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Male germline stem cells (mGSCs), also known as spermatogonial stem cells (SSCs), are the fundamental seed cells of

male animal reproductive physiology. However, environmental influences, drugs, and harmful substances often pose

challenges to SSCs, such as population reduction and quality decline. With advancements in bioengineering technology

and biomaterial technology, an increasing number of novel cell culture methods and techniques have been employed for

studying the proliferation and differentiation of SSCs in vitro.
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1. Introduction

The production of mature male gametes depends on the continuous self-renewal and differentiation of male germline

stem cells (mGSCs), also named spermatogonial stem cells, SSCs) . The development of an efficient and convenient

artificial culture system makes it possible for the cryopreservation and genetic modification of SSCs, which also lays the

foundation for artificial spermatogenesis and sperm production and has enormous potential practical value; for example,

SSCs from boys undergoing cancer treatment may be cryopreserved to protect their germ cells . In the spermatogenic

epithelium, the only somatic cells that spermatogenic cells contact are testicular Sertoli cells . The unique internal

environment formed in the spermatogenic epithelium could maintain spermatogenesis and provide a unique niche

environment for the genesis and differentiation of germ cells . In this microenvironment, germline stem cells,

spermatogonium, primary spermatocyte, spermatocyte, and sperm are formed one after another (Figure 1). Therefore,

artificial technology to simulate such an in vitro microenvironment is the primary condition for the 3D culture of SSCs. On

this basis, it will be of great value to develop a new in vitro 3D cell culture system to induce the differentiation of SSCs into

functional male germ cells .

Figure 1. The niche environment during spermatocyte development. In the convoluted seminiferous ducts of the testicles,

there are only Sertoli cells and spermatogonium cells (spermatogonium cells are divided into type A  spermatogonium

cells, type A  spermatogonium cells, type A  spermatogonium cells, type A  spermatogonium cells, and type B

spermatogonium cells according to the sequence they formed after division). A series of cell biological changes in

spermatogonium cells are carried out in the niche microenvironment where the Sertoli cells formed. Sertoli cell, a type of

cell located in the seminiferous tubules that supports and nourishes the developing sperm cells; sperm, the haploid male
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gamete after completion of cell morphological deformation; sperm cell, the haploid male gamete with incomplete cell

morphology; secondary spermatocyte, small in size and located on the inner side of the primary spermatocyte, closer to

the lumen of the seminiferous tubule; primary spermatocyte, one type of spermatocytes, primary and secondary

spermatocytes are formed through the process of spermatocytogenesis; spermatogonium, an immature male germ cell

that divides to form many spermatocytes; spermatogonia stem cell, a type of adult stem cell located on the basal

membrane of the tubule that is capable of self-renewal to maintain a constant number of its own population and directional

differentiation to produce spermatocytes; peritubular myoid cells, the main cell components of the basement membrane of

the seminiferous tubule create a unique microenvironment for germ cell development; proximal extracellular matrix

specific protein, highly specialized extracellular matrix proteins, including type IV collagen, laminin, nestin, heparan sulfate

proteoglycan, etc.; desmosomal protein complex, a cell adhesion complex that connects adjacent epithelial cells to each

other and attaches keratin filaments to the surface of the epithelial cells; gap junction, a way of cell connection that allows

the free passage of small molecules with molecular weights less than 1.5kD to maintain the stability of the internal

environment and the normal physiological function of the tissue cells; tight junction protein complex, mainly exists

between epithelial cells and endothelial cells, making adjacent cell membranes close together to form a physical barrier

structure around the cell; basement membrane, a thin connective tissue membrane that separates the epithelial cell layer

from the underlying stromal layer; laminin, a major protein in the basal lamina (one of the layers of the basement

membrane), a protein network foundation for most cells and organs; collagen layer type l, the main component of the

basement membrane of parenchymatous organs also plays a major role in the formation of specific extracellular

microenvironments.

Sertoli cells are the only somatic cells in contact during the proliferation and differentiation of SSCs. Therefore, in the early

SSC culture system, pre-cultured primary Sertoli cells were used to build the in vitro microenvironment of SSCs. Later,

primary mouse embryonic fibroblast cells (MEF cells) and STO cells (a kind of fibroblast isolated from the embryo of a

mouse) will be used . The primary cells have the problems of unstable cell character and inconvenient

acquisition, and the cell line has some differences that exist compared to the primary cell. These problems have prompted

researchers to develop more convenient and efficient materials for the microenvironment construction of in vitro SSC

culture. The microenvironment formed by the extracellular matrix plays some critical roles in regulating cellular

morphology, proliferation, and differentiation, and the extracellular matrix derived from natural healthy tissues could even

support the growth of organoids that occur in vivo under in vitro culture conditions . Therefore, researchers used

physical, chemical, and biological technologies to advance a variety of natural substrates (such as collagen,

polysaccharides, and glycosaminoglycan) to construct a microenvironment for the growth of SSCs in vitro, to achieve

long-term culture and technical development and utilization of SSCs in vitro, such as induction and differentiation into

functional sperm cells in vitro, preparations of male germ seed cells that can be used for transgene animals, etc.

Three-dimensional cell culture could supply an artificial space mimicking in vivo conditions, which enables cells to migrate

and grow in a three-dimensional environment . Three-dimensional culture technology also could preserve the physical

and structural basis of the cell microenvironment in vivo and demonstrate the advantages of intuitiveness and conditional

control of cell culture . These culture models are constructed to intercellular and cell–extracellular matrix

interactions, to mimic the physical, nutritional, and metabolic environment of the microenvironment in which cells reside in

the body .

2. Scaffold-Based 3D Cell Culture

In vitro 3D cell culture is used in various cell biology studies, such as different stem cells, cancer cells and somatic cells. It

is becoming increasingly popular with researchers . Scaffold-based 3D culture technology could provide good physical

support for cells, whether simple mechanical structures or analogs like extracellular matrix, on which cultured cells could

achieve aggregation, proliferation and migration activities . In the scaffold-based 3D cell culture, cells are grown in a

matrix with specific physicochemical properties (Such as the matrix hydrophilicity, hydrophobicity, ultrastructure, spatial

conformation, biological activity and other properties), which affect the properties of the cells. The scaffold could be

natural or synthetic and applied for exerting important functions based on adhesion, hardness and load capacity. In

experimental studies, some growth factors (such as GDNF, bFGF and others) or bioactive molecules (such as D-serine,

retinoic acid and others) could also be embedded in the cell culture scaffold, which could enhance SSCs’ proliferation or

promote cell differentiation . Therefore, the selection of scaffolds for in vitro 3D culture of SSCs should take into

account many factors, such as the material properties and the pore size, rigidity, flexibility and stability of the cultured

matrix materials, especially the biological characteristics such as cell compatibility and adhesion .

Hydrogels comprise cross-linked poly chains or complex networks of natural or synthetic protein molecules . Naturally

derived hydrogels carry a large amount of water, which makes them have very similar biological and physical properties to

[8][9][10][11]

[12]

[13]

[14][15]

[14][15][16][17]

[18]

[19][20]

[2][21][22][23]

[24][25]

[26]



natural tissue structures, so they are widely used as efficient 3D cell culture substrates for cell culture in vitro .

Hydrogels could be used directly in cell culture alone or in combination with other biomaterials (such as biological

scaffolds, matrix membranes, or microfluidics) to adapt to the needs of specific cells. Hydrogels also used to coat the cell

culture support or enclose/clamp cells in the matrix . Naturally derived hydrogels are composed of bioactive factor

or extracellular matrix (ECM) components, such as chito-oligosaccharides, collagen, laminin in cell culture .

These natural endogenous active factors embedded in hydrogels could maintain the survival, proliferation, differentiation

and biological function of different cells , and these gels themselves are biocompatible and bioactive, which is

conducive to the completion of cell functions (Table 1 and Table 2).

3. DTM-Based Scaffold Culture for SSCs

With the development of cell and tissue engineering, biological scaffolds have been applied in many cases due to their

excellent biocompatibility, bioactivity and mechanical properties . Decellularized extracellular matrix (dECM) scaffold is

a biological scaffold formed from organism tissue/organ by removing cells and other immunogenic components through

acellular technology. The dECM scaffolds mainly comprise extracellular macromolecules, such as collagen, fibronectin

and laminin. In addition, tissues and organs could retain their original physical and chemical signals and biological

characteristics after decellularization, providing an excellent physical support matrix for the subsequent 3D culture of cells

in vitro . dECM scaffold also has been widely used in tissue and organ repair in vivo. Compared with synthetic

materials, dECM could retain the microenvironment and natural 3D structure of the original tissue, and play an essential

role in migration, adhesion, differentiation and proliferation for transplanted cells, due to its good biological activity,

biocompatibility and degradability . The 3D structure of the dECM scaffold could create an in vivo-

like niche to form an in vitro testicular co-culture model with specified cell density and ECM composition for

spermatogonial cells .

The DTM is an appropriate and effective layer for the proliferation and differentiation of SSCs (Table 1). The DTM

supplemented with D-serine and glutamic acid has been shown to provide a suitable microenvironment for the survival of

SSCs . In addition, spermatogonium cells on DTM hydrogel scaffolds were more easily differentiated by N-methyl-D-

aspartate (NMDA) receptor agonists . Some scholars have also studied the differentiation and apoptosis of germ cells

in DTM culture and established an in vitro culture model that could induce mature sperm . Furthermore, after long-term

culture of SSCs on the DTM layer prepared by sheep testis, the expression of meiosis-related genes in the cells was

significantly up-regulated . Therefore, DTM could not only be used to explore the optimal culture conditions of

spermatogonial stem cells but also to induce differentiation of SSCs, which could increase the expression of premeiotic,

meiotic and postmeiotic genes . Although there is a lack of testicle-specific topography when cultured in vitro, DTM

does provide an essential niche environment for cultured SSCs to maintain their cellular characteristics . Moreover, due

to the preservation of crucial extracellular matrix components such as collagen, fibronectin and laminin in DTM, makes

DTM a promising biological material for the development of in vitro culture and induction of spermatogenesis of

spermatogonial stem cells, treatment of various types of male fertility disorders, or for the development of new animal

reproduction techniques .

A 3D co-culture model with testicular cells could be used for testicular toxicity screening, which was used to evaluate the

effects of various reproductive toxic chemicals on spermatogonium proliferation and differentiation and even

spermatogenesis . Another developed human testicular three-dimensional organoid culture system also showed good

evaluation function in cell culture in vitro, and its IC50 value was significantly higher than that of the two-dimensional

culture system after treatment with four chemotherapy drugs .

The use and in-depth study of the DTM prompts us to pay attention to the specific components of testicular ECM and

elucidates its roles in spermatogenesis, as adequate nutritional and microenvironmental support is essential for SSCs

self-renewal and differentiation in vitro. DTM has the characteristics of ideal tissue scaffolds: a complex composition,

many biomatrix active components, and a unique tissue-specific structure, and these spermatogonial stem cells are

fundamental in vitro culture. The preparation for DTM should first consider the animal species and physiological state as

the testicular source. Generally, healthy adult males are selected as organ donors. Some researchers have tried DTM

from xenogeneic animal donors and found that it could maintain SSC self-renewal and spermatogenesis in vitro. However,

the preparation process for DTM is still relatively complex. Using eluents (including ionic eluent SDS and non-ionic eluent

triton X-100), low or high permeability solution, acid-base, organic solvent, etc., to achieve a good decellulatory effect.

However, there are also problems of eluent toxicity. It takes a long elution time to remove the residue in tissues and

organs and reduce the toxicity caused by the eluent, so it is necessary to develop some convenient and non-toxic in vitro
culture of biomaterials matrix and culture system.
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Table 1. Summary of types of male reproductive stem cells cultured in DTM-3D in vitro.

Culture Material Cell
Type Species Main Biological Findings Reference

Sertoli cells and
Leydig cells with

extracellular matrix
(ECM) composition

SSCs Mice The coculture 3D structure prepares an in vivo-like niche and
supports the proliferation of germ cells.

An artificial
testicular tissue
using a DTM -
hyaluronic gel

matrix

SSCs Mice
The decellularized testicular matrix supplemented with D-serine and

glutamic acid could provide an appropriate niche environment for
the proliferation of SSCs.

DTM hydrogel SSCs Mice The differentiation of spermatogonia could be regulated by D-serine
in the 3D culture system.

Azoospermia tissue
DTM SSCs NMRI

mice
The presence of D-serine and retinoic acid has a positive effect on

spermatogenesis in the 3D culture system.

Sheep DTM SSCs Human The natural structure of DTM prepares the suitable niche
environment for the spermatogenesis in vitro.

Sheep DTM SSCs Human SSCs culture in DTM created a way of demonstrating
spermatogenesis in vitro.

Human DTM SSCs Human

Despite the lack of testis-specific tissue structure, three-dimensional
culture in vitro could harbor spermatogonium cells and provide their

essential niche environment, so that these spermatogonium cells
retain specific functions in long-term culture. These findings also

open up the possibility of recreating the testicular microenvironment
(such as organoid tissue) from primary testicular cells in vitro.

ECM SSCs Rats
In the 3D rat testicular cell co-culture model, the proliferation,

differentiation, and androgen receptor (AR) protein expression of
spermatogonia cells could be regulated by experimental methods.

Human DTM SSCs Human

The niche microenvironment created by the multicellular 3D testis
organoid model could maintain the long-term viability of

spermatogonia cells. It could also promote the differentiation of
SSCs into postmeiotic germ cells, simulating the process of

spermatogenesis in vivo, so that about 0.2% of SSCs differentiate
into sperm cells.

4. Non-DTM-Based Scaffold Culture for SSCs

With continuous research on the feeder layer, some artificial matrix adhesives have been tried to replace DTM for in vitro
culture of SSCs (Table 2). Alginate gel encapsulation culture of SSCs could significantly increase the expression of

pluripotent genes Oct4, Sox2 and Nanos2 and promote the aggregation of cell clones . In addition, SSCs could even

be converted into induced germline stem cells (iGSCs) in 3D cell culture, reconstructing the ovulation process of SSCs

. Another agar/polyvinyl alcohol nanofiber (PVA) scaffold showed a good promotion effect on the proliferation and

differentiation of neonatal mouse SSCs. It could improve SSC differentiation into meiosis and post-meiosis cells . The

platelet-rich plasma (PRP) scaffold with expression of glial cell line-derived neurotrophic receptor α1 (GFRa1) and c-Kit

revealed a significant in vitro proliferation of SSCs .

2D culture has limitations in intercellular connectivity, cell shape, property maintenance, etc. Studies have confirmed that

a 3D culture system with a biological substrate is more conducive to long-term feed-free SSC culture and induction of

SSC pluripotency . Most simply, the host testicular fragments were used as a three-dimensional organ culture, and the

proliferation and differentiation of SSCs were normal in vitro culture . Another three-dimensional soft agar culture

system (SACS) could successfully culture mouse SSCs and produce sperm because SACS could simulate the

reconstruction of a niche microenvironment capable of regulating cell colony proliferation and differentiation ,

monolayer SSCs or testicular tissue fragment SSCs could also be cultured using agarose constructed 3D conditions  to

induce spermatogenesis in 3D culture in vitro . It was confirmed that SACS and methylcellulose (MCS) formed a

particular three-dimensional microenvironment that could simulate the germ cell niche environment in the

spermatogenesis of mouse SSCs in vitro . A collagen gel culture system combined with somatic testicular cells could

also simulate the microenvironment of spermatogenic epithelium and induce spermatogenesis in vitro . However, 3D

nanofiber scaffolds, which act similarly to ECM/basement membrane, have been shown to enhance the proliferation and
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self-renewal of SSCs . The proliferation and differentiation of spermatogonium in primates and rodents could be

induced by 3D AGAR and MCS culture systems . Even SSCs collected from patients with obstructive azoospermia

could continue to proliferate on lamin-coated plates for two months or longer, maintaining their cellular characteristics,

proliferation and differentiation .

Currently, the 3D culture system of SSCs involving feeder layer cells is still being improved. In SACS, the proliferation of

human SSCs could be promoted by co-culture with Sertoli cells, thus preparing a sufficient number of cells for autologous

transplantation and in vitro spermatogenesis . In other animals, when goat SSCs were cultured in vitro culture system,

stable SSC clones could be maintained by co-culture with the Sertoli cell feeding layer , the STO cells (a fibroblast cell

line that was isolated from the mouse embryo) have also been shown to be suitable layers for proliferation of bovine SSCs

in vitro , and attaching Sertoli cells to a culture dish coated with mandala lectin (DSA) also helped establish a long-term

culture system for buffalo spermatogonium . Studies on STO feeding layer or gelatin-coated Petri dish confirmed that

SSCs-STO co-culture could better maintain the characteristics and cell proliferation of SSCs , and the three-

dimensional culture of SSCs mixed with alginate gel and Sertoli cells could also effectively promote cell proliferation and

maintain SSC stemness . A novel 3D testicular cell co-culture model could make spermatogonial cells present better

cell structure in vitro and facilitate intercellular communication between different cell types . A microporous culture

system of the STO cell feeding layer could encourage the formation of SSC cell clones’ structure more efficiently .

Now, some new 3D bioprinting technologies have been applied for SSC culture in vitro. The 3D bioprinting process could

better maintain testicular cell vitality, survive the cell types of reproductive cells and maintain their cell characteristics, and

these advantages showed excellent application potential in testicular germ cell culture and induction of spermatogenesis

.

Table 2. Summary of types of male reproductive stem cells cultured in no-DTM-3D in vitro.

Culture Material Cell Type Species Main Biological Findings Reference

Alginic acid SSCs Mice

Alginate scaffold structure could maintain the
morphology and cell density of SSCs for a long
time, and promote the expression of pluripotent

genes.

Gonadal somatic cells and
transwell-COL membranes SSCs Mice

In a 3D organoid culture system, SSCs are
transformed into induced germline stem cells

(iGSCs) with maternal imprinting patterns
through transgenic manipulation.

Agar/polyvinyl alcohol nanofiber
scaffold SSCs Mice

In the three-dimensional culture system of
AGAR/PVA scaffold, the differentiation of

mouse SSCs into spermatoblasts could be
enhanced synergically with the medium

supplemented with growth factors.

PRP + CaCl SSCs Human
PRP scaffold could reconstruct a suitable niche

environment for the in vitro proliferation of
SSCs.

3D Stemfit  culture dishes (3D
scaffold)(MicroFIT, Seongnam,

Korea)
SSCs Mice

Using 3D scaffolds, SSCs could be
reprogrammed to become gPSCs without

biological substrates.

Agarose gel stands

SSC-LCs
derived

from
iPSCs

Mice

iPSCs could hom in a three-dimensional
testicular niche environment, which plays a

crucial role in inducing iPSCs to differentiate
into spermatogonial stem cell-like cells.

Human Sertoli cells SSCs Human
3D culture could significantly increase the
number and size of SSCs clones and the

expression of spermatogonial marker genes.

Agarose SSCs Mice Agarose 3D culture induced spermatogenesis
process in vitro.

Methylcellulose Culture System
(MCS) SSCs Mice

The MCS 3D culture system could induce the
differentiation of normal immature

spermatogonium into meiotic and postmeiotic
cells and produce sperm-like cells.
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Culture Material Cell Type Species Main Biological Findings Reference

MCS AND SACS STC Rhesus
monkeys

The 3D culture system could partially simulate
the microenvironment in the seminiferous

tubules and promote the differentiation of type
A spermatogonium to spermatocyte.

Collagen gel matrix SSCs Balb-c
mice

The three-dimensional culture system of
collagen gel provided a microenvironment that

mimics the spermatogenic epithelium and could
induce spermatogenic processes in

spermatogonium in vitro.

Poly L-lactic acid(PLLA) nanofiber
scaffold SSCs Mice

PLLA could promote the formation of
spermatogonia clones and induce cell

differentiation during culture

Methylcellulose(MCS) SSCs Human
3D MCS culture system could induce

spermatogenic processes of spermatogonium
isolated from living tissue

Sertoli cells in SACS + laminin +
growth factors SSCs Human

Laminin could replace Sertoli cells to construct
a three-dimensional culture system, that

enables specific spermatogonium to self-renew
or differentiate

Sertoli cell feeder layer in goat SSCs Sheep
In a culture system with Sertoli cells as feeder

layers, SSCs could emerge as cell clones after a
short time culture.

SIM mouse(Sando’s inbred mouse)
embryo-derived thioguanine and
ouabain resistant (STO), and a

laminin-coated plate.

SSCs Bovine

In the culture system of the STO feeder layer,
SSCs could form many cell clones and express
SSCs marker genes at a high level. In the three-

dimensional culture system of laminin, the
pluripotent genes of SSCs were highly

expressed.

DSA lectin-coated dishes with the
attachment of Sertoli cells. SSCs Buffalo DSA lectin-coated dishes supported long-term

maintenance and self-renewal of SSC-like cells.

NMRI Mouse STO and Growth
Factors SSCs Mice

The SSC-STO co-culture provided a
microenvironment for efficient maintenance and

proliferation of SSCs.

3D alginate hydrogel with Sertoli
cells SSCs Mice

Alginate gel three-dimensional culture could
promote the proliferation of SSCs and the

maintenance of cell stemness and improve the
survival rate of SSCs transplantation.

Sertoli, and Leydig cells SSCs Murine
C18-4

The testicular co-culture model could make
spermatogonial cells present better cell

structure in vitro and promote intercellular
communication between different cell types.

Membrane-bottomed microwell
array added to Transwell insert +

STO cells
SSCs Mice

The microporous culture system of the STO cell
feeding layer could promote the formation of
SSCs cell clonoid structure more efficiently.
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