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Hybrid Endometrial-Derived Hydrogels: Human Organoid
Culture Models and In Vivo Perspectives
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The endometrium plays a vital role in fertility, providing a receptive
environment for embryo implantation and development. Understanding the
endometrial physiology is essential for developing new strategies to improve
reproductive healthcare. Human endometrial organoids (hEOs) are emerging
as powerful models for translational research and personalized medicine.
However, most hEOs are cultured in a 3D microenvironment that significantly
differs from the human endometrium, limiting their applicability in
bioengineering. This study presents a hybrid endometrial-derived hydrogel
that combines the rigidity of PuraMatrix (PM) with the natural scaffold
components and interactions of a porcine decellularized endometrial
extracellular matrix (EndoECM) hydrogel. This hydrogel provides outstanding
support for hEO culture, enhances hEO differentiation efficiency due to its
biochemical similarity with the native tissue, exhibits superior in vivo stability,
and demonstrates xenogeneic biocompatibility in mice over a 2-week period.
Taken together, these attributes position this hybrid endometrial-derived
hydrogel as a promising biomaterial for regenerative treatments in
reproductive medicine.

M. Gómez-Álvarez, C. Bueno-Fernandez, A. Rodríguez-Eguren,
E. Francés-Herrero, M. Agustina-Hernández, A. Faus, H. Ferrero,
I. Cervelló
IVIRMA Global Research Alliance
IVI Foundation
Instituto de Investigación Sanitaria La Fe (IIS La Fe)
Valencia 46026, Spain
E-mail: hortensia.ferrero@ivirma.com; irene_cervello@iislafe.es
C. Bueno-Fernandez, E. Francés-Herrero
Universitat de València
Department of Pediatrics
Obstetrics and Gynaecology
Valencia 46010, Spain

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adhm.202303838

© 2023 The Authors. Advanced Healthcare Materials published by
Wiley-VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution-NonCommercial-NoDerivs License,
which permits use and distribution in any medium, provided the original
work is properly cited, the use is non-commercial and no modifications
or adaptations are made.

DOI: 10.1002/adhm.202303838

1. Introduction

The human endometrium, a specialized
and highly regenerative tissue lining
the uterus, undergoes cyclic changes in
response to hormonal fluctuations dur-
ing each menstrual cycle.[1] Comprising
the functional and basal layers, the en-
dometrium plays a vital role in fertility
by providing a receptive environment for
embryo implantation. Estrogen and pro-
gesterone regulate endometrial structure
and function, orchestrating angiogenesis,
decidualization, and immune modulation,
among other events.[2] As disruptions or
alterations in this tissue can lead to re-
productive disorders including infertility
or pregnancy complications, a healthy
endometrium is crucial for achieving and
maintaining pregnancy.[1] Understanding
and mimicking the complex physiology
and molecular mechanisms underlying
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endometrial function will be essential for managing and per-
sonalizing reproductive healthcare. Various animal models, in-
cluding murine models of Asherman’s Syndrome,[3-5] have been
created to investigate and develop innovative therapeutic ap-
proaches for endometrial pathologies. However, these models
do not imitate the full complexity of the native human en-
dometrial milieu. To meet the urgent need for advanced cell-
based bioengineering strategies, hEOs have emerged as pow-
erful tools for studying the endometrium and associated re-
productive disorders.[6] Organoids are 3D cell-based models
that mimic the structure and function of their correspond-
ing in vivo tissue.[7,8] In particular, hEOs can reliably repro-
duce multiple phenotypes of the native human endometrium,
providing opportunities for personalized medicine and explor-
ing various aspects of its pathophysiology, including alterations
to hormone regulation, response to environmental cues, dif-
ferentiation to secretory and gestational states, and embryo
implantation.[9,10]

Another key feature of organoids is their capacity for
3D growth in distinct biomaterials, including synthetic
matrices,[11,12] natural hydrogels,[13,14] or a combination of both
(i.e., hybrid hydrogels).[13,15,16] The most popular natural hydro-
gel to culture hEOs is Matrigel (Corning Matrigel Matrix), derived
from the basement membrane of the extracellular matrix (ECM)
extracted from mouse sarcoma tumors. However, Matrigel has
several disadvantages due to its tumorigenic origin, commercial
batch-to-batch variations, high cost, and risks for translation into
clinical practice, in addition to limited stiffness and poor rhe-
ological properties.[17] Alternatively, natural hydrogels derived
from decellularized tissues and organs provide niche-specific
microenvironments by preserving inherent molecules such
as growth factors, bioactive peptides and proteins,[18] but also
have limited stiffness and poor rheological properties.[19] Hy-
brid hydrogels overcome the physical limitations of natural
matrices [7] by balancing the tissue-specific properties of natural
hydrogels with the custom-engineered profiles of synthetic
hydrogels.[20]

Hybrid hydrogels generally comprise synthetic and natural
hydrogel components in a well-balanced ratio.[20] Multiple bio-
engineering studies employed RADA16, commercialized as PM
(Corning), as the synthetic component.[21,22] The PM peptide
hydrogels consist of 1% standard amino acids – arginine (R),
alanine (A), and aspartic acid (D) – and 99% water. Under
physiological conditions, the peptides self-assemble into a hy-
drogel with a nanometer-scale fibrous structure.[23] PM appli-
cations not only include in vitro spheroid cultures,[24,25] but
also in vivo treatments for hemostasis in cardiovascular, gas-
trointestinal, and otorhinolaryngological surgical procedures in
humans.[26] Interestingly, the FDA approved a 2.5% RADA16
formulation for clinical use in 2019,[27] positioning PM-based
hydrogels as an attractive biomaterial for translational studies.
Regarding the natural components of hybrid hydrogels, tissue-
specific ECM hydrogels are gaining traction due to their unique
biochemical composition and native biological properties.[28]

The ECM is a 3D network of macromolecules that provides
structural support for the cells while orchestrating cell signal-
ing, functions, and properties.[29] ECM hydrogels are derived

from decellularized organs or tissues, through enzymatic and/or
physical processes that remove cellular components while pre-
serving the integrity of the ECM.[30] Remarkably, decellular-
ization techniques generate tissue-specific and immunotoler-
ant biomaterials that can be used for a broad range of clini-
cal applications.[31] Decellularized tissues are then solubilized
and neutralized to create a pre-gel form that can be used in
vitro and in vivo.[31] ECM hydrogels are promising scaffolds
for regenerative medicine because they promote cell growth,
migration, function, differentiation, angiogenesis, antimicrobial
effects, niche responses, mechanical support, and chemotac-
tic effects.[29,32] Alternatively, synthetic hydrogels can be mass-
produced with precise control over the molecular weight, archi-
tecture, and microscopic morphology. Their mechanical prop-
erties can easily be tailored to improve the strength, stability,
and degradability for a given application.[33] The problem re-
mains that most synthetic components only function as pas-
sive support and do not promote active and tissular/organ spe-
cific cellular interactions. The addition of natural hydrogels over-
comes this limitation, not only by imitating the native milieu
but also by promoting biological activities, hierarchical organi-
zation, and structural integrity that uphold in vitro and in vivo
uses in tissue engineering.[34] Further, the natural protein scaf-
folding and bioactive factors induce a more realistic activation
of cellular responses, differentiation processes, and cell-triggered
remodeling.[18]

Natural ECM derived from decellularized endometrium
hydrogels significantly improved in vitro cell culture with the
ability to mimic the native milieu of the uterus.[35,36] EndoECM
hydrogels derived from different species, such as the pig,[35,37]

cow,[28] and human[28,38] have been characterized. In terms of
applications, porcine EndoECM hydrogels were supplemented
into hEO culture medium[39] while bovine and human EndoECM
hydrogels were successfully applied as 3D scaffolds.[28] However,
these studies presented undifferentiated hEO models and did
not evaluate the temporal behavior of EndoECM hydrogels in
vivo. Nevertheless, intrauterine porcine EndoECM hydrogel
treatment regenerated endometrial tissue and enhanced fertility
in animal models of uterine damage.[36] Taken together, these in
vitro and in vivo advances provide foundational studies for trans-
lating EndoECM-based therapies to patients with uterine-factor
infertility.

We present a hybrid endometrial-derived hydrogel that
combines PM and porcine EndoECM hydrogel (50:50), thor-
oughly characterized by rheology, scanning electron microscopy
(SEM), and proteomic analysis. We demonstrated the suit-
ability of this hybrid endometrial-derived hydrogel to sup-
port the 3D growth of hEOs by evaluating viability, morphol-
ogy, proliferation, and differentiation. To determine whether
the hybrid endometrial-derived hydrogel promoted the differ-
entiation of hEOs into the secretory and gestational phases,
we assessed SPP1 protein secretion and gene expression of
SPP1, PAEP, LIF, 17HSD𝛽2, and SOX9. Finally, we veri-
fied the biocompatibility and in vivo dynamics of the hybrid
endometrial-derived hydrogel in an immunocompetent murine
model, to provide evidence of its safety for future clinical
applications.
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2. Results

2.1. Characterization of Hybrid Endometrial-Derived Hydrogel

2.1.1. Rheological Similarities of the Hybrid Endometrial-Derived
Hydrogel Based on PM + EndoECM (50:50) and Native
Endometrial Tissue

To assess the mechanical properties of the samples, rheological
measurements were performed with a parallel-plate rheometer.
The storage modulus represents the elastic behavior of the ma-
terial when deformed (quantifying the recoverable energy in a
cycle), while the loss modulus reflects the viscous behavior of the
material when deformed (measuring the non-recoverable energy
in a cycle due to different dissipative processes). The temporal
evolution of the storage and loss modulus were obtained by sub-
jecting samples to a strain of 1% and a frequency of 1 Hz at phys-
iological temperature (37 °C). PM and PM + EndoECM hydrogel
(50:50) samples, denoted as the hybrid endometrial-derived hy-
drogel hereafter, exhibited higher storage and loss moduli com-
pared to the other hybrid hydrogel compositions, with values sim-
ilar to the native porcine endometrial tissue (Figure 1A). This in-
dicated superior viscoelasticity and stronger mechanical strength
than the other conditions, including Matrigel+ EndoECM hydro-
gel (50:50), PM + EndoECM hydrogel (25:75), EndoECM hydro-
gel, and Matrigel.

To determine whether these hydrogels have mechanical prop-
erties equivalent to porcine endometrial tissue, we examined the
storage modulus (strain = 1%; frequency = 1 Hz), the complex
viscosity (strain = 1%; frequency = 1 Hz) and the oscillation
stress (shear rate = 10 s−1) (Figure 1A). All samples exhibited
equivalent elastic behavior, as there were no statistical differences
in the storage modules between the PM hydrogel, the hybrid
endometrial-derived hydrogel, and the control tissue. Similarly,
regarding the complex viscosity, no difference was observed be-
tween the PM hydrogel, the hybrid endometrial-derived hydrogel,
and the native tissue. Therefore, the three samples had an equiv-
alent total resistance to flow when force is applied. Finally, the
oscillation stress tests indicated that the strength of the hydrogel
networks was equivalent to that of the porcine endometrial tissue.
Consequently, we confirm that both PM and hybrid endometrial-
derived hydrogel samples had mechanical properties reflecting
those of the native endometrium. These results corroborate the
notion that these two hydrogels may serve as a more natural and
supportive environment for both in vitro and in vivo applications.

2.1.2. Hybrid fiber Combinations Improve Physical and Cellular
Support

The ultrastructure of the EndoECM, PM, and hybrid
endometrial-derived hydrogels was assessed by SEM. The
EndoECM hydrogel showed intricate and homogeneous net-
works composed of collagen fibers, the principal components
of the ECM. The PM hydrogel was composed of a repetitive
sequence of RADA16 peptides, which self-assembled into a
𝛽-sheet nanometer-scale fibrous structure with irregularly sized
pores[40] (Figure 1B). The hybrid endometrial-derived hydro-
gel presented both collagen fibers and RADA16 peptides with
similar morphology and size to EndoECM hydrogel and PM

filaments, respectively. To confirm whether this correspondence
was fortuitous or not, fiber diameters were analyzed from
×50 000 magnification images and compared between groups
according to the type of fiber they presented (EndoECM hydrogel
versus hybrid endometrial-derived hydrogel; PM versus hybrid
endometrial-derived hydrogel). The average diameter of collagen
fibers was 88.40 ± 8.91 nm in the EndoECM hydrogel and
80.70 ± 6.60 nm in the hybrid endometrial-derived hydrogels.
Conversely, the average diameter of RADA16 peptides was
35.70 ± 3.90 nm in the PM and 33.70 ± 4.63 nm in the hybrid
endometrial-derived hydrogels. No significant differences be-
tween conditions were found, demonstrating that the addition of
PM did not perturb the morphology of the hybrid endometrial-
derived hydrogel. The presence of both types of components,
collagen fibers (from EndoECM hydrogel) and RADA16 peptides
(from PM), in the hybrid endometrial-derived hydrogel was
also corroborated. Interestingly, PM nanopeptides created a
3D structure that filled the “gaps” between the collagen fibers
in the EndoECM hydrogel, increasing the surface area of the
hybrid endometrial-derived hydrogel, and ultimately, its physical
support and cell adhesion, as observed in other studies.[41,42]

2.1.3. The Hybrid Endometrial-Derived Hydrogel Retains the Native,
Endometrial-Specific Matrisomal Profile

The matrisome is defined as the comprehensive ensemble of
ECM constituents and functions.[43] To evaluate if the addition of
PM affects the EndoECM hydrogel matrisome, we quantified the
peptides from the EndoECM (Table S1, Supporting Information)
and the hybrid endometrial-derived hydrogels (Table S2, Support-
ing Information) by liquid chromatography and tandem mass
spectrometry (LC-MS/MS). The hybrid endometrial-derived hy-
drogel samples were precipitated to separate the RADA16 pep-
tides corresponding to the PM and exclusively analyze the matri-
somal proteins of the EndoECM hydrogel. The LC-MS/MS anal-
ysis revealed 119 and 91 parent proteins in EndoECM and hybrid
endometrial-derived hydrogels, respectively. According to the in-
formation in the Matrisome database, these proteins were then
classified into core matrisome proteins (collagens, ECM glyco-
proteins, and proteoglycans) and matrisome-associated proteins
(ECM regulators, ECM affiliated proteins, and secreted factors).
Proteins that were not found in the Matrisome database but lo-
cated in the extracellular space were grouped into the “other com-
ponents” category (Figure 2A).

Most of the components of the EndoECM hydrogel were re-
tained in the hybrid endometrial-derived hydrogel (Figure 2A),
suggesting the presence of PM did not perturb the biochemi-
cal composition of the EndoECM hydrogel. Among the 33 com-
mon proteins between the two protein profiles, we identified
the most prominent structural components of the endometrial
ECM (collagen types I-III, V, VI, XIV, XXVIII), several glycopro-
teins (including dermatopontin, Von Willebrand factor, laminin,
and elastin), and other ECM-associated proteins (including an-
nexin, elastase, and protein S100) (Figure 2B,C). The six proteins
not maintained in the hybrid endometrial-derived hydrogel were
fibrinogen gamma chain (FGG), collagen type 4 alpha 1 and 2
(COL4A1, COL4A2), collagen type 5 alpha 3 (COL5A3), serpin
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Figure 1. Rheological analyses and scanning electron microscopy of hydrogels. A) Storage modulus (strain = 1%; frequency = 1 Hz), complex viscosity
(strain = 1%; frequency = 1 Hz) and oscillation stress (shear rate = 10 s−1) at 37 °C for EndoECM, Matrigel, PM, PM + EndoECM (50:50) hydrogels,
and other hybrid combinations [Matrigel + EndoECM (50:50), PM + EndoECM (25:75)]. The rheological properties of native porcine endometrial tissue
(control) at 37 °C are also represented. There were no statistically differences between the rheological properties of PM + EndoECM hydrogel (50:50)
and PM samples (black arrows) compared to those of porcine endometrial tissue. N = 3 technical replicates/group. ****p < 0.0001; ***p < 0.001;
**p < 0.01; *p < 0.05. Notably, PM + EndoECM hydrogel (50:50) was established as the best hybrid endometrial-derived hydrogel and was further
evaluated with subsequent analyses. B) Scanning electron microscopy images of EndoECM hydrogel, PM, and PM + EndoECM (50:50) hydrogel at 50.0 k
magnification. The diameter of the collagen fibers (white arrows) was compared in EndoECM and PM + EndoECM (50:50) hydrogels; the diameter of
the RADA16 peptides (red arrows) was compared in PM and PM + EndoECM (50:50) hydrogels. N = 3 technical replicates/group. Scale bars = 1 μm.

peptidase inhibitor clade B member 1 (SERPINB1), and S100 cal-
cium binding protein A9 (S100A9) (Figure 2B).

Collectively, the collagen fibers were the most enriched
matrisomal components [46.17% in the EndoECM hydrogel
(Figure 2A) and 44.30% in the hybrid endometrial-derived hy-

drogel (Figure 2B)], which is likely due to their essential me-
chanical and structural role in the ECM.[44] Similar proportions
of ECM glycoproteins were also observed (27.15% in the En-
doECM hydrogel and 21.18% in the hybrid endometrial-derived
hydrogel) but proteoglycans were absent in all samples. The

Adv. Healthcare Mater. 2023, 2303838 2303838 (4 of 19) © 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 2. Matrisomal protein profile in EndoECM and hybrid endometrial-derived hydrogels. A) The protein profiles for each condition (EndoECM and
hybrid endometrial-derived hydrogels), reflecting the proportion of core matrisome and matrisome-associated proteins. B) Venn diagram depicting the
relationships of the common matrisomal components in the EndoECM and hybrid endometrial-derived hydrogels. C) Molecular representation of the
complexity of the endometrial ECM, highlighting the common matrisomal proteins identified between the EndoECM and the hybrid endometrial-derived
hydrogels. Created with BioRender.com.

percentage of matrisome-associated proteins was slightly higher
in the hybrid endometrial-derived hydrogel (17.55%) compared
to the EndoECM hydrogel (10.30%). The “other components” cat-
egory represents multiple proteins (16.38% in the EndoECM hy-
drogel and 16.97% in the hybrid endometrial-derived hydrogel),
some of them related to ECM remodeling, like caveolin.[45] No
immunoactive molecules and major histocompatibility complex
antigens were found. Employing the aforementioned ECM pro-
teins in a functional enrichment analysis with the GO database
highlighted several biological processes and molecular functions
related to the ECM (Table S3, Supporting Information). Notably,
the analysis of the PM fraction from the hybrid endometrial-
derived hydrogel revealed the presence of 100% RADA16 pep-
tides (Table S2, Supporting Information), consistent with the bio-
chemical composition of the PM [99% water and 1% repeated se-

quences of three different amino acids: arginine (R), alanine (A),
and aspartate (D)].

Overall, these findings support that the hybrid endometrial-
derived hydrogel preserves the matrisomal profile of the native
endometrium, corroborating its native origin and contributing
to the maintenance of its specific functions.

2.1.4. Comparative Proteomic Analysis of Human, Bovine, and
Hybrid Endometrial-Derived Hydrogels: How Functionally Similar
are they to the Native Human Endometrium?

To assess how the protein composition of the hybrid endometrial-
derived hydrogel relates to those of previously described hydro-
gels, we compared the proteomic results with those from

Adv. Healthcare Mater. 2023, 2303838 2303838 (5 of 19) © 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 3. Proteomic comparison between the hybrid endometrial-derived hydrogel, the bovine EndoECM hydrogel, the human EndoECM hydrogel,
and the native human endometrium. A) (Above) Venn diagram highlighting the relationships of the proteins identified in the three hydrogels and the
native human endometrium. (Below) The significant biological processes, cellular components, and molecular functions shared between the hybrid
endometrial-derived hydrogel and the human native endometrium. B) Heatmap depicting the common (green) and different (red) biological processes
between the different hydrogels and the human native endometrium. Note: Proteomics data from the bovine EndoECM hydrogel,[28] human EndoECM
hydrogel,[38] and native human endometrium[38] were retrieved from previous publications by other research groups.

studies characterizing bovine[28] or human EndoECM
hydrogels[38] and the human native endometrium[38] (Figure
3A). Surprisingly, only the hybrid endometrial-derived hydrogel
shared two proteins with the human native tissue: annexin II
and laminin. Annexin II is essential for embryo adhesiveness to
the endometrial tissue[46] whereas laminin promotes endome-
trial epithelial remodeling and embryo implantation during the
menstrual cycle.[47] Neither the bovine nor human EndoECM
hydrogels had any proteins in common with the native human
endometrial tissue. Alternatively, the hybrid endometrial-derived
hydrogel shared 13 and 2 proteins with the bovine and human
EndoECM hydrogels, respectively. Interestingly, the human and
bovine EndoECM hydrogels did not have any common proteins.

We also showed the significantly enriched biological pro-
cesses, cellular components, and molecular functions shared be-

tween the hybrid endometrial-derived hydrogel and the human
native endometrium. To achieve this, a functional enrichment
analysis was conducted on the proteins present in each condi-
tion, followed by a comparison and representation of the most
significant common biological processes, cellular components,
and molecular functions (Figure 3A). The most significantly en-
riched biological processes included fiber organization, cell adhe-
sion and migration, and positive response to stimulus, which are
all essential for in vitro cell culture. As expected, the proteins were
mainly located in the ECM as part of the collagen, laminin, and
annexin complexes. Of note, the most relevant molecular func-
tions were related to structural molecule activity, cell adhesion
molecule binding, and signaling receptor binding. Remarkably,
comparison of the enriched biological processes between all hy-
drogels and with the human native endometrium revealed the
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Figure 3. Continued

hybrid endometrial-derived hydrogel shared the most biological
processes with the human native endometrial tissue (72 out of
363), followed by the bovine EndoECM (66 out of 363) and the
human EndoECM (8 out of 363) hydrogels (Figure 3B). These re-

sults distinguish the similarity between the hybrid endometrial-
derived hydrogel and the human native tissue, providing evi-
dence the hybrid endometrial-derived hydrogel is superior to
other reported hydrogels.
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2.2. Biological Applications of the Hybrid Endometrial-Derived
Hydrogel

2.2.1. Support in vitro Culture and 3D Development of hEOs

Rheological analyses revealed that PM and the hybrid
endometrial-derived hydrogels possessed mechanical prop-
erties resembling the native endometrial tissue, therefore we
evaluated their suitability for in vitro patient-derived organoid
culture. We cultured hEOs in Matrigel (n = 4) as previously
described.[6] After one passage, hEOs were collected and seeded
in a 96-well culture plate, utilizing either the hybrid endometrial-
derived or PM hydrogels (for the experimental conditions) or
Matrigel (control condition) as 3D support. After 7 days of
culture, there were no organoids in the PM hydrogel. However,
the hybrid endometrial-derived hydrogel was able to maintain
the formation, growth, and development of hEOs comparable to
Matrigel (Figure 4A). Under bright-field microscopy, the hybrid
endometrial-derived hydrogel appeared cloudier and the hEOs
cultured within it were darker in appearance when compared to
the Matrigel, which may be attributed to the PM consistency. The
LIVE/DEAD assay demonstrated there was >98% cell viability in
all samples, confirming excellent survival rates of hEOs cultured
in the hybrid endometrial-derived hydrogel. While hematoxylin
and eosin (H&E) staining of the hEOs revealed they had a similar
morphology in the hybrid endometrial-derived hydrogel and Ma-
trigel conditions, Ki67 immunohistochemistry showed a notable
increase in cell proliferation in the hybrid endometrial-derived
hydrogel. The epithelial origin of the hEOs was confirmed by
double immunofluorescence for E-cadherin and vimentin. The
strong expression of E-cadherin coupled with the absence of
vimentin indicated an enrichment of epithelial cells over stroma
in both the hybrid endometrial-derived hydrogel and Matrigel.[39]

Finally, the expression of laminin was observed in hEOs grown
in Matrigel and the hybrid endometrial-derived hydrogel. These
findings corroborate the essential role of laminin in organoid
development and differentiation, and support how it could
improve the organoid forming efficiency.[17]

2.2.2. Improving hEO Differentiation to Secretory and Gestational
Stages

Once the hEO culture was established in the hybrid endometrial-
derived hydrogel, we evaluated the ability of this biomaterial to
promote the differentiation of the hEOs. Following protocols pre-
viously established,[6] hEOs were first exposed to estradiol, pro-
gesterone, and cyclic adenosine monophosphate to promote the
transition to the secretory phase. Then, prolactin and placental
lactogen were added to mimic the early gestational stage. Culture
media and hEOs were collected for protein secretion and gene ex-
pression analyses, respectively.

We evaluated osteopontin (SPP1) secretion from the culture
media of hEOs by enzyme-linked immunosorbent assay (ELISA).
Under physiological conditions, SPP1 secretion increases in
the secretory and gestational endometrium to promote embryo
attachment and facilitate trophoblast invasion during embryo
implantation.[48] Surprisingly, we detected a significant amplifi-
cation of SPP1 in the culture media of gestational hEOs that were

grown in the hybrid endometrial-derived hydrogel (fold change
[FC] = 1.103 ± 0.03) compared to all other conditions (Figure 4B).

Next, we evaluated the changes in the gene expression of
SPP1, PAEP, LIF, 17HSD𝛽2, and SOX9 by quantitative real-
time PCR (qRT-PCR). These markers were selected based on
their roles in uterine function: LIF promotes embryo attach-
ment and trophoblast invasion,[49] PAEP modulates immune re-
sponses and is associated with better pregnancy outcomes,[50]

and 17HSD𝛽2 locally regulates steroid hormones to maintain
an endometrial environment that favors successful embryo im-
plantation and placental development.[51] We found a signifi-
cant upregulation of SPP1 (Figure 4C), PAEP (Figure 4D), LIF
(Figure 4E), and 17HSD𝛽2 (Figure 4F) in the secretory-stage
hEOs grown in hybrid endometrial-derived hydrogel versus Ma-
trigel (FC = 7.53 ± 1.79; FC = 242.5 ± 187.2; FC = 4.98 ± 2.43;
FC = 4.69 ± 1.03, respectively, p < 0.05). Undifferentiated
hEOs cultured in the hybrid endometrial-derived hydrogel also
overexpressed LIF and 17HSD𝛽2 (FC = 3.49 ± 0.83 and
FC = 27.60 ± 10.13, respectively) compared to the undifferen-
tiated hEOs cultured in Matrigel. During the gestational phase,
only 17HSD𝛽2 was significantly upregulated in hEOs grown
in the hybrid endometrial-derived hydrogel (FC = 7.29 ± 3.46,
p < 0.05) compared to the hEOs grown in Matrigel.

In line with the expression of these markers, we found lower
expression levels of SOX9 (Figure 4G) in secretory hEOs grown
in the hybrid endometrial-derived hydrogel (FC = 0.18 ± 0.06)
versus Matrigel. In the context of hEOs, SOX9 downregulation
during differentiation indicates the transition from a progenitor-
like state to specialized cell lineages with distinct functions.[52,53]

To further demonstrate how the hydrogels support hEO dif-
ferentiation, we also analyzed the differences in SPP1 secre-
tion and SPP1, PAEP, LIF, 17HSD𝛽2, and SOX9 gene expres-
sion between the differentiation stages (undifferentiated, secre-
tory, and gestational) within the Matrigel and hybrid endometrial-
derived hydrogel groups (Figure S1, Supporting Information).
In the hybrid endometrial-derived hydrogel condition, SPP1 se-
cretion of secretory and gestational hEOs was statistically higher
than undifferentiated hEOs. However, no statistically differences
between the SPP1 secretion of differentiated and undifferenti-
ated hEOs grown in Matrigel were found. Regarding gene ex-
pression, we observed higher expression of SPP1, PAEP, LIF,
and 17HSD𝛽2 in secretory and gestational hEOs compared to
undifferentiated hEOs in both conditions. Interestingly, SOX9
downregulation was only present in hEOs cultured in the hybrid
endometrial-derived hydrogel (Figure S1, Supporting Informa-
tion). Together, these findings confirmed the suitability of the hy-
brid endometrial-derived hydrogel to support and improve hEO
differentiation.

2.2.3. A Stable, Xenogeneic, and Immunotolerated Biomaterial for
In Vivo Use

The biocompatibility of the hybrid endometrial-derived hydro-
gel was assessed in vivo in an immunocompetent murine model
for 14 days. We subcutaneously injected non-decellularized en-
dometrial extracellular matrix hydrogel (Endo-NoDC), PM, and
the hybrid endometrial-derived hydrogel in female C57BL/6
mice (N = 30). We accounted for the absence of blood
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Figure 4. Hybrid endometrial-derived hydrogel supports the in vitro culture of undifferentiated hEOs and improves their differentiation to the secretory
and gestational phases. A) Representative images of hEOs cultured in the hybrid endometrial-derived hydrogel or Matrigel control captured during
(from left to right) bright-field microscopy (BF), LIVE/DEAD assay (L/D), double immunofluorescence for E-cadherin (E-CAD) (green) and vimentin
(VIM) (red), single immunofluorescence for laminin (LAM) (red), and immunostaining for Ki67 (Ki67). Scale bars = 50 μm. B) Quantification of SPP1
secretion into the culture media of undifferentiated and differentiated hEOs grown in both hydrogels, determined by ELISA. Relative gene expression of
C) SPP1, D) PAEP, E) LIF, F) 17HDS𝛽2, and G) SOX9 in hEOs cultured in Matrigel or hybrid endometrial-derived hydrogel conditions determined by
qRT-PCR analysis. Data are presented as the mean fold change from N = 4 biopsies (calculated with respect to the expression in the paired Matrigel
group) ± standard error of mean. *p < 0.05.
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Table 1. Hematological values obtained from the blood of female C57BL/6 mice treated with Endo-NoDC, PM, and hybrid endometrial-derived hydrogels.
Compilation of the proportion of neutrophils (NEUT), lymphocytes (LYMPH), monocytes (MONO), eosinophils (EOS), and basophils (BASO); the red
blood cell (RBC), and platelet (PLT) concentrations. Control female C57BL/6 values were obtained from Charles River’s Laboratory published data.[54]

Abnormally low values are highlighted in bold. Data are presented as mean ± standard deviation (SD). N = 30 mice (10 mice/condition).

NEUT LYMPH MONO EOS BASO RBC PLT

[%] [%] [%] [%] [%] [m μL−1] [K μL−1]

Control♀ C57BL/6 Mean 14 79.55 4.37 1.69 0.34 9.24 1167

95% interval Low 7.44 70.19 2.18 0.20 0.02 7.37 565

High 22.67 87.82 7.06 4.51 1.26 11.50 1849

Endo-NoDC Mean ± SD (Day 2) 20.30 ± 9.98 72.73 ± 9.44 3.27 ± 1.19 3.40 ± 1.51 0.30 ± 0.20 5.80 ± 3.48 143 ± 113.21

Mean ± SD (Day 7) 13.83 ± 2.63 81.00 ± 3.18 3.43 ± 0.31 1.47 ± 0.32 0.17 ± 0.06 6.84 ± 1.20 280 ± 389.20

Mean ± SD (Day 14) 13.45 ± 5.03 83.00 ± 5.48 2.18 ± 0.33 1.15 ± 0.41 0.23 ± 0.10 7.91 ± 0.34 481 ± 301.01

PM Mean ± SD (Day 2) 16.40 ± 6.20 78.20 ± 7.89 2.23 ± 0.31 2.83 ± 1.59 0.30 ± 0.06 8.01 ± 0.71 790 ± 163.65

Mean ± SD (Day 7) 13.43 ± 1.67 82.60 ± 3.27 1.87 ± 0.40 1.90 ± 1.55 0.20 ± 0.10 7.42 ± 0.36 348 ± 110.50

Mean ± SD (Day 14) 13.60 ± 3.09 82.13 ± 4.32 2.83 ± 1.25 1.35 ± 1.27 0.10 ± 0.08 7.72 ± 0.69 588 ± 222.41

Hybrid endometrial-derived hydrogel Mean ± SD (Day 2) 18.87 ± 3.27 74.20 ± 4.19 3.67 ± 0.35 2.70 ± 0.46 0.57 ± 0.15 7.67 ± 0.17 403 ± 67.82

Mean ± SD (Day 7) 16.80 ± 0.70 79.00 ± 0.61 2.50 ± 0.46 1.27 ± 0.61 0.43 ± 0.06 8.58 ± 0.35 575 ± 374.50

Mean ± SD (Day 14) 17.05 ± 5.50 77.20 ± 5.98 3.35 ± 0.95 1.95 ± 0.60 0.45 ± 0.64 7.68 ± 0.62 423 ± 352.87

disorders and normal cytokine profiles in plasma by subject-
ing the mice to hematocrit tests at day 2, 7, and 14 post-
injection. The Endo-NoDC animals had fewer erythrocytes at
day 2 (5.80 ± 3.48 m μL−1) and day 7 (6.84 ± 1.20 m μL−1)
than control animals (7.37 m μL−1). Despite 60% of mice in-
jected with hydrogels experiencing a decrease in the number
of platelets (<565 K μL−1) only one mouse treated with the
Endo-NoDC hydrogel presented with thrombocytopenia at day 2
(143 ± 113.21 K μL−1) and 7 (280 ± 389.20 K μL−1). Regarding
leukocytes, no differences were found in the proportion of neu-
trophils, lymphocytes, monocytes, eosinophils, and basophils in
mice injected with Endo-NoDC, PM, and hybrid endometrial-
derived hydrogels with respect to the normal leukocyte values
of female C57BL/6 mice[54] (Table 1). As no pathological alter-
ations of white blood cells were detected in any of the three con-
ditions, our findings suggest that the hybrid endometrial-derived
hydrogel did not cause any systemic immune disorders in our
immunocompetent murine model.

Furthermore, the serological profiles of the treated mice were
analyzed to assess their immune response via the production of
pro- and anti-inflammatory cytokines. Among the 26 cytokines
evaluated by the multiplex analysis, we only observed significant
differences in the secretion of RANTES, IL-10, Eotaxin, and IL-
1𝛽 (Table 2). Indeed, we detected lower levels of RANTES in the
three conditions when compared to control mice, corroborating
the findings reported from another group.[55] Interestingly, there
were higher levels of the anti-inflammatory cytokine IL-10 in
the mice treated with the hybrid endometrial-derived hydrogel,
whereas IL-10 secretion in Endo-NoDC and PM conditions was
similar to untreated mice. Eotaxin secretion was higher in mice
treated with Endo-NoDC and hybrid endometrial-derived hydro-
gels than in untreated mice. In addition, IL-1𝛽 levels were lower
in the plasma of Endo-NoDC and PM groups. These findings sup-
port the notion that the production and release of some cytokines
into the mice’s bloodstream is driven by the specific composition
of each hydrogel and its interactions with the adjacent tissue at
the injection site.

Finally, we evaluated the persistence of the hydrogel and the
extent of CD68+ macrophage invasion 14 days post-injection.
Congruent with our previous studies,[3] no Endo-NoDC hydro-
gels were found in the subcutaneous tissue of C57BL/6 mice
after 14 days. Conversely, PM and hybrid endometrial-derived
hydrogels persisted in the connective tissue underlying the der-
mis. With Masson’s Trichrome staining, the fibers correspond-
ing to the PM hydrogel acquired a pink color due to H&E coun-
terstaining whereas the collagen I fibers of the EndoECM hy-
drogel component were stained aniline blue. As expected, the
hybrid endometrial-derived hydrogel presented both pink and
blue stains due to the presence of both components (Figure 5A).
Immunohistochemical analysis for CD68 revealed an extensive
macrophage infiltration in both PM and the hybrid endometrial-
derived hydrogels at day 14 (Figure 5B). These observations sub-
stantiate that both PM and the hybrid endometrial-derived hydro-
gel, which exhibit superior rheological properties, require addi-
tional time for tissue repair and remodeling by macrophages.[56]

3. Discussion

The use of hydrogels has dramatically increased due to their nu-
merous biological applications, including a 3D support for cell
culture or vehicle for in vivo therapies. While synthetic hydro-
gels are fully customizable, they lack essential biomolecules to
promote cell growth, migration, proliferation, function, differen-
tiation, angiogenesis, antimicrobial or niche responses, mechan-
ical support, and chemotaxis. In contrast, ECM hydrogels have
emerged as promising alternatives since they contain proteins
and secreted factors from the native tissue but do not contain
antigen that elicit immune rejection.[34] Further, ECM hydrogels
contribute to the establishment of more physiologically relevant
organoid models that accurately model the in vivo responses in
the native organ or tissue[57] and could be employed as treatment
vehicles in vivo. Considering the advantages of both types of hy-
drogels, we combined synthetic and natural hydrogels to synthe-
size a hybrid hydrogel that mimics the 3D microenvironment
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Table 2. Cytokines differentially expressed in the plasma of C57BL/6 mice 14 days after treatment with Endo-NoDC, PM, and hybrid endometrial-derived
hydrogels. The differential expression was calculated with respect to the values in untreated mice. Up and down arrows represent respectively higher and
lower significant expression in the treated group versus untreated mice. The equal symbol ( = ) indicates non-significant differences between groups.
The immunological function of each cytokine is also described. N = 12 mice (4 per condition). RANTES: Regulated on Activation, Normal T Expressed and
Secreted; IL-10: interleukin 10; IL-1𝛽: interleukin 1𝛽.

Cytokine Plasma levels
(day 14)

Endo-NoDC

Plasma levels
(day 14) PM

Plasma levels (day 14)
Hybrid endometrial-derived

hydrogel

Biological functions

RANTES ↓ ↓ ↓ ✓ Produces pro-inflammatory cytokines and amplifies the inflammatory
response.[75]

✓ Recruits and activates inflammatory cells (particularly, monocytes, lymphocytes,
mast cells, and eosinophils).[76]

✓ Mediates various chronic conditions.[55,77]

IL-10 ______ ______ ↑ ✓ Regulates the ECM. Protects against the excessive deposition of collagen during
wound healing.[78]

✓ Enhances fibroblast function through increased hyaluronan production.[79]

✓ Re-establishes tissue integrity after injury in multiple tissues, including skin.[71]

Eotaxin ↑ ______ ↑ ✓ Mediates regenerative effects on the epithelium through interactions with fibrob-
lasts and keratinocytes.[71]

✓ Maintains organ homeostasis (particularly in the liver).[72]

IL-1𝛽 ↓ ↓ ______ ✓ Facilitates eosinophil chemotaxis, adhesion, and aggregation to promote tissue
regeneration.[80]

✓ Mediates inflammation and innate immune responses.[73]

✓ Recruits immune cells during the early stages of wound healing.[73]

✓ Encourages proliferation and migration of fibroblasts that produce collagen and
other ECM components for tissue repair.[73]

✓ Stimulates production of growth factors.[73]

of the native endometrial milieu.[20] In reproductive medicine,
these types of hybrid hydrogels are promising for the develop-
ment of therapeutic interventions for endometrial disorders.[58]

The unique properties of hybrid hydrogels, including enhanced
rheological characteristics and essential biochemical cues, will
allow researchers and clinicians to bridge the knowledge and
healthcare gaps associated with endometrial conditions, advanc-
ing the understanding of female reproductive physiology and/or
restoring fertility.

In this study, we developed a hybrid endometrial-derived hy-
drogel by combining two different components at a 50:50 ratio: i)
PuraMatrix (PM), a synthetic biomaterial that provides adjustable
stiffness and viscosity; and ii) porcine EndoECM hydrogel, a nat-
ural matrix obtained through the decellularization of porcine en-
dometrial tissue, that confers important biochemical cues for cell
culture.[35] We performed a mechanical characterization of differ-
ent hydrogel combinations by analyzing rheological properties
(i.e., storage and loss modulus, complex viscosity, and oscillation
stress) to gain insights into their viscoelastic properties[59] and de-
termine their ability to provide 3D support in in vitro cell cultures.
While the rheological properties of the Matrigel, EndoECM, and
Matrigel + EndoECM (50:50) hydrogels were significantly lower
than those of porcine endometrial tissue, the rheological prop-
erties of PM closely reflected those of the porcine endometrial
tissue, indicating that the strength of the PM hydrogel network
was equivalent to that of the porcine native endometrium. Com-
bining PM and EndoECM hydrogel in a 50:50 ratio significantly
increased the hydrogel stiffness, enhancing the rheological prop-
erties of the EndoECM hydrogel component to a degree where it
faithfully replicates the mechanical characteristics of the porcine
endometrial tissue. A physicomimetic microenvironment, like

the one we achieved with our hybrid endometrial-derived hydro-
gel, is essential for organoid culture and in vivo models, since
it facilitates cell organization and differentiation.[60] Understand-
ing the optimal balance of mechanical and biochemical cues re-
quired to support 3D cell cultures is crucial for advancing the
development of more accurate and functional hEO models that
mimic the responses the native endometrium.

As there is evidence suggesting an effect of the fibrotic com-
ponent on essential characteristics of hydrogels,[61] we compared
the fibers in the hybrid endometrial-derived hydrogel under SEM
to those in PM and EndoECM hydrogels. As expected, the col-
lagen fibers identified in EndoECM hydrogel and the RADA16
peptides detected in PM sample were both present in the hybrid
endometrial-derived hydrogel. There being no significant differ-
ences in fiber diameter between the hydrogels demonstrated
the addition of PM did not compromise the EndoECM hydro-
gel morphology. Furthermore, the PM component of the hybrid
endometrial-derived hydrogel created a 3D structure that filled
the “gaps” between the collagen fibers of EndoECM hydrogel, in-
creasing the surface area, and therefore, the physical support and
capacity for cell adhesion.[41,61]

The matrisome refers to the complete set of ECM proteins in
a particular sample, which are generally categorized as core ma-
trisome (e.g., glycoproteins, collagens, and proteoglycans) and
matrisome-associated proteins (e.g., ECM-affiliated proteins, reg-
ulators, and secreted factors).[29] These proteins have domains
bind adhesion receptors that mediate cell-matrix adhesion and
transduce signals to cells in a spatially organized and regulated
fashion. Therefore, the preservation of ECM proteins in natu-
ral hydrogels can promote cell adhesion, proliferation, and dif-
ferentiation rather than other biomaterials.[62] Herein, we show
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Figure 5. Evaluation of hydrogel persistence and CD68+ macrophage invasion in C57BL/6 mice 14 days after subcutaneous injections with the Endo-
NoDC, PM, and hybrid endometrial-derived hydrogels. A) Masson’s Trichrome staining of control, Endo-NoDC, PM, and hybrid endometrial-derived
hydrogels. Aniline blue stains the collagen I fibers. B) Immunohistochemistry for CD68, which reveals a higher infiltration in PM and hybrid endometrial-
derived conditions with respect to control and Endo-NoDC mice. Scale bar = 50 μm. D: dermis; P: panniculus carnosus; CT: connective tissue; H: hydrogel.

there were no statistically significant differences in the propor-
tion of core matrisome proteins nor matrisome-associated pro-
teins between the EndoECM hydrogel and the EndoECM frac-
tion of the hybrid endometrial-derived hydrogel. Both groups
shared 33 proteins, including the most important structural com-
ponents of the endometrial ECM (collagen type I-III, V, VI, XIV,
XXVIII), several glycoproteins (including dermatopontin, Von
Willebrand factor, laminin, and elastin), and ECM-associated pro-
teins (including annexin, elastase, and protein S100) with key
roles in wound healing, chemotaxis, immune response, and an-
tibacterial functions.[35] Only six proteins of the EndoECM hy-
drogel were not preserved in the hybrid endometrial-derived hy-
drogel, including fibrinogen gamma chain (FGG), collagen type
4 alpha 1 and 2 (COL4A1, COL4A2), collagen type 5 alpha 3
(COL5A3), serpin peptidase inhibitor clade B member 1 (SER-
PINB1), and S100 calcium binding protein A9 (S100A9). Given
that the EndoECM hydrogel component was diluted by a fac-
tor of 0.5 in the hybrid endometrial-derived hydrogel, the iden-
tification of these proteins may have been hindered by the lim-
ited sensitivity of the LC-MS/MS technique. Nevertheless, we
confirm there was no significant loss in the biochemical com-

position of the hybrid endometrial-derived hydrogel compared
to the porcine EndoECM hydrogel. The matrisome of our hy-
brid endometrial-derived hydrogel had 17 proteins in common
with a previously described bovine EndoECM hydrogel.[28] These
included not only structural proteins (collagens) but also other
key ECM proteins (laminin, fibrinogen, fibronectin, transglutam-
inase, and S100 calcium binding protein A8). Meanwhile, and
to our surprise, our hybrid endometrial-derived hydrogel only
shared two specific proteins with the human EndoECM hydro-
gel (fibrillin, laminin)[38] and two other with the human native
endometrium (annexin, laminin).[38] Specifically, the gamma 2
chain of laminin (LAMC2) is an integral part of the anchoring
filaments that connect epithelial cells to the underlying base-
ment membrane,[63] whereas fibrillin-1 (FBN1) serves as a struc-
tural component of calcium-binding microfibrils.[64] Moreover,
annexin A2 (ANXA2) is involved in the regulation of cellular
growth and signal transduction pathways.[65] Thus, despite the
low number of proteins shared between the EndoECM hydrogel
and native endometrium, the preservation of these native pro-
teins may facilitate the adhesion of endometrial epithelial cells
to the hybrid endometrial-derived hydrogel, thereby promoting
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the formation of hEOs. The differences in the preservation of
these proteins in the hybrid endometrial-derived hydrogel com-
pared to other hydrogels may be due to the decellularization pro-
cess. Our protocol employs a soft decellularization with 0.1%
sodium dodecyl sulphate (SDS) and perfusion, whereas others
use higher concentrations of detergents and adopt the immer-
sion technique[28,38] that might affect the integrity and biochemi-
cal composition of the ECM. In this regard, our protocol is supe-
rior because it preserves the proteins of the native tissue.

Concurrent to our proteomic results, we found that the hybrid
endometrial-derived hydrogel, but not the PM hydrogel alone,
was able to support the 7-day hEO culture. This is likely due to
the biochemical cues provided by the EndoECM hydrogel com-
ponent. In addition, the hEOs grown in the hybrid endometrial-
derived hydrogel maintained the same histological character-
istics as the control hEOs in terms of E-cadherin, Vimentin,
and Ki67 marker expression. Conversely, the laminin expres-
sion was remarkably different in hEOs cultured in our hybrid
endometrial-derived hydrogel, with a diffuse laminin signal in-
side the organoids, possibly associated to traces of the hybrid
endometrial-derived hydrogel. This characteristic can be of in-
terest to pursue novel tissue engineering applications, as natu-
ral ECM hydrogels offers more flexible and adaptable bioplat-
forms for organoid culture. These organoids can be modified
and engineered to suit specific tissue regeneration needs, driv-
ing the creation of custom-designed endometrial models for
transplantation.[66]

Unlike other bioengineering studies that employed undiffer-
entiated organoids,[31,33,41,42] we corroborated the suitability of
the hybrid endometrial-derived hydrogel to promote hEOs dif-
ferentiation to secretory and gestational phases. During the dif-
ferentiation process, hEOs secrete a plethora of proteins into
the culture media, including SPP1, which is particularly relevant
due to its involvement in implantation and placentation.[48] As
with our study, previous works have performed ELISA to char-
acterize the differences between the SPP1 secretion from dif-
ferentiated and undifferentiated hEOs.[6,67] The significant up-
regulation of endometrial receptivity biomarkers (SPP1, PAEP,
LIF, 17HSD𝛽2)[52–56] together with the repression of the progen-
itor cell marker SOX9 [6,55,56] confirmed a higher efficiency of
the hEO differentiation in the hybrid endometrial-derived hydro-
gel. Altogether, the EndoECM hydrogel component of the hy-
brid endometrial-derived hydrogel provides a more suitable mi-
croenvironment for endometrial cells, with a matrisome that en-
hances the ability to differentiate to secretory and gestational
phases, and superior rheological properties which can influ-
ence signaling pathways that regulate gene expression and cell
differentiation.[60,68] Since the stiffness of the hybrid endometrial-
derived hydrogel closely matches the native endometrial stiff-
ness, it can provide better support the differentiation of endome-
trial cells into the appropriate cell types for that phase.

Once we assessed the in vitro functionality of our hybrid
endometrial-derived hydrogel, we sought to evaluate its in vivo
compatibility for future therapeutic applications. Therefore, we
used an immunocompetent murine model (C57BL/6) to iden-
tify possible immune reactions after a single subcutaneous injec-
tion of Endo-NoDC (positive control), PM, or the hybrid endome-
trial derived hydrogel. While the biocompatibility of porcine En-
doECM hydrogel was evidenced by the lack of significant adverse

immune reactions after 48 h,[3,4] the exclusively synthetic PM and
hybrid endometrial-derived hydrogels offer superior mechanical
properties, enabling them to persist in vivo for extended periods
of time.[69] For this reason, we evaluated the immune response
of injected mice after 2, 7, and 14 days.

The hematocrit provides information about red and white
blood cell counts, and can be used to flag systemic changes in the
immune system. Differences in hematocrit values can be consid-
ered an additional biomarker in the diagnosis of infectious dis-
eases or transplant rejection.[70] Our data shows no significant
changes in hematological parameters in any of the three condi-
tions with respect to the values from C57BL/6 female mice,[54]

except for some decreases in erythrocyte and platelet counts that
are probably due to the coagulation process of the subcutaneous
wound generated by the hydrogel injection. Consistent with these
findings, we only identified significant differences in the secre-
tion of 4 out of 26 cytokines in the plasma of injected mice:
RANTES, IL-10, Eotaxin, and IL-1𝛽. RANTES stimulates the pro-
duction of other pro-inflammatory cytokines and the amplifica-
tion of the inflammatory response. RANTES is overexpressed in
renal graft rejection,[55] but in this study, RANTES levels were
significantly lower in treated mice than untreated controls. IL-
10 secretion was highest in the mice that received the hybrid
endometrial-derived hydrogel, corroborating the suitable biolog-
ical properties of this hydrogel. IL-10 is an anti-inflammatory
cytokine involved in the regulation of the ECM, which plays a
key role in epithelial regeneration by stimulating fibroblasts to
produce hyaluronan, among other functions.[62–64] Thus, an in-
creased secretion of IL-10 can promote a more favorable envi-
ronment for tissue healing and regeneration, ultimately promot-
ing tissue repair and recovery.[71] Eotaxin levels were higher in
the mice treated with Endo-NoDC and the hybrid endometrial-
derived hydrogel than in untreated mice, likely because they pro-
mote the recruitment of eosinophils to the subcutaneous tissue
during the repair process.[72] In addition to Eotaxin, IL-1𝛽 is also
involved in tissue repair by promoting fibroblast proliferation
and migration, along with the production of growth factors.[73]

Multiplex analyses showed a lower IL-1𝛽 secretion in Endo-NoDC
and PM conditions, whereas IL-1𝛽 levels in the mice who re-
ceived the hybrid endometrial-derived hydrogel were closer to
those of untreated mice. Collectively, these results suggest that
the hybrid endometrial-derived hydrogel does not produce sig-
nificant systemic alterations in the murine immune system but
induces the differential expression of tissue regeneration-related
cytokines, such as IL-10 and IL-1𝛽.

After 14 days, the histological studies showed the presence
of remnant PM and hybrid endometrial-derived hydrogels sur-
rounded by significant macrophage infiltration in the subcuta-
neous tissue. In contrast, no Endo-NoDC hydrogel was detected.
Due to their higher rheological properties, the fully synthetic
(PM) and hybrid endometrial-derived hydrogels require more
time to be remodeled by the macrophage system and therefore
can persist in vivo for longer period of time.[56] Increased in
vivo stability may be beneficial for several bioengineering applica-
tions, such as prolonging support of cellular material or sustain-
ing local release of therapeutic agents.[20] It is important to note
that, although the presence of these hydrogels was maintained,
it did not negatively alter the immune system of immunocompe-
tent mice, as shown by our blood and plasma analyses.
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The present study has several limitations. As a pilot study, our
research is limited by relatively few hEOs. Therefore, increasing
the number of endometrial biopsies might strengthen these find-
ings. Despite demonstrating the hydrogel biocompatibility in im-
munocompetent mice, further studies should validate its role as a
vehicle for cells or other biological products (e.g., growth factors).

In summary, the hybrid endometrial-derived hydrogel, created
through a combination of PM and porcine EndoECM hydro-
gel (50:50), exhibits enhanced mechanical properties and robust
preservation of the tissue-specific ECM biomolecules found in
the native endometrium, relative to the other endometrial hydro-
gels described in the literature. In our in vitro studies, the hybrid
endometrial-derived hydrogel has proved to be a suitable bioma-
terial for supporting the efficient differentiation of hEOs into se-
cretory and gestational phases. Our in vivo results confirmed the
xenogeneic biocompatibility and persistent stability of the hybrid
endometrial-derived hydrogel at the injection site after 14 days,
positioning it as a promising tool for translational bioengineer-
ing applications in reproductive medicine.

4. Experimental Section
Experimental Design: A detailed characterization of hydrogels was per-

formed based on PM and EndoECM by rheology, SEM, and proteomic
analyses. Based on its mechanical and biochemical properties, this work
selected the PM + EndoECM hydrogel (50:50) to evaluate its suitability
for culturing simple and differentiated hEOs (secretory and gestational).
Next, to test its biocompatibility, C57BL/6 female mice received a single
subcutaneous injection with 200 μL of EndoECM-NoDC hydrogel, PM, or
the hybrid endometrial-derived hydrogel. The mice’s local and systemic
immune responses were analyzed after 2, 7, and 14 days (Figure 6).

Hydrogel Characterization of the Hybrid Endometrial-Derived Hydrogel—
Porcine Uterus Decellularization, Endometrial Isolation, and EndoECM Hy-
drogel Setup: Female porcine reproductive tracts were donated by a
slaughterhouse in Mercavalencia, Spain. Uterine horns were decellular-
ized following a two-cycle protocol, as previously described.[35,74] Briefly,
0.1% SDS and 1% Triton X-100 were perfused through the uterine artery
using a peristaltic pump (Cole-Parmer Instruments, Fisher Scientific).
Decellularized horns were stored at −80 °C until further processing.
The horns were cut transversally into 1 mm thick disks, and the en-
dometrial tissue was manually microdissected under a stereomicroscope
(SMZ800, Nikon) and then stored at −80 °C.[37] To remove residual DNA
and detergents the thawed endometrial tissue was washed in cold PBS
(10 mL g−1 tissue) and incubated for 1 h in 5 μg mL−1 DNAse I solu-
tion (D5025, Sigma-Aldrich) at room temperature (RT). Next, endome-
trial tissue was flash-frozen in a mortar with liquid N2, milled manually,
and lyophilized (Lyoquest-85, Telstar, Valencia’s Polytechnic University)
over 96 h at 20 Pa. This lyophilized powder was digested with 0.01 M
HCl (H1758, Sigma-Aldrich) and 0.1% pepsin (P7000, Sigma-Aldrich) then
neutralized with 10% (v/v) 0.1 m NaOH (S8045, Sigma-Aldrich), 11.11%
(v/v) 10X PBS (P5493, Sigma-Aldrich), and 1X PBS until the desired con-
centration (8.25 mg mL−1) was obtained. Aliquots of the resulting En-
doECM hydrogel were stored at −80 °C.

Hydrogel Characterization of the Hybrid Endometrial-Derived Hydrogel—
Hybrid Endometrial-Derived Hydrogel Preparation: The 1% w/v
(10 mg mL−1) PM (10255252, Fisher Scientific) underwent bath sonica-
tion for 30 min to decrease its viscosity. The 1% PM was combined with
8.25 mg mL−1 EndoECM hydrogel at 50:50 ratios to prepare the hybrid
endometrial-derived hydrogel (final concentration of 5 mg mL−1 PM and
4.12 mg mL−1 EndoECM hydrogel). To ensure a homogeneous mixture
of both solutions, the hybrid endometrial-derived hydrogel underwent an
additional 10-min sonication and was stored at 4 °C until use.

Hydrogel Characterization of the Hybrid Endometrial-Derived Hydrogel—
Rheological Analyses: The mechanical characterization of the biomateri-

als was performed using a 25 mm parallel-plate geometry on a rotational
rheometer (Discovery Hybrid Rheometer DHR, TA Instruments, DE, USA).
For rheological testing, 300 μL of Matrigel, EndoECM hydrogel, Matrigel
+ EndoECM hydrogel (50:50), PM + EndoECM hydrogel (25:75), PM +
EndoECM hydrogel (50:50) and PM samples were placed between plates,
after prewarming the lower disk to 37 °C. Samples with PM were previ-
ously sonicated at 37 °C for 10 min to homogenize the hydrogels. For the
porcine endometrial control tissue, a 25 mm of tissue was employed. To
obtain the temporal evolution of the storage and loss modulus, an oscil-
lation time procedure was performed, where samples were subjected to
a strain of 1% and a frequency of 1 Hz for 60 s. To obtain the storage
modulus and complex viscosity, an oscillation frequency procedure was
performed, where samples were subjected to a strain of 1% followed by a
logarithmic frequency sweep ranging from 0.1 to 10 Hz. Only the results
for a frequency of 1 Hz were presented. To obtain the oscillation stress, a
flow sweep procedure was performed, where samples were subjected to a
logarithmic shear rate sweep ranging from 1 to 100 s−1. Only results for a
shear rate of 10 s−1 were presented. All samples were measured at phys-
iological temperature (37 °C). Data were obtained from three biological
repeats (n = 3) for each experimental setup.

Hydrogel Characterization of the Hybrid Endometrial-Derived Hydrogel—
Scanning Electron Microscopy: The ultrastructure of EndoECM, PM, and
PM + EndoECM (50:50) hydrogels was evaluated using SEM. Samples
were processed in the proteomics facility of SCSIE at the University of Va-
lencia. Hydrogels were fixed in 2.5% glutaraldehyde in PBS (Sigma-Aldrich,
25%) for 24 h, washed and kept in PBS at 4 °C. All hydrogels were then
treated with 2% osmium tetroxide for 2 h and dehydrated in a graded se-
ries of alcohol (30, 50, 70, 90, 100% ethanol) for 30 min per wash; and kept
in 100% ethanol overnight at 4 °C. Hydrogels were washed thrice in 100%
ethanol for 30 min and critical point dried using a AutosamdriR 814 Criti-
cal Point Dryer (Tousimis). Carbon dioxide (CO2), at high pressure (1200
pound-force per square inch, psi), was used as the transitional medium
at a maximum heating temperature of 40 °C. Dried samples were coated
with gold-palladium for 2 min using a SC7640 Sputter Coater (Quorum
technologies) and images were captured with a SEM FEG Hitachi S-4800
(SCSIE University of Valencia, Spain). To analyses fiber diameter, 10 mea-
surements were taken per sample (50.0 k images) using FIJI-ImageJ soft-
ware.

Hydrogel Characterization of the Hybrid Endometrial-Derived Hydrogel—
Proteomics Analysis: The proteomic analysis was performed in the SCSIE
proteomics facility of the University of Valencia, using a volume of 50 μL of
EndoECM hydrogel and 50 μL of hybrid endometrial-derived hydrogel. To
identify the amino-acid sequence of PM in the hybrid endometrial-derived
hydrogel, the sample was precipitated with acetonitrile (ACN) to separate
the PM peptides (analyzed directly from the supernatant without digest-
ing) from the proteins of the EndoECM hydrogel. Briefly, the ACN was
added to the samples in a 1:1 ratio and left overnight at 4 °C. Then, the
samples were centrifuged (5 min, 5000 rpm) and the supernatants were
dried in a speed vacuum. Pellets were resuspended in 50 μL of 2% ACN
with 0.1% trifluoroacetic acid (TFA) and sonicated for 5 min. After quan-
tification in a NanoDrop spectrophotometer (Thermo Fisher Scientific) at
280 nm absorbance, the samples were diluted with 0.1% TFA and 2% ACN
to a final volume of 2 μL. For protein identification, 50 μL of the EndoECM
and the hybrid endometrial-derived hydrogels samples were denatured
and loaded onto a 12% SDS-PAGE gel (Bio-Rad) for electrophoresis (200 V,
10 min). Gels were fixed, stained with colloidal Coomassie (Bio-Rad), and
cut into three fragments so every gel band could be digested separately
with 2000 ng sequencing-grade trypsin (Promega) at 37 °C. The digestion
was neutralized with TFA 1% and all peptide solutions were subjected to
a final double extraction with ACN before being dried in a rotatory evapo-
rator and resuspended with 2% ACN and 0.1% TFA to an estimated final
concentration of 0.3 μg μL−1.

Isolated peptides were identified and quantified using a LC-MS/MS
workflow for data-dependant acquisition. 2 μL of the peptide mixture sam-
ples were loaded onto a trap column (ChromXP C18, 3 μm 120 Å, 350 μm,
0.5 mm; Eksigent) and desalted with 0.1% TFA at 5 μL min−1 for 5 min.
Peptides were then loaded onto an analytical column (3μ C18-CL 120 Å,
0.075 × 150 mm; Eksigent) equilibrated in 5% ACN and 0.1% formid acid
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Figure 6. Experimental design. Characterization of the hybrid endometrial-derived hydrogel and its applications in vitro and in vivo. Created with BioRen-
der.com. PM: PuraMatrix; EndoECM: decellularized endometrial extracellular matrix hydrogel; hEOs: human endometrial organoids; E-CAD: E-cadherin; VIM:
vimentin; LAM: laminin; qRT-PCR: real-time quantitative reverse transcription PCR; EndoECM-NoDC: non-decellularized endometrial extracellular matrix hy-
drogel.
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(FA). Elution was carried out with a linear gradient of 5 to 75% B in A for
20 min. (A: 0.1% FA; B: ACN, 0.1% FA) at a flow rate of 300 nL min−1. Pep-
tides were analyzed in a mass spectrometer nanoESI qQTOF (6600plus
TripleTOF, ABSCIEX) with source type ionization mode.

The Paragon algorithm of ProteinPilotv 5.0 was used to search the Swiss
Prot database (210126), Uniprot mamalia (210806) with the inclusion of
the sequence of the peptide PM (ACN-(RADA)4-CNH2). The database
parameters varied depending on the specific process. For PM peptide
identification, the following parameters were used: no digestion, no cys-
alkylation, taxonomy not restricted, acetylation emphasis, search effort set
to “through” and “FDR calculation.” For EndoECM hydrogel peptide iden-
tification, the parameters were: trypsin specificity, cys-alkylation, taxonomy
not restricted, the search effort set to through and FDR calculation.

The Pro group algorithm (AB Sciex) was employed to determine which
groups of proteins derived evidence from largely the same spectra of re-
ported peptides and which are considered redundant. Peptides and pro-
teins exceeding unused scores of >0.88 were identified with a confidence
level of ≥80%. Mass spectrometry data from the hydrogels were combined
and searched against the UniprotMammals database (SCSIE at the Uni-
versity of Valencia).

Peptides were grouped according to their parent protein and the indi-
vidual coverage (% cov) was calculated as an indicator of relative protein
abundance. The complete list of peptides identified in the EndoECM (Table
S1, Supporting Information) and hybrid endometrial-derived hydrogels
(Table S2, Supporting Information) can be found in the Supplementary
Material. Functional analysis of the detected proteins was conducted with
the PANTHER classification system, using the Gene Ontology database
(GO: biological processes, cellular component, and molecular function).
The ECM-related biological processes and molecular functions assigned
to each protein are presented in Table S3, Supporting Information.

Hydrogel Characterization of the Hybrid Endometrial-Derived Hydrogel—
Comparison of Proteomics Analyses: The matrisome of the hybrid
endometrial-derived hydrogel was compared to the previously character-
ized matrisomes of the bovine EndoECM hydrogel,[28] human EndoECM
hydrogel,[38] and native endometrium tissue.[38] The relationships be-
tween the proteins in each matrisome were examined through Interac-
tivenn webpage. Finally, a functional GO analysis of the detected proteins
was conducted with the g:Profiler tool.

Biological Applications of the Hybrid Endometrial-Derived Hydrogel—
Organoid Development from Endometrial Biopsies: This study was ap-
proved by the Ethical Committee of the IVI Foundation (2107-FIVI-073-
IC, Valencia, Spain). All participants provided written informed consent.
Endometrial biopsies (n = 4) were collected by laparoscopy from healthy
oocyte donors at the IVI Valencia (Valencia Spain), following controlled
ovarian stimulation and on the day of the oocyte retrieval. Biopsies were
washed in DMEM/F-12 without phenol red (GibcoTM, 11039021) and
fragmented into 0.5–1 mm3 pieces that were enzymatically digested in
a collagenase-dispase solution [15 mL RPMI 1640 medium (GibcoTM,
21875034), 50 U mL−1 Dispase II (Sigma-Aldrich, D4693) 0.4 mg mL−1

collagenase V (Sigma-Aldrich, C9263), and 10% newborn calf serum
(Biowest, S0750)]. After an overnight incubation at 4 °C, the digestion
was stopped by adding 30 mL RPMI 1640 medium. To isolate the glan-
dular elements, the supernatant was passed through 100 μm cell sieves
(CorningTM, 431752), which were then inverted and backwashed with
12 mL advanced DMEM/F12 medium (GibcoTM, 12634010). After cen-
trifugation, the pellet was resuspended in 15% advanced DMEM/F12 and
85% ice-cold Matrigel (Corning, 354234). Drops of 20 μL were plated
into 48-well plates (Corning TM, 3548), set at 37 °C for 30 min, and
cultured in organoid expansion medium (ExM). ExM contains advanced
DMEM/F12; N2 supplement 1X (GibcoTM, 17502048); B27 supplement
minus vitamin A 1X (GibcoTM, 12587010); Primocin, 100 μg mL−1 (In-
vivoGen, ant-pm-1); 1.25 mM N-acetyl L-cysteine (Sigma-Aldrich, A9165);
2 mM L-glutamine (Sigma-Aldrich, G7513); 50 ng mL−1 recombinant hu-
man EGF (PeproTech, AF-100-15); 100 ng mL−1 recombinant human Nog-
gin (PeproTech, 120-10c); 500 ng mL−1 recombinant human R-Spondin-1
(PeproTech, 120–38); 100 ng mL−1 recombinant human FGF-10 (Pepro-
Tech, 100–26); 50 ng mL−1 recombinant human HGF (PeproTech, 100–
39); 500 nm ALK-4, −5, −7 inhibitors (A83-01, PeproTech, 9094360); and

10 nm nicotinamide (Sigma-Aldrich, N0636).[6] Medium was changed ev-
ery 2 to 3 days. Organoids from all biopsies were cultured in vitro for 3–5
passages and frozen to generate enough stock for the subsequent experi-
ments.

Biological Applications of the Hybrid Endometrial-Derived Hydrogel—
In Vitro Culture of Human Endometrial Organoids: Human endometrial
organoids from passages 3–5 (n = 4) were used for 3D culture. After
7-day culture in Matrigel, endometrial organoids were passaged accord-
ing to Turco’s methodology[6] with slight modifications. For intermediate
steps, this work used distilled water (dH2O) with 20% sucrose (Sigma-
Aldrich, S9378). After centrifugation, the pellet containing the hEOs was
resuspended in dH2O + 20% sucrose and the hybrid endometrial-derived
hydrogel. Drops of 50 μL were plated into 96-well round bottom plates
(Labclinics, PLC34296), set at 37 °C for 30 min, and cultured in 150 μL of
ExM. Next, 100 μL well−1 of ExM was refreshed to neutralize the acidic pH
of the hybrid endometrial-derived hydrogel. Alternatively, for the control
condition, 50 μL drops containing 15% advanced DMEM/F12 and 85%
Matrigel were plated, set at 37 °C for 30 min, and cultured in 150 μL of
ExM. In both conditions, the ExM was changed every 2 to 3 days. The total
duration of the culture period was 7 days.

Biological Applications of the Hybrid Endometrial-Derived Hydrogel—
Differentiation of Human Endometrial Organoids: Organoids in passage
5–7 were thawed and cultured with ExM for 7 days to retain their un-
differentiated status (control organoids). For differentiation assays, the
ExM was supplemented with 10 nm estradiol (Sigma-Aldrich, E4389) for
the first 48 h followed by 10 nm estradiol, 1 μm progesterone (Sigma-
Aldrich, P7556), and 1 μm cyclic adenosine monophosphate (cAMP;
Sigma-Aldrich, B7880) for 4 days to promote differentiation to the secre-
tory phase. To obtain gestational organoids, 20 ng mL−1 recombinant hu-
man prolactin (Peprotech, Cranbury, NJ, USA, 100–07) and 20 ng mL−1

recombinant human placental lactogen (R&D, Minneapolis, MN, USA,
5757-PL) were added to secretory ExM for an additional 8 days.

Biological Applications of the Hybrid Endometrial-Derived Hydrogel—
LIVE/DEAD Assay: The LIVE/DEAD Cell Imaging Kit (Thermo Fisher Sci-
entific, R37601) was used to confirm hEO cell viability on day 7, according
to the manufacturer’s protocol. This work used 100 μL of the 2X work-
ing solution for every two wells. After 15 min, PBS 1X was added to stop
the reaction and samples were immediately examined under an inverted
Zeiss Axio Vert.A1 microscope (Zeiss, Oberkochen, Germany) at ×5 and
×10 magnifications to assess cell viability.

Biological Applications of the Hybrid Endometrial-Derived Hydrogel—
Histology, Immunohistochemistry, and Immunofluorescence of Human En-
dometrial Organoids: To dissolve the hybrid endometrial-derived hydro-
gel and release the organoids, the drops were incubated with 150 μL well−1

cell recovery solution (Thermo Fisher Scientific, 11 560 446) for 60 min at 4
°C. The organoids were transferred to an Eppendorf tube for centrifugation
(600 × g for 6 min), and the pellet was fixed with 4% formaldehyde (Sigma-
Aldrich, 1.00496) during 30 min at 4 °C. Three cycles of centrifugation and
resuspension in 1 mL PBS 1X (Sigma-Aldrich, P3813) were performed be-
fore mixing the organoids with 200 μL HistoGel (Thermo Fisher Scientific,
HG-4000-012) preheated to 55 °C. Samples were dehydrated in a series of
alcohols, embedded in paraffin, and cut into 4 μm sections. H&E stain-
ing were performed according to the manufacturer’s protocol to visualize
glandular structures.

Cell proliferation was evaluated as previously described.[39] Briefly, sam-
ples were incubated with anti-Ki67 primary antibody (Dako, M7240, 1:100)
overnight at 4 °C. After blocking endogenous peroxidase activity, slides
were incubated with labeled-polymer horseradish peroxidase substrate-
chromogen and counterstained with haematoxylin. Proliferative index was
obtained by counting positive and total cell nuclei in 5 photos per condi-
tion (hybrid endometrial-derived hydrogel, Matrigel) by three independent
observers and compared.

The expression and localization of E-cadherin, vimentin, and laminin
were assessed by immunofluorescence staining. Organoids sections were
deparaffinized, rehydrated, and subjected to heat-induced epitope retrieval
with 10 mm sodium citrate buffer (pH 6) for 20 min in a 95 °C water
bath. Samples were permeabilized with TBS-Tween 0.05% and blocked
with TBS-Tween 0.05% containing 3% bovine serum albumin (product ref)
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Table 3. Primer sequences for qRT-PCR. SPP1: Secreted Phosphoprotein 1; PAEP: Progestagen Associated Endometrial Protein; LIF: Leukemia Inhibitory Factor;
17HSD𝛽2: Hydroxysteroid 17-Beta Dehydrogenase; SOX9: SRY-related HMG-box; GAPDH: Glyceraldehyde-3-Phosphate Dehydrogenase.

GENE Forward Sequence Reverse Sequence

SPP1 CGAGGTGATAGTGTGGTTTATG GTCTGTAGCATCAGGGTACT

PAEP ATGGCGACCAACAACATC CTCTCCAAGGACCTTCTTCT

LIF AACTGGCACAGCTCAATG ATAGCTTGTCCAGGTTGTTG

17𝛽HSD2 TGAATGTCAGCAGCATGG GGAAAGCTCCAGTCTCATAAC

SOX9 GACTCGCCACACTCCTCCT GTCGGTTTTGGGGGTGGT

GAPDH (housekeeping) AACGTGTCAGTGGTGGACCTGA ACCACCCTGTTGCTGTAGCCAA

for 1 h at RT. To detect E-cadherin and vimentin colocalization, organoids
were incubated with anti-E-CAD (Werfen, #3195, 1:300) overnight at 4 °C,
followed by the Alexa Fluor 488-conjugated goat anti-rabbit IgG secondary
antibody (Invitrogen, A11034, 1:500) for 45 min at RT, anti-VIM (Abcam,
ab92547, 1:300) for 30 min at RT, and the corresponding Alexa Fluor 568-
conjugated goat anti-rabbit IgG1 cross-absorbed secondary antibody (In-
vitrogen, A21124, 1:500) for 45 min at RT. Alternatively, to evaluate the
expression of laminin, organoids were incubated with anti-LAM (Abcam,
ab11575, 1:200) overnight at 4 °C, followed by Alexa Fluor 488-conjugated
goat anti-mouse IgG1 secondary antibody (Invitrogen, A21121, 1:500) for
45 min at RT. In both analyses, the samples were counterstained with DAPI
(Thermo Fisher Scientific, 62 248). Images were captured using a Nikon
Eclipse 80i microscope (Nikon, Leuven, Belgium) and processed with FIJI-
ImageJ software (Rasband, USA).

Biological Applications of the Hybrid Endometrial-Derived Hydrogel—
Enzyme-Linked Immunosorbent Assay: Organoid secretion of the implan-
tation marker SPP1 was assessed by ELISA. Culture media from the un-
differentiated, secretory, and gestational hEOs in Matrigel and the hybrid
endometrial-derived hydrogel were collected. SPP1 Human ELISA (Invit-
rogen, Eugene, OR, USA, BMS2066) was performed according to the man-
ufacturer’s instructions.

Biological Applications of the Hybrid Endometrial-Derived Hydrogel—qRT-
PCR Analyses: Organoid gene expression of implantation and placen-
tation biomarkers including SPP1, PAEP, LIF, 17𝛽HSD2, and SOX9 was
evaluated by qRT-PCR using a StepOnePlus system (Applied Biosystems,
Waltham, MA, USA, 4 376 600). Total RNA was extracted from control and
differentiated hEOs grown in Matrigel or the hybrid endometrial-derived
hydrogel (n = 4/group) using the Quick-RNA Micro Prep kit (Zymo Re-
search, R1050). Specific primers used for qRT-PCR are listed in Table 3.
Relative gene expression levels were normalized to GAPDH housekeeping
gene expression using the ∆∆Ct method and presented as a fold change
with respect to the undifferentiated organoids.

Biological Applications of the Hybrid Endometrial-Derived Hydrogel—
In Vivo Biocompatibility Assays: All experiments were performed in ac-
cordance with the European Union’s Directive 2010/63/EU and the
Ethics Committee for Animal Welfare of University of Valencia (A-
20230113112219). Following the group’s previous study,[3] 200 μL of
either 8.25 mg mL−1 EndoECM-NoDC hydrogel, 1% PM, or the hy-
brid endometrial-derived hydrogel were injected in the dorsal subcuta-
neous space of immunocompetent female C57BL/6 mice (N = 10/group).
This work evaluated scaffold morphology, local and systemic immune
responses in mice at day 2 (N = 3 mice/condition), 7 (N = 3
mice/condition), and 14 days post-injection (N = 4 mice/condition).
Specifically, Masson’s Trichrome staining and immunolabeling of the
CD68 pan-macrophage marker (CD68 polyclonal antibody, ab125212, AB-
CAM, 1:200 dilution) were performed according to previous studies.[35]

Additionally, the hematocrit and pro-inflammatory profile of mice were
evaluated through blood and plasma, respectively. For each animal, 20 μL
of blood was combined with 2 μL EDTA and analyzed with an Auto Hema-
tology Analyzer – Element HT5-HESKA. In parallel, 25 μL plasma was
employed for multiplex analysis using the Cytokine & Chemokine 26plex-
Mouse ProcartaPlex (EPX260-26088-901, Thermo Fisher Scientific) with
Luminex xMAP Technology.

Statistical Analysis: All statistical analysis were performed with Graph-
Pad Prism v6 (GraphPad software Inc., USA) software after verifying
the normality of data distribution. Rheological results were analyzed by
Oneway ANOVA. Fiber diameters measured by SEM were analyzed us-
ing the Student’s t-test. Both ELISA and RT-qPCR results were normal-
ized to their corresponding condition and analyzed using the Student’s
t-test. Multiplex and hematocrit results were analyzed by ordinary two-way
ANOVA. Statistically significant differences are indicated by *, **, ***, or
****, indicating a p-value below 0.05, 0.01, 0.001, or 0.0001, respectively.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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