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de Louvain, 1200 Brussels, Belgium; 2Department of Gynecology-Andrology, Université Catholique de Louvain, Cliniques
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Abstract—New and improved oncological therapies are now
able to cure more than 80% of cancer-affected children in
Europe. However, such treatments are gonadotoxic and
result in fertility issues, especially in boys who are not able to
provide a sperm sample before starting chemo/radiotherapy
because of their prepubertal state. For these boys, cryop-
reservation of immature testicular tissue (ITT) is the only
available option, aiming to preserve spermatogonial stem
cells (SSCs). Both slow-freezing and vitrification have been
investigated to this end and are now applied in a clinical
setting for SSC cryopreservation. Research now has to focus
on methods that will allow fertility restoration. This review
discusses different studies that have been conducted on ITT
transplantation, including those using growth factor supple-
mentation like free molecules, or tissue encapsulation with or
without nanoparticles, as well as the possibility of developing
a bioartificial testis that can be used for in vitro gamete
production or in vivo transplantation.

Keywords—Cryopreservation, Extracellular matrix, Fertility

preservation, Hydrogels, Encapsulation, Testicular trans-

plantation.

ABBREVIATIONS

ITT Immature testicular tissue
SSC Spermatogonial stem cell
SC Sertoli cell
LC Leydig cell
ST Seminiferous tubule
ICSI Intracytoplasmic sperm injection
VEGF Vascular endothelial growth factor
ROS Reactive oxygen species
NAC N-Acetylcystein
NP Nanoparticle
ECM Extracellular matrix
PDGF Platelet-derived growth factor
EDTA Ethylenediaminetetraacetic acid
Gal-KO a1,3-Galactosyltransferase knockout

INTRODUCTION

Continued improvements in the long-term survival
of prepubertal boys affected by cancer give rise to
concerns about the future quality of life of these
patients, especially in terms of reproductive capacity
after gonadotoxic treatments.27,39 Freezing of sperm is
not applicable in these young boys in whom sper-
matogenesis has not yet started. For these patients,
cryopreservation of immature testicular tissue (ITT) is
increasingly applied to preserve spermatogonial
stem cells (SSCs) and, although still experimental, is
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considered acceptable from an ethical perspec-
tive.9,10,29,95,96 A number of patients whose ITT was
cryopreserved have now reached the age at which they
start to wonder about their fertility, some of them
having been diagnosed with azoospermia (personal
data from our department). Providing them with fer-
tility restoration options is of paramount importance,
since loss of fertility linked to cancer therapy is asso-
ciated with major psychological trauma.80

The efficiency of ITT cryopreservation by slow-
freezing or vitrification has been demonstrated in sev-
eral animal species, such as mice, pigs, and Japanese
quail yielding healthy offspring after transplanta-
tion.44,55,63,83 Cryopreservation of human ITT has
been achieved using slow freezing or vitrification with
similar results when evaluated after transplantation in
nude mice.68 Clinical experience with cryopreservation
of ITT has been reported45,95 but cryopreserved ITT
has to the best of our knowledge not been used for
restoring fertility so far. Slow programmed freezing of
small fragments (2–4 mm3) with dimethyl sulfoxide as
a cryoprotectant is commonly applied and it is ac-
cepted to limit the sampling to one testis and less than
5% of the testicular volume.95 However, while cryop-
reservation techniques allow spermatogonial survival
and proliferation, significant loss of the spermatogo-
nial pool and impaired differentiation have been
observed in xenotransplantation mod-
els.20,67,68,89,90,94,97 Moreover, comparable spermato-
gonial survival rates with both fresh and cryopreserved
tissue suggest that etiologies other than the cryop-
reservation procedure, namely hypoxia or recipient
environment, could be implicated.68

A successful xenografting outcome depends on the
speed of connection to the blood circulatory system of
the recipient, supplying oxygen, nutrients, and hor-
mones. Indeed, ischemic stress before graft revascu-
larization may induce tissue necrosis or activation of
the apoptosis pathway, as reported for testicular tis-
sue.67 Ischemia–reperfusion may therefore cause
damage to the SSC niche, consisting of Sertoli cells
(SCs), Leydig cells (LCs), peritubular myoid cells, and
the interstitial vascular network,81 known to be
essential for maintenance of functional SSCs and tissue
integrity. An inadequate nutrient and oxygen supply
also appears to preclude seminiferous tubule (ST)
maturation in some areas of grafted tissue.71 Limiting
tissue ischemia and stem cell niche damage by ensuring
faster graft reperfusion are therefore vital.

After discussing the state of the art in the field of
cryopreserved ITT transplantation, this review looks at
possible ways of improving the survival of spermato-
gonia in ITT transplants, either by free molecule sup-
plementation or tissue engineering techniques based on
nanotechnology involving encapsulation in hydrogels.

Perspectives on creating a transplantable scaffold to
support growth and differentiation of isolated testicu-
lar cells or an artificial testis are also discussed.

TESTICULAR TISSUE TRANSPLANTATION

Transplantation of Cryopreserved ITT

Transplantation of testicular tissue pieces has the
advantage of preserving an intact SSC niche, hence
maintaining cellular cohesion and interactions.
Numerous studies have assessed orthotopic or hetero-
topic grafting of frozen-thawed ITT in many animal
species and complete spermatogenesis was achieved
after transplantation of slow-frozen ITT in
mice,28,59,63,83,98 rabbits,83 and pigs,1,37 as well as vit-
rified ITT in mice,7 pigs,1,44 and avians.55 Healthy
offspring have also been obtained by intracytoplasmic
sperm injection (ICSI) using spermatozoa isolated from
cryopreserved ITT grafts from mice, avians, pigs, and
monkeys.44,55,56,63,83 Details about cryopreserved ani-
mal ITT transplantation are summarized in Table 1.

Regarding cryopreserved human ITT, no allo- or
autotransplantations have been performed to date, so
current knowledge is only based on a few xenotrans-
plantation experiments.67,68,89,90,94,97 Differentiation
up to the pachytene spermatocyte stage was found
after xenografting to mice testes of frozen-thawed and
vitrified human ITT (one piece of 1–6 mm3).68,90,97 In
addition, spermatid-like structures were observed by
histology and electron microscopy, but no specific
markers could be identified by immunohistochemistry,
suggesting abnormal differentiation in frozen SSCs
transplanted in nude mice.97

While studies on cryopreserved human ITT xeno-
grafts demonstrated survival of SSCs and initiation of
spermatogenesis,68,94,97 spermatogonial recovery was
greatly reduced, showing worsening rates over time
(61% at 5 days, 14.5% at 3 weeks, and 3.7% at
6 months of orthotopic xenografting of one fragment
of 1–6 mm3 in a nude mouse model).67,94,97 LCs also
appeared to be preserved, with maintenance of their
steroidegenic activity.68,97 Indeed, cryopreservation
methods (automated/controlled or non-controlled
slow-freezing or vitrification) have all their individual
advantages, but survival of human spermatogonia is
always found to be affected after xenograft-
ing.44,68,89,90,94,97

Interestingly, transplantation of fresh tissue68 yields
similar results to frozen-thawed tissue, suggesting that
the grafting procedure itself may be implicated and
must therefore be improved. In order to minimize the
period of hypoxia associated with avascular grafting,
and hence ischemic injury that occurs during the first
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5 days,88 different strategies aiming to enhance out-
comes after testicular tissue transplantation have been
evaluated.

TOWARDS IMPROVEMENT OF TESTICULAR

TISSUE TRANSPLANTATION OUTCOMES

Use of Free Molecule Supplementation

To promote revascularization of testicular tissue
grafts, both testicular tissue vessels and host vessels
may be targeted, as reperfusion is initiated by out-
growing vessels from the transplanted tissue, which
then connect to larger subcutaneous vessels formed by
the host.78 Use of vascular endothelial growth factor
(VEGF), a potent angiogenic protein, was found to
stimulate neoangiogenesis.12,14,62,79 Testicular tissue
was therefore pretreated with VEGF before or at the
time of transplantation in order to improve graft out-
comes, subsequently showing increased numbers of
STs containing elongated spermatids in bovines.12,79

Limiting oxidative stress present under hypoxic
conditions and responsible for germ cell loss is another
option. Indeed, hypoxia induces formation of reactive
oxygen species (ROS) that accumulate in cells and
cause cell death. To prevent ROS formation or miti-
gate their deleterious effects, antioxidant molecules like
N-acetylcysteine (NAC), vitamin C and/or vitamin E
may be added. Systemic administration of antioxidants
was found to reduce oxidative stress by enhancing
intracellular generation of glutathione, and proved its
efficacy in experiments looking to circumvent
histopathological damage by cell membrane lipid per-
oxidation after testicular torsion/distortion.2,15,87 This

approach was also used to counterbalance ROS-in-
duced male germ cell damage in case of exposure to
toxic agents, where NAC prevented apoptosis in the
presence of methoxyacetic acid,70 and vitamin C and E
were effective in mitigating the impact of lead exposure
in rats by replenishing the antioxidant capacity of germ
cells.6 Furthermore, treatment of lead-exposed animals
with vitamin C and/or vitamin E resulted in increased
number of luminal spermatozoa.6

However, data on testicular tissue transplantation
outcomes that also take into account means of
improvement are very limited. Indeed, few studies have
explored the benefits of antioxidant supplementation.
Addition of NAC as an antioxidant molecule did not
improve spermatogonial survival in xenografts of fro-
zen-thawed human ITT during the 5-day revascular-
ization period.67 On the other hand, daily
intraperitoneal injection of melatonin as a protective
drug had a positive impact on the survival and recov-
ery of SSCs and on tissue integrity in grafts of cryop-
reserved mouse ITT.33,34

Besides local or systemic supplementation of free
molecules, tissue to be transplanted can be embedded
in hydrogels loaded with growth factors or other mo-
lecules, incorporated or not into nanoparticles (NPs)
allowing their controlled release. Use of extracellular
matrices (ECMs) has also been considered for this
purpose.

Hydrogels for Tissue Encapsulation and Drug Delivery

Tissue fragment encapsulation is based on cell
encapsulation technology.61 Cell encapsulation relies
on immobilization of cells in a biomaterial which al-

TABLE 1. Details about cryopreserved ITT transplantation in mice which led to spermatogenesis or offspring.

Authors Grafting Site

Size of

transplanted tissue

Number of

transplanted

tissue pieces

per recipient Donor Recipient

Outcome:

germ cell

maturation/offspring

Honaramooz et al.37 Back skin 0.5–1 mm3 8 Piglets IM Spermatozoon

Shinohara et al.83 Testis ±3.9 mm3 1 Mice IM Offspring (ICSI)

Testis 8–16 mm3 1 Rabbits IM Spermatozoon

Ohta et al.63 Testis One quarter of testis 1 Mice IM Offspring (ICSI)

Abrishami et al.1 Back skin 5 mg 8 Piglets IM Spermatozoon

Milazzo et al.59 Back skin 0.75–1.5 mm3 4–6 Mice IM Spermatozoon

Baert et al.7 Testis 3.5 mm3 1 Mice Mice Spermatozoon

Liu et al.55 Back skin Entire testis 2 Japanese quails IM Offsrping (intramagnal

insemination)

Kaneko et al.44 Back skin ±3.9 mm3 30 Piglets IM Offspring (ICSI)

Yildiz et al.98 Anterior lateral

and posterior

lateral hind flank

Entire testis 2 Mice IM Spermatozoon

Liu et al.56 Back skin 1–2 mm in diameter 6 Cynomolgus monkey IM Offspring (ICSI)

IM, Immunodeficient mice.
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lows bidirectional diffusion of nutrients, oxygen, and
waste, thus promoting cell interactions. Hydrogels are
commonly used for encapsulation. An ideal hydrogel
for our purposes must be biocompatible, allow dis-
semination of vital nutrients and cell-secreted mole-
cules, and favor (subject to application) vascular
invasion and tissue integration in the host.24,43,61

Hydrogels can be synthetic or of biological origin, and
degradable or non-degradable, depending on the in-
tended use. The two main classes of natural polymers
are proteins (collagen, gelatin, fibrinogen, elastin,
keratin, actin, and myosin) and polysaccharides (algi-
nate, amylose, dextran, chitin, and glycosaminogly-
cans). Synthetic polymers make up the largest group of
biodegradable polymers. Polylactic acid, polyglycolic
acid, and polylactic-co-glycolic acid copolymers are
among the most commonly used synthetic polymers in
tissue engineering.24,64 The particular physical charac-
teristics of hydrogels and scope for structural modu-
lation are useful for drug delivery applications,
especially in the context of tissue transplantation. In-
deed, on the one hand, their heavily porous structure
can be easily adjusted by controlling the density of
crosslinks in the matrix and/or hydrogel affinity in the
aqueous environment. This is of particular relevance
for neoangiogenesis, as the speed of revascularization
and structure of the neovessel network have been
shown to depend on chemical, physical, and mechan-
ical properties of the polymer scaffold. Pore size over
100 lm is recommended to facilitate migration of
endothelial cells through the hydrogel pores.4

On the other hand, hydrogel porosity also allows
incorporation of drugs into the matrix and gradual
release of active compounds through the hydrogel
network.36 The advantages of using hydrogels for drug
delivery therefore lie to a large extent in pharmacoki-
netics, especially with the possibility of creating depot
formulations from which the drugs can be slowly
eluted,24,36 maintaining high local concentrations in
surrounding tissues for a defined period of time. This is
especially pertinent in the context of clinical applica-
tion in cancer patients, where systemic delivery of
angiogenic molecules may be unsafe due to their
inherent instability in vivo, hence running the risk of
uncontrolled effects at distant sites.62

A number of studies have evaluated the beneficial
impact of local delivery of drugs via hydrogels in
regenerative medicine. Incorporation of VEGF
microspheres into hydrogels has been found to en-
hance angiogenesis,51 with improved proliferation of
endothelial cells and increased formation of new blood
vessels. Moreover, sustained release of VEGF was also
shown to boost vascularization in various pathologies,
like cardiac disease85 and spinal cord lesions,22 as well
as in experimental models, like the murine hind limb

ischemia model.84 Dual growth factor administration,
such as simultaneous delivery of VEGF and plate-
let-derived growth factor (PDGF), was also reported in
several papers. Combined administration of VEGF
and PDGF in different hydrogels led to formation of
new blood vessels, with improved vessel maturity
thanks to the addition of PDGF,5,17,31,32,74 and sub-
sequently enhanced therapeutic outcomes in terms of
cardiac function after myocardial infarction.32 To
achieve a better control of drug release, encapsulation
of the desired bioactive molecules in NPs to be incor-
porated into hydrogels has been considered.

VEGF Encapsulation in NPs for Controlled Local
Delivery

The duration and site of angiogenic factor delivery
is a key consideration in the development of effective
therapeutic strategies for graft neovascularization,14

especially in the context of clinical application in can-
cer patients, where controlled local delivery should be
favored. Complexation of VEGF with dextran sulfate
and chitosan formed aggregates, with the advantages
of biodegradability, desirable particle size (± 250 nm),
entrapment efficiency (± 85%), controlled release (al-
most linear for 10 days), and maintenance of high
VEGF levels.40 Incorporation of VEGF into chitosan/
dextran sulfate NPs, followed by their encapsulation in
an alginate hydrogel, ensured sustained and controlled
VEGF release for more than a month.22 Furthermore,
VEGF-NP-loaded hydrogels induced more pro-
nounced angiogenesis than did free VEGF-loaded
hydrogels,23 demonstrating that complexation and
encapsulation preserve VEGF activity.

Cell or Tissue Encapsulation and Local Drug Delivery
Systems Applied to Reproductive Medicine

Sustained germ cell-SC interactions resulted in
gonocyte differentiation up to the round spermatid
stage in bulls after encapsulation of dissociated testic-
ular cells in calcium alginate.50 Promising results were
also obtained after transplantation of ovarian cells
encapsulated in matrices composed of fibrin57,58 or
alginate.91,92

Very few studies have been conducted on encapsu-
lation of reproductive tissue: three on ovarian tis-
sue35,48,82 and just one on testicular tissue.21 Papers
reporting the combination of tissue encapsulation and
localized release of growth factors looking to increase
avascular graft survival are summarized in Table 2. In
these studies, increased vascular density, evidenced by
morphometry21 and immunostaining (CD31 and
aSMA),35,48,82 was observed in the first 3–5 days of
grafting in groups supplemented with free or entrapped
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VEGF. Moreover, stromal/interstitial cell proliferation
increased during these first few days, then decreased by
3 weeks post-grafting,21,48 suggesting completion of
the two phases of establishment of a new vasculature,
namely initiation of neoangiogenesis and vasculature
stabilization. Regarding testicular tissue transplanta-
tion, increased cell proliferation and activation of
VEGF receptor 2 were encountered on day 5 in all
grafted groups compared to the control group, corre-
sponding to extensive endothelial cell proliferation
during neovessel formation. As expected, after
21 days, proliferation rates fell, reaching values similar
to the control group, consistent with stabilization of
the vascular network.21 These results corroborated
previous reports on ovarian tissue transplantation
without encapsulation, where induction of vascular-
ization over the first few days was followed by stabi-
lization after 21 days.88 Unfortunately, most studies
investigated only one hydrogel, with or without VEGF
supplementation, making it difficult to compare dif-
ferent biomaterials (Table 2). Only one study explored
two different hydrogels (fibrin and alginate) and found
an increase in the spermatogonial survival in the algi-
nate groups, regardless of VEGF supplementation.21

This disparity between matrices may be explained by
variations in structure, density, and biodegradability.
Indeed, alginate used in this study had a honeycomb
structure, with pores of 200 lm in diameter, while
fibrin pore size (1 lm) was less favorable for vascular
cell invasion and diffusion of nutrients and oxygen.
Moreover, the properties of specific matrices, such as
the antioxidant activity of oligo- and polysaccharides
from seaweed like alginate, which is known to exert a
scavenger effect against hydroxyl radicals,93 could also
explain the higher survival rates of spermatogonia
after transplantation.21

Besides favoring local administration of neoangio-
genic factors for tissue transplantation in the context
of cancer, a number of other safety issues must be ta-
ken into account for fertility restoration in oncological
patients. Indeed, in subjects with hematological
malignancies or cancers metastasizing through the
blood and therefore running the risk of cancer cell
contamination, whole testicular tissue transplantation
is not an option. Development of bioengineered scaf-
folds able to support testicular cells that have been
sorted to eliminate cancer cells might be a solution to
restore their fertility.

Towards Development of an Artificial Testis

Use of Bioengineered Scaffolds

With advances in the field of regenerative medicine
thanks to tissue engineering, it is now possible to ob-
tain acellular matrices by decellularization of fresh or

frozen tissues.19 This process allows removal of cells
and debris while preserving biological activity, bio-
chemical composition, three-dimensional structure and
integrity of the ECM.41 Many agents and protocols
have been tested in attempts to obtain fully cleared
matrices, their efficacy depending on tissue type and
exposure time. Agents commonly used can be physical
(freeze-thawing, hydrostatic pressure, sonication),
chemical (alcohol, hypo/hypertonic solutions, ionic/
non-ionic detergents) or biological, associated with
enzymatic (trypsin, dispase, nuclease) or non-enzy-
matic (EDTA) constituents. Many different empirical
combinations of these agents have been used for
decellularization, but it would be difficult to identify
any particular one as best (for review, see Hussein
et al.41).

Repopulation of such decellularized scaffolds with
stem cells to create artificial tissues/organs is clearly a
promising way of restoring, repairing, maintaining, or
improving tissue/organ functions in clinical therapy.11

Indeed, and specifically in the field of reproduction, it
offers new avenues for restoration of sexual function
and fertility preservation in both men and women. In
females, seeding of human cells onto intestinal sub-
mucosa scaffolds yielded encouraging outcomes in the
treatment of vaginal aplasia due to Mayer-Rokitan-
sky-Küster-Hauser syndrome, with yearly follow-up
biopsies showing the triple-layered structure charac-
teristic of vaginal tissue.72 Three-dimensional con-
struction of the uterine cervix with collagen-coated silk
sponges38 and the uterus from one’s own ECM13 were
also investigated. In males, penis reconstruction,
involving muscular and epithelial cell reimplantation in
a decellularized penis to form a bioartificial organ,
showed promising results in rabbits in terms of ejacu-
lation and pregnancy rates of mated females.16,25

Bioengineering technologies may also be used to
restore or enhance functions of organs involved in
gamete production. These are complex organs where
reproductive cells are organized in their specific envi-
ronments, and various components are produced to
form the ECM, both acting in concert for proper
gametogenesis. It is well established that in mammals,
the ECM can regulate cell behavior through cell
adhesion receptors and defined mechanical character-
istics.42 Proteins like integrin mediate cell–matrix
adhesion and are responsible for signal transduction.
In general terms, the ECM is a mixture of cell-secreted
elements forming both basement membranes and the
interstitial matrix. Laminin, collagens, nidogen/en-
tactin, and perlecan are examples of proteins consti-
tuting basement membranes, each of them associated
with cellular receptors required for cell signaling.77

Elements such as proteoglycans, glycoproteins (lami-
nin, fibronectin), and fibrous proteins (collagen, elas-
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tin) are important for resistance to compressive forces,
adhesion, and tensile strength respectively.77,86 Acel-
lular tissues, with variable degrees of maintenance of
ECM components, may be tailored to meet specific
needs by use of different decellularizing agents and
protocols. Seeding cells onto such scaffolds should
eventually lead to the development of bioartifical tis-
sues suitable for both in vitro studies and in vivo tissue
reconstruction/transplantation.41 First steps towards
an artificial ovary engineering and perspectives for
future developments were recently reviewed.3

Role of the ECM in the Testis

The testicular ECM is vital for cell differentiation as
it regulates organization of the testicular cords during
embryogenesis.66 It was also identified as a key factor
in spermatogenesis, with laminin and collagens allow-
ing differentiating germ cells to cross the STs from the
basal lamina to the lumen through regulation of
junctional restructuring events.18 Moreover, modifica-
tion in the localization of laminin and collagen IV
observed in Sertoli cell-only syndrome, cryp-
torchidism, and testis atrophy highlight the signifi-
cance of the ECM for normal functioning of the
testis.69 Consequently, we can assume that develop-
ment of a system allowing completion of spermatoge-
nesis must be one system in which important ECM
components are present to help testicular cells to
organize and interact in an appropriate manner.

Supporting this hypothesis, a number of teams have
favored use of ECM components to achieve germ cell
differentiation in vitro. Indeed, it appears that co-cul-
ture of SCs and myoid cells dissociated from ITT on
plastic dishes formed only squamous monolayers, but
resulted in formation of testicular cord-like structures

when seeded on MatrigelTM, a commercialized coating
agent rich in ECM elements like laminin, collagen IV
and proteoglycans, thus highlighting the importance of
the ECM for proper organization of testicular cells.30

Furthermore, use of collagen/MatrigelTM or a collagen
matrix in a three-dimensional culture system allowed
induction of germ cell differentiation of rat testicular
cells53 and differentiation of human spermatocytes into
spermatids52 respectively. Commercially available
three-dimensional collagen structures or sponges also
proved useful for testicular organogenesis, showing
correct attachment, and organization of seeded rat
testicular cells.73 However, the three-dimensional
structure rather than the inherent nature of ECM
components appears to be fundamental to proper
spermatogenesis. Indeed, using polylactic-co-glycolic
acid as a biocompatible and biodegradable synthetic
polymer for a scaffold, attachment, viability, and dif-
ferentiation of rat germ cells were found to be im-
proved compared to monolayer and organ culture
systems. This was probably thanks to the presence of
large pore sizes and the number of interconnections
promoting nutrient and gas exchange.54

Tissue Scaffolds from Testes

Use of tissue scaffolds as supporting matrices for
germ cells that have been sorted to prevent transmis-
sion of cancer cells is an innovative approach in the
field of fertility restoration from cryopreserved repro-
ductive tissues. Protocols and agents used for decellu-
larization of reproductive tissues are described in
Table 3.

Previous analyses have revealed testicular infiltra-
tion by malignant cells in 21% of leukemia-affected
children.46,47 Since Sadri-Ardekani et al. demonstrated

TABLE 3. Decellularized reproductive tissues.

Authors Species Tissue Decellularization Outcomes

Laronda

et al.49
Human and

bovine

Ovary Immersion and agitation of

500-lm slices in 0.1% SDS

Preservation of ECM structure

Attachment and functionality of seeded ovarian

cells (histology)

Restoration of endocrine function in vivo

Baert et al.8 Human Testis Immersion and agitation of

1-cm3 tissue pieces in 1% SDS

Preservation of ECM structure and protein

Attachment of testicular cells

Chen et al.16 Rabbit Penis Immersion and agitation of the

entire penis (3 cm in length) in

1% Triton X-100 + 0.1% ammonium

hydroxide

Attachment of seeded epithelial and muscular

cells

Restoration of erectile function and ejaculation

capacity in grafted rabbits

Eberli et al.25 Rabbit Penis Immersion and agitation of the

entire penis (3 cm in length) in

1% Triton X-100 + 0.1% ammonium

hydroxide

Use of a dynamic seeding procedure allow

better attachment and metabolic activity of

cells

VERMEULEN et al.1776



that co-culture of leukemic and testicular cells leads to
elimination of cancer cells after 26 days with a specific
culture method,76 it may be assumed that once this has
been achieved, the amplified testicular cells could be
used for seeding in a three-dimensional structure cap-
able of supporting spermatogenesis. Considering the
importance of the testicular ECM, decellularized tes-
ticular tissue could well provide good support for these
isolated testicular cells. Back in 1986, Enders et al.
already decellularized rat STs using both enzymes and
chemicals, and showed that SCs were able to reattach
to the basement membrane of the tubules.26 Since then,
only a few studies have investigated the possibility of
obtaining a well preserved ECM from testes. Baert
et al. recently demonstrated that decellularization of
adult cadaveric testicular tissue through immersion
and agitation in 1% sodium dodecyl sulfate resulted in
satisfactory preservation of the structure and compo-
sition of the ECM.8 The scaffold they obtained was not
toxic to fibroblasts, suggesting that abundant washing
prior to culture was able to eliminate detergents.
Unfortunately, the functionality of the seeded testicu-
lar cells was not assessed.

Successful development of an artificial reproductive
organ capable of supporting SSC differentiation would
certainly represent a big step forward in the field of
male infertility.

Use of Bioprinting to Build Artificial Scaffolds

Three-dimensional bioprinting is becoming an
alternative to develop functional organs or structures,
offering the possibility of assembling cells and tissues
with a high degree of accuracy (for review, see Murphy
et al.60). Biomaterials used for construction of bio-
printed scaffolds often involved hydrogels based on
natural (alginate, gelatin, collagen, fibrin, hyaluronic
acid, chitosan, and agarose) or synthetic (polyethylene
glycol) polymers.99 Decellularized ECM can also be
solubilized and used as bioink to build the artificial
structure, with the advantage of providing an opti-
mized microenvironment for cell growth.65

Three-dimensional bioprinting has not yet been
applied to develop an artificial testis. However, using
gelatin-based bioprinting, one team recently developed
a scaffold mimicking the architecture of the ovary.75

Both endocrine and exocrine functions of follicles
contained in the scaffolds were evidenced, suggesting
that bioprinting could be a novel way of developing
matrices able to support gamete differentiation. In
their study, survival and function of seeded follicles
was contingent on angles forming the structure. In-
deed, 30�- and 60�-angled pores increased the likeli-
hood of follicles making multiple scaffold contacts,
while square (90�) pores did not.

This could constitute a valuable strategy for ST
reconstruction. Indeed, unlike common cell culture on
collagen, gelatin or MatrigelTM-coated dishes, three-
dimensional systems can provide spatial arrangements
similar to in vivo niches found in STs, where germ cells
are embedded in SCs. A better understanding of the
structure and factors involved is nevertheless needed to
achieve maturation of seeded germ cells. Developing a
functional bioartificial testis would offer new fertility
restoration options, either for in vitro production of
spermatozoa, or transplantation without the risk of
cancer cell contamination to restore spermatogenesis
in vivo.

CONCLUSION

Increasing numbers of boys treated with fertility-
threatening therapies are now reaching the age at
which fertility concerns become an issue. Development
of solutions to allow these boys to become fathers from
cryopreserved ITT is therefore crucial. Autologous
grafting of ITT appears to be a good option for
patients who do not run the risk of intratesticular
cancer cell infiltration. However, results from animal
studies show that this method should be improved in
terms of graft revascularization in order to reduce loss
of spermatogonia and better preserve the SSC niche.
While tissue encapsulation and/or molecule supple-
mentation was found to yield improved transplanta-
tion outcomes, further studies must be conducted to
achieve better SSC preservation and differentiation.

Another promising approach is development of a
bioartificial testis that can be used in vitro to obtain
spermatozoa or transplanted in vivo to restore sper-
matogenesis. At present, three-dimensional matrices,
whether simple polymers or decellularized scaffolds,
appear to allow colonization and appropriate
arrangement of seeded testicular cells, although com-
plete differentiation has yet to be achieved. However,
because most available ECMs needed to build artificial
matrices that are able to mimic the in vivo environment
contain components of animal origin, and hence may
possibly be associated with xenogenic pathologies,
translation to a clinical setting could be hampered. Use
of decellularized testis scaffolds of human origin may
also be limited due to availability issues. Nevertheless,
with increasing instances of porcine-derived tissues
entering clinical practice, the prospect of using scaffold
originating from Gal-KO pig testes could be consid-
ered.

Continued efforts are therefore required to develop
methods of fertility restoration following gonadotoxic
treatments that can be applied in a clinical context.
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