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ABSTRACT

Objective(s): This study aimed to investigate “e differentiation potential of human umbilical
cord blood-derived mesenchymal sten. cells (UC)L-MSCs) into male germ-like cells using a three-
dimensional poly (L-lactic acid)/gelatii 1. nofiber (PLLA/GNF) scaffold incorporated with naringin
(Nar).

Materials and Methods: The cornp sitc _affold was fabricated by freeze-drying a PLLA solution
containing 1% Nar and electi~spun GNFs. Scaffold characterization included morphological
analysis, porosity assessmer.. dru,  .ease profiling, and biodegradation testing. UCB-MSCs were
isolated and characterize' for ‘irface markers (CD44*/CD90*/CD347/CD45") via flow cytometry.
Cells were seeded onto icaffoids and differentiated using BMP4 (25 ng/ml) alone or in combination
with retinoic acid (1276, A\ F aluations included the MTT assay for viability, immunofluorescence
for germ cell markers (PLZr, DAZL, OCT4), and in vivo biocompatibility assessed by subcutaneous
implantation in utiode's.

Results: The <cc “old aemonstrated optimal physical properties, with a porosity of 81.13 + 2.22%
and an ave -age pc 2 size of 108.31 + 9.29 pm. Nar release profile showed sustained delivery with
cumulative r.‘ease of 38.5 + 5.72% over 14 days. Biodegradation rate reached 51.07 + 5.64% after
14 days. v 7T cssay revealed significantly enhanced cell proliferation in Nar-containing scaffolds at
poth 2 4 and 72 hr (P< 0.05). Immunofluorescence analysis demonstrated markedly higher expression
of germ __ii markers in 3D cultures compared to 2D controls. In vivo evaluation confirmed excellent
biocorapatibility with minimal inflammatory response.

Conc'usion: The 3D PLLA/GNF/Nar scaffold creates a favorable microenvironment that effectively
promotes UCB-MSC differentiation into male germ-like cells, representing a promising platform for
reproductive tissue engineering applications.
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Introduction

The World Health Organization (WHO) defines
infertility as the inability of couples of reproductive age to
conceive after one year of unprotected sexual intercourse.
The 2005 National Survey of Family Growth indicates that
this disease affects roughly 13-15% of couples worldwide
(1). A primary factor contributing to this discrepancy is the
unequal distribution of resources dedicated to the diagnosis

and treatment of infertility. Consequently, there is a pressing
need for innovative approaches to address this issue.
Mesenchymal stem cells (MSCs) possess unique
capabilities for multipotent differentiation and are typically
classified by source, including embryonic and adult stem
cells. Prior research has identified bone marrow, adipose
tissue, skin tissue, and synovial membrane as the principal
sources for harvesting adult stem cells (2). Additionally,
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extra-embryonic tissues such as the placenta, amniotic
membrane and fluid, and umbilical cord matrix can serve as
sources for the collection of mesenchymal stem cells (MSCs)
(3, 4). Furthermore, the commonly employed method for
this objective is advantageous because it is noninvasive,
poses no ethical concerns, and does not elicit an immune
response in the host animals (5).

Umbilical cord blood (UCB) transplantation has been
utilized in clinical practice for many years (6). Furthermore,
various studies have demonstrated that multipotent MSCs
derived from the umbilical cord (UC) possess a significant
capacity for multilineage differentiation, including
differentiation into bone, adipocytes, and osteoblasts, among
others (7-9). Conversely, prior research has demonstrated
that Embryonic Stem Cells (ESCs) can differentiate into the
germ cell lineage (10, 11). Furthermore, recent research has
demonstrated that primordial germ cell (PGC) and sperm-
like cell development occur following ESC differentiation.
Notably, one study reported the successful generation of
mature, functional sperm from mouse ESCs that produced
viable offspring (12-14).

Scaffolds are widely used to enhance interactions
between nanoscale surfaces and cellular receptors. A
prominent technique employed in scaffold fabrication is
electrospinning, which produces scaffolds characterized
by high porosity, a diverse pore-size distribution, ultrafine
continuous fibers, and a high surface-to-volume ratio. These
attributes can simulate the natural extracellular matrix
(ECM) of specific tissues (15). Different materials are used
for fabricating electrospun scaffolds. Still, among them,
naturally-derived polymers and synthetic-based polymers
are used more than others because of their appropriate
properties, such as biodegradability, biocompatibility, etc
(16). Freeze-drying, also known as lyophilization. 1 a
widely employed method for the production of kio.ctive
scaffolds characterized by a porous architecture w. h three-
dimensional geometries (17). The process cc prisc four
phases: pretreatment or formulation, freszing primary
drying, and secondary drying (1£) Uting his method
enables the creation of a high-por/sity scafic 'd cnaracterized
by interconnected pores of apy -opriate size. In contrast,
the scaffold’s aligned structure . ~hanccs its mechanical
properties without altering its composition (19, 20).

Gelatin is a commercially available biopolymer that has
appropriate biocompatibility, non-immunogenicity, and
biodegradability (21, 22). The mechanical properties of
gelatin scaffolds are inadequate; to address this issue, these
scaffolds are typically combined with other polymers (23).
Poly (L-lactic acid) (PLLA) has good mechanical properties
and is used in different parts of tissue engineering (24, 25).
Moreover, previous studies indicated that PLLA scaffolds
enhance the in vitro aggregation of spermatogonial cells
sourced from newborn male mice, promoting their
differentiation throughout cultivation (26).

Naringin  (Nar) (4, 5, 7-trihydroxyflavanone
7-rhamnoglucoside) is a flavanone glycoside obtained from
grapefruit, tomatoes, and many citrus fruits. This chemical
demonstrates a variety of advantageous features, including
anti-inflammatory, anti-apoptotic, anti-osteoporotic, anti-
carcinogenic, anti-ulcer, and particularly, neuroprotective
benefits (27-29). Therefore, it is widely used for bone
regeneration, cancer therapy, treatment of central nervous
system diseases, etc. Furthermore, the prior research
highlighted the significant role of Nar in the differentiation
of bone marrow stem cells (30).
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This study employs umbilical cord blood-derived
mesenchymal stem cells (UCB-MSCs) to examine the
influence of a 3D environment and the natural flavonoid
Nar on their differentiation into male germ-like cells. While
it is established that MSCs can differentiate into germ
cells, replicating the complex physiological environment
necessary for successful spermatogenesis in vitro remains
exceedingly challenging. Most previous studies have either
utilized exclusively 3D scaffolds or focused on biochemical
induction within two-dimensional (2D) cultures. However,
their method used only the scaffold’s physical structure
and didn’t add any specific bioactive molecules to support
the differentiation process. Conversely, certain studies
have employed soluble factors such as growth hormones
and retinoic acid in basic cultures, frequently neglecting
the critical 3D extracellular raiirix support, resulting
in inadequate cell maturation »nd functionality. The
lack of understanding underscore. the need for a more
advanced, integrated approacli' . at 11 iegrates the physical
characteristics of a 3D scaffc'd w1 h targeted biochemical
stimulation. Additionally, . » i.uction of anti-oxidants in
mitigating oxidative sti>ss—.. recognized impediment to
spermatogenesic—v. ‘thin « 5D engineered context remains
predominar’ly wi exan ired. Fan et al. established that Nar
can promote 1. =~ osteogenic differentiation of bone marrow
meser ~hymal ste. » cells by regulating particular microRNA
pathway (31). However, its prospective application in a
three-(lime. ~ional context to direct germline differentiation
is cisird’ - racharted territory. The innovative aspect of our
stady it the creation and use of a composite PLLA/GNF
scanw.d that not only mimics a 3D structure but also acts
a.u delivery system for the long-term release of Nar. We
hypothesize that this combined method will make the
microenvironment more supportive, thereby helping UCB-
MSCs survive, grow, and eventually differentiate into male
germ-like cells by providing topographical, mechanical, and
biochemical signals that are highly similar to those found in
the testicular niche in vivo. To achieve this, gelatin nanofibers
were fabricated via electrospinning and incorporated
into a PLLA solution containing 1% Nar. Comprehensive
characterization analyses were performed on the prepared
scaffold, followed by seeding cultured UCB-MSCs onto it.
Finally, a series of assays was conducted to evaluate their
differentiation potential toward male germ-like cells.

Materials and Methods
Chemicals

The materials and solvents employed in this experiment
were obtained from Sigma-Aldrich (St. Louis, USA) and
Merck (Darmstadt, Germany), unless otherwise specified.

Gelatin nanofiber (GNF) fabrication via the electrospinning
method

Electrospinning was utilized to manufacture gelatin
nanofibers. In short, type B gelatin powder generated from
cow’s skin was dissolved in a 75% (v/v) aqueous acetic acid
solution to create a 40% (w/v) gelatin solution. A 10-ml
disposable syringe fitted with an 18-gauge stainless steel
needle was filled with the produced solution and then
connected to a 20 kV high-voltage power supply (Fanavaran
Nano-Meghyas, Tehran, Iran). The solution was given at a
continuous flow rate of 0.40 ml/hr using a syringe pump
(Fanavaran Nano-Meghyas, Tehran, Iran). An aluminum
foil collector was placed 15 cm from the needle tip during
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electrospinning. The electrospun mats were exposed to
glutaraldehyde vapor (15% in ethanol) for 24 hr following
fiber deposition, causing crosslinking. The scaffolds were
then mechanically broken up into tiny pieces (GNFs), dried
in a nitrogen chamber for the entire night, and carefully
cleaned with 100 mM glycine solution.

Preparation of PLLA/GNFs scaffold via freeze-drying
technique

Initially, 5% (w/v) PLLA dissolved in 1,4-dioxane was
stirred for 24 hr. Then the GNFs were added to the stirring
PLLA solution (50% (w/w) of GNFs to PLLA)[Weatherbee,
2021 #97;Weatherbee, 2021 #97]. Afterward, Nar was added
to the PLLA/GNF solution at a mass percentage of 1% and
stirred at room temperature for 12 hr. The combination
was stored at -80 °C for 1 hr and subsequently freeze-dried
(Telstar, Terrassa, Spain) for 48 hr.

Characterization of the scaffolds
Scanning electron microscopy (SEM) analysis

A scanning electron microscope (SEM; KYKY
Technology Development, Beijing, China) operated at an
accelerating voltage of 20 kV was used to investigate the
ultrastructural morphology of the GNF and PLLA/GNF/
Nar scaffolds. To increase surface conductivity, the samples
were sputter-coated with a thin gold layer for 250 sec using
a sputter coater (SCD 004, Balzers, Germany) before
imaging. Using OriginPro 2024 (OriginLab, Northampton,
MA, USA) in conjunction with Image] software (National
Institutes of Health, Bethesda, MD, USA), the mean pore
diameter was measured. To guarantee statistical reliability,
pore size measurements were done for every image at 20
randomly chosen sites (32).

Porosity assessment

The porosity level of scaffolds is an essential factor for cell
culture. The liquid displacement technique and equatici.
1 were used to determine the porosity percentage of the
fabricated scaffolds (33).

Porosity(%) = h=r x100 (Eq. 1)
Vz - V3

In the above equation, V| and V, denote . in. fal volume
of 96% ethanol and the volume i ctharol re maining after
soaking the scaffold, respectivel 7. V., is the voiume of ethanol
remaining after scaffold remov:

Contact angle measurement

The contact angle measurement device (G10, KRUSS,
Germany) was employed to assess the hydrophilicity of the
manufactured scaffolds using the sessile drop method. A
water droplet was applied to three portions of each sample,
and the average angle formed between the droplet and the
surface of each sample was determined and recorded (34).

Release of naringin

The samples were incubated in 5 ml of phosphate-buffered
saline at 37 °C under static conditions in order to examine
the release profile of Nar from the built scaffold. To maintain
sink conditions, 500 pl of the supernatant was withdrawn
at preset intervals and replaced with an equivalent volume
of fresh PBS (35). Using an ultraviolet-visible (UV-Vis)
spectrophotometer (A = 283 nm; Cecil, Cambridge, UK),
the quantification of Nar release was carried out in triplicate
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using the formula (36):
Drug Release (%) = (The amount of released drug) <100 (Eq.2)
The amount of loaded drug

Degradation rate

The degradation rates of the scaffolds (PLLA/GNF/Nar
and PLLA/GNF) were assessed by quantifying mass loss.
Following the weighing of three replicates per group, the
scaffolds were placed in a tube containing PBS and cultured
for 14 days at 37 °C. The samples were extracted from the
solution and subsequently dried. Equation 3, in which W
denotes the initial weight of the scaffolds and W, signifies
their dry weight post-removal from the solution, was
employed to ascertain the degree of deterioration (37).

Weight Loss (%) = x 100 % (Eq. 3)

Blood compatibility

As an anticoagulant, a 3.8% (w/v) sodium citrate solution
was prepared in deionized water. Eight milliliters of rat
blood were collected for the hemolysis test, coupled with
one milliliter of the anticoagulat, and then diluted with 2.5
mL of normal saline to genera‘c ‘wo milliliters of diluted
blood. The test sample was 222 m aliquot of the diluted
blood. After 60 min of incubati»n at 37 °C, the mixture
was centrifuged for 10 zi.2> ac *500 rpm. A BioTek Synergy
2 Multi-Mode Micrcolate Reader (BioTek Instruments,
USA) was used to'*neas.."z'the absorbance at 545 nm after
the superratan hac been carefully moved to a 96-well
microplate. .h< mean absorbance was computed after three
meacirements  vere performed. Negative control samples
were . rated by combining 0.2 ml of diluted blood with 10
ml o7 no.mal saline, while positive control samples were
r=ode v combining 0.2 ml of diluted blood with 10 mlof
cionized water. Equation 4 was used to determine the
heotysis %.

Hemolysis% = x 100 % (Eq. 4)

Where Dt is the absorbance of the sample, Dnc is the
absorbance of the negative control, and Dpc is the
absorbance of the positive control (38).

Cell viability assessment

The MTT assay (3-(4, 5-dimethylthiazol-2-yl)-2,
5-diphenyl-tetrazolium bromide) was used to assess the
cytotoxicity of the manufactured scaffolds. In brief, composite
scaffolds were sterilized and placed into separate wells of a
96-well plate. After being planted onto the scaffolds, human
UCB-MSCs (1 x 10* cells/well) were cultured for one and
three days. Fresh DMEM containing MTT solution (0.5 mg/
ml) was added to each well after the cells had been washed
with PBS. To enable the development of formazan crystals,
the plates were incubated for four hours. After removing
the supernatant, 150 ul of DMSO was added to dissolve
the crystals. An Anthos 2020 microplate reader (Biochrom,
Berlin, Germany) was used to detect absorbance at 570 nm
after 100 pl aliquots had been gently shaken for 10 min and
then moved to a new 96-well plate (39).

Harvest of human umbilical cord blood samples

After obtaining informed consent from each donor,
umbilical cord blood samples were collected in accordance
with the ethical guidelines established by the Bahar Hospital
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Ethics Committee in Tehran, Iran. Venipuncture of the
umbilical vein was used to obtain samples from full-term
deliveries, and the samples were analyzed within 6 hr of
collection. Before being used, the obtained samples were
stored in a 100 mM EDTA anticoagulant solution at 22 °C.
Gestational age, volume collected, and time spent in storage
(from collection to processing) were meticulously recorded
for every sample.

Isolation and culture of human UCB-derived MSCs
Mononuclear cells (MNCs) were isolated using a Ficoll-
Hypaque density gradient (GE Healthcare) with a density
of 1.077 g/ml. Isolated cells were seeded in 25 cm? culture
flasks at a density ranging from 1 x 107 to 1 x 10° cells/cm®
using Dulbecco’s Modified Eagle Medium-Low Glucose
(DMEM-LG; Gibco, Invitrogen) plus 10% fetal bovine
serum (FBS; Gibco, Invitrogen), 25 ug/ml amphotericin B,
1% streptomycin sulfate (10,000 pg/ml), 1% L-glutamine
(200 mM), and 1% antibiotic—antimycotic solution (10,000
U/ml sodium penicillin). The cultures were maintained at
37 °C in a humidified atmosphere with 5% CO,. After 48 hr,
non-adherent cells were removed, and adherent umbilical
cord blood-derived mesenchymal stem cells were cultivated
with medium changes every two days. Cells were passaged
once they reached 80-90% confluence, and the experiments
were conducted using cells from the fourth passage (40, 41).

Flow cytometry analysis of the UCB-MSCs immunophenotypic
marker set

Using flow cytometry, the MSC populations were
identified. For surface marker analysis, mouse monoclonal
antibodies against human CD,, CD,, CD,, and CD,,
(all from eBioscience) were utilized. As instructed by th.
manufacturer, cells were treated with each antibody for.2n
hour at room temperature. Data were collected usin{ an
Attune flow cytometer (Applied Biosystems) and i ly. A
using FlowJo software (Tree Star, USA) (42).

Immunocytochemistry (ICC)

Immunocytochemistry was used to valida = the absence
of hematopoietic stem cell markers (CD,, ana CD,;) and
to ascertain if mesenchymal stem celi marzers (CD,, and
CD,,) were expressed in U mbilical cord blood-derived
cells. Briefly, cells were cultiv ‘ed on’ coverslips, fixed for
20 min at room temperature wiu: 4% paraformaldehyde,
permeabilized for 20 min with 50% cold methanol, blocked
for 30 min with 2% bovine serum albumin (BSA), and then
incubated for 60 min with primary antibodies against CD,,
and CD,, (1:100 dilution in 0.5% BSA). Cells were rinsed
with PBS 3 times before being treated for an hour with
FITC-conjugated secondary antibodies (1:100 dilution).
Following DAPI (10 ug/ml; Molecular Probes, Eugene,
OR, USA) nuclear counterstaining, the samples were
mounted on glass slides and examined under a fluorescence

microscope (43).

UCB-MSC:s differentiation
Osteogenic differentiation

To promote osteogenic development, cells at the fifth
passage were subjected to osteogenic media for three weeks,
with medium replenishment occurring biweekly. The
osteogenesis process was evaluated on a weekly basis. After a
brief refurbishment every 3-4 days for 21 days, the cells were
rinsed in PBS, fixed in 4% paraformaldehyde, and stained
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with alizarin red (Sigma-Aldrich) to demonstrate calcium
deposition. The osteogenic medium is made up of IMDM
enhanced with 0.1 uM dexamethasone (Sigma-Aldrich, St
Louis, MO), 10 mM B-glycerol phosphate (Sigma-Aldrich),
and 0.2 mM ascorbic acid (AsA; Sigma-Aldrich) (44).

Adipogenic differentiation

To promote adipogenic differentiation, fifth-passage cells
were cultured for three weeks in an adipogenic medium.
The evaluation of adipogenesis was facilitated by weekly
monitoring and biweekly medium changes. 0.5 mM
3-isobutyl-1-methylxanthine (IBMX; Sigma-Aldrich), 1 uM
hydrocortisone (Sigma-Aldrich), 0.1 mM indomethacin
(Sigma-Aldrich), and 10% rabbit serum (Sigma-Aldrich)
are added to IMDM to create the adipogenic medium. For
21 days, the cultural media were switched out every three
days. To determine whether neutral lipid vacuoles were
present in adipocytes, the cells were washed with PBS,
fixed in 4% paraformaldehyd®, and stained with Oil Red O
(Sigma-Aldrich) (45).

Differentiation of the ‘umeclical cord blood-derived
mesenchymal stem cells to male germ-like cells in a
three-dimensional e:wiro. :ment of scaffolds
UCB-MSCs differcnt. tior to male germ cells by BMP,
treatment on . e so *ffolds

In the v ird group, che sterilized scaffolds were positioned
in a 96-well >late, where UCB-MSCs at passage four were
expued to DN.£M enriched with 10% FBS, 1% penicillin/
strepto.aycin, and BMP, (25 ng/ml; Sigma-Aldrich) to
faciitate ‘heir differentiation into male germ-like cells.
Toese cells were maintained on the scaffolds in BMP4-
~nn lemented medium for 14 days before being collected
for subsequent assays.

UCB-MSCs differentiation to male germ-like cells by BMP /
RA treatment onto the scaffolds

In the fourth group, we administered BMP, (25 ng/
mL) and RA (107° M; Sigma-Aldrich) together in DMEM
medium supplemented with 10% FBS and 1% Pen/Strep for
a total of 14 days. Both factors were maintained throughout
the differentiation period to ensure that the induction
conditions remained effective. We refreshed the medium
every 48 hr to ensure steady exposure to the factors.

Immunofluorescence analysis in a 3D environment

For differentiation examination, scaffolds were subjected
to cross-linking for 24 hr in 4% paraformaldehyde,
subsequently fixed in paraffin, and prepared for
immunohistochemistry. In summary, tissue samples
measuring 5 um in thickness were dewaxed utilizing
xylene and then rehydrated through a sequential series of
alcohol solutions. The immunostaining process included an
overnight incubation of the slides at 4 °C with anti-PLZF
antibody (sc-28319; 1:100), anti-DAZL, and anti-OCT,
antibody (sc-28319; 1:100), followed by a 1-hr incubation at
37 °C with a goat anti-human conjugate that was conjugated
with FITC (sc-2005; 1:200) sourced from Santa Cruz
Biotechnology, Inc., located in Santa Cruz, CA, USA. Cell
nuclei were stained with 10 pg/ml DAPI (Molecular Probes,
Eugene, OR, USA). The samples underwent analysis using
a fluorescence microscope (IX71 accessories U-RFL-T;
Olympus). The protein concentrations of PLZF, DAZL, and
OCT, were quantified (46).
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Figure 1. Scanning electron microscopy (SEM) of (A) GNF (Scale bar: 10 um) and (B) PLLA/GNF/Nar (Scale bar: 100 pm)
Using Image] and Origin Pro 2024 software, measured the average fiber diameter of GNFs and the average pore size of the PLLA/GNF/Nar scaffold (n=20 measurements per

image). GNF: Gelatin nanofiber, PLLA: Poly (L-lactic acid), and Nar: Naringin

In vivo biocompatibility

To assess the biocompatibility of the synthesized PLLA/
GNEF/Nar scaffold, a subcutaneous implantation was
performed, utilizing a scaffold measuring 1 cm?, beneath
the skin of six male Wistar rats weighing between 200 and
250 g (IR.SHMU.REC.1404.108). The tissue response was
closely monitored following the implantation. A histological
analysis, employing Masson’s trichrome staining, was
conducted at two months to evaluate various parameters,
including inflammatory responses, foreign body reactions,
and vascularization of the scaffold with the adjacent tissue
(47, 48).

Statistical analysis

The dataset underwent statistical analysis utilizing SPSS
(IBM SPSS Statistics, Version 23, Armonk, New York),
applying a one-way ANOVA test, with results expressed
as mean + standard error (SE; n >3) (49). A P-value of less
than 0.05 was considered statistically significant across all
evaluations.

Results
Scaffold characterization
Morphologic properties

Figure 1A demonstrates that the fibers withi the
constructed scaffolds exhibited a random distribion <.
possessed a consistent, smooth morphology. St ‘istical
analysis revealed an average fiber diameter of 570 + 45 nm
in these scaffolds. Figure 1B depicts the porou. arcaitecture
of the PLLA/GNFs/Nar scaffold, wwith the ~verzge pore size

measured at 108.31 + 9.29 pm.
Porosity

The porosity of the scaffold structure significantly
influences cell migration and implantation. As shown
in Table 1, the porosity of the constructed scaffolds was
approximately 80% after incorpora.ing Nar.

Biodegradation

We quantified scaffold degrauc ion .1 vitro by measuring
the residual mass after immei sion 11 PBS at 37 °C for 7 and
14 days. Table 1 shows that . »tui cypes of scaffolds lost mass
over time, with nearl:» 5% ot the mass lost by the 14 day.
There was ne« “atis ically significant difference observed
between th' PL .A/G.'F and PLLA/GNF/Nar scaffolds
(P>0.05), sugg. ‘ting that the addition of Nar did not affect
the de, -adation ¢. aracteristics of the composite structure.

Wettal ility

L.e cooaact angle test can indicate the hydrophilicity
ot the - caffold surface. The wettability of scaffold surfaces
‘fluences cell attachment and their subsequent fate. The
hyurophobicity of PLLA/GNF and PLLA/GNF/Nar scaffolds
was measured at 84.93 + 3.76° and 89.24 + 4.28°, respectively,
indicating an increase with the addition of Nar to PLLA/
GNF; however, this change was not statistically significant
(P>0.05) (Figure 2). Previous studies have shown that Nar
has low water solubility, which reduces its availability to the
body and complicates studies of its pharmacological effects
(50). The hydrophobic nature of Nar caused that when Nar

Table 1. Physicochemical characterizatio of the PLILA/GNF and PLLA/GNF/Nar scaffolds.

GNF: Gelatin nanofiber, PLLA: Poly (L-lactic ac: and N<r: Naringin

Samples Porosity (%) 7 Degradation rate (%) 14" Degradation rate (%)
PLLA/GNF 81.13+£2.22 39.17 £5.36 53.26 +4.99
PLLA/GNF/Nar 80.96 £ 2.86 36.88 £4.12 51.07 £ 5.64

Figure 2. Evaluation of surface wettability by Contact angle measurements of scaffolds: (A) PLLA/GNF and (B) PLLA/GNF/Nar, (Period time: 10 sec, Scale bar: 1mm)

GNF: Gelatin nanofiber, PLLA: Poly (L-lactic acid), and Nar: Naringin

Iran ] Basic Med Sci, 2026, Vol. 29, No.
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Figure 3. In vitro analysis of naringin release, hemocompatibility, and
cellular proliferation on the engineered scaffolds

(A) The total amount of Naringin released from the PLLA/GNF scaffold over 14 days,
as measured by UV-Vis spectrophotometry at 283 nm. (B) A histogram that shows
how well the prepared scaffolds interact with blood cells using a hemolysis test. (C)
MTT assay results showing how well UCB-MSCs grew on the different scaffolds after
24 and 72 hr. Values are the mean + SD (n = 3). *P<0.05, **P<0.01, and ***P<0.001.

was added to the scaffold, the contact angle increased.

Release

The cumulative release profile of Nar from PLF A/G. ™" s
shown in Figure 3.A. It was proven to release 1..76 - 2.58%
and 15.3 + 3.43% of released Nar on the first ana recond days,
respectively, and sustained release of 38.5 = 5.7. % 1or 14 days.

Blood compatibility

Hemolysis resulted in the rele -e of hemoglobin into the
plasma as a consequence of erythrocyte destruction, which
was directly linked to the compatibility of materials with
blood. Figure 3.B illustrates the observed hemolytic levels.
The hemolysis levels for all samples were found to be lower

N=MS
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than those of the positive control, and these differences were
statistically significant.

Cytotoxicity results

The cytotoxicity of the synthesized scaffolds was evaluated
utilizing the MTT assay at 24 and 72 hr after cell seeding,
with the results depicted in Figure 3.C. The results showed
that the scaffolds did not exhibit any cytotoxic effects and
instead facilitated cell growth. Figure 3.C illustrates the
positive influence of Nar on cell proliferation at both time
intervals. Notably, cell proliferation in the PLLA/GNF/Nar
group was statistically significant compared with the control
and other experimental groups at both 24 and 72 hr post-
cell seeding.

The results of in vitro studies
Derived cells

The characteristics of UCB-MSC in the fourth passage are
illustrated in Figure 4. This in2iates >at the MSCs adhered
to the flask were well-develc»ed a1d exhibited the defining
features of MSCs (for instiice. '~ugated spindle shape).

Flow cytometrv.ang'ssis

Initially.< he ¢ rive ! UCB-MSCs were analyzed through
the flow cytc wetry method. Figure 5 illustrates the flow
cytop etry ana. sis, indicating that the derived cells
exhibif< ' mesenchymal stem cell markers (CD,, and CD,)
while lack. >z the expression of hematopoietic cell surface
ma.er 2D, and CD,).

Immunocytochemistry analysis

Figure 6 indicates the results of the ICC test among specific
and non-specific markers. The images clearly showed that the
derived cells contained numerous mesenchymal stem cells,
whereas only a few hematopoietic stem cells were present.
These results confirm the results of flow cytometry analysis.

Osteogenic and adipogenic differentiation

To further evaluate the derived cells, their differentiation
into osteogenic and adipogenic lineages was assessed. The
process of osteogenic differentiation, indicated by Alizarin
Red staining, and adipogenic differentiation, demonstrated
by Oil Red staining, is illustrated in Figure 7. These
findings were obtained by maintaining the derived cells in
differentiation media for 21 days, as previously outlined.

100 pm

Figure 4. Morphological characteristics of human umbilical cord blood-derived mesenchymal stem cells (UCB-MSCs) at passage 4 prior to differentiation
assays. UCB-MSCs exhibited a uniform spindle-shaped morphology and reached approximately 80-90% confluency before being used for downstream

differentiation experiments

(A) 200 pm (200x magnification) and (B) 100 pm (400x magnification) are the scale bars. UCB-MSCs: Umbilical cord blood-derived mesenchymal stem cells
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Figure 5. Flow cytometry analysis for the immunophenotypic characterization of derived UCB-MSCs
Histograms illustrate the expression profile of particular cell surface markers on passage 4 UCB-MSCs. (A) Most cells lacked the hematopoietic lineage markers CD34 and CD45
(the filled histogram shows the isotype control). (B) The cells expressed high levels of CD44 and CD90, which are typical markers of mesenchymal stem cells. UCB-MSCs:

Umbilical cord blood-derived mesenchymal stem cells.

100 um 100 um

Figure 6. Inmunocytochemistry images (200x magt. Scation)

(A) Hematopoietic stem cells a: Primary antibody to D34 secondary antibody
conjugate with FITC b: Nuclei stain by DAT: & Me »ed Fig | & b, (B) Hematopoietic
stem cells d: Primary antibody to CD4" Secondary « ‘*hody conjugate with FITC e:
Nuclei stain by DAPI f: Merged Fig d % e, (C) Mesenchymal stem cells g: Primary
antibody to CD44 Secondary antibody ¢ 1jugate wit'h FITC h: Nuclei stain by DAPI i:
Merged Fig g & h, (D) mesenchymal stem ¢ #: P=".nary antibody to CD105 Secondary
antibody conjugate with FITC k: Nuclei stain by DAPI I: Merged Fig j & k. UCB-MSCs:
Umbilical cord blood-derived mesenchymal stem cells, CD: Cluster of differentiation,
FITC: Fluorescein isothiocyanate, and DAPI: 4,6-diamidino-2-phenylindole

Immunocytochemistry

To analyze the express.>a of specific differentiation
of UCB-MSCs, PLZE DAZL, and OCT4 antibodies, 3D
groups were used 14 days a1 >r s.arting differentiation, and
the results are indicatea ‘n Figure 8. As shown in Figure 7,
seeded cells differntia. °d into male germ-like cells across
all groups. Morcov v, sceded cells were differentiated into
male gerii. "iKe cells in the 3D environment better than in
the 20 »nvi.onme.it. In addition, Nar had a positive effect
on cell di1. ‘rentiation and improved it in a 3D environment.

Inivi 0 biocompatibility

A h.tological examination utilizing Masson’s trichrome
stan.ng was performed at the 2-week post-implantation
irierval (Figure 9). The observed inflammatory response
was minimal and localized, suggesting that the PLLA/GNF/
Nar scaffold did not elicit a pronounced acute inflammatory
reaction, as evidenced by the absence of immune cells,
including macrophages and neutrophils. Furthermore,
there was no evidence of a fibrous capsule surrounding the
PLLA/GNF/Nar scaffold, which typically signifies a foreign
body reaction. Fibroblast activity in the adjacent tissue was
moderate, and there were no notable instances of excessive
scar formation or granulomatous reactions. The presence
of vascularization was clearly observed, characterized by
the development of new capillaries within the adjacent
skin tissue (White arrow). This observation suggests that
the PLLA/GNF/Nar scaffold possesses a notable potential
to promote tissue growth and angiogenesis. Finally, mature

Figure 7. In vitro multilineage differentiation potential of UCB-MSCs

(A) Osteogenic differentiation confirmed by Alizarin Red S staining, which detects calcium deposits (red/orange nodules). (B) Adipogenic differentiation confirmed by Oil Red O staining,
which highlights intracellular lipid vacuoles (red droplets) within adipocytes. Scale bars: 100 um (400x magnification). UCB-MSCs: Umbilical cord blood-derived mesenchymal stem cells
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Figure 8. Immunofluorescence analysis of male germ cell-specific m tker
expression in differentiated UCB-MSCs on 3D scaffolds

Representative fluorescent images of UCB-MSCs cultured for 14 days-on PILA/
GNF and PLLA/GNF/Nar scaffolds under different differentiation ~onditic =/ VP4
or BMP4/RA), compared to a 2D culture control. Cells were ‘mi. :ne-stained for
germ cell markers: PLZF (a spermatogonial stem cell marker  DAZL (. -ieiotic and
post-meiotic germ cell marker), and OCT4 (a pluripotency m: “ker aiso expressed
in early germ cells). Nuclei were counterstained with I’API | 'ue). he intensity and
distribution of positive staining (green) for «ii 1.arke. * were s gnificantly enhanced
in the 3D culture environments, particulariy in the PLL. '“M¢/Nar scaffold groups,
indicating superior differentiation towards : male germ-'ike cell lineage. Scale bar: 100
um (200x magnification). UCB-MSCs: UL ilical cord blood-derived mesenchymal
stem cells
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collagen fibers (red star) and all skin appendages (sebaceous
glands with blue arrows and hair follicles with black arrows)
are naturally present in the structure.

Discussion

The researchers were inspired by the expression of
markers linked to spermatogenesis by gamete generation
to enhance the differentiation process that leads to mature
sperm and oocytes. Several studies have indicated this
enhancement; for instance, Gilchrist et al. investigated in
vitro oocyte maturation (IVM), but it lacked suitable in
vitro methods (51). One of the most effective methods to
mimic a microenvironment for cell growth and division
is tissue engineering, using scaffolds that model natural
testicular extracellular matrices. This study investigated
the differentiation of mesench, waal stem cells sourced from
human umbilical cord blood 1. ‘o male germ-like cells,
employing a three-dimension." PLLA/gelatin nanofibrous
scaffold infused with Nar. The 3D scaffold loaded with Nar
improved the expression »f early germ-line markers (such
as PLZF, DAZL, a;-d NMCT<) and supported cell growth and
survival beil « ‘uan traditional two-dimensional culture
methods. Thi, ina -ates that integrating topographical
signals with “istained biochemical stimulation may enhance
get.-line com, itment in vitro.

Cu. results align with prior research demonstrating that
PLI A na ofibers establish a conducive microenvironment
1w s, wmatogonial stem cells. Eslahi et al. showed that
PLL A nanofiber scaffolds support the survival and partial
auserentiation of mouse SSCs after freeze-thaw cycles.
[hey reported this because nanoscale topography and a
larger surface area enhance cell-matrix interactions. In our
research, we employ a PLLA-based nanofiber structure
and enhance the concept by integrating a bioactive
component (naringin) to facilitate prolonged signaling (52).
Conversely, the biological provenance of collagen-derived
gelatin renders this material a compelling option for tissue
engineering. PLLA will serve as the foundational structure,
whereas gelatin, a protein sourced from natural origins, will
offer bioactive sites that facilitate cell adhesion and promote
differentiation (53, 54).

Figure 9. Masson’s trichrome staining of subcutaneous implantation of PLLA/GNF/Nar scaffold in Wistar rats after 60 days

Important features include the presence of new blood vessels (white arrow), indicating angiogenesis; mature collagen fibers (red star) in the adjacent dermal tissue; and the
normal structure of skin appendages, such as sebaceous glands (blue arrow) and hair follicles (black arrow). These observations collectively demonstrate the scaffold’s remarkable
biocompatibility and regenerative capacity. Scale bar: 200 um. GNF: Gelatin nanofiber, PLLA: Poly (L-lactic acid), Nar: Naringin
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In a broader context, recent narrative and systematic
reviews indicate that three-dimensional systems—such as
electrospun fibers, hydrogels, and biomimetic matrices—
more effectively maintain the phenotype of spermatogonial
stem cells and facilitate differentiation compared to two-
dimensional systems, owing to enhanced mass transport and
niche-like mechanical properties (55). Additionally, studies
show that, in comparison to traditional two-dimensional
culture conditions, MSC culture on electrospun nanofiber
scaffolds “leads to a reduction in proliferation, a decrease
in cellular senescence, and an improved maintenance of
stemness (56).

Our results corroborate these reviews and furnish further
evidence advocating for the amalgamation of 3D architecture
with anti-oxidant and flavonoid delivery. Moreover, data
obtained from human-relevant models substantiate the
benefits of 3D systems: optimized polycaprolactone and
gelatin nanofibers markedly augmented the proliferation of
human spermatogonial stem cells relative to control groups,
demonstrating that composite, extracellular matrix-mimetic
fibers can enhance the preservation and expansion of germ
cells—an effect similarly observed with PLLA and gelatin.
The translational significance of composite ECM-mimetic
fibers for maintaining human germ cells was underscored by
Bashiri et al.’s consistent reports that, compared with two-
dimensional cultures, electrospun PCL/gelatin nanofibrous
scaffolds significantly increased proliferation and PLZF
expression in human SSCs (57).

Nar has been demonstrated to regulate the Wnt/p-catenin
and PI3K/Akt signaling pathways, which are essential for
stem cell proliferation and lineage specification. In osteoblast
lineage models, Nar enhances (-catenin expression and
phosphorylation; it also elevates osteoprotegerin levels
through the Wnt/B-catenin pathway in primary fibroblasts,
thereby validating the involvement of these pathwmv. .in
human cells. Although tissue contexts may difler; these
conserved pro-survival and pro-differentietion i7lials
likely contribute to the increases in prolifera..on »nd germ-
line markers observed upon Nar treatment (8, 59;.

At the post-transcriptional stage, Na, augments
mesenchymal osteogenesis by cievatin : mik-20a levels and
diminishing PPARy, a regulitory factor that alters MSC
fate from adipogenesis to d. Yerentiation. In the context
of germ-line commitment, direc."zg MSCs toward a pro-
differentiation signaling milieu (Wnt/Akt) may enhance
their sensitivity to BMP/retinoid signaling, corroborating
our results demonstrating enhanced marker induction on
scaffolds infused with Nar (60).

Nar also has essential anti-oxidant properties. Oxidative
stress makes MSCs less likely to differentiate, but Nar
activates Wnt/p-catenin, which encourages osteogenic
programs in the presence of ROS. In our study, the 14-day
sustained release likely reduced ROS-related apoptosis and
preserved sensitivity to morphogens, which explains the
enhanced viability and marker expression noted in the Nar
groups (61).

Canonical morphogens, BMP4 and retinoic acid, act in
concert to initiate germ-line programs. Without BMP4,
PGCs can’t form. When BMP, and RA are combined, they
work together to turn on germ-line genes across species
and platforms (e.g., iPS-to-male-germ-like differentiation
via Smad1/5). Our method, which includes exposing cells
to RA/BMP, ina three-dimensional, Nar-rich environment,
links these biochemical needs to the creation of a physical
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niche. This is probably why the 3D+naringin setup worked
better than the 2D setup (62, 63). Accordingly, Amidi et al.
showed that human Wharton’s jelly-derived MSCs showed
an upregulation of several germ-line markers (DDX,/
VASA, DAZL, PLZF) when they were sequentially treated
with BMP, and RA (or co-cultured with placental feeder
cells). This result demonstrates that BMP,/RA signaling
is sufficient to initiate early germ-line gene expression in
MSCs derived from umbilical cords (64).

Comparative data demonstrate that there exists a cell-
source-specific responsiveness to BMP, in the context
of germ-like induction, as evidenced by the variations
observed between BM-MSCs and AD-MSCs. The use of
UCB-MSCs, known for their enhanced proliferative capacity
and immunomodulatory effects, may increase BMP4/
RA responsiveness within a favorable 3D matrix, thereby
supporting our findings relative to prior 2D studies (65).

Electrospun nanofibers mirnuc (i) fiber diameters akin to
those of basement membrane. (ii) anisotropic mechanical
properties that promote the ali,nment of cells and their
cytoskeletons, and (iii) a‘hig. su.race area favorable for
protein adsorption, all ‘~f waich collectively enhance
integrin signaling (FAK/J. <) and interaction with Wnt/PI3K
signaling pathway } »viev's on SSC culture emphasize that
three-dime:= “one  constructs—such as alginate hydrogels
with Sex»li ¢ -cule re, decellularized testicular matrices,
and air-lig id interface scaffolds—promote SSC self-
rer..wal and 1 ‘tal differentiation, findings that align with
our .. lings (66).

tome 2D germ-line inductions show only minor
L.apre -ments in early markers when BMP /RA is used
alor 2. Two main reasons could explain our stronger effect:
(1) the constant delivery of Nar, which supports pro-survival
and pro-differentiation signaling in oxidative environments,
and (2) being trapped in a 3D matrix, which improves
autocrine/paracrine retention and the creation of local
morphogen gradients. The current literature illustrating
Nar-induced activation of B-catenin, coupled with reviews
emphasizing the distinct benefits of 3D environments,
substantiates these claims (67).

We did not fully mature into haploid cells, despite the
expression of early germ-line markers being stronger.
This exemplifies a prevalent issue in the broader field,
where in vitro systems often attain a plateau prior to the
completion of meiosis. Furthermore, our in vivo assessment
of biocompatibility does not evaluate functionality, such as
fertilization competence, and the precise dose-response
and kinetic mapping for Nar was not comprehensively
optimized—both of these factors necessitate further
investigation. Investigations using human SSCs in
combination with various polymers, including PCL/gelatin,
and decellularized matrices suggest that integrating Sertoli
cells or testicular extracellular matrix may mitigate these
constraints (68).

To improve in vitro spermatogenesis, it is best to use
Sertoli co-culture or decellularized testicular scaffolds to
closely mimic the seminiferous niche, thereby facilitating
meiosis. Systematically enhance the release kinetics of
Nar by integrating it with GDNF/SCF to promote the
self-renewal and development of spermatogonial stem
cells. Evaluate genomic stability and functional outcomes,
including acrosome formation and ICSI assays, in extended
models, employing practical frameworks informed by
recent reviews on SSC 3D culture. A 3D PLLA/gelatin
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scaffold that offers sustained delivery of Nar improves RA/
BMP,-mediated early germ-line induction from UCB-
MSCs by incorporating anti-oxidant protection, pro-
differentiation signaling, and niche-mimetic mechanics.
This represents a significant advancement over 2D or
biochemical-only methods and moves toward functional in
vitro spermatogenesis.

Conclusion

Our study found that UCB-MSC differentiation into a
male germ-like cell was more efficient in the 3D environment
than in the 2D environment. Moreover, Nar can enhance
differentiation into a male germ-like cell. This research may
prove beneficial for in vitro examination of spermatogenesis
by applying anti-oxidants such as Nar within a 3D PLLA/
GNFs scaffold, and for directing stem cell differentiation
toward spermatids in the foreseeable future.
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