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Abstract

Three-dimensional (3D) cell culture models provide physiologically relevant systems that
mimic the native endometrial environment better than 2D models and offer reliable plat-
forms to study embryo implantation and maternal–embryo interactions. One widely used
3D culture model is the generation of spheroids. However, standardized and reproducible
methods for generating uniform spheroids from trophoblast and endometrial stromal cells
are limited. In this study, we established and validated a robust protocol for spheroid
formation using human trophoblast (HTR8/SVneo, JEG3) and endometrial stromal (St-T1b,
tHESC) cell lines. The protocol was further extended to generate spheroids from decidual-
ized tHESC, representing a novel approach that closely reflects the receptive endometrial
environment. Key parameters, including cell concentration and methyl cellulose supple-
mentation, were optimized to produce compact and homogeneous spheroids. Spheroid
formation was monitored at defined intervals (0, 8, 24, 32, and 48 h), and decidualized
spheroids were assessed up to 72 h. Long-term cryopreservation over 11 months demon-
strated high post-thaw viability across all spheroid types, as confirmed by Calcein-AM
staining. This standardized workflow provides a reliable 3D model incorporating hormon-
ally primed stromal cells and offers a practical platform to investigate the mechanisms
underlying normal and trophoblast invasion in vitro.

Keywords: 3D spheroid model; methyl cellulose; freezing of spheroids; decidualized
spheroids; post-thaw viability

1. Introduction
Three-dimensional (3D) cell culture systems such as spheroids and organoids have

emerged as valuable in vitro models that more closely resemble the physiological cellular
architecture, and its functionality as compared to two-dimensional (2D) monolayer cul-
ture [1]. 3D spheroid models, which are physiologically relevant, are widely used to study
intracellular communication, and the microenvironment of in vivo tissues which has led to
their widespread applications in drug screening [1], regenerative medicine [2], and repro-
ductive biology [3]. The formation of a 3D spheroid is accomplished by various methods,
namely the hanging drop model, spinner flask cultures, hydrogels, the liquid lay technique,
and low attachment microwell plate techniques [4], among which the hanging drop model
is a cost-effective robust method for producing uniform spheroids [5]. Irrespective of its
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advantages, it has its limitations, especially due to the mono-layering of cells lacking to
form spheroids as some cell lines need a more stable environment, e.g., the addition of
methyl cellulose (MC). It is used to provide the matrix which supports the cells to form a
stable 3D mass [6]. Parameters such as cell density, the medium used, and the concentration
of additives can significantly influence the spheroid formation shape in a timely manner.
Optimization of these factors is critical for generating uniform and viable spheroids suitable
for downstream applications [7]. In reproductive biology, endometrial stromal (ES) cells
(THESC [8], St-T1b [9]) and trophoblast cell lines (JEG3, HTR8/SVneo, Bewo, JAR [10])
are commonly used in in vitro models to study the early implantation process [10–12],
trophoblast invasion [10], and embryo–maternal interactions [13]. However, though stud-
ies with 3D systems as a model for implantation and embryo–maternal interactions are
increasing, standard spheroid formation protocols and systematic studies focusing on the
formation and long-term preservation of spheroids are limited. While existing protocols for
spheroid cryopreservation often rely on specialized cryoprotective agents [14–17], simple
freezing approaches that could enable long-term storage, experimental reproducibility and
logistical flexibility, remain largely unexplored. To the best of our knowledge, no previous
study has reported the successful long-term freezing of trophoblast or stromal cell-derived
spheroids using a simple freezing medium.

In this study, we aimed to investigate the impact of parameters such as cell concentra-
tion and MC supplementation on spheroid formation using a human endometrial stromal
cell line (tHESC) and an immortalized decidual stromal cell line (St-T1b), as well as a
first trimester extravillous trophoblast cell line (HRT8) and JEG3 choriocarcinoma cells
derived from placental trophoblast. To better resemble the in vivo environment, we ex-
plored the spheroid-forming potential of decidualized tHESC (D-tHESC) cells for the first
time. Decidualization is the functional differentiation of ES cells, that allows a competent
embryo to implant into the uterus and thus serves also as a natural biomarker for successful
implantation [18]. Decidualized stromal cells have been widely used in 2D monolayer
cultures [19,20] for trophoblast invasion studies, whereas the formation of 3D spheroids
from decidualized stromal cells as an in vitro model of the maternal endometrium, which
more closely mimics the in vivo situation [21], has not been well characterized. Conditions
such as cell concentration and MC content were investigated in the spheroid formation of
D-tHESC cells. Following spheroid formation, we investigated the feasibility of using a
simple and widely used freezing protocol to store spheroids and to subsequently assess
their viability and morphology post-thawing. Taken together, these findings provide a
comprehensive framework for generating and preserving viable spheroids from cell lines
commonly used in implantation and pregnancy studies.

2. Materials and Methods
2.1. Cell Lines and Culture Conditions

Four human cell lines were utilized for spheroid formation: two endometrial stro-
mal (ES) cell lines, namely tHESC (ATCC® CRL-4003™, Manassas, VA, USA) and the
immortalized human endometrial cell line St-T1b, derived from first trimester decid-
ual tissue (a generous gift from Professor Brosens, University of Warwick, Coventry,
UK [22]). Two trophoblast cell lines, JEG3 (ATCC® HTB-36™, [23]), and HTR8/SVneo cells
(ATCC® CRL3271™, [24]), were used. The tHESC, St-T1b and HTR8/SVneo cells were
cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 7.5% fetal
bovine serum (FBS), 1% penicillin-streptomycin (P/S), 100 mM sodium pyruvate, 7.5%
sodium bicarbonate, 0.1% gentamycin (all from Biowest, Nuaille, France), and 0.04% insulin
(Sigma-Aldrich/Merck, Darmstadt, Germany). JEG3 cells were maintained in Ham’s F12
medium (Biowest, Nuaille, France) supplemented with 10% FBS and 1% P/S.
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Endometrial cells were cultured in standard 100 mm cell culture dishes (Greiner Bio-
One GmbH, Frickenhausen, Germany) and trophoblast cells were cultured in T75 cell
culture flasks (CellStar®—Greiner Bio-One GmbH, Frickenhausen, Germany) at 37 ◦C
in a humidified atmosphere containing 5% CO2 (Binder GmbH, Tuttlingen, Germany).
The culture medium was refreshed every 48 h and cells were passaged upon reaching
approximately 80% confluence. For passaging, stromal and trophoblast cells were detached
using 0.05% trypsin/EDTA (Biowest, Nuaille, France) prior to further experimental use.

2.2. Decidualization of Endometrial Stromal Cells—St-T1b and tHESC

Once the endometrial cells reached approximately 80% confluence, they were incu-
bated with decidualization media as previously described [25]. Briefly, 0.5 mM 8-Br-cAMP
(Biolog, Bremen, Germany) and 1 µm MPA (Sigma-Aldrich/Merck, Darmstadt, Germany)
were added to DMEM medium (Biowest, Nuaille, France). This treatment was applied
on days 1, 4, and continued up to day 7. Supernatants were collected on day 1 (pre-
decidualization, negative control), day 4, and day 7, and analyzed for prolactin using
an enzyme-linked immunosorbent assay (PRL-ELISA, R&D Systems, Minneapolis, MN,
USA) following the manufacturer’s instructions. Absorbance was measured at 450 nm
using a microplate reader (Infinite F50, Tecan Trading AG, Männerdorf, Switzerland), and
concentrations were calculated from a prolactin standard curve.

2.3. Spheroid Formation by the Hanging Drop Model

Spheroid formation was first optimized using tHESC and JEG3, investigating
the spheroid development capacity by applying different cell concentrations, namely
20,000 cells/drop (higher) and 2000 cells/drop (lower), along with and without MC sup-
plementation. Once the ideal conditions were established, the same protocol was extended
to the St-T1b and HTR8/SVneo to evaluate its reproducibility across other physiologically
relevant cell types.

Cell concentration in the suspension was determined using a hemocytometer (Labtech,
Rotherham, UK). A 1.2% of MC stock solution (Sigma-Aldrich/Merck, Darmstadt, Ger-
many) was prepared in the appropriate medium for each cell line [26]. The cell pellet was
resuspended in a calculated volume of medium containing 25% of MC in order to prevent
monolayer formation and promote a stable 3D spheroid development. The stromal cell
lines t-HESC (both decidualized and non-decidualized) and JEG3 cells were tested with
two different concentrations ranging from a lower (2000 cells/drop) to a higher cell count
(20,000 cells/drop) and with/without MC using the hanging drop model. Spheroids were
generated by dispensing 30 µL drops of the cell suspension to the lid of the 100 mm cell
culture dish (Greiner Bio-One GmbH, Frickenhausen, Germany). The lid was carefully
inverted over a phosphate-buffered saline (PBS; Biowest, Nuaille, France) filled base to
maintain humidity and incubated at 37 ◦C with 5% CO2 for 48 h. The D-tHESC spheroids
were prepared in the same way but cultured in the hanging drop model for 72 h with an
additional vigorous vortexing step prior to cell counting and seeding for the hanging drop
model. This additional vortexing step was performed to minimize cell aggregation, as
decidualized cells tend to form adherent sheet-like layers in suspension due to phenotypic
and morphological changes associated with decidualization. Vortexing helped disrupt
these layers and promote a more uniform single-cell distribution. Notably, even after vor-
texing, D-tHESC cells rapidly re-formed adherent layers; therefore, only the homogeneous
liquid phase of the suspension, excluding visible cell layers, was carefully collected for cell
counting and subsequent drop formation.

Finally, the following concentrations were used for the spheroid formation:
20,000 cells/drop for the endometrial stromal cell lines ST-T1b, tHESC, and D-tHESC,
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and 2000 cells/drop for trophoblast cells JEG3 and HTR8/SVneo. The spheroids were
monitored to assess morphology and compactness using inverted microscopy under
10× magnification (Leica microsystems, Wetzlar, Germany). Spheroid diameter measure-
ments were obtained from independent biological replicates. Within each replicate, all
generated spheroids were included in the analysis, and the reported sample sizes represent
the total number of spheroids pooled across replicates. Diameters of individual spheroids
were quantified using ImageJ 1.54g as well as with Leica Application Suite V4.8.

2.4. Freezing and Thawing of Spheroids

The spheroids formed were frozen for future applications in a medium consisting
of the respective culture medium based on the cell type (80%), FBS (10%), and dimethyl
sulfoxide (DMSO, 10%). Approximately 10 spheroids were collected per 1.5 mL Eppendorf
tube, suspended in 1 mL of freezing medium, and stored at −80 ◦C for further use. For
thawing, the tubes with frozen spheroids were placed in a water bath (~37 ◦C) for 2 min.
Once thawed completely, supernatant was removed and spheroids were collected using a
pipette tip and placed as a drop on the lid of a culture dish. In total, 50 µL PBS was used
for washing the spheroid to remove the residual freezing medium before proceeding with
the post-thaw morphology and viability assessment.

2.5. Viability of Frozen Spheroids

The thawed and washed spheroids were tested for their viability with the Calcein-
AM staining [27]. The spheroids were then transferred into 96-well microplates (Thermo
ScientificTM, Rheinfelden, Germany), with each well containing 50 µL of PBS to prevent
dehydration. For the viability assessment, 1 µL Calcein-AM stock solution (4 mM diluted
in 100 mL DMSO, Millipore GmbH, Rockville-MD, USA) was diluted further in 1 mL DPBS.
A total of 100 µL of this prepared staining solution was added to each well. The plate was
then incubated at 37 ◦C for 30 min. Following incubation, spheroids were visualized using
inverted green fluorescence microscopy (Leica microsystems, Wetzlar, Germany) with a
fluorescein isothiocyanate (FITC) filter, (excitation 480/40 nm, emission 527/30 nm, Leica
microsystems) under 10× magnification indicating the viability of the spheroids.

3. Results
3.1. Validation of Spheroid Formation Using Different Cell Lines

In order to establish reproducible 3D culture conditions, we initially optimized the
spheroid formation by testing key parameters such as cell concentration and the impact
of MC using cell lines widely studied in reproduction: tHESC (both decidualized and
non-decidualized) and the trophoblast-derived JEG3 cells, using the hanging drop method.
Spheroid formation was investigated under different cell concentrations and with/without
MC (n = 5). The MC significantly promoted the formation and the maintenance of the
integrity of the 3D structure in both cell types and in both cell concentrations (Figure 1).
In the higher cell concentration (20,000 cells/drop) with MC (Figure 1A,E,I), all cell lines
(JEG-3, tHESC and D-tHESC) formed large and cohesive spheroids with smooth and well-
defined edges, whereas without MC (Figure 1B,F,J), all cell lines formed loose aggregates or
monolayer-like clusters. A comparable pattern was observed in all cell lines at the lower
cell concentration (2000 cells/drop); with MC (Figure 1C,G,K), smaller yet well-structured
spheroids were formed, whereas in the absence of MC (Figure 1D,H,L), non-spherical
aggregates were observed.
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Figure 1. Validation of spheroid formation by JEG3, tHESC, and D-tHESC under varying condi-
tions of cell concentration and with and without MC, observed using inverted microscopy (10×).
(A) JEG3, 20,000 cells/drop with MC; (B) JEG3, 20,000 cells/drop without MC; (C) JEG3,
2000 cells/drop with MC; (D) JEG3, 2000 cells/drop without MC; (E) tHESC, 20,000 cells/drop
with MC; (F) tHESC, 20,000 cells/drop without MC; (G) tHESC, 2000 cells/drop with MC; (H) tHESC,
2000 cells/drop without MC; (I) D-tHESC, 20,000 cells/drop with MC; (J) D-tHESC, 20,000 cells/drop
without MC; (K) D-tHESC, 2000 cells/drop with MC; (L) D-tHESC, 2000 cells/drop without MC.

Based on the reproducible results (n = 25 spheroids), conditions with MC were the
most effective regardless of the cell concentration tested. The trophoblast cells were highly
proliferative and loosely cohesive. Therefore, it was decided to consider lower cell concen-
trations for JEG3 (Figure 1) (2000 cells/drop) to ensure structural integrity and to prevent
overcrowding. In contrast, stromal cells (decidualized and non-decidualized) (Figure 1)
only formed stable spheroids at higher concentrations (20,000 cells/drop). To evaluate the
transferability, the discovered optimized conditions were tested with the additional cell
lines (Figure 2), StT1b (endometrial) and HTR8/SVneo (trophoblast).

Figure 2. Spheroid formation of St-T1b and HTR8/SVneo cell lines under optimized condi-
tions, visualized under inverted microscopy (10×). (A–C) St-T1b, 20,000 cells/drop with MC;
(D–F) HTR8/SVneo, 2000 cells/drop with MC.

The diameter data of all cell lines are presented as a descriptive analysis to illustrate
spheroid size variability across experiments. D-tHESC spheroids with a cell concentration
of 20,000 cells/drop with MC revealed an average diameter of 530 ± 80.81 µm (n = 30).
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Similarly, spheroids from tHESC and St-T1b (20,000 cells/drop) with MC had an average
diameter of 572.42 ± 77.09 µm (n = 50), and 558.99 ± 52.80 µm (n = 52), respectively. The
diameters of the trophoblast spheroids with the cell concentration of 2000 cells/drop with
MC were 324.39 ± 24.63 µm (n = 50) for HTR8/SVneo cells, and 338.46 ± 30.25 µm (n = 50)
for JEG-3 cells.

The experiments showed that both the cell lines St-T1b (20,000 cell/drop with MC)
and HTR8/SVneo (2000 cells/drop with MC) (Figure 2) formed compact, well-defined, and
uniform spheroids similar to tHESC and JEG3 spheroids under the established conditions.
Spheroid formation was observed in all seeded drops (100% efficiency) under the optimized
conditions, irrespective of the cell type tested (tHESC, JEG3, St-T1b, and HTR8/SVneo).

A temporal dynamics study was applied across all cell lines (Figure 3A,B). At the time
point 0 h, the cells were dispersed within the hanging drop, followed by the formation
of aggregates in all cell lines by 8 h. The aggregation of HTR8/SVneo cells was less
pronounced compared to the other cell lines. By 24 h, aggregated cells began to compact.
However, spheroids of St-T1b, t-HESC, and D-tHESC cells still appeared irregular and
distorted in shape, whereas JEG3 spheroids looked crowded, and HTR8/SVneo cells
showed tightly packed structures. By 32 h, the spheroids of the different cell lines, except
D-tHESC, achieved a rounded and well-defined morphology, which stabilized further into
compact spheroids by 48 h (Figure 3A). D-tHESC required a longer culture period and
reached a compact morphology by 72 h (Figure 3B).

(A) 

 
(B) 

Figure 3. (A) Temporal analysis of spheroid formation of trophoblast and ES cell lines. Spheroids
formed using the hanging drop model at different time points (0 h, 8 h, 24 h, 32 h, and 48 h) observed
in inversion microscopy under 4× (0 h) and 10× (8–48 h). (B) Time-dependent analysis of spheroid
formation of D-tHESC cells (20,000 cells/drop) using the hanging drop model. Inverted microscope
magnification of 4× (0 h) and 10× (8–72 h).
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3.2. Freezing of Spheroids

Spheroids of all tested cell lines (non-decidualized tHESC, JEG3, St-T1b, and
HTR8/SVneo) were frozen using conventional freezing medium. They stayed frozen
for 11 months to determine whether their viability and morphology could be maintained.
The thawing process was performed as mentioned above (see Section 2.5) and spheroids
were examined for viability and structural integrity. Furthermore, extended observations
indicated that these spheroids maintained functional viability for up to 72 h post-thaw.

Spheroids from all cell lines (n = 20 spheroids per cell line) were evaluated after
thawing using inverted microscopy (Figure 4). Furthermore, Calcein-AM staining analyzed
by inverted microscopy (Figure 5) revealed a high post-thaw viability of spheroids.

Figure 4. Morphology of spheroids from different cell lines (THESC, St-T1b, JEG3, and HTR8/SVneo)
immediately after thawing, observed under inverted microscopy (10×).

 

Figure 5. Viability assessment of spheroids using Calcein staining observed under inverted green
fluorescence microscopy (10×).
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4. Discussion
In this study, we validated and established an optimized protocol for spheroid forma-

tion using the hanging drop model with commonly used cell lines in the field of reproduc-
tive biology. For this, two endometrial cell lines: tHESC (decidualized and un-decidualized)
and St-T1b; and two trophoblast cell lines: HTR8/SVneo and JEG3 were analyzed with
regard to establishing the optimal culture conditions for spheroid formation on the one
hand, and to the freezing of spheroids enabling long-term storage and maintaining viability
on the other hand.

The supplementation of MC in the culture system markedly improved the formation of
stable and well-defined spheroids which was observed in all biological replicates of all four
different cell lines. This is consistent with previous research emphasizing that MC, an inert
and biocompatible additive, enhances cell aggregation and spheroid formation by increasing
the viscosity of the culture medium and thereby supporting the stable 3D structures [27]. This
additive reduces the mono-layering of cells and so supports the formation of uniform, tightly
packed spheroids, essential for reproducible and physiologically relevant 3D models. We have
optimized the cell concentration for each cell type based on its proliferation characteristics.
The stromal cell line tHESC exhibited a modest proliferation rate and stronger adhesive
properties, forming tightly packed spheroids at higher cell concentrations (20,000 cells/drop).
In contrast, the highly progressive trophoblast cells formed compact spheroids at lower
concentrations (2000 cells/drop) [28,29]. These conditions, which were optimized with
tHESC and JEG3 cells, were subsequently applied to the St-T1b and HTR8/SVneo cell lines.
The temporal analysis showed that spheroid formation began within 8 h of seeding. Over
the next 24 h, these cell aggregates progressively compacted into a well-structured spheroid,
reaching its morphological stability by 48 h. It was demonstrated that the presence of MC
played a crucial role in facilitating faster aggregation and maintaining the integrity of the
spheroids. Spheroid formation is observed in all seeded drops for all cell lines, corresponding
to a 100% formation efficiency under optimized conditions. In comparison, a previous
study [30] reported ~100% efficiency for HTR8/SVneo cells but only ~50% efficiency for
JEG3 cells using the inverted hanging drop system. These differences likely reflect variations
in seeding density, methyl cellulose supplementation, and culture conditions. Our optimized
protocol produces structurally stable and reproducible spheroids suitable for downstream
assays. Notably, HTR8/SVneo cells were easier to handle than JEG3 cells, consistent with
general observations of their aggregation behavior. To place the optimized hanging drop
methyl cellulose approach in the broader context of currently available 3D spheroid culture
systems, we compared key methodological and practical aspects of our model with other
commonly used spheroid formation platforms, as summarized in Table 1.

Table 1. Comparison of spheroid formation methods. This table compares our hanging drop method
with methyl cellulose (MC) and commonly used 3D spheroid formation approaches across key
features such as cost, uniformity, ease of setup, scaffold requirement, scalability, and monitoring.

Feature/
Aspect

Our Study—Hanging Drop Model with
Methyl Cellulose (MC)

Existing 3D Spheroid Formation
Approaches

Cost
Low—The hanging drop method requires
minimal equipment and commonly available
reagents, making it cost-effective [31].

Variable—Methods such as spinner flasks,
microfluidic platforms, and automated
systems often require specialized equipment
and higher initial investment [32].

Uniformity of spheroid size
High—Spheroid size and compactness can be
effectively controlled by optimizing cell
density and with MC.

Ultra-low attachment plates may show
difficulty in forming compact spheroids for
certain cell lines; spinner flasks, rotating wall
vessels, and micropatterned plates can result
in size heterogeneity unless conditions are
carefully optimized [33].
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Table 1. Cont.

Feature/
Aspect

Our Study—Hanging Drop Model with
Methyl Cellulose (MC)

Existing 3D Spheroid Formation
Approaches

Ease of setup/simplicity Simple workflow—Easy to establish without
specialized devices or complex procedures.

Some approaches, including microfluidic
systems and bioreactors, require complex
fabrication, assembly, or operational expertise
[32].

Requirement for matrix/scaffold

Spheroid formation is achieved under
scaffold-free conditions using the hanging
drop method. Methyl cellulose is used solely
as a viscosity-enhancing supportive additive
to promote cell aggregation and spheroid
stability, without providing extracellular
matrix or structural support.

Several widely used 3D culture methods rely
on solid scaffolds or ECM-based matrices,
including Matrigel-embedded cultures,
collagen or fibrin hydrogels, alginate- or
PEG-based hydrogels, and ECM-coated
microcarrier systems, which provide physical
structure and biochemical cues that may
influence cell behavior [34].

Scalability
Moderate—Suitable for generating small to
medium numbers of spheroids; manual
handling limits large-scale production [31].

Automated or high-throughput platforms such
as ultra-low attachment plates and spinner
flasks enable large-scale spheroid production
and higher throughput [33].

Monitoring/real-time observation

Easy—Spheroid formation and morphological
changes can be directly monitored in hanging
drops using standard light microscopy
without disturbing the culture.

Scaffold-based or matrix-embedded systems
can limit direct optical observation due to
matrix density and diffusion constraints, often
requiring specialized imaging approaches (e.g.,
confocal or light-sheet microscopy) or
endpoint analyses [35].

Medium exchange/experimental
manipulation

Medium exchange is more challenging; the
small droplet volume requires careful handling
and may disrupt spheroid integrity [36].

Ultra-low attachment plates and well-based
systems facilitate easier medium exchange,
compound addition, and repeated treatments
[33].

Decidualization plays a major role in successful implantation and pregnancy mainte-
nance. In vitro decidualization of human endometrial stromal cells is commonly validated
by prolactin secretion, which represents a robust functional marker of decidual differen-
tiation. Although IGFBP-1 is frequently assessed in parallel, several recent studies have
demonstrated that quantification of prolactin alone is sufficient to confirm decidualization
in hormone-stimulated stromal cultures [37–39]. Therefore, under the controlled experi-
mental conditions used in this study, prolactin secretion was considered an appropriate
and accepted marker of decidualization. It changes the morphology and functionality of
ES cells including reduced proliferation and enhanced adhesive properties [40]. Notably,
this is the first report demonstrating successful generation of spheroids from D-tHESCs.
Compared to non-decidualized tHESCs, D-tHESCs exhibited stronger cell–cell adhesion
and enhanced extracellular matrix production, which limited complete dissociation and
influenced aggregation dynamics. These decidualization-associated phenotypic changes
likely contributed to the extended spheroid formation period, with D-tHESCs requiring
72 h to form compact spheroids compared to 48 h for non-decidualized cells. The establish-
ment of D-tHESC spheroids offers a novel and highly needed platform to study decidual
remodeling and embryo–maternal communication.

Spheroid formation progresses through different stages such as cell aggregation, com-
paction, and growth [41], with morphology and temporal differences driven by specific
cell adhesion properties and cytoskeletal dynamics. Using the hanging drop model, all
cell types investigated in this study aggregated within 8 h; however, their kinetics of com-
paction and stabilization varied. HTR8/SVneo trophoblast cells displayed less aggregation
compared to JEG3, which aligns with a previous study mentioning that HTR8/SVneo form
stable and compact spheroids, whereas JEG3 cells often form irregular and loose aggre-
gates [30]. Even though the spheroids of D-tHESC, tHESC and St-T1b showed undefined
structures at 24 h, they gradually developed to a very well-defined and compact structure
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by 48 h for tHESC and St-T1b and 72 h for D-tHESC. This delayed compaction is consistent
with previous observations in stromal spheroid models where extracellular matrix (ECM)
remodeling occurs more slowly and is associated with coordinated collagen reorganiza-
tion [42]. Trophoblast and epithelial-like cell lines typically form spheroids faster compared
to stromal cell lines because the cells have stronger cadherin-mediated adhesion and more
robust cytoskeletal contractility, resulting in rapid aggregation and compaction [19]. This
variability in compaction efficiencies across different cell types is well known and reflects
intrinsic differences in adhesion strength, contractility, and ECM interaction profiles [43].
Based on our observations, we speculate that the 72 h spheroid formation in D-tHESCs
versus 48 h in non-decidualized t-HESCs is due to the shift toward ECM remodeling
associated with decidualization [44], along with decreased actomyosin contractility and
altered integrin/cadherin expression [45]. Additionally, compared to non-decidualized
stromal cells, decidual cells modify their pericellular matrix and reorganize collagens I, III,
IV and VI more extensively which may further contribute to slower spheroid formation [46].
Furthermore, decidualization has been reported to reduce Rho/ROCK signaling and stro-
mal cell contractility, resulting in mechanically softer cytoskeletons that could potentially
slower the compaction of spheroids [47]. Collectively, these considerations support our
hypothesis that variations in ECM remodeling kinetics, cytoskeletal tension, and cell–cell
adhesion may contribute to the slower temporal dynamics of D-tHESC spheroid formation.
It emphasizes the importance of defining cell type-specific culture durations for spheroid
formation to avoid any misinterpretation in functional assays.

Studies regarding freezing/thawing of spheroids from reproductive tissue cell lines
remain limited. As the application of 3D models in reproductive research is in high demand
to elucidate and mimic the in vivo environment, establishing reliable storage methods
for these structures is essential. Our study highlights the protocol of long-term storage
of 3D spheroids using a standard conventional freezing medium and storage at −80 ◦C.
This method was tested across four different cell lines. The frozen spheroids thawed after
11 months of storage retained their viability and structural integrity. A previous study
reported a cryopreservation protocol [48] on mesenchymal stromal cell spheroids which
involved procedures using controlled-rate freezing and storage in liquid nitrogen (−196 ◦C)
or at −80 ◦C followed by immersion in liquid nitrogen, whereas our approach provides
a simpler and more flexible freezing method that supports flexibility in the experimental
setup. Similarly, another study [49] on mesenchymal stromal cell spheroids stated that
freezing with DMSO and 5% FBS maintained stemness and viability; however, they only
tested storage after 1 week. Our results extend these findings by showing that spheroids
remain viable and functional even after longer storage periods of several months.

Moreover, it is suggested in a few articles that extracellular cryoprotectants such as
trehalose, starch derivative or serum proteins play a major role in maintaining post-thaw
viability especially in tumor spheroids stored in a culture medium along with cryoprotec-
tive agents [15]. Another study investigated alternative cryoprotective formulations by
introducing carbohydrate-based macromolecular crowders like Polydextrose III, alternative
to FBS which exhibited consistent post-thaw results such as structural stability and viabil-
ity [16]. However, our standard and simple freezing method offers comparable post-thaw
results and proved effective for our reproductive cell models.

Our findings emphasize that a standard and conventional freezing method provides
a simple and reproducible way to store spheroids in the long term. Spheroids frozen up
to 11 months maintained sufficient viability for experimental applications. This validates
the robustness of the freezing method allowing very flexible experimental planning, while
facilitating downstream functional assays and minimizing the need for frequent spheroid
formation. This finding could support their use in long-term studies and reproducible
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experiments. It depicts that the spheroid structure remained intact, with minimal disruption
to their 3D structure.

Importantly, our optimized spheroid model provides a physiologically relevant 3D
platform for studying early pregnancy processes, including embryo–endometrial inter-
actions [3], trophoblast adhesion [50], invasion, and paracrine signaling [51]. By bet-
ter mimicking in vivo cell–cell and microenvironment interactions than conventional 2D
cultures [52], these spheroids enable more meaningful functional and mechanistic stud-
ies. Additionally, the demonstrated feasibility of long-term freezing enhances experi-
mental reproducibility, making this model adaptable for downstream applications in
reproductive biology.

5. Conclusions
Spheroid formation was systematically optimized for various stromal and trophoblast

cell lines by testing key parameters such as cell concentration and MC supplementation.
The resulting spheroids exhibited well-defined morphology, structural integrity, and via-
bility, thus enabling their use for downstream applications. Furthermore, an approach to
freeze and store spheroids in the long-term using the conventional medium was established,
showing a well-maintained viability and cellular architecture of post-thaw spheroids. This
work provides a baseline foundation for forming and preserving spheroids without sub-
stantial loss of functionality. Beyond the application in the scope of trophoblast–stromal
research, the principle outlined here can be adapted for other 3D multicellular models
in broader fields, e.g., in toxicology, developmental biology, and translational research.
Future work will include these optimized spheroids into dynamic co-culture and confronta-
tion models for invasion and response treatment studies and paves a pathway for more
physiologically relevant, flexible, and reproductive models in reproductive research.

6. Reagents Setup
The prepared methyl cellulose stock solution can be stored for up to 3 months at 4 ◦C.
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