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processes not only depend on intrinsic 
signals from cell–cell interactions but 
are also driven by extrinsic factors from 
cell–extracellular matrix (ECM) interac-
tions.[4,5] Because the composition of the 
ECM involves multiple fibrous-forming 
proteins, such as collagen, fibronectin, 
and laminin,[6] and fluctuates dynamically 
during the spatiotemporal development 
of an organism, it is challenging to eluci-
date the role of the ECM on cellular self-
organization directly in vivo. Here, we 
offer a more controlled and engineerable 
system that uses synthetic biomaterials to 
provide a promising alternative to study 
the self-organization process on multicel-
lular levels in vitro.

In mammals, spermatogenesis relies 
on the delicate architecture of testicular 
seminiferous tubules, which enables the 
precise spatiotemporal cross-talk between 

testicular spermatogenic cells and somatic cells, such as Sertoli 
and Leydig cells.[7] In mice, the testis cord, which is the pre-
cursor structure of the seminiferous tubule, begins its mor-
phogenesis at embryonic day (E) 10.5. Sertoli progenitors begin 
to express the sex-determining region Y (Sry) gene, which in 
turn upregulates several sex-determining factors and triggers 
a cascade of developmental events, including the specification 
of Sertoli cells, the self-organization of germ cells and Sertoli 
cell into testis cord, and the vascularization of the testis cord 
structure.[8,9] Ultimately, the testis cord becomes stabilized and 
defined on E13.5,[10–13] and gradually develops into the semini-
ferous tubule after birth.

A multicellular organism’s development is coupled with cellular self-organiza-
tion, which is regulated by cell–cell interactions and cell–extracellular matrix 
(ECM) crosstalk. Testicular cells from different species such as mouse, rat, 
and porcine can self-organize into seminiferous tubules both in vitro and 
in vivo, but the understanding of the functional role of the ECM during this 
process is limited. Here, it is shown that mouse testicular cells encapsulated 
with the biomaterial Matrigel can self-organize into seminiferous tubules 
with blood-testis barrier (BTB) formation and Leydig cell differentiation. 
By varying the encapsulation method, a combination of sodium alginate 
and collagen is used to promote reorganization of seminiferous tubules, 
which resemble those in vivo. In addition, the self-organization ability of 
testicular cells declines with advanced cell age, and those germ cells play 
a pivotal role in this process. These findings will be helpful to understand 
the self-organization process of testicular cells and provide insights for the 
reconstruction of testes.
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1. Introduction

A multicellular organism’s development is coupled with exten-
sive cellular rearrangement, leading to cell positioning, pat-
terning, and morphogenesis into defined architectures.[1] As 
stated by the ancient philosopher Kant, life is a “self-organized, 
self-reproducing” process. A new life starts from the fertilized 
egg, the single-cell zygote then divides into large numbers 
of various cells, and those cells self-organize into multiple 
tissues, organs, and finally the whole body. Thus, mamma-
lian embryogenesis and later development can be regarded 
as a process of self-organization.[2,3] Such self-organization 
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Because the self-organization of testicular cells into the testis 
cord structure is the hallmark event of early testicular develop-
ment, understanding the cellular events during cord forma-
tion has long been a central research interest in male sper-
matogenesis. Although some previous studies have revealed 
that the ECM plays an important role in the self-organization 
process,[14,15] the mechanisms underlying this morphogenesis 
event remain unclear. Therefore, researchers have developed 
a number of ECM substitutes, using biomaterials such as soft 
agar,[16,17] methylcellulose,[18,19] Matrigel,[20,21] collagen,[22] and 
poly (N-acetyl-l-glutamic acid-co-lysine ester),[23] to charac-
terize the self-organization of testicular cells. Compared with 
traditional culture methods, the 3D culture system has clear 
advantages for studying cell-cell interactions and tubule forma-
tion.[24–26] Recently, an alginate-based 3D culture system for tes-
ticular cells has been developed to study the self-organization of 
testicular cells in vitro.[27] However, most of these ECM models 
are often poorly suited because the testicular cells form dis-
torted and variable tubular architectures in these materials,[28–30] 
most of them failing to form tubular structures.[31,32] Therefore, 
there is a crucial need to find an appropriate biomaterial to sup-
port the self-organization of testicular cells into seminiferous 
tubules that better mimic those in vivo. Furthermore, it has 
long been thought that testicular cell age has a significant influ-
ence on the self-organization process. For example, testicular 
cells from newborn and juvenile rat testes, but not adult testes, 
can reorganize into seminiferous tubule-like structures.[33] 
However, a systematic investigation of the influence of tes-
ticular germ and somatic cell age on self-organization has not 
yet been undertaken.

In this work, we aim to characterize the effects of different 
biomaterials on the ability of testicular cells to self-organize, 
and we also extensively focus on illustrating the morphological 
characteristics in the regenerated tissues formed with testicular 
cells of different cell ages. We further show that it is the germ 
cell status rather than the somatic cell status that determines 
the success of the self-organization process. Further study of 
our experimental model would provide valuable perspective in 
understanding the regulation mechanisms regarding in vivo 
testis cord formation and testicular development, and may also 
serve as a basis to explore the etiology of male infertility and in 
vitro testis tissue remodeling.

2. Results

2.1. The Establishment of a Testicular-Cell Self-Organization 
System

To establish a testicular-cell self-organization system, we col-
lected the testes from 2 d postpartum (dpp) mice. The testes 
were digested into single cells using a two-step enzymatic 
digestion method as described previously.[18] The testicular 
cells were then mixed with Matrigel and injected subcutane-
ously into the dorsal region of’ recipient nude mice (Figure 1A). 
Four weeks after the injections, regenerated tissues were 
observed as flat oval structures at the subcutaneous injection 
sites (Figure 1B,C). During the first 6 weeks, the weights of the 
regenerated tissues gradually increased and became stable at 

6 to 12 weeks (Figure  1D). Periodic acid-Schiff (PAS) staining 
and immunofluorescence staining were then performed to 
investigate whether the encapsulated testicular cells had self-
reorganized into seminiferous tubules, mimicking the in vivo 
germ-to-somatic associations. As shown in Figure  1E, the 
encapsulated testicular cells formed a seminiferous tubule-like 
architecture after 2 weeks, and the tubular structure became 
dilated after 4 weeks. Additionally, some germ cells in the newly 
formed tubules showed interphase chromosome condensa-
tion, suggesting they might enter into meiotic stages. Immu-
nofluorescence staining for sex-determining region Y-box 9 
(SOX9), Wilms tumor 1 homolog (WT1), the specific Sertoli 
cell markers, and DEAD (Asp-Glu-Ala-Asp) box polypeptide 4 
(DDX4), a specific germ cell marker, confirmed the self-organ-
ization outcomes characterized by PAS staining (Figure 1F,G). 
The specificity of these antibodies was examined in mouse 
testis (see Figures S1A,B and S3A, Supporting Information). 
The germ cells were arranged along the margins of the newly 
formed seminiferous tubules, and most of the Sertoli cells were 
interspersed randomly in the periphery of the tubules. Taken 
together, these results suggest that the testicular cells encapsu-
lated with Matrigel can self-organize into seminiferous tubules, 
resembling those in testes.

2.2. The Self-Organized Seminiferous Tubules Possess Testicular 
Characteristics

In testes, spermatogenesis is precisely regulated through the 
interactions between spermatogenic cells and somatic cells 
(e.g., Sertoli and Leydig cells). To investigate whether our self-
organized seminiferous tubules possessed other testicular 
characteristics in addition to morphological features, we firstly 
monitored the functionality of the Sertoli cells and Leydig cells. 
Both WT1 and SOX9, the specific Sertoli cell markers, could 
be detected in the outside of the newly formed seminiferous 
tubules, which was similar to that seen with control testis 
(Figure  2A,F). The most important function of Sertoli cells is 
to form the blood-testis barrier (BTB) that supports successful 
spermatogenesis. Immunofluorescence staining of OCCLUDIN 
and tight junction protein 1 (ZO-1), the markers for BTB struc-
ture, was performed in the reconstituted tissues. The specificity 
of OCCLUDIN and ZO-1 antibodies was examined in mouse 
testis (see Figure S1C,D, Supporting Information). We found 
that OCCLUDIN and ZO-1 expression was apparent at 4 weeks 
(Figure 2B,C), indicating the presence of the BTB structure in 
the reconstituted seminiferous tubules.

To characterize the functionality of Leydig cells, immuno-
fluorescence staining for cytochrome P450 family 11 subfamily 
a polypeptide 1 (CYP11A1) and steroidogenic 3β-hydroxysteroid 
dehydrogenase (3β-HSD) were performed. The specificity 
of CYP11A1 and 3β-HSD antibodies was examined in mouse 
testis (see Figure S2, Supporting Information). As shown in 
Figure 2D,E, cells containing CYP11A1 and 3β-HSD signal, rep-
resenting Leydig cells, were observed and found to be located 
between neighboring seminiferous tubules. Consistent with 
the expression of CYP11A1 and 3β-HSD, testosterone could 
also be synthesized in the regenerated tissue (Figure  2G), 
indicating the Leydig cells neighboring the self-organized 
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seminiferous tubules were functional. Next, we examined the 
differentiation of Leydig cells in the regenerated tissue. We 
found that the 3β-HSD signal was first expressed at 4 weeks 
and highly expressed at 8 weeks (Figure 2F), and testosterone 

levels at 12 weeks were significantly increased compared with 
those at 2 weeks and 4 weeks. In addition, the follicle-stimu-
lating hormone (FSH) and luteinizing hormone (LH) could 
also be measured in the regenerated tissue (see Figure S4, 

Figure 1. Testicular cells encapsulated with Matrigel can self-organize into seminiferous tubule structures. A) Schematic illustration of the experimental 
procedure adopted for subcutaneous injection of Matrigel encapsulated testicular cells. B) The regenerated tissues were incubated for 4 weeks under 
the dorsal skin of the nude mouse. The arrow indicates the site of regenerated tissue. C) Morphology of regenerated tissue at 4 weeks after injection 
compared to normal testes. D) The weight of regenerated tissues at different time intervals (weeks) after subcutaneous injection. Data are shown 
as means ± standard deviation (SD) (n = 6 in each group; one-way ANOVA followed by Bonferroni’s test; *** indicates P < 0.0001, NS indicates no 
significant difference). E) PAS staining of the regenerated tissue produced with Matrigel encapsulated testicular cells at 2 and 4 weeks, Z zygotene sper-
matocytes, P pachytene spermatocytes. F) Immunostaining of regenerated tissues at 2 weeks with DDX4 (germ cell, green) and SOX9 (Sertoli cell, red), 
counterstained by DAPI (blue). The dotted line indicated the margin of self-organized seminiferous tubules. G) Immunostaining of regenerated tissues 
at 2 weeks with WT1 (Sertoli cell, green), counterstained by DAPI (blue). The dotted line indicates the margin of self-organized seminiferous tubules.
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Figure 2. The functionality of Leydig cell and the formation of BTB in the self-reorganized seminiferous tubules. A) Immunofluorescence staining of 
the control testis and regenerated tissues with WT1 antibody (Sertoli cell, green) and DAPI (blue). B) Immunofluorescence staining of the control testis 
and regenerated tissues with OCCLUDIN antibody (BTB, green) and DAPI (blue). C) Immunofluorescence staining of the control testis and regenerated 
tissues with ZO-1 antibody (BTB, red) and DAPI (blue). D) Immunofluorescence staining of the control testis and regenerated tissues with CYP11A1 
antibody (Leydig cell, green) and DAPI (blue). E) Immunofluorescence staining of the control testis and regenerated tissues with 3β-HSD antibody 
(Leydig cell, red) and DAPI (blue). F) Immunostaining of regenerated tissues at 2, 4, and 8 weeks with SOX9 (Sertoli cell, green) and 3β-HSD (Leydig 
cell, red) antibodies, counterstained by DAPI (blue). G) The concentration of testosterone in regenerated tissues at 2 (black bar, 0.189 ± 0.001 ng mg-1), 
4 (red bar, 0.187 ± 0.001 ng mg-1), 8 (orange bar, 0.196 ± 0.008 ng mg-1), 10 (yellow bar, 0.212 ± 0.001 ng mg-1) and 12 (green bar, 0.214 ± 0.001 ng mg-1) 
weeks. Data are shown as means ± standard deviation (SD) (n = 4 in each group; one-way ANOVA followed by Bonferroni’s test; ** indicates P < 0.01).
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Supporting Information), suggesting the Sertoli and Leydig 
cells in the regenerated tissue might be regulated by the hypo-
thalamus-pituitary-gonad (HPG) axis. All together, Sertoli cell 
and Leydig cell characteristics were well-maintained in the self-
organized seminiferous tubules.

Next, we monitored the meiotic process of spermatogenic 
cells in the reorganized seminiferous tubules using immu-
nofluorescence antibodies against synaptonemal complex 
protein 3 (SYCP3) and phosphorylated histone protein H2AX 
(γH2AX). The specificity of SYCP3 and γH2AX antibodies 
were examined in mouse spermatocytes (see Figure S3B, 
Supporting Information). SYCP3 is a meiotic homologous 
chromosome synapsis marker that interacts with SYCP1 and 
SYCP2 to form a synaptonemal complex, and it is a compo-
nent of the synaptonemal complex (SC), which is located on 
the chromosomal axis. The SC mediates intimate connection 
between the homologs. Axial elements (AEs) form at early lep-
totene, either in short segments or continuously. At the zygo-
tene stage, they appear in chromosome central regions and 
become longer. While at the pachytene stage, they are char-
acterized by complete SC and well-paired chromosomes. The 
homologs then will separate, except at the positions of chias-
mata, during diplotene.[34] We found that all these characteris-
tics were well-maintained in the self-organized seminiferous 
tubules (Figure 3A).

γH2AX is a meiotic marker that is expressed concomitantly 
with the formation of double-strand breaks and the repair pro-
cess during the meiotic stage. As shown in Figure  3A,B, all 
meiotic prophase I stages can be identified in the spermatocyte 
nuclei of the reconstituted seminiferous tubules, suggesting 
that the self-organized seminiferous tubule enables spermato-
cytes meiosis successfully. It is noteworthy to point out that the 
proportions of zygotene and pachytene spermatocytes in recon-
stituted seminiferous tubules were similar to those in control 
testes, whereas the proportions of diakinesis spermatocytes 
were considerably lower, indicating that some events in meiotic 
prophase are delayed or absent. Taken together, these results 
suggest that the self-organized seminiferous tubules mimic tes-
ticular characteristics in vivo.

Figure 3. The meiotic process of spermatogenic cells in the reorganized 
seminiferous tubules. A) Spermatocyte stages in pre-metaphase at 8 
weeks in ICR mouse testis and at 8 weeks in regenerated tissues. Sper-
matocytes were immunostained with SYCP3 (green), γH2AX (red) anti-
bodies, and DAPI (blue). B) The relative proportion of cells at different 
meiotic stages at 8 weeks in ICR mouse testis and at 8 weeks in regener-
ated tissue. At least 500 cells were manually counted for each condition. 
Leptotene: at 8 weeks in ICR mouse testis (blue bar, 10.16 ± 1.59%), at 
8 weeks in regenerated tissue (orange bar, 8.49 ± 1.10%). Zygotene: at 
8 weeks in ICR mouse testis (blue bar, 15.59  ±  4.83%), at 8 weeks in 
regenerated tissue (orange bar, 19.02  ±  4.12%). Pachytene: at 8 weeks 
in ICR mouse testis (blue bar, 41.15 ± 3.05%), at 8 weeks in regenerated 
tissue (orange bar, 37.81 ± 4.74%). Diplotene: at 8 weeks in ICR mouse 
testis (blue bar, 25.43 ± 3.25%), at 8 weeks in regenerated tissue (orange 
bar, 33.05 ± 2.01%). Diakinesis: at 8 weeks in ICR mouse testis (blue bar, 
7.68 ± 1.57%), at 8 weeks in regenerated tissue (orange bar, 1.63 ± 0.78%). 
Data are shown as means ± standard deviation (SD) (n = 3 in each group; 
one-way ANOVA followed by Bonferroni’s test; * indicates P < 0.05, NS 
indicates no significant difference).
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2.3. Effects of 3D Bioprinting Inks on Testicular Cell 
Self-Organization

Although Matrigel can support the self-organization of tes-
ticular cells, the biomaterial is a complex assortment of extra-
cellular matrix proteins and growth factors extracted from 
Engelbreth–Holm–Swarm mouse sarcoma.[35,36] Several 
inherent drawbacks hamper the gel’s widespread use in biolog-
ical laboratories, including the mixed composition, the batch-to-
batch variations, uncertainty of biosafety and a lack of physical 
and chemical versatility.[37] Therefore, a strong demand still 
exists for a safer and more well-defined biomaterial to enable 
the fabrication of a cellular microenvironment in a reproduc-
ible manner. We decided to explore the encapsulation potential 
of three commercially available 3D bioprinting inks: Cellink A, 
Cellink RGD, and Cellink A RGD. Testicular cells from 2 dpp 
mice were encapsulated with one of the three Cellinks and 
hydrogel testicular beads were formed in vitro. After gelation, 
the testicular beads were transplanted subcutaneously into the 
dorsal region of the recipient mice. As shown in Figure  4A, 
the regenerated tissue produced with all three Cellinks showed 
no obvious changes in weight from 2 to 8 weeks. Histological 
examination by PAS staining revealed that each type of Cel-
link affected the self-organization of the encapsulated tes-
ticular cells in a different way. In the Cellink A group, a huge 
gel-like structure was found in the central area of the regener-
ated tissue with no seminiferous tubule formation from 2 to 
8 weeks (Figure  4B). In the Cellink RGD group, the regener-
ated tissue was filled with foamy structures at 2 weeks, and 
cells were distributed to the margins of the bubbles. At 4 weeks, 
the foamy structures largely disappeared and a few seminif-
erous tubules emerged. However, at 8 weeks, we found that 
the seminiferous tubules could not sustain their previous mor-
phology and became dilated and wrinkled (Figure  4C). In the 
Cellink A RGD group, the testicular cells could not reorganize 
into any tubular structure throughout the entire time span of 
2 to 8 weeks (Figure 4D). Taken together, these results suggest 
that these bioprinting inks impede the self-organization of the 
encapsulated testicular cells.

2.4. Effects of Alginate and the Combination of 
Alginate–Collagen on Testicular Cell Self-Organization

The Cellinks are nanocellulose–alginate hydrogels that promote 
cell adhesion through an incorporated arginine-glycine-aspar-
tate (RGD) motif. We hypothesized that the high viscosities of 
these Cellinks might have hindered the cell–cell associations 
between the encapsulated testicular cells, thus impeding the 
self-organization process. To test this, we employed low-vis-
cosity sodium alginate (5–12  cps) to encapsulate the testicular 
cells. PAS staining revealed that the alginate-encapsulated tes-
ticular cells could self-organize into a fine seminiferous tubule 
architecture at 2 weeks, where the encapsulated cells were 
well arranged along the inner margin of the tubules. How-
ever, the formed tubules became twisted after 4 and 8 weeks 
of culture (Figure  4E). We speculated that this might be due 
to two reasons: I) the low viscosity sodium alginate could not 
provide sufficient mechanical support for the maintenance of 

seminiferous tubule structure, and II) the sodium alginate itself 
might not be suitable for the growth of testicular cells because 
of its inert nature. To address these problems, we increased 
the concentration of sodium alginate to 1% and included 3.3% 
gelatin. Results revealed that the combination of alginate and 
gelatin promoted the self-organization of testicular cells into 
seminiferous tubules (Figure 4F). The shape and the diameter 
of reconstituted tubules were similar to those in vivo and were 
well maintained for up to 8 weeks in culture, indicating that the 
combined biomaterials could provide an enduring mechanical 
support to sustain the architecture of self-organized tubules. 
Together, these results suggest that the combination of alginate 
and gelatin facilitates the formation of a seminiferous tubule 
structure, resembling those in testes.

2.5. Self-Organization Ability Declines with Advancing Cell Age

Previous studies have found that cell age was a key factor in 
self-organization performance. To examine the influence 
of cell age, we characterized regenerated tissues produced 
with testicular cells from 8, 12, and 16 dpp mice. As shown 
in Figure  5A, the weight of the regenerated tissues produced 
from 8 and 12 dpp mice increased slightly during 2 to 8 weeks, 
whereas in the 16 dpp group, the weights revealed no obvious 
changes. Histological examination by PAS staining showed 
the robust self-organization ability of 8 dpp testicular cells was 
identical to that in 2 dpp mouse (Figure 5B), whereas in the 12 
and 16 dpp group, testicular cells migrated and formed tubular 
structures with variable diameters, and large vacuoles were 
found in the tubules after 4 weeks of culture (Figure  5C,D), 
suggesting that the testicular cells from older mice were inade-
quate to self-organize into seminiferous tubule structure. Taken 
together, these results suggest that the self-organization ability 
of testicular cells declines with advancing cell age.

2.6. Germ Cells Play a Pivotal Role in Self-Organization 
of Testicular Cells

We next sought to determine if the main regulator cell during 
the self-organization process was the germ cell or the somatic 
cell. Using 2 dpp (d2) and 12 dpp (d12) mice, we isolated and 
mixed their testicular germ and somatic cells separately to create 
a d2 germ/d12 somatic cell group and a d12 germ/d2 somatic 
cell group (Figure  6A). We first examined the cell prolifera-
tion properties of these two groups. The weight of the regener-
ated tissue produced from the d2 germ/d12 somatic cell group 
increased significantly during 6 weeks of culture, whereas the 
d12 germ-d2 somatic cell group showed no obvious changes 
with a slight decrease in weight instead, indicating a lack of 
maintenance of proliferation after encapsulation (Figure  6B). 
For further confirmation, PAS staining revealed that the d2 
germ/d12 somatic cell group self-organized into seminiferous 
tubule structures at 2 weeks, and the germ cells in the tubules 
entered meiosis prophase to develop into round spermatids 
at 6 weeks (Figure  6C). These results were similar to those 
found with the 2 dpp mice, indicating that the advancing age 
of somatic cells may not perturb the self-organization process. 
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Figure 4. The effects of different biomaterials on testicular cell self-organization. A) The weight of regenerated tissues produced with Cellink A, Cellink 
RGD, Cellink A RGD, alginate, or the combination of alginate and collagen encapsulated mouse testicular cells at 2, 4, and 8 weeks. Data are shown 
as means ± standard deviation (SD) (n = 3 in each group; one-way ANOVA followed by Bonferroni’s test; *** indicates P < 0.0001, NS indicates no 
significant difference). B) PAS staining of regenerated tissues produced with Cellink A encapsulated mouse testicular cells at 2, 4, and 8 weeks. C) PAS 
staining of regenerated tissues produced with Cellink RGD encapsulated mouse testicular cells at 2, 4, and 8 weeks. D). PAS staining of regenerated 
tissues produced with Cellink A RGD encapsulated mouse testicular cells at 2, 4, and 8 weeks. E) PAS staining of regenerated tissues produced with 
0.25% alginate-encapsulated mouse testicular cells at 2, 4, and 8 weeks. F) PAS staining of regenerated tissues produced with 1% alginate combined 
with 3.3% gelatin-encapsulated mouse testicular cells at 2, 4, and 8 weeks.
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Contrarily, in the d12 germ/d2 somatic cell group, tubule for-
mation was disordered (Figure 6D), indicating that the combi-
nation of d12 germ cell and d2 somatic cells could not enable 
proper self-organization. Next, we analyzed the testicular cell 
arrangement in tubules with immunofluorescence antibodies 
against SOX9 and DDX4. As shown in Figure 6E, the d2 germ/
d12 somatic cell group showed that Sertoli cells were distrib-

uted along the margins of newly formed tubules, and the germ 
cells were scattered throughout the tubule. However, the d12 
germ/d2 somatic cell group shows that Sertoli cells gathered to 
form a tubular structure but germ cells were not incorporated 
into the tubule. Furthermore, we characterized BTB formation 
and Leydig cell differentiation in these two groups. Immunoflu-
orescence staining with 3β-HSD revealed that Leydig cells were 

Figure 5. Self-organization ability declines with advancing cell age. A) The weight of regenerated tissues produced with 8, 12, and 16 dpp testicular cells 
at 2, 6, and 8 weeks. Data are shown as means ± standard deviation (SD) (n = 3 in each group; one-way ANOVA followed by Bonferroni’s test; * indicates 
P < 0.05, ** indicates P < 0.01, NS indicates no significant difference). B) PAS staining of regenerated tissues produced with 8 dpp testicular cells at 
2, 6, and 8 weeks, Z zygotene spermatocytes, P pachytene spermatocytes, rSt round spermatids. C) PAS staining of regenerated tissues produced with 
12 dpp testicular cells at 2, 6, and 8 weeks. Arrows indicate vacuoles in the seminiferous tubules. D) PAS staining of regenerated tissues produced with 
16 dpp testicular cells at 2, 6, and 8 weeks. Arrows indicate vacuoles in the seminiferous tubules.
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Figure 6. Germ cells but not somatic cells are critical in the self-organization of seminiferous tubules. A) Schematic illustration of the experimental 
procedure adopted for subcutaneous injection of d2 germ/d12 somatic cells and d12 germ/d2 somatic cells. B) The weight of regenerated tissues 
produced with d2 germ/d12 somatic cells and d12 germ/d2 somatic cells at 2, 4, and 6 weeks. Data are shown as means ± standard deviation (SD) 
(n = 4 in each group; one-way ANOVA followed by Bonferroni’s test; * indicates P < 0.05, ** indicates P < 0.01, *** indicates P < 0.0001, NS indicates 
no significant difference). C) PAS staining of regenerated tissues produced with d2 germ/d12 somatic cells at 2, 4, and 6 weeks, Z zygotene spermato-
cytes, P pachytene spermatocytes, rSt round spermatids. D) PAS staining of regenerated tissues produced with d12 germ/d2 somatic cells at 2, 4, and 
6 weeks. E) Immunofluorescence staining of DDX4 and SOX9 in regenerated tissues at 4 weeks produced with d2 germ/d12 somatic cells and d12 
germ/d2 somatic cells. F) Immunofluorescence staining of 3β-HSD and SOX9 in regenerated tissues at 4 weeks produced with d2 germ/d12 somatic 
cells and d12 germ/d2 somatic cells. G) Immunofluorescence staining of ZO-1 in regenerated tissues at 4 weeks produced with d2 germ/d12 somatic 
cells and d12 germ/d2 somatic cell.
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present at 4 weeks in the regenerated tissues produced by the 
d2 germ/d12 somatic cell group, which is identical to the time 
point in the 2 dpp mouse group, whereas the 3β-HSD signal 
in the d12 germ/d2 somatic cell group was absent (Figure 6F). 
However, the expression of BTB marker ZO-1 was similar 
in both of the two groups (Figure  6G). Taken together, these 
results suggest that germ cells, but not somatic cells, play a piv-
otal role in the self-organization of testicular cells, and that self-
organization ability decreases with the advancing germ cell age.

3. Discussion

It is well known that the ECM plays an essential role in testicular 
cell self-organization. Several in vivo and in vitro systems have 
been developed to study the underlying self-organization mech-
anisms and to determine the feasibility of obtaining mature 
sperm.[20,21,38–41] With the progress of bioengineering, many bio-
materials have been developed to support cell growth and differ-
entiation in 3D spaces. Laronda et al. reported that a 3D-printed 
porous gelatin scaffold could provide sufficient support for the 
survival and maturation of murine ovarian follicles, both in vitro 
and in vivo,[42] which raised the possibility that customized 3D 
materials may provide sufficient biophysical and biochemical 
support to promote the development of other tissues or organs. 
Baert et al. produced a 3D cell-free porous scaffold using Cellink 
RGD and then seeded the scaffold with juvenile testicular cells, 
which allowed postmeiotic development of the germ cells.[27] 
However, seminiferous tubules and BTB structures were absent 
in their model due to inapposite cell concentrations and pore 
size in the scaffold. Considering that hydrogel encapsulation 
could better mimic the biological signals of the ECM than cell 
seeding into a printed scaffold,[43] we hypothesized that encap-
sulation of testicular cells with Cellink might promote the cel-
lular self-organization process. To test this, testicular cells from 
neonatal mouse testis were embedded within three different 
types of Cellink hydrogels and grafted subcutaneously in immu-
nodeficient mice. However, our results revealed that only Cel-
link RGD allowed the formation of a few tubular structures, but 
the cellular arrangements were not similar to those in testes 
(Figure  4C), indicating that the self-organization process may 
be compromised. The other two hydrogels, composed of Cellink 
A or Cellink A RGD, showed a complete blockade of testicular 
cell self-organization (Figure  4B,D). Moreover, the weight of 
the regenerated tissues in the three Cellink group did not show 
any significant changes over the culture period, suggesting that 
encapsulation with the three Cellink hydrogels may block the 
proliferation of the testicular cells embed.

It has been reported that Cellinks are the derivates of nanocel-
lulose-alginate hydrogel.[44] Considering that alginate is a natural 
hydrophilic polysaccharide that may possess various viscosities, 
we speculated that Cellinks might originate from alginate con-
taining long-chain carbohydrates and possess a higher viscosity 
and lower degradation rate. Therefore, we selected to test a low 
viscosity sodium alginate (5–12 cps) and its effects on testicular 
cell self-organization. Histological results revealed that 0.25% 
sodium alginate encapsulation promoted self-organization of 
the testicular cells into a seminiferous tubule-like structure 
(Figure 4E). Lee et al. also demonstrated the reconstruction of 

seminiferous tubule structures from isolated testicular cells 
obtained from 3 d old bull testes. The cells were encapsulated 
with 1% calcium alginate;[45] however, the diameters of their 
reconstituted seminiferous tubules were smaller than those in 
our study and, more importantly, those in vivo (≈50 vs 200 µm). 
These findings suggest that a lower concentration of alginate 
may exert less restriction on the newly formed tubules, or the 
alginate matrix is more flexible to allow the expansion of the 
reconstituted seminiferous tubules. Indeed, we noted that the 
reconstituted seminiferous tubules in our study became dilated 
after 4 weeks, indicating that the tubular architecture cannot 
be maintained for a longer time period (Figure  4E). To over-
come this problem, we increased the concentration of alginate 
to 1% and employed gelatin to increase flexibility and adhe-
sion. To our surprise, our alginate-collagen combination group 
allowed the formation of seminiferous tubule structures that 
kept an oval shape throughout the whole culture period with 
tubule diameters resembling those in testes. This finding sug-
gests that the mechanical support provided by this combination 
biomaterial may be similar to that in testes in vivo, enabling 
a better mimic of testicular ECM characteristics. However, a 
number of previous studies have shown that the gelatin could 
gradually release from the combined alginate–gelatin matrices 
during culture,[46,47] indicating that a more detailed modulation 
of the alginate/gelatin ratio may facilitate the self-organization 
and further development of the testicular cells.

We also present evidence that supports the idea that the age 
of testicular cells affects their reorganization behavior. It has 
long been thought that the testicular cell age may have a strong 
impact on self-organization performance. In order to explore 
this, we used testicular cells obtained from mouse testes at 8, 12, 
and 16 dpp and characterized their self-organization ability. In 
accordance with previous studies, our results revealed that the 
self-organization ability of testicular cells declines with advanced 
cell age (Figure 5). Zenzes et al. reported that only newborn and 
juvenile rat testicular cells could reorganize into seminiferous 
tubules in rotation culture, whereas pubertal and adult rat tes-
ticular cells failed to do so.[33] In addition, Alves-Lopes et  al. 
reported that testicular cells from 60 dpp rats failed to reorganize 
in their in vitro three-layer gradient system.[21] In our models, 
we used testicular germ cell and somatic cells to investigate the 
self-organization process and were interested in determining 
which type of cell was most critical to the self-organization pro-
cess. We mixed testicular germ cells and somatic cells obtained 
from the testes of 2 or 12 dpp mice, and we found that the older 
germ cells could not integrate into the reconstructed tubules but 
the older somatic cells could integrate. One possible explana-
tion is that the recognition or the integration process between 
testicular cells may be disturbed. Akama et  al. reported that 
spermatogenic cells failed to bind with Sertoli cells in mannosi-
dase 2, alpha 2 (Man2a2) null mice, and N-glycans expressed 
on the surface of spermatogenic cells but not the Sertoli cells 
were responsible for these germ cell–Sertoli cell interactions.[48] 
Klisch et  al. reported that Sda/GM2 epitopes are present on 
germ cell surfaces during the early stages of development and 
decline in the postpubertal male gonad.[49] These results sug-
gest that factors expressed on the surface of germ cells may be 
important for germ cell-somatic cell recognitions and interac-
tions during the self-organization process.
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4. Conclusion

In summary, our results show that encapsulation of testicular 
cells with a combination of sodium alginate and collagen can 
promote self-organization of testicular cells into seminiferous 
tubules that can be sustained 12 weeks. We found that the 
ability of testicular cells to self-organize declines with advanced 
cell age and proved that germ cells played a pivotal role in 
this process. Our results provide some clues for answering 
questions about the orchestration of testicular cells in self-
organization during in vivo testis cord formation and in vitro 
seminiferous tubule reconstitution, and might also be applied 
to the reconstruction of seminiferous tubules and artificial 
testes using different cell types, such as primordial germ cell-
like cells, induced pluripotent stem cells, or even genetically 
manipulated testicular cells.

5. Experimental Section
Animals: The mice were purchased from the Beijing SPF 

Biotechnology. Male ICR mice at 2, 8, 10, and 12 dpp were used as donor 
animals. Male immunodeficient BALB/c nu/nu mice were castrated at 
5 weeks age and used as recipients after one week of recovery (6 weeks 
age). All the mice were maintained under controlled environmental 
conditions with free access to food and water, and illumination was 
provided between 07:00 and 19:00. All animal experiments were 
approved by the Animal Research Panel of the Committee on Research 
Practice of the University of Chinese Academy of Sciences.

Antibodies: Rabbit antibody to SYCP3 (ab150292, 1:150), WT1(ab88910, 
1:100), OCCLUDIN (ab216327, 1:100) were purchased from Abcam 
(Cambridge, UK). Mouse antibody to γH2AX (05-636, 1:150) and rabbit 
antibody to SOX9 (AB5535, 1:200) were purchased from Merck Millipore 
(Darmstadt, Germany). Mouse antibody to Mouse Sperm Protein sp56 
(55 101, 1:150) was purchased from QED Bioscience Inc. (San Diego, 
CA). Mouse antibody to 3β-HSD (SC-515120, 1:200) was purchased 
from Santa Cruz Biotechnology (Dallas, TX, USA). Rabbit antibody to 
CYP11A1(12 741, 1:100) was purchased from Cell Signaling Technology 
(Boston, MA). All the secondary antibodies were purchased from Zhong 
Shan Jin Qiao (Beijing, China).

Subcutaneous Injection of Testicular Cell Suspension: Testicular cells 
were prepared from the testes of 2, 8, 12, and 16 dpp male ICR mice 
using a two-step enzymatic digestion method.[18] Briefly, decapsulated 
testis was digested with collagenase type IV and DNase I in PBS at 34 °C 
for 10  min, after centrifugation, the cellular precipitates were treated 
with a second enzymatic digestion containing collagenase type IV, 
hyaluronidase and DNase I in 0.25% trypsin-EDTA at 37 °C for 15 min. 
The dissociated testicular cells were suspended with serum-free DMEM/
F12 medium and mixed with an equal volume of Matrigel to obtain a 
final concentration of 4 × 107 cells mL-1. The cell suspension was then 
injected subcutaneously into the dorsal region of the recipient mouse 
under anesthesia using a 26-gauge needle. Four to six injections (50 µL 
each) were performed on each mouse. At least three mice were used 
for each experiment. The mice were castrated 1 week before the time of 
injection.

Sodium Alginate Encapsulation and Subcutaneous Transplantation: 
Sodium alginate (A0682) and gelatin (V900863) were purchased 
from Sigma-Aldrich (Darmstadt, Germany). For 0.25% alginate or 
the combination 1% alginate and 3.3% gelatin encapsulation, the 
dissociated testicular cells were suspended with serum-free DMEM/
F12 medium, and mixed with an equal volume of 0.5% sodium alginate 
solution or 2% alginate supplemented with 6.6% gelatin solution. The 
final concentration was 4 × 107 cells mL-1. 25 µl mixed cell suspensions 
were dropped into 4  mL calcium hardening solution (50  × 10-3 m 

calcium chloride in ddH2O) in a 35 mm2 petri dish. After 2  min, the 
formed testicular cell beads were transferred into serum-free DMEM/
F12 medium and maintained for 30 min. The testicular beads were then 
grafted subcutaneously into the dorsal region of the recipient mice 
under anesthesia. Two to three grafts were performed on each mouse. 
At least three mice were used for each experiment.

Cellink Encapsulation and Subcutaneous Transplantation: Cellink 
A, Cellink RGD, and Cellink A RGD were purchased from CELLINK 
Company (Gothenburg, Sweden). For testicular cell encapsulation, 
the three Cellink stock solutions were diluted with serum-free DMEM/
F12 medium with a ratio of 1:3. The dissociated testicular cells were 
mixed with an equal volume of diluted Cellinks, making the final Cellink 
concentration 12.5% in each group and the final cell concentration 
4 × 107 cells mL-1. The gelation and transplantation procedures of the 
testicular cell beads were identical to those in the sodium alginate 
encapsulation.

Tissue Collection and Histological Analysis: The regenerated tissues 
were dissected immediately following euthanasia, fixed in Bouin’s 
fixative overnight at 4 °C, dehydrated in an ethanol series, and embedded 
in paraffin wax. Then, 5 µm sections were cut with a microtome. 
Following deparaffinization and rehydration, the sections were stained 
with hematoxylin and Periodic acid Schiff (PAS) for histological analysis. 
Images were collected with a Nikon inverted microscope with a charge-
coupled device (CCD) (Nikon, Eclipse Ti-S, Tokyo, Japan).

Immunofluorescence Analyses: The regenerated tissues were fixed 
in 4% PFA at 4 °C overnight, stored in 70% ethanol, and embedded in 
paraffin. Sections (5 µm) were deparaffinized and rehydrated, followed 
by antigen retrieval in 10  × 10-3 m sodium citrate buffer (pH 6.0) for 
15  min and rinsed three times in PBS, pH 7.4. After blocking with 5% 
BSA containing 0.1% Triton X-100, the primary antibodies were added 
to the sections and incubated at 4 °C overnight, followed by incubation 
with the secondary antibody. The nuclei were stained with DAPI. Images 
were acquired using an LSM 780 microscope equipped with a Plan 
Apochromat 63 × 1.4 NA oil-immersion differential interference contrast 
M27 objective lens (ZEI SS) or a TCS SP8 microscope equipped with 
a high-contrast Plan Apochromat 63 × 1.40 NA oil CS2 objective lens 
(Leica Microsystems). Zen software (2010; ZEI SS) or Application 
Suite X software (2.0.0.14332; Leica Microsystems) was used for image 
acquisition. Images were adjusted using Photoshop CS6 Extended 
(13.0.1; Adobe).

Mix Testicular Cell of Different Cell Age: Testicular cells were dissociated 
from 2 and 12 dpp male ICR mice using a method similar to that 
previously described with some modifications.[18] Briefly, testes from 2 
and 12 dpp mice were first decapsulated and digested with collagenase 
type IV and DNase I in PBS at 34  °C for 10  min, after centrifugation, 
the cellular precipitates were treated with a second enzymatic digestion 
containing collagenase type IV, hyaluronidase and DNase I in 0.25% 
trypsin–EDTA at 37 °C for 15 min. The dissociated testicular cells were 
first incubated in DMEM/F12 medium with 10% FBS for 2 h. After gentle 
pipetting, the floating cells were transferred to a second plate, and then 
incubated for another 3 h. Then the suspended cells (germ cells and the 
attached somatic cells (Sertoli cells and peritubular cells were collected 
separately. After then, germ cells and somatic cells from 2 and 12 dpp 
mice were mixed to create crosses, d2 germ/d12 somatic cells and d12 
germ/d2 somatic cells, both with an approximate 4:1 ratio of somatic 
cells and germ cells. The mixed testicular cells were diluted with an equal 
volume of Matrigel to a final cell concentration of 4 × 107 cells mL-1. 
Cell suspensions were then injected into the castrated recipient mice. At 
least three castrated recipient mice were used for each experiment.

Statistical Analysis: All data are presented as means  ±  standard 
deviation (SD). Unless otherwise stated, at least three independent 
experiments were performed. Statistical significance of the differences 
was measured by one-way analysis of variance (ANOVA) with a 
Bonferroni’s test (post hoc comparison). Data is considered significant 
when the P-value was less than 0.05 (*), 0.01 (**) or 0.0001(***). 
Statistical analyses were conducted using GraphPad PRISM version 5.01 
(GraphPad Software, Inc. RRID: SCR_0 02798).
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