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Abstract 

Background Childhood cancer treatment-induced gonadotoxicity causes permanent infertility/sub-infertility in 
nearly half of males. The current clinical and experimental approaches are limited to cryopreservation of prepubertal 
testicular strips and in vitro spermatogenesis which are inadequate to achieve the expanded spermatogonial stem/
progenitor cells and spermatogenesis in vitro. Recently, we reported the supportive effect of bone marrow-derived 
mesenchymal cell co-culture which is inadequate after 14 days of culture in static conditions in prepubertal mouse 
testis due to lack of microvascular flow and diffusion. Therefore, we generated a novel, pumpless, single polydimethyl-
siloxane-layered testis-on-chip platform providing a continuous and stabilized microfluidic flow and real-time cellular 
paracrine contribution of allogeneic bone marrow-derived mesenchymal stem cells.

Methods We aimed to evaluate the efficacy of this new setup in terms of self-renewal of stem/progenitor cells, sper-
matogenesis and structural and functional maturation of seminiferous tubules in vitro by measuring the number of 
undifferentiated and differentiating spermatogonia, spermatocytes, spermatids and tubular growth by histochemical, 
immunohistochemical, flow cytometric and chromatographic techniques.

Results Bone marrow-derived mesenchymal stem cell-based testis-on-chip platform supported the maintenance of 
SALL4(+) and PLZF(+) spermatogonial stem/progenitor cells, for 42 days. The new setup improved in vitro spermato-
genesis in terms of c-Kit(+) differentiating spermatogonia, VASA(+) total germ cells, the meiotic cells including sper-
matocytes and spermatids and testicular maturation by increasing testosterone concentration and improved tubular 
growth for 42 days in comparison with hanging drop and non-mesenchymal stem cell control.

Conclusions Future fertility preservation for male pediatric cancer survivors depends on the protection/expansion 
of spermatogonial stem/progenitor cell pool and induction of in vitro spermatogenesis. Our findings demonstrate 
that a novel bone marrow-derived mesenchymal stem cell-based microfluidic testis-on-chip device supporting the 
maintenance of stem cells and spermatogenesis in prepubertal mice in vitro. This new, cell therapy-based microfluidic 
platform may contribute to a safe, precision-based cell and tissue banking protocols for prepubertal fertility restora-
tion in future.
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Background
The American Cancer Society estimated a 85% survival 
rate for around ten thousand prepubertal cancer patients 
being diagnosed in 2022 [1], of whom half will suffer 
from permanent infertility [2–5]. Spermatogonial stem/
progenitor cells (SSPC) constitute the only source for fer-
tility preservation since spermatogenesis is not initiated 
until puberty. In vitro spermatogenesis (IVS) from SSPCs 
is a challenging process that takes place in a complex 3D 
niche consisting of vascular flow sourcing mediators, 
accessory cells and stromal elements regulating paracrine 
and physical signals. Previously, we demonstrated the 
potential of a monolayer cell culture setup in prepuber-
tal C57BL/6 mice SSPCs to initiate spermatogenesis [6]. 
However, human SSPCs display inadequate colonization 
in vitro when other niche components are absent [7].

Mouse [8–10], rat [11], goat [12] and human [13, 14] 
testicular organ cultures comprising niche components 
supported further differentiation up to spermatid state 
and improved testicular maturation in terms of tubular 
and luminal diameter and enlargement of the spermato-
gonial pool. Those experimental settings use a variety 
of supplements consisting of 10% KSR, AlbuMAX (10–
40 mg/ml), hormones, antioxidants and lysophospholip-
ids on 3D supporting air–liquid interphase (ALI) [9, 10, 
15], hanging drop (HD) [12], soft agar [16] and alginate 
[8] matrixes. However, these systems have serious limita-
tions in terms of inadequate accessory cell performance 
and also lack of physiologic microcirculation that could 
mimic the in vivo niche conditions.

Recently testis-on-chip microfluidics including pump-
less two polydimethylsiloxane (PDMS) layered [17] and 
pumped with single [18] and double PDMS-layered 
[19] setups provided effective testosterone levels for 
improved spermatogenesis. Those systems require high 
performance of all niche components in addition to 
microvascular flow. Mesenchymal stem cells and their 
exosomes promote the restoration of spermatogenesis 
in non-obstructive azoospermia [20], abdominal cryp-
torchidism [21], busulfan [22, 23], cisplatin [24] or lead 
nitrate [25]-induced infertility and ischemia–reperfusion 
[26, 27] and torsion–detorsion injury [28, 29] in rodents 
in vivo. In a previous study from our laboratory, we dem-
onstrated that syngeneic bone marrow-derived mesen-
chymal stem cells (BMSC) enlarged the SSPC pool and 
induced IVS up to the round spermatid stage when added 
to the static ALI co-culture platform [30]. The efficacy of 
the BMSC containing co-culture system, however, was 
limited due to the lack of microvascular flow and inad-
equate diffusion of nutrients in the medium. Therefore, 
ex  vivo long-term spermatogenesis requires a dynamic 
platform simulating the microvascular 3D physiol-
ogy of the testicular niche. We designed, developed and 

produced a novel pumpless, single PDMS-layered micro-
fluidic device (MFD) combined with BMSC-conditioned 
medium (BMSC-CM) and validated its performance for 
IVS in this study. We assessed whether the novel system 
could provide in vitro testicular maturation as measured 
by increased spermatogenesis and effective testoster-
one production in vitro. Then, we hypothesized that the 
newly generated monolayer pumpless MFD based on 
syngeneic BMSC-CM could support maintenance and 
expansion of the neonatal mice SSPC pool, spermatogen-
esis and functional testicular maturation for 42-day-long 
culture in  vitro. We, therefore, generated and validated 
the syngeneic BMSC-CM pumpless monolayer microflu-
idic platform for culture of prepubertal C57BL/6 mouse 
testes by evaluating the increase in epithelial thickness of 
the seminiferous tubules and luminal diameter, enlarge-
ment of the SSPC and differentiating germ cell (GC) pool 
and measured testosterone levels on days 7, 28 and 42 
using flow cytometric (FCM), histologic and mass spec-
trometric tools.

Methods
Study design
The ex vivo experimental study was carried out in com-
pliance with the ARRIVE guideline 2.0. Dependent 
variables were SSPC pool, IVS and functional testicular 
maturation parameters; independent variables were time 
(days 7, 28 and 42) and groups (control and BMSC-con-
ditioned medium, HD and MFD). Experiments were car-
ried out as two parallel and three repeats (Fig. 1a–d).

Animals
Six days postpartum (dpp) C57BL/6 male mice were 
purchased from the Experimental Animal Breeding and 
Application Center (Başkent University, Ankara, Turkey) 
and served as BMSC and testis donor. The mice were 
housed in air-conditioned, pathogen-free rooms with 
a 12/12-h lightning cycle at 20 ± 2  °C and a humidity of 
55 ± 5% and fed with a standard mouse diet and tap water 
ad  libitum. The methods used in all animal experiments 
all conformed to the Guide for the Care and Use of Labo-
ratory Animals and were approved by the Local Ethical 
Board of Animal Experiments (Hacettepe University, 
Ankara, Turkey (#52338575-109, September 18, 2018).

Design, fabrication and validation of MFD
A new pumpless microfluidic platform composed of 
a medium flow channel (500  µm × 8865  µm, WxL), 
a core organ chamber, medium perfusion compart-
ments and a highly resistant microchannel region of 
150 μm × 500 mm (WxL) was designed. The height of the 
microchannel network (170  μm) was defined as slightly 
higher than the achievable thickness of the testicular 
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strips. The organ chamber was fed by two-sided per-
fusion compartments (each 500  µm in width) through 
an array of rectangular micropillars. The continuous 

flow of medium was induced by the hydraulic head at 
the medium reservoir tank. A long, narrow and necked 
microchannel region ensured the desired flow rate range 

Fig. 1 Workflow of the study and design of MFD. a Isolation of BMSCs. b Testicular tissue collection. c Generation of HD and MFD culture systems. 
d Evaluation of SSPC pool, IVS and testicular maturation. e Sketch of the mold with resistive channel, device outlet and f organ chamber. g 3D 
illustration of MFD with organ placement
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by introducing a high resistance to the pumpless flow of 
the medium (Fig. 1e–g).

Time-dependent flow rate (Q) with respect to the 
hydraulic head of the medium was analytically calculated 
using MATLAB R2018a. A time-varying dynamic range 
is obtained roughly between 0.5 and 1 µL/min for passive 
flow rate control with respect to the change in hydraulic 
head from 38 to 19 mm (Additional file 1: Info. 1). A 3D 
computational fluid dynamics (CFD) simulation model 
was performed to compute the steady-state velocity field 
distribution inside the microsystem with organ cham-
ber for 1 µL/min by utilizing the laminar flow physic 
of COMSOL Multiphysics v5.6 software. The surface 
plot validates that micropillar geometry leads to a lower 
velocity profile inside the organ chamber respective to 
the side perfusion channels; thus, microsystem enables 
low shear stress and a more in vivo-like physical environ-
ment for the proper growth of the tissue.

The 4-inch silicon master, containing the inverse of the 
desired geometry, was patterned with deep-reactive ion 
etching (DRIE), which yielded high aspect ratio micro-
structuring. For easy peeling off PDMS from the mold, a 
low energy surface was created by sputtering a chromium 
layer of 20 nm as an adhesion layer and then a gold layer 
of 100 nm. Then, the PDMS prepolymer was mixed with 
the curing agent at a ratio of 10:1, poured on the mold 
and cured at 80  °C for 2 h following degasification. The 
PDMS layer was permanently bonded with a glass sub-
strate using  O2 plasma treatment at 40 W for 60 s. Before 
bonding, the testicular tissue fragment was placed inside 
the tissue chamber under a stereomicroscope. The drops 
of remaining medium containing metabolic by-prod-
ucts were collected from a lateral outlet, defined at the 
edge of the glass substrate and used for testosterone 
measurement.

Isolation and characterization of BMSCs from male mice
BMSCs were isolated from 6-dpp mice (n = 5), as 
described previously [30, 31]. In brief, after killing by 
cervical dislocation, tibias and femurs were collected in 
phosphate-buffered saline (PBS) (Thermo Fisher Sci-
entific, USA) with 1% penicillin–streptomycin (BI, 
Israel) and flushed with α-minimum essential medium 
(α-MEM) (BI, USA) with 15% fetal bovine serum (BI, 
USA) and 1% penicillin–streptomycin, followed by cul-
ture at 37  °C, 5%  CO2. BMSCs were characterized for 
further experiments by evaluation at passage three of 
spindle-shaped morphology, differentiation capacity in 
adipogenic and osteogenic directions and surface antigen 
analysis by FCM, as described before [30, 32–35]. The 
BMSCs were distributed as 2 ×  105 cell/tube. The cells 
were immunolabeled with CD44, CD140a, Sca-1 mesen-
chymal and CD34, CD45 mouse hematopoietic stem cell 

markers (Additional file 1:  Table 1) [36]. Flow cytomet-
ric measurements and analyses were performed with a 
Novocyte (ACEA Biosciences, USA) flow cytometer and 
Novoexpress 1.3.0. (ACEA Biosciences, USA) software 
with 10.000 events recorded for each sample.

Testicular tissue collection and culture
Mice (6-dpp, n = 72) testicles were isolated, decapsulated 
by removal of the tunica albuginea under a stereomicro-
scope (Leica, Wetzlar, Germany) with a following division 
of testes into 8–10 seminiferous tubule fragments (< 1 
 mm3 in size) and placed into organ chamber and wells of 
MFD and HD, respectively. Testicular strips were grown 
with 7.5% FBS, 5% KSR and 1% pen-strep supplemented 
α-MEM medium at 5%  CO2 at 37  °C. In conditioned 
media groups, the medium (15% FBS, 1% pen-strep in 
α-MEM) collected from 24-h culture of BMSCs was 
mixed with medium including α-MEM with 10%  KSR 
and 1% pen-strep in 1:1 proportion in volume in order to 
equalize the supplement concentration in culture media 
of both control and BMSC-CM groups. Culture medium 
was added into the MFD reservoir every 3 days and was 
changed every day in the HD setup for 42  days (n = 12, 
each).

Flow cytometry
Testicular single cell suspensions from each sample were 
obtained by chemical digestion with DNAse I (Serva, 
Israel), 0.25% EDTA–trypsin solution (1:9, v/v) and 
mechanical disruption through pipetting through 40-μm 
cell strainers (Corning, USA) [30]. The cells were fixed 
by 3% PFA and permeabilized by 0.2% Tween 20 in PBS. 
Then, they were labeled with rabbit-anti-mouse VASA 
(total GC marker) and PLZF (SSPC marker) and c-Kit 
(differentiating spermatogonia) antibodies for 30  min at 
RT. For labeling of VASA, the cells were incubated with 
a secondary FITC-conjugated goat anti-rabbit IgG anti-
body (Additional file 1:  Table 1) at RT for 30 min. Meas-
urements were taken by Novocyte FCM, and data were 
analyzed with Novoexpress 1.3.0. software, with 10.000 
events recorded for each sample. Immune-positive cells 
were detected by gating according to unstained and iso-
type control samples.

Histomorphometry
Testis fragments were fixed in Bouin’s fixative, underwent 
tissue processing by dehydration and clearing and were 
embedded in paraffin. Paraffin sections of 3 µm thickness 
were obtained, stained with periodic acid Schiff (PAS, 
Sigma, USA) and evaluated under a light microscope 
with an attached digital camera (Leica DMR 6000, Ger-
many). Epithelial thickness of the tubules and the luminal 
diameter of fifty seminiferous tubule cross sections per 
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group were measured using an image analysis program 
(LASv3 Leica, Germany) [30].

Immunohistochemistry
An indirect immune peroxidase method was performed 
on deparaffinized and rehydrated 3-µm-thick sections. 
Hydrated slides were exposed to  H2O2 for quenching of 
endogenous peroxidase activity and subjected to heat-
induced antigen retrieval with citrate buffer (pH = 6.5). A 
specific protein blocking was carried out with goat serum 
(Abcam, USA). The slides were incubated with sequen-
tially an anti-SALL4 primary antibody (1:200) and HRP-
goat anti-rabbit IgG secondary antibodies (Additional 
file 1:  Table 1). DAB was applied to samples as chromo-
gen. The slides on which the primary antibody incubation 
was omitted were used as negative control (Additional 
file 1:  Fig. 1). Hematoxylin was used for counter-staining. 
The immunolabeled cells were counted in 50 cross sec-
tions of seminiferous tubules from each group under a 
bright-field microscope (Leica DM 6000 BM, Germany) 
with an analysis program (LASv3 Leica, Germany), as 
described previously [30].

Testosterone measurement by LC/MS–MS
The total testosterone concentration in the testicular cul-
ture supernatant of HD and MFD setups was assessed 
using liquid chromatography/mass spectrometry (LC/
MS–MS). The 24-h medium samples were collected into 
separate tubes on days 7, 28 and 42. The 5-µm-sized LC 
column (C18, XBridge, WATERS, USA) and testoster-
one standard (T1500, Sigma-Aldrich, USA) were used 
for operation. The LC/MS–MS analyses were performed 
with a Xevo TQ-S spectrometer (WATERS, USA).

Statistical analysis
The normality of the distribution was determined by Sha-
piro–Wilk. Paired t-test and Wilcoxon signed-rank tests 
were used for comparison of parametric and nonpara-
metric data, respectively, with a 95% confidence interval. 
Parametric data were presented as mean ± S.D. Non-
parametric data were presented as median, minimum 
and maximum values. Analyses were performed with the 
SPSS 23.0 Bivariate Correlation A program.

Results
Generation and validation of a novel, single PDMS‑layered 
pumpless MFD
A profilometer and a digital microscope were used to 
achieve dimensional accuracy during the microfabri-
cation of the mold (Fig.  2a–c). After generation of a 
BMSC-CM inlet-inserted MFD (Fig.  2d) and placement 
of testicular strips (Fig. 2e), a continuous flow was devel-
oped within the microchannel by a hydraulic medium 
head of 38  mm. The flow rate estimated as 0.9 µL/min 
on average for the first 100 min of the operation by the 
accumulated volume measurement at the outlet, which is 
slightly below the numerically achieved flow rate of 0.98 
µL/min (Fig.  2f ) mainly due to the wafer-level nonuni-
formity in etch depth. The testicular tissue was immobi-
lized within the chamber for 42  days of culture (patent 
applications for MFD: #TPTO/2021/004441, #PCT/
TR2022/050188). The findings regarding the microflu-
idic device were presented at the ASRM 2022 Scientific 
Congress following the national and international patent 
applications and published in the Fertility & Sterility as 
Abstract Supplement in Volume 118, Issue 4.

Characterization of BMSCs
Passage three BMSCs attached to culture plastics and 
demonstrated a typical spindle–polygonal-shaped mor-
phology (Fig.  2g). Isolated cells underwent adipogenic 
(Fig. 2h) and osteogenic differentiation (Fig. 2i) success-
fully. BMSCs homogenously (> 90%) expressed CD44, 
CD140a and Sca-1 and were negative for hematopoietic 
markers CD34 and CD45 (< 3%) (Fig. 2j).

BMSC‑CM‑enhanced MFD provides maintenance 
and expansion of the SSPC pool
Addition of BMSC-CM increased the number of 
SALL4(+) SSPCs (Fig.  3a, b), the PLZF(+) SSPC ratio 
(Fig.  3c, d) and spermatogonia per tubule (Fig.  3e, f ) in 
the HD setup on days between 7 and 42 for each time 
point, when compared to non-BMSC controls (p = 0.001 
for all). Similarly, supplementation of CM increased 
the number of SSPCs and spermatogonia from day 7 to 
42 for each time point, when compared to non-BMSC-
CM control group. In terms of the PLZF-labeled SSPC 
ratio, the BMSC-CM-enhanced MFD was superior to 
the non-BMSC-CM group on day 7. However, they were 
similar from this time point forward. The percentage of 

Fig. 2 Validation of new MFD and characterization of BMSCs. Micrographs of a organ chamber, b pillars and c resistive channels after 
photolithography and d picture of MFD with BMSC-CM insert. e Micrograph of seminiferous tubules within organ chamber during culture. f The 
graph presents the flow rate in resistive channels with different medium levels in the reservoir tank (MATLAB R2018a). Surface plot represents 
the velocity field inside the microsystem where the red arrows indicate the flow direction (COMSOL Multiphysics v5.6). g Micrograph of passage 
three spindle-shaped BMSCs adhering to culture plate. h Adipogenic and i osteogenic differentiation of BMSCs (ORO, 20x; ARS, 100x, respectively, 
*p < 0.01). j Characteristic surface antigenic expression of BMSCs by FCM

(See figure on next page.)
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Fig. 2 (See legend on previous page.)
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PLZF-labeled cells in the total testicular cell suspension 
increased in time from day 7 to 42 in all groups, with 
an obvious increase in BMSC-CM and/or MFD groups. 
The BMSC-CM-enhanced MFD was superior to all other 
groups throughout the experiment, in terms of SSPC pool 
maintenance and expansion. The number of SALL4(+) 
SSPCs and PAS-stained spermatogonia decreased 
between days 7 and 28 (p = 0.001) and remained 
unchanged from this time point forward in BMSC-CM-
enhanced and control MFD groups. SALL4(+) SSPC 
spermatogonial pool presented a constant reduction, 
when BMSC-CM was not applied in the HD setup from 
day 7 to 42 (p = 0.001). Addition of BMSC-CM not only 
prevented reduction, but also increased the SALL4(+) 
SSPC/spermatogonial pool between days 28 and 42 in 
static HD setup (p = 0.001). The number of SALL4(+) 
cells per tubule presented a strong positive correlation 
with spermatogonia count and a mild correlation with 
PLZF-labeled cell ratio (Fig.  3g, R2 = 0.9994, p = 0.001; 
R2 = 0.0319, p = 0.5785, respectively).

BMSC‑CM‑enhanced MFD promotes IVS
BMSC-CM increased the number of PAS-stained sper-
matocytes (Fig.  4a) per seminiferous tubule at all time 
points in MFD (p = 0.001). BMSC-CM also increased 
the number of round spermatids per tubule on day 42 
in HD and on days 28 and 42 in MFD compared to their 
non-BMSC-CM controls (Fig. 4b). BMSC-enhanced HD 
was superior to the control group in terms of number 
of spermatocytes for a 42-day-long period at every time 
point (p = 0.001). The number of spermatids was higher 
in the BMSC-CM-enhanced HD setup on days 28 and 
42, when compared to the non-BMSC-CM control, and 
they were similar to each other on day 7. The number of 
spermatocytes was higher in the both the BMSC-CM-
enhanced and control MFDs, compared to HD from day 
7 to 42 at every time point (p = 0.001 for all). The number 
of spermatids was elevated in both BMSC-CM-enhanced 
and control MFDs, compared to HD on days 28 and 42 
(p = 0.001). The BMSC-CM-enhanced MFD was superior 
to all other groups throughout the experiment in terms 
of spermatocyte and spermatid numbers except for day 
7 for the number of round spermatids, since the sperma-
tid pool was not generated at that time point (p = 0.001). 
The number of spermatocytes increased continuously in 

BMSC-CM-enhanced and control MFD in progress dur-
ing the 42-day-long culture period (p = 0.001). However, 
it started to decrease after day 28 in both HD setups with 
and without BMSC-CM (p = 0.001). In the BMSC-CM-
enhanced MFD, the number of spermatids increased 
drastically between days 7 and 42 in a time-depend-
ent manner (p = 0.001). The spermatid pool increased 
between days 7 and 28, but stayed constant after day 28 in 
control MFD and HD setups. The number of PAS-stained 
spermatogonium per tubule presented a mild positive 
correlation with spermatocyte count (Fig. 4c, R2 = 0.2699, 
p = 0.0834) and weak correlation with number of sperma-
tid (Fig. 4d, R2 = 0.09664, p = 0.3254). There was an overall 
increase in spermatids from day 7 to 42 with BMSC-CM 
supplement in the HD platform. The number of sperma-
tid and spermatocyte per tubule demonstrated a strong 
correlation (Fig.  4e, R2 = 0.7634, p = 0.0002). BMSC-CM 
supplement furthermore increased the ratio of c-Kit(+) 
differentiating spermatogonia to total testicular cells and 
was higher in both MFD and HD setups on day 42 when 
compared to their respective controls (Fig.  4f, g). The 
ratio of c-Kit(+) cells in testicles was constant between 
days 7 and 28, after which it started to increase from 
day 28 to 42 in both BMSC-CM-enhanced and control 
MFD and HD setups. The BMSC-CM-enhanced MFD 
was superior to the other three groups on day 42 (Fig. 4f, 
g, p = 0.001 for all). BMSC-CM also provided a higher 
VASA(+) total GC number per tubule in MFD and HD 
setups, when compared to their controls on days 42 and 
7, respectively (Fig. 4h, i, p = 0.001). Microfluidic and HD 
systems with and without BMSC-CM supplementation 
resulted in similar VASA(+) GC counts on day 28. From 
day 28 to 42, BMSC-CM supplementation maintained 
the total GC ratio when applied to MFD, while other 
groups showed a decline. On day 42, the GC ratio within 
the testicular cell suspension increased up to 90% in the 
BMSC-CM-enhanced MFD (p = 0.001).

BMSC‑CM‑enhanced MFD supports structural 
and functional maturation of testes
Epithelial thickness of seminiferous tubules and luminal 
diameter were higher in BMSC-CM-enhanced and con-
trol MFDs from day 7 to 42 at every time point when 
compared to HD setups (Fig. 5a, b, p = 0.001). Epithelial 
thickness increased in time with and without BMSC-CM 

(See figure on next page.)
Fig. 3 BMSC-contributed MFD provides maintenance and enlargement of SALL4(+) and PLZF(+) SSPC pool and PAS-stained spermatogonia 
in vitro. Immune labeling of a SALL4(+) and c PLZF(+) SSPCs, and e PAS-stained of spermatogonia in prepubertal mice testes from day 7 to 42 in 
BMSC-CM-applied and non-applied HD and MFD (SALL4 IHC and PAS–hematoxylin, 1000x). Note the presence of SSPCs indicated by arrow on 
SALL4-labeled sections. In time change in b number of SALL4(+) cells, d ratio of PLZF(+) cells to total testicular cells and f spermatogonium count 
in BMSC-CM-applied and non-applied groups are illustrated in bar graph with standard deviation and data distribution (*p < 0.05, n = 6 testes, 50 
tubules for SALL4; n = 6 testes for PLZF). g Line graph illustrates positive correlation of SALL4 with PLZF labeling and spermatogonium number for 
SSPCs in control and BMSC groups (R2 = 0.0319, p = 0.5785; R2 = 0.9994, p = 0.001, respectively) (arrows: SSPCs, asterisks: seminiferous tubules)
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Fig. 3 (See legend on previous page.)
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HDs. The thickness increased until day 28 and then 
remained constant from day 28 to 42 in MFDs with and/
or without BMSC-CM supplementation. The luminal 
diameter increased from day 7 to 28 in BMSC-CM-sup-
plemented and control HDs and remained unchanged 
from this time point forward. The diameter of the lumen 
was the highest in BMSC-CM MFDs compared to all 
other groups from day 7 to 42 (p = 0.001) (p = 0.001). 
Epithelial thickness of seminiferous tubules presented 
a strong positive correlation with the luminal diameter 
(Fig.  5c, R2 = 0.9524, p = 0.0001). BMSC-CM contribu-
tion increased testosterone levels in both HD and MFD 
when compared to their controls on days 7 to 42 (Fig. 5d, 
p = 0.001 for day 7 in HD, day 42 in MFD; ns for other 
groups). The total testosterone concentration was higher 
in both BMSC-CM-supplemented and control HDs com-
pared to MFDs; however, BMSC-CM-supplemented and 
control MFDs were superior to HDs on day 42 (p = 0.001). 
The total testosterone level presented a sharp decline in 
both BMSC-CM and other HDs from day 7 to 42 (Fig. 5d, 
p = 0.001 from day 7 to 28; ns from 28 to 42). Total tes-
tosterone concentration decreased also but more mildly 
from day 7 to 28 (p = 0.001) and then raised from day 
28 to 42 in both BMSC-applied and non-applied MFDs 
(p = 0.001). Spermatogenic functionality of HD and MFD 
setups in BMSC-CM-applied and non-applied groups on 
culture day 42 is summarized by illustration (Fig. 5e).

Discussion
We designed and produced a single PDMS-layered, 
pumpless MFD as a novel testicular organ culture plat-
form with a special insert for cell therapy in this study. 
We successfully validated the new system’s performance 
on expansion of SSPCs, initiation and maintenance of 
IVS and progress of functional testicular maturation in 
a C57BL/6 neonatal mouse model, in which allogeneic 
BMSCs were used as cellular therapeutics for 42  days. 
Our microfluidic testis-on-chip system allows a high-
quality vision under a microscope with biocompatible 
single PDMS layer, provides a pumpless medium flow 
rate between 0.5 and 1.0 µl/min via hydrostatic pressure 
arising from resistive channels and possesses a cell-based 
therapy insert for enhancement of spermatogenesis via 
additional metabolic factors. The flow rate was stabilized 
nearly to 0.9  µl/min by completing the medium height 

in reservoir to 38 mm daily. A limited number of studies 
recently developed microfluidic mouse testis culture plat-
forms, and those devices present slightly different designs 
with various performances on IVS [17–19]. Komeya et al. 
generated single [18] and double [19] PDMS-layered 
MFD with 0.05 µl/min of flow rate by an external syringe 
pump that had a negative impact in terms of inadequate 
nutrient and oxygen supply in neonatal mouse testis. The 
same group modified the device to a two PDMS-layered 
pumpless format allowing a flow rate between 0.05 and 
2.0 µl/min, but the new system exhibited a lower visibility 
performance under microscope [17]. A similar double-
layered MFD by a different group provided a pumpless 
medium flow (with no numerical data) for adult mouse 
testis [37]. In our study, we achieved an optimal range for 
flow rate between 0.5 and 1.0 µl/min in line with previ-
ous study [17] without pump. We were able to generate 
a new, pumpless MFD that offers optimal access to oxy-
gen flow and metabolic supply with a single PDMS layer. 
Our organ chamber measured 750 µmx2.5 mmx150 µm 
(WxLxD), and it was bilaterally surrounded by perfusion 
compartments each 500  µm in width. Tiny, rectangu-
lar, fence-like, parallel pillars at the base are designed to 
ensure gentle fixation of seminiferous tubules within the 
chamber. The size and configuration of our organ cham-
ber are in line with Yamanaka et al.’s system with a slight 
decrease in width to increase diffusion efficiency [18]. 
We achieved the same optimal flow range as Yamanaka’s 
group by using a single medium reservoir unlike their 
setup in order to overcome the backflow challenge due 
to double reservoir. We finally designed a special tube 
insertion that offers a precision-based assessment of per-
sonalized therapeutics, i.e., allogeneic stem cells. Thus, 
we generated a BMSC-contributed MFD and validated 
the performance of the new platform for IVS and ex vivo 
maturation of neonatal mice testis strips for the first time.

Our group previously demonstrated the inductive 
capacity of allogeneic BMSCs on enlargement of SSC 
pool and initiation and maintenance of IVS up to round 
spermatid stage when added to ALI co-culture system 
[30]; however, the efficiency of static platform was lim-
ited due to lack of microvascular flow and inadequate 
diffusion of nutrients into the organ. Therefore, in this 
study, we generated a novel pumpless, single PDMS-
layered MFD with a special input for cell therapeutics 

Fig. 4 BMSC-CM-contributed MFD promotes IVS. In time change in number of a spermatocytes and b spermatids per tubules in BMSC-CM-applied 
and non-applied groups are shown in bar graph with standard deviation and data distribution (*p < 0.05, n = 6 testes, 50 tubules). Line graphs 
illustrate positive correlation between the c number of spermatocyte and spermatogonium, d spermatid and spermatogonium and e 
spermatocyte and spermatid in BMSC-CM-applied and non-applied HD and MFD (R2 = 0.02699, p = 0.0894; R2 = 0.09664, p = 0.3254; R2 = 0.7634, 
p = 0.0002, respectively). Flow cytometric analysis of f c-Kit(+) and h VASA(+) cell ratio to total testicular cells. Bar graph with standard deviation and 
data distribution illustrates in time change in g c-Kit and i VASA-labeled cell ratio to total testicular cells in BMSC-CM-applied and non-applied HD 
and MFD (*p < 0.05, n = 6 testes)

(See figure on next page.)
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Fig. 4 (See legend on previous page.)
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Fig. 5 BMSC-CM-contributed MFD supports testicular maturation by increasing tubule epithelial thickness, luminal diameter and testosterone 
level in vitro. Bar graphs illustrate time-dependent change by standard deviation and data distribution of a tubule epithelial thickness, b luminal 
diameter and c testosterone concentration (*p < 0.05, n = 6 testes, 50 tubules). d Line graph illustrates a positive correlation of tubule epithelial 
thickness with luminal diameter in control and BMSC groups (R2 = 0.9524, p = 0.0001). e Illustration of germ cell populations in tubules on day 42



Page 12 of 16Önen et al. Stem Cell Research & Therapy          (2023) 14:127 

and compared to HD. Here in, we demonstrate that the 
BMSC-CM-supplemented MFD increased integrity and 
proliferation of progenitor GC pool in terms of increased 
number of SALL4(+) SSPCs per tubules and increased 
ratio of PLZF(+) SSPCs in neonatal mouse testis for 
42  days. Both PLZF and SALL4 are highly specific to 
 Asingle,  Apaired and  Aaligned spermatogonia as essential tran-
scription factors responsible for maintenance of SSPC 
pool in mice [38]. The novel MFD increased SALL4(+) 
SSPC number per tubule by 3.3 and 9 times compared 
to our previous ALI setup [30] with and without BMSC-
CM, respectively. MFD also induced PLZF(+) SSPCs 
ratio to total testicular cells by 1.5 and 1.7 times when 
compared to ALI that is set with and without BMSCs in 
the previous study [30]. The contribution of BMSC to 
HD provided 1.5 and 3 times increase in PLZF(+) cell 
percentage on days 28 and 42 and 1.5 times increase in 
SALL4(+) cell number from day 7 to 42 compared to HD-
only setup during ex  vivo culture of prepubertal mouse 
testicular strips. With the contribution of BMSC, HD is 
able to catch/attain the performance of MFD-alone on 
day 7 in terms of PLZF and on day 42 in terms of SALL4. 
The inadequacy of static conditions arising from insuffi-
cient nutrition and direct exposure to medium might be 
covered by addition of mesenchymal paracrine factors. 
BMSC-contributed HD setup might be considered as a 
preferable static culture platform since its efficiency is 
parallel to MFD only. Nevertheless, MFD performed best 
among ALI and HD and SSPC pool reached its maximum 
volume in terms of SALL4(+) and PLZF(+) spermato-
gonia when BMSCs contribute. Our findings related to 
BMSC mediated in vitro induction of SSPC pool in pre-
pubertal testes are original and establish the precise sup-
porting performance of allogeneic multipotent somatic 
stromal cells on the complex 3D gonadal niche. This gives 
strong evidence for the BMSCs to play a major role as an 
accessory element of testicular stroma and is in line with 
previous in  vivo studies suggesting spermatogonial res-
toration by intratesticular allogeneic BMSC injection in 
adult sterile rat and hamster models in vivo [39, 40].

Our monolayered pumpless MFD gave a rate of PLZF 
immunolabeled cells as nearly 20%, 40% and 12% on days 
7, 28 and 42, and it provided 1.5 times increase com-
pared to HD from day 7 to 42 on neonatal testis strips. 
Our MFD setup also exhibited the number of SALL4(+) 
SSPCs per tubule as 25.3 ± 2.4, 22.3 ± 2.2 and 20.72 ± 1.2 
on days 7 to 42, with 1.5 times enlargement as against to 
HD from day 7 to 42 in each time point. PMMA/PDMS 
double-layered pumpless MFD revealed the presence 
of spermatogonia (with 40% PLZF immune labeling) in 
tubules after 28  days of follow-up when used with allo-
geneic neonatal mouse SSC-seeded decellularized tes-
ticular tissues. Our 28-day PLZF findings by FCM are 

in accordance with the previous study. Another dou-
ble PDMS-layered pumpless MFD provided GFRα1(+) 
undifferentiated spermatogonia number per tubule as 
near to 2, and GFRα1(+)/EdU(+) proliferative SSC num-
ber per tubule as 1.5 and 1.2 in MFD and ALI platforms, 
respectively, on day 56 [19]. They evaluated SSCs on day 
56 from an interval between 0 and 5  days postnatally; 
thus, the time period is not precise to be compared with 
our study. GFRα1 marker labels only the SSCs, including 
 Asingle,  Apaired and barely  Aal4 spermatogonia, but not  Aal8 
and  Aal16 spermatogonia [41]. Though, SALL4 is specific 
for both the stem and progenitor cell population from 
 Asingle to  Aal16 in rodents [42]. The number of SALL4(+) 
SSPCs is naturally higher in our study when compared 
to GFRα1(+) SSCs and our 42-day time point is earlier 
than day 56. Though the time point is not the same, the 
stem cell number is obviously high in our system show-
ing superior performance that could attribute to short 
width of the organ chamber that may provide higher dif-
fusion capacity comparing to previous system [19]. Taken 
together, all three studies confirm the good performance 
of the pumpless systems on the maintenance of spermat-
ogonial pool in vitro. Our study further demonstrates in 
time change of the whole SSPC pool from day 7 to 42 in a 
complete mouse spermatogenic cycle that detail the pool 
enlargement success for possible personalized clinical 
use such as autologous or allogeneic cell therapies. This 
study reveals for the first time the efficiency of BMS-CM 
on the new MFD in terms of induction of SSPC pool in 
prepubertal testes.

Our recent study revealed a limited capacity of HD 
culture platform for a complete spermatogenic cycle up 
to 42  days with enlargement of SSPC pool for 28  days 
in neonatal mouse testes. Thus, HD allowed a progres-
sive enrichment of SSPC pool from day 7 to 28 with a 
lower performance than MFD. HD setups maintained 
the spermatogonial and Sertoli cells in vitrified–warmed 
adult goat testes [12]; increased OCT4(+), Ki67(+) and 
AP2-gamma(+) proliferative spermatogonial progeni-
tor cells in gestational 7–12  week human fetal testis 
[43]; sustained Ki67 and BrdU(+) proliferative GCs with 
no increase in cCaspase3(+) apoptotic cells from adult 
human healthy and cancer testicular samples [14] up to 
14 days. Our 7- and 28-day results on SSPC amount are 
parallel to those studies in terms of increase in mitotic 
GCs shown by different labels. Here in, our HD setup 
ameliorates the PLZF(+) cell percentage and SALL4(+) 
cell number on neonatal mouse testis 2 times compared 
to ALI platform of the previous study from day 7 to 42 
[30]. Human [13] and rat [11] neonatal testis ALI set-
ups preserved of PLZF immunolabeled SSPCs up to 50 
and 42  days, respectively. Those qualitative results are 
similar with our 42-day results on HD platform. Our HD 
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setup not only caught the success of ALI, but also dem-
onstrated a better performance in terms of SSPC sur-
vival for 42 days that may be due to daily refreshment of 
medium at high volume (up to 200 µl) when compared to 
weekly changes at a volume of 1 ml [11, 13, 30]. Thus, we 
suggest a slightly superior performance of HD platform 
when compared to ALI for enlargement of SSPC pool in 
neonatal mice since testicular strips are directly exposed 
to medium, while diffusion-based nutrition intake is the 
basic principle in ALI setup. The testis fragments take 
dome-like shape on agarose gel during the culture in 
interphase method that causes inadequate diffusion into 
central regions. HD platform allowed a homogenous dis-
tribution of SSPCs in both central and peripheral parts 
of the strips with no disturbance in testicular shape. This 
presents strong evidence for HD to be superior to ALI as 
static culture platform in terms of ex vivo stem/progeni-
tor cell survival in testis. However, HD may not support 
ex vivo personalized cell therapies properly since the allo-
geneic BMSC-CM did not even perform well in terms of 
SSPC pool enlargement compared to MFD according to 
our data.

Here, we report that BMSC-CM-supported MFD 
induces both spermatogenesis and testicular matura-
tion in terms of increased percentages of VASA(+) total 
GCs [44, 45] and c-Kit(+) differentiating spermatogo-
nia, the numbers of spermatocytes and spermatids, and 
tubular and luminal diameter and testosterone con-
centration for 42  days. We assessed the proliferation of 
progenitor cells and onset of meiosis by spermatocyte 
formation on day 7 (13-dpp) and production of sperma-
tids on day 28 (34-dpp) for a complete spermatogenic 
cycle in prepubertal C57BL/6 mice [46]. We evaluated 
maintenance of SSPCs, IVS and testicular maturation 
until day 42 (48-dpp) in order to interpret post-cycle 
progression of IVS and to establish whether there is any 
possible delay in spermatogenic progress toward in vivo 
development of neonatal mice. Spermatogenesis begins 
from 7-dpp with the formation of SSPCs and spermato-
cytes from day 10 to 20 and terminates with formation 
of spermatids from day 18.8 to 25.3 and sperms on day 
34.5 in mice in  vivo [47]. The incline of spermatocytes, 
round spermatids and the total GC number was simul-
taneous with progressive enlargement of tubules and 
also with a decline of SSPC pool from day 28 and 42 
that show the spermatogonial stem cells entering mei-
otic cycle. Significant augmentation in testosterone lev-
els confirmed the functional testicular maturation within 
the same period. Allogeneic BMSCs presented an infe-
rior performance on the HD platform when compared 
to MFD in terms of spermatogenic differentiation with 
decreasing number of VASA(+) GCs and testicular mat-
uration with a lesser tubular enlargement and a lower 

testosterone level measurements from day 28 to 42. Allo-
geneic BMSCs were not able to increase neonatal mice 
VASA(+) cells from day 28 to 42 when applied to ALI 
in our previous study [30] revealing their limited induc-
tion capacity on both ALI and HD static setups. Recent 
BMSC-contributed MFD noticeably improved spermato-
genesis and functional maturation of testis by a nearly 2 
times increase in number of spermatocytes, spermatids, 
ratio of c-Kit(+) and VASA(+) cells and tubular enlarge-
ment compared to ALI and HD platforms with BMSCs 
on day 28 of culture. BMSC-CM-supplemented MFD 
demonstrated a 4 times higher performance compared 
to ALI and HD on day 42. These results clearly suggest 
that allogeneic BMSCs perform better in the vicinity of 
the microvascular circulation, which might provide an 
optimal and controlled tubular distribution of stem cell 
secretome compared to simple diffusion of static culture 
setups. Therefore, the new single PDMS-layered pump-
less MFD may present an effective solution for prepuber-
tal male infertility as a tool to precisely apply allogeneic/
autologous BMSC and BMSC-CM therapy by mimicking 
the physiological testicular niche conditions ex vivo.

Our novel pumpless single PDMS-layered MFD is 
comparable in terms of IVS and testicular functional 
maturation to Komeya’s 2 PDMS-layered syringe 
pumped [19] and/or pumpless [17] devices that contrib-
uted to a long-term Acr-Gfp transgenic neonatal mice 
testicular culture with successful spermatogenic differ-
entiation in  vitro. Our system increased the number of 
spermatocyte by 25% and spermatid by 30% on 50 semi-
niferous tubules and offered a ratio of VASA(+) total GCs 
up to 90% from day 7 to 28 maintained until day 42. A 
70% increase in c-Kit(+) differentiating spermatogonia 
with high testosterone levels (60.5 ~ 80.4 ng/dl on day 28 
and 212.3 ~ 298.7  ng/dl on day 42) confirmed progres-
sive induction of IVS and functional maturation of testis 
in the same period. A two PDMS-layered pumped MFD 
[19] increased the ratio of GFP-expressing acrosin(+) 
to total seminiferous tubular area up to 50% from day 
21 to 28 and then a constant expression. The study also 
reported the presence of SCP3(+) spermatocytes and 
PNA(+) spermatids (timepoint was unspecified) with a 
testosterone range between 2.4 and 24.0  μg/day/g testis 
(0.6–5.7  ng/dl) in 2 samples (from 4 measurements) on 
days 28 and 35 of culture. Our 28- to 42-day induction 
findings on differentiating GC maintenance and testos-
terone production contribute to a longer-term capacity of 
new pumpless MFD when compared to previous pumped 
system. Our findings are in line with Komeya group’s 
pumpless device that maintained 90% of Acr-GFP(+) and 
TRA98(+) tubules within the neonatal transgenic mice 
testis on week 12 [17]. In our study, the flow rate has been 
strictly fixed to 0.9 µl/min by daily addition of medium to 



Page 14 of 16Önen et al. Stem Cell Research & Therapy          (2023) 14:127 

keep the tank height as 38 mm. Komeya’s pumpless MFD 
give a flow rate range between 0.05 and 2.0  µl/min and 
the pumped system a fixed flow rate as 0.05 µl/min. The 
higher stabilized pumpless flow rate in the recent plat-
form might lead to further improvement in IVS after day 
28 and the higher amount of testosterone production in 
our study compared to previous systems. Therefore, our 
platform successfully enlarged neonatal mouse SSPC 
pool and induced spermatogenesis from SSCs up to hap-
loid spermatids for 42  days by efficient production of 
testosterone. Komeya’s pumped [19], but not the pump-
less [17] MFD has been able to produce both round/elon-
gated spermatids and further functional performance of 
those haploid cells was assessed by microinsemination 
to adult female ICR mice in which healthy offspring were 
collected in a longer period comparing to our study. Our 
group’s results are limited to 42-day-long performance 
of the novel pumpless MFD until haploid GC formation; 
however, it comprises a detailed phenotypic classification 
of enlarging SSPC pool and differentiating spermatogo-
nial cells for a whole spermatogenic cycle. This study also 
reveals the variation in different stage GC populations 
throughout a complete spermatogenic cycle and shows 
the efficiency of the new single PDMS-layered pumpless 
system. BMSC-CM supplementation maximized the effi-
ciency of the device on induction of testicular maturation 
including the proliferation and differentiation of SSPCs.

The generated MFD using an insert for BMSC-CM as 
therapeutic in a pumpless and monolayered platform 
induced enlargement and maintenance of the SSPC pool, 
testicular maturation and spermatogenesis up to round 
spermatids in prepubertal newborn C57BL/6 mice for 
42 days in vitro. The secretory potential of BMSCs maxi-
mized the efficiency of the microfluidic system in terms 
of male GC production ex vivo. However, the results are 
limited to in  vitro conditions and need to be validated 
in  vivo in microinseminated adult female mice follow-
ing further cycles of spermatogenesis. Meanwhile, the 
obtained GCs should be tested in terms of genetic integ-
rity during fertilization and embryonic development of 
offspring. However, the new single PDMS-layered pump-
less MFD demonstrated a clear optimal performance 
ex  vivo in terms of normal distribution and statistical 
relevance of the obtained data and confirmed accurate 
flow rate that is assisted to tubular growth. Our valida-
tion results are reliable since we classified subpopulations 
of GCs multiple specific phenotypic markers [17, 19, 48], 
simultaneously assessed the testosterone production 
levels by LC/MS–MS [19] and tubular growth by full-
quantitative histomorphometry [35, 49]. Moreover, the 
study presents the first and preliminary demonstration 
of BMSC-CM performance on IVS and may be a strong 

candidate for personalized male infertility treatment in 
the andrology clinic. On the other hand, allogeneic and/
or autologous BMSCs may still have unknown risks that 
need to be eliminated before translation to the clinics. 
The mutagenicity and metabolic content of mesenchymal 
secretome should be analyzed and precisely optimized in 
further studies prior to introduction to clinic.

Conclusion
The regenerative potential of BMSC is sustained by a new 
microfluidic system with a single PDMS layer, which does 
not require a pump and also provides high-quality imag-
ing. The new platform induced testicular growth, self-
renewal of SSPC and differentiation of spermatogenic 
cells up to round spermatids for a whole cycle ex  vivo. 
We applied BMSC-CM as a model therapeutic in the cur-
rent study, whereas the generated MFD might be used 
as a high-technology platform for validation of different 
personalized cell-based therapeutic agents in order to 
cure prepubertal and adult infertility cases. Furthermore, 
the new theragnostic microfluidic platform may contrib-
ute to a safe, precision-based cell and tissue banking pro-
tocol for prepubertal fertility restoration in future.
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