessation of cyclicity were determined by the cell population in the
vaginal lavage.

Blood collection for measurements of follicle-stimulating hormone in serum.
Lateral tail vein blood (0.5–1% volume of the total body weight:
approximately 0.075–0.15 ml from a mouse weighing 15 g) was collected
every 2 weeks to compare FSH levels pre- and post-transplantation. The
mouse was restrained in a mouse trap to allow easy access to the tail. The
lower one half of the tail was cleaned with 70% alcohol and a small incision
in the tail vein at the distal end of the tail was made using a sharp scalpel
or razor blade. A new scalpel was used for each animal. Seventy five to
150 μl blood was collected in a capillary tube and left at 4 °C overnight to
allow blood to clot. Then, 10–20 μl serum was aspirated from the sample
following centrifugation at 10,000 r.p.m. at 4 °C for 10 min and stored at
−20 °C. At the terminal time point of the experiment, the blood was
collected via cardiac puncture. All samples were labelled numerically to
blind any correlation to time points or group assignments. The FSH levels
were measured with Radioimmunoassay at Ligand Assay and Analysis Core
Facility at University of Virginia Center for Research in Reproduction.

Histological tissue analysis
After 14 (nmice = 11), 30 (nmice = 6) and 60 days (nmice = 6) following
transplantation, PEG-VS hydrogels were retrieved and fixed in Bouin’s
fixative solution (Sigma-Aldrich) overnight, and then transferred to
70% EtOH at 4 °C until processing. The number of follicles and their
distribution on day 0 (pretransplantation) was characterised using HistoGel
(Richard-Allan Scientific, San Diego, CA, USA) using a similar procedure for
encapsulation in PEG. After fixation, all samples were processed at the
Histology Core in Microscopy & Image Analysis Laboratory at the University
of Michigan. Samples were embedded in paraffin and serially sectioned at
a 7-μm thickness and were stained with haematoxylin and eosin to identify
and count follicles at all the developmental stages. Primordial follicles were
identified by the nucleus, which is surrounded by a single layer of flattened
squamous follicular cells. A primary follicle was defined as an oocyte
surrounded by a single layer of cuboidal granulosa cells. A secondary
follicle has two or more layers of cuboidal granulosa cells, but no antrum,
and the presence of a fluid-filled antrum defined an antral follicle.
Extensive permeation of red blood cells into the ovulated follicle and
luteinised granulosa cells were defined as corpora lutea.
Identified follicles were quantified by counting every-other section of

every-other slide (four sections per slide) to prevent counting a follicle
more than once.20 As every-other slide was counted, a correction factor
was applied to adjust for the counting rules. The oocyte diameter for
primordial and primary follicles averaged 14 μm,44 meaning the same
follicle would appear only on two consecutive sections. Therefore,
the numbers of primordial and primary follicles were doubled since
every-other slides was counted. Primary, secondary and antral follicles
were counted when the nucleolus of the oocyte was present. This was
done to prevent double counting of large growing follicles (secondary and
antral) and undercounting smaller follicles.

Immunohistochemistry
To analyse the neovascularisation within transplanted PEG hydrogels,
paraffin-sectioned slides were stained for mouse endothelial cells. First,
sections were deparaffinised with Xylene and rehydrated in 100% ethanol.
Slides were incubated in 3% H2O2 for 30 min at room temperature to block
any endogenous peroxidase activity. Then, slides were incubated in
10 mmol/l Tris EDTA (pH 9) solution for 20 min at 96 °C and additional
20 min at room temperature for antigen retrieval. Afterwards, non-specific
bindings were blocked by the protein block (Abcam, Cambridge, UK) for
1 h followed by overnight incubation at 4 °C with primary antibodies—
rabbit anti-mouse CD34 antibody (1:500 dilution; Abcam, catalo-
g#ab81289) dissolved in Tris-buffered saline with 1% Normal Rabbit
Serum (Sigma-Aldrich) and 0.1% bovine serum albumin (Fisher Scientific,
Waltham, MA, USA). Following incubation overnight, slides were treated for
20 min each with the biotinylated goat anti-polyvalent and streptavidin
peroxidase, provided in Rabbit Specific HRP/DAP Detection IHC kit

(Abcam). Haematoxylin was used for counterstaining. Healthy mouse
uterus was used as positive-control and negative-control slides were
incubated without the presence of primary antibody (Supplementary
Figure S3). The identical procedure was followed for both positive and
negative control as described.

Statistical analysis
All statistical analyses were performed using GraphPad Prism (GraphPad
Prism) and power analyses were performed using Graphpad StatMate
(GraphPad Prism Software; α=0.05, power 480%). Homogeneity of
variance was determined with an F-test. For sample sizes (n45), data
are reported as mean± s.d. of measurements, and statistical analyses were
performed with one-way analysis of variance followed by Tukey’s post-test.
And statistical significance was set at Po0.05. For sample sizes (no5),
individual data points were plotted and the statistical analyses were
performed with the Kruskal–Wallis test followed by Dunn’s post-test
(Figure 2a), or Mann–Whitney test (Figure 4d).
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