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ARTICLE INFO ABSTRACT

Keywords: The transition to human-derived biomaterials is critical for advancing ethical and clinically relevant three-
Human methacryloyl platelet lysates (hPLMA) dimensional (3D) cell culture systems. In this study, we evaluate the performance of human methacryloyl
Matrigel platelet lysates (hPLMA), a xeno-free, human-derived hydrogel, benchmarking it against Matrigel, the gold
i?rcll(;f;:fs standard in the field, and a widely used but animal-derived matrix with an unethical tumor origin. Human
Transcriptomic analysis adipose-derived stem cells (hASCs) were encapsulated in both materials and cultured for 14 days. Both materials
Immunogenicity support high viability and proliferation for 7 days. However, hPLMA promotes consistent cell growth and

intricate networks, while Matrigel induces rapid spreading, leading to massive cell clusters and ultimately the
degradation of the hydrogel after 7 days. Although macrophage culture in both materials show low cytokine
levels, the transcriptomic profile of hASCs in Matrigel reveal a constant high expression of immune-related genes,
especially after 5 days. In contrast, hASCs in hPLMA have lower expression of immune response genes and higher
expression of genes associated with cell migration, adhesion, and matrix organization, showing hPLMA's ability
to mimic the natural cell environment. These results position hPLMA as a robust, xeno-free platform not only for
3D cell culture applications such as drug screening, organ-on-chip and tissue models, but also as a promising
candidate for therapeutic applications, including tissue engineering and regenerative medicine. Ultimately, its
human origin enhances physiological relevance while minimizing immune activation, supporting its translation
towards clinical use.

1. Introduction

A long portfolio has been proposed to support cell culture, evolving
from the simple two-dimensional (2D) cultures, such as glass and
polystyrene, to the more advanced three-dimensional (3D) systems,
including hydrogels and decellularized tissues. Although 2D systems are
easier to use and affordable, they cannot reproduce key features of
native tissues, such as heterogeneous mechanical stiffness, spatial cell
organization, biochemical gradients, and complex cell-cell communi-
cation [1]. In contrast, 3D cultures allow cell-matrix and cell-cell
adhesion in multiple directions, which improves cell communication.
Different synthetic polymers, natural biomaterials, and semisynthetic
composites have been explored to mimic the physiological conditions.
Still, among the natural biomaterials, Matrigel has remained the golden

standard for 3D cell culture for half a century. Matrigel can effectively
mimic the biochemical properties of the native extracellular matrix
(ECM) due to its composition of proteins (e.g., laminin, collagen IV,
entactin), growth factors (GFs), and enzymes, derived from the base-
ment membrane of the Engelbreth-Holm-Swarm (EHS) mouse sarcoma
[2]. Thus, Matrigel has been used for several applications, including cell
culture, cell differentiation, and spheroid and organoid encapsulation
[3]. Despite being a cost-effective option for 3D cell cultures, Matrigel
has significant limitations due to its animal tumor origin. The produc-
tion of a single standard Matrigel vial necessitates the continuous
growth of tumors in two mice. Consequently, the animals employed in
Matrigel manufacturing undergo tumor development throughout their
lifespan [4]. Beyond the evident ethical concerns associated with this
process, the xenogeneic composition of Matrigel may also elicit
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immunogenic responses in cultured cells [5,6]. Consequently, this limits
Matrigel's applications and hinders the translation of its results to
clinics. However, Matrigel is still widely applied in research, and it is
stated in some differentiation protocols [7]. Even so, it is well docu-
mented that Matrigel's complex and undefined composition leads to high
batch-to-batch variability and poor reproducibility, complicating the
interpretation of results from assays that use this material [8,9]. In fact,
Matrigel even has trace amounts of DNA and RNA, which have been
shown to influence cell analysis [10].

In recent years, human and synthetic alternatives to animal-based
matrices have been proposed as a way to reduce the use of animals
and animal-derived products in research. Particularly in clinical
research, human-derived proteins have been extensively studied due to
their higher biocompatibility and ability to mimic native human tissues
[11]. For example, human decellularized liver has been used for ECM
scaffolds, as it contains several proteins, such as collagens and fibro-
nectin, that mimic native liver. Effectively, Mazza et al. demonstrated
that it is possible to culture different human hepatocytes in liver scaf-
folds, thereby helping the repopulation of the decellularized tissue [12].
Furthermore, human ECM derived from the amniotic membrane has
recently emerged as a promising biomaterial platform for applications in
cell culture and neural tissue regeneration [13,14].

Another widely available and easily obtainable human-derived ma-
terial is platelet lysates (hPL) derived from human blood, which has
proven effective as a supplement for culture media. The abundant
presence of albumin, fibronectin, and GFs in hPL enhances cell prolif-
eration, adhesion, and differentiation across multiple cell types when
compared with traditional fetal bovine serum (FBS) supplementation
[15]. Moreover, hPL exhibits reduced risks of immunogenicity, viral and
mycoplasma contamination, and features lower batch-to-batch vari-
ability than animal-derived products such as FBS [16]. These advantages
result from its production under standardized human blood processing
protocols. Nevertheless, despite its favorable biochemical composition,
hPL lacks intrinsic mechanical properties and therefore cannot form or
support a hydrogel structure.

A commercially available formulation of the hPL is the methacryloyl
human platelet lysates (hPLMA, Metatissue®), which have shown the
ability to enhance the mechanical robustness and processability of hPL-
based materials [17]. Indeed, several studies have shown the effective-
ness of this chemical modification, since it preserves the proteins and
bioactive molecules naturally present in hPL, such as albumins,
platelet-derived growth factor (PDGF), and vascular endothelial growth
factor (VEGF), while enabling the preparation of stable hydrogels that
allow for more than 14 days of cell culture [17,18]. Even though hPLMA
hydrogels’ stiffness is typically higher than Matrigel, a myriad of cell
types have already been cultured in hPLMA, including mouse fibro-
blasts, human adipose stem cells and mesenchymal stem cells, human
umbilical vein endothelial cells, human osteosarcoma cell lines, human
epithelial cell lines, macrophages and cardiomyocytes, to name a few
[17-21]. Moreover, hPLMA properties, such as stiffness and porosity,
can be easily tuned by altering the degree of methacrylation and hPLMA
concentration [17]. For instance, hPLMA hydrogels were previously
compared with Matrigel regarding tumor spheroids invasion, showing
higher invasion kinetics, controlled by hPLMA stiffness [21]. For these
reasons, we hypothesize that hPLMA can offer a more accurate matrix
for human cell cultures than Matrigel, exhibiting lower batch-to-batch
variability that enhances reproducibility. This could improve the
translatability of in vitro studies to clinical outcomes while reducing
reliance on animal-derived materials and promoting ethical research
practices. Therefore, in this study, we present for the first time a
comprehensive comparison between hPLMA and Matrigel, focusing on
cellular responses, including proliferation, morphology, metabolic ac-
tivity, and transcriptomic profiles following encapsulation, as well as the
immunogenicity and cytotoxicity of the respective materials.
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2. Results and discussion

In human research, it is particularly important to implement human-
derived matrices that closely recapitulate the biochemical and me-
chanical properties of native human tissues, thereby enabling more
physiologically relevant and reproducible experimental outcomes. In
this study, we conducted a systematic comparison of the commercially
available products hPLMA (Metatissue®, Portugal), a human protein-
derived matrix, and Matrigel (Corning, USA) to determine whether
hPLMA has the potential to replace this widely used animal-derived
standard in 3D cell culture applications.

2.1. Biological characterization

Human adipose-derived stem cells (hASCs) activity was chosen to
evaluate and compare the cell performance in hPLMA and Matrigel
hydrogels, focusing on their described ability to adhere, grow and pro-
liferate in these matrices. Cell culture conditions were also chosen based
on the literature description as the best conditions for both matrices.
Thus, hASCs were encapsulated in hPLMA hydrogels at 15% (w/v) and
Matrigel hydrogels at 1.2% (w/v), both concentrations being adequate
for hASCs growth [17,22]. Also, considering the extensive degradation
of the Matrigel after 7 days, cells were cultured encapsulated within the
hydrogels for that maximum period. At the time points 1, 3 and 7 days,
hASCs' viability was analyzed through a Live/Dead assay. Overall,
hASCs remained viable throughout the 7-day culture in both hPLMA and
Matrigel hydrogels, as shown in Fig. 1A.

To analyze cell morphology, DAPI/Phalloidin staining was also
performed at the time points 0, 3 and 7 days. In hPLMA hydrogels,
hASCs began to spread by day 3, and after 7 days, they were fully
elongated with protrusions and extensively connected with surrounding
cells, resulting in an intricate network (Fig. 1B). The cells also show
actin filaments with a longitudinal arrangement and small protrusions at
the cells' ends. This growth pattern is consistent with previous research
on hASCs encapsulated in hPLMA and demonstrates that hASCs grow
well in these hydrogels, even though they take a longer time to elongate
in hPLMA than in Matrigel [23,24]. Right after encapsulation, i.e., at day
0 time point, hASCs were evenly distributed in both materials, pre-
senting a round shape (Fig. 1B). However, when embedded in Matrigel,
hASCs start to cluster over time, resulting in large cell aggregates after 7
days of culture. It is also noticeable that a few cells have a very elongated
morphology and work as a bridge between clusters. The degradation of
Matrigel hydrogels after 7 days may also contribute to the formation of
these clusters, allowing cells to sustain themselves as they lose the
support of the matrix. Additionally, previous studies have indicated that
other cell types, such as fibroblasts, also grow in aggregates when
cultured in Matrigel, while adopting an elongated shape in other
matrices [25]. Hence, this behavior could also be associated with
Matrigel components coupled with its characteristically low stiffness
and limited mechanical stability under in vitro conditions. Furthermore,
Fig. 1A shows a considerable amount of dead cells within the clusters
formed by day 7. These dense aggregates may hinder nutrient and gas
exchange, leading to cell death, similar to the formation of a necrotic
core, which is characteristic of spheroids and tumors. These differences
in hASCs organization inside the hydrogels can also be associated with
the matrix stiffness. hPLMA hydrogels at 15% (w/v) have a Young's
modulus ranging from 15 to 20 kPa, whereas Matrigel hydrogels at 1.2%
(w/v) have a significantly lower Young's modulus of 450 Pa [21,26].
Previous studies have indicated that hASCs proliferate more effectively
in hPLMA hydrogels at 15% (w/v) compared to those at 10% (w/v),
suggesting that some level of stiffness is beneficial for supporting hASCs
growth [17]. However, the higher stiffness of hPLMA hydrogels may
slow the cells' initial migration and morphological organization when
compared to Matrigel. The softer properties of Matrigel hydrogels
facilitate the cells and ECM remodeling, accelerating their growth and
proliferation [27].
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Fig. 1. Representative fluorescence images of hASCs encapsulated in hPLMA and Matrigel hydrogels. The live/dead staining was performed at 1, 3, and 7 days of
culture, with calcein AM staining live cells (green) and PI staining dead cells (red). (A.) The DAPI/phalloidin staining was performed at 0, 3, and 7 days of culture,
with DAPI staining cell nucleus (blue) and phalloidin staining actin filaments (red). (B.) Scale bar: 200 pm. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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Fig. 2. hASCs' relative metabolic activity in hPLMA and Matrigel hydrogels for five time points, assessed through the CCK-8 assay. Results are expressed as mean
(SD) with n = 5 (A.) Representative fluorescence images of hASCs encapsulated in hPLMA and Matrigel hydrogels. The DAPI/Ki-67 staining was performed at 0, 3,
and 7 days of culture, with Ki-67 expression (red) and DAPI staining cells' nucleus (blue). The white arrow points to an example of Ki-67 stained cells. Scale bar:
200 pm. (B.) Fold change in Ki-67 expression calculated from the CTCF equation using the fluorescence images of Ki-67 expression cultured for 3 and 7 days. The fold
change is here compared to day 0. (C.) Results are expressed as mean (SD) with n = 3. * p-value <0.05, ** p-value <0.01, *** p-value <0.001 and **** p-value
<0.0001. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Ultimately, hASCs successfully adhered to and proliferated within
both matrices, as anticipated given their protein-rich compositions that
promote cell-matrix interactions. For example, hPLMA composition
includes vitronectin, a human adhesion protein containing RGD motifs
that facilitate integrin-mediated attachment, whereas Matrigel is
composed primarily of laminin, collagens, and heparan sulfate pro-
teoglycans [17,28]. Despite the slightly delayed cell elongation
observed in hPLMA, hASCs exhibited robust growth and a morphology
comparable to that typically seen in other 3D matrix systems. These
findings demonstrate that hPLMA can effectively support hASCs culture,
achieving performance equivalent to Matrigel in sustaining cell adhe-
sion, spreading, and proliferation [29].

The metabolic activity of hASCs was determined at 1, 3, 7 and 14
days of culture using the CCK-8 assay, and the results for each material
were normalized to represent the relative metabolic activity compared
to day 0. Fig. 2A shows that hASCs have a continuous growth throughout
the culture period in both hPLMA and Matrigel, without statistically
significant differences between the materials. Nonetheless, it is visible
that after 3 days of culture, the growth of hASCs in hPLMA hydrogels has
a non-significant 20% greater increase compared to Matrigel hydrogels
(162% =+ 60 in hPLMA vs. 142% =+ 83 in Matrigel). After 7 days of
culture, this non-significant 20% difference in metabolic activity pre-
vails (223% =+ 86 in hPLMA vs. 205% + 78 in Matrigel). Finally, after 14
days of culture, there is a triple fold in metabolic activity of hASCs in
hPLMA hydrogels (306% =+ 74), demonstrating a significant increase
compared to 0, 1, and 3 days of culture. In contrast, it was not possible to
collect the 14-day time point for Matrigel cultures due to hydrogel
degradation, which resulted in cell attachment to the culture plate.
Although some studies report that cells can be maintained in Matrigel
for up to 14 or even 21 days, these typically employ lower initial cell
densities. Other reports have similarly observed that Matrigel hydrogels
(30 pL) undergo substantial degradation after only 7 days of culture
[30-32]. Moreover, it is well reported that Matrigel degradation is
inconsistent and influenced by factors such as batch-to-batch variability,
cell density, and enzymes secreted by the cells. In particular, Wong et al.
demonstrated that both cell density and culture time significantly affect
Matrigel degradation [33]. Another key point influencing Matrigel's
degradation is the rate of activity of matrix metalloproteinases (MMPs)
and their inhibitors. As previously reported, TIMPs can attenuate
Matrigel's degradation, highlighting the critical regulatory role of MMPs
in the process [33]. Since type IV collagen is one of the main components
of the adipose tissue ECM, hASCs naturally secrete several MMPs to
remodel their matrix, particularly MMP-2 and MMP-9, which are type IV
collagenases [34]. Consequently, the high type IV collagen content of
Matrigel likely makes it particularly susceptible to degradation in the
presence of cells such as hASCs. Moreover, prior studies have confirmed
the presence of these MMPs and other proteinases in Matrigel, indicating
that the matrix itself can affect its degradation and cell-matrix in-
teractions [35]. In the context of long-term cell culture, hPLMA
demonstrated a clear advantage over Matrigel, supporting sustained cell
growth for up to 14 days without visible signs of structural degradation.
This stability is consistent with previous reports showing that hPLMA
hydrogels can maintain high cell viability for up to 24 days in culture,
reinforcing their suitability for long-term 3D cell culture applications
[36].

To further confirm cell proliferation and metabolic activity within
both matrices, Ki-67, a nuclear antigen selectively expressed during
active phases of the cell cycle, was evaluated as a marker of active cell
cycle. The Ki-67 expression was assessed by immunocytochemistry at
three time points, specifically 0, 3, and 7 days of culture, in order to
determine hASCs' proliferation inside the hydrogels. Overall, there is a
noticeable increase in Ki-67 staining throughout the culture time in both
materials (Fig. 2B), which is consistent with the cell growth results. The
corrected total cell fluorescence (CTCF) (Equation I) was used to
quantify the changes in Ki-67 expression throughout the culture period,
enabling an accurate subtraction of background signal from the
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fluorescent images. The mean CTCF of each time point was then
compared to day O to determine the fold change in Ki-67 expression. In
Fig. 2C, it is possible to observe a significant increase in Ki-67 expression
of hASCs embedded in Matrigel, after 3 and 7 days, with a fold change of
1.33 + 0.23 at day 3 and 1.74 + 0.13 at day 7, compared to day O.
Regarding hPLMA hydrogels, hASCs had a significant fold change of
1.49 £ 0.08 after 3 days and 1.89 + 0.03 after 7 days, compared to day O.
This suggests that hASCs' proliferation rate doubled after a 7-day cul-
ture, which is consistent with the metabolic activity results. While there
were no significant differences in Ki-67 expression between hPLMA and
Matrigel hydrogels, both matrices also had a significant increase in the
antigen expression from the third to the seventh day of culture.

These findings, together with the observed metabolic activity results,
demonstrate that both hPLMA and Matrigel hydrogels provide a sup-
portive microenvironment for hASCs' growth. Interestingly, hASCs show
a tendency for higher cell proliferation and metabolic activity when
embedded in hPLMA hydrogels. This fact is likely linked to the GFs
released by hPLMA, including VEGF (300-400 pg mL™!) and PDGF (8-
10 pg mL 1), which are known to improve cell growth and proliferation
[37]. In contrast, although Matrigel is also rich in several GFs (e.g.,
5-7.5 ng mL™! of VEGF and 5 - 48 pg mL™! of PDGF), they vary signif-
icantly between batches [8,38]. Proteomic analyses of growth
factor-reduced Matrigel have revealed the presence of hundreds of
additional proteins beyond those typically reported for this product,
highlighting its inherent variability, contributing to the complicated
interpretation of cellular responses and misleading conclusions in
experimental assays [39]. We also tested this variability by analyzing
the metabolic activity and viability of hASCs encapsulated in hPLMA
and Matrigel hydrogels from different batches. The metabolic activity
was not statistically different between the Matrigel batches (Fig. 3).
However, batches 1 and 2 at day 3 and batch 1 at day 7 showed co-
efficients of variation (CV) between 21 and 24% (Table S.1), which in-
dicates considerable variability. In contrast, batch 2 at day 7 and batch
3 at day 3 exhibited poor CV (between 35 and 51%), reflecting high
variability among data points. Additionally, the live/dead data (Fig. 4)
showed different growth patterns between the Matrigel lots, all resulting
in dense cell clusters by day 7. In contrast, hPLMA hydrogels demon-
strated more consistent metabolic activity and cell growth across
batches. Only two time points showed higher CV, between 23 and 28%
(namely, batch 2 at days 1 and 7), which remained within the acceptable
range. This proves that, despite having a diverse mixture of human
proteins, hPLMA allows consistent cell performance between distinct
batches.

Overall, hASCs' biological characterization when encapsulated in
hPLMA and Matrigel hydrogels revealed distinct cell-matrix in-
teractions. In Matrigel, hASCs exhibited rapid initial proliferation and
extensive matrix remodeling, reflecting the matrix's permissive and
compliant nature. In contrast, hASCs in hPLMA hydrogels initially
showed limited stretching, consistent with the higher stiffness of this
matrix, and its reduced susceptibility to MMPs-mediated degradation
compared to Matrigel. Nevertheless, hPLMA supported enhanced
metabolic activity and proliferation over time. Additionally, hPLMA
hydrogels facilitate the formation of a more dispersed and uniform cell
network, contrasting with the cell aggregates in Matrigel. These findings
indicate that hPLMA provides a microenvironment conducive to a pro-
longed and effective hASCs cell growth, which ultimately supports a
sustained 3D cell culture compared with Matrigel.

2.2. hPLMA and Matrigel's immunogenic profile evaluation

Building on the observed differences in hASCs' behavior, we pro-
ceeded to evaluate the immunogenic properties of hPLMA and Matrigel,
aiming to determine their suitability for safe and effective 3D cell culture
applications. Matrigel's potential immunogenicity and zoonotic
contamination have always been a concern [40,41]. Still, it is difficult to
find original research that verifies these claims. Therefore, this
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Fig. 3. Metabolic activity of hASCs encapsulated in hPLMA (A.) and Matrigel (B.) hydrogels from three different batches. Three time points (1, 3 and 7 days) were
analyzed through the CCK-8 assay. Results are expressed as mean (SD) with n = 3. * p-value <0.05 and ** p-value <0.01.
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Fig. 4. Representative fluorescence images of hASCs encapsulated in hPLMA (A.) and Matrigel (B.) hydrogels from three different batches. The live/dead staining
was performed at 1, 3, and 7 days of culture, with calcein AM staining live cells (green) and PI staining dead cells (red). Scale bar: 200 pm. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

represents a significant gap in knowledge that needs to be addressed,
especially given the extensive use of Matrigel in 3D cell culture systems.
To evaluate whether hPLMA and Matrigel hydrogels trigger an immune
response, a monocytic cell line, specifically the THP-1 human mono-
cytes, was differentiated into macrophages and exposed to these
matrices.

The activation of an immune response was assessed through quan-
tification of cytokine levels in the culture media. For this, the culture
medium of M0, M1, and M2 macrophages was collected after the third
and seventh days of culture. Afterwards, the expression of TNF-a, IL-6,
and IL-10 was quantified by ELISA assays, and the results are shown
in Fig. 5. Previous research has indicated that the differentiation of THP-
1 cells into M1 macrophages induces an increase in pro-inflammatory
cytokines, namely TNF-a and IL-6, while M2 macrophages have higher
levels of anti-inflammatory cytokines, such as IL-10 [42]. Our results
demonstrate that, at day 3, M1 macrophages had a basal expression of
TNF-a in both materials (4.00 + 1.70 pg mL~! in hPLMA vs.

2.43 £+ 0.92 pg mL7! in Matrigel), and this expression significantly
decreased after 7 days. Regarding IL-6 expression, only M1 macrophages
in contact with Matrigel had minimal levels of this cytokine at day 3
(3.28 + 2.81 pg mL™ 1), which was significantly higher compared to the
expression at day 7 (1.22 + 0.43 pg mL™1). Equally, for IL-10, only
Matrigel had a low expression of this cytokine at the third day
(2.13 + 0.22 pg mL™1), which was significantly reduced at the seventh
day of culture.

Thus, within this experimental model, neither hPLMA nor Matrigel
hydrogels appear to elicit detectable pro-inflammatory or anti-
inflammatory responses. Across all conditions and time points, the cy-
tokines' expression remained at baseline levels, below 6 pg mL},
consistent with physiological concentrations in healthy human subjects
[43]. This outcome was expected for hPLMA, given its human-derived
origin and primary composition of serum albumin, a
well-characterized non-immunogenic protein [44]. Consistently, previ-
ous research using methacrylated matrices, such as GelMA, has reported



M.M. Dias et al.

Materials Today Bio 39 (2026) 103443

A. TNF-a B. IL-6 C.IL-10
40 3 days 10 3 days 10 3 days
A 7 days c 7 days 7 days
8 b_ = 8 b 81
g * 2 2 2 g
e
E 6 S 6 2 6
s =3 = b
L4 d D a4 = 4] — .,
4 — - [
(= = a
2 2 i EJL
0-—*. ‘-I. 0 . = : . = 0 - . :_Ia . =
\‘9 “9 “;» \Q é(l« @\"' é\0 \§ é\\' é*\’ ég, é(1, @‘0 @9 @‘\' é‘\’ e\qr e{l«
& § & & &§ & ¥ & & & §F & & & &
& &S & P S S @ N RS
AN 2 A 2 AN @'b Y 2 Y @fb ) é{b AN @'b AN @@ A e{b

Fig. 5. Expression of TNF-a (A.), IL-6 (B.), and IL-10 (C.) by MO, M1, and M2 macrophages cultured in contact with hPLMA and Matrigel hydrogels. Results are
expressed as mean (SD) with n = 3, and with letters (a) to (e) representing significant differences (p-value <0.05).

minimal cytokine induction in macrophages within 3% (w/v) GelMA,
failing to elicit significant TNF-a and IL-10 expression after a 48-h cul-
ture [45]. Furthermore, in line with our results, in a recent study,
Monteiro et al. showed that MO macrophages cultured in contact with
hPLMA hydrogel beads had basal levels of IL-6. However, these mac-
rophages had a high expression of IL-10 and CD36, a marker for the M2
phenotype. This proved that hPLMA hydrogels alone could induce the
M2 polarization [20]. Although in our study the IL-10 expression was
not detectable in hPLMA conditions, these differences might be related
to the specific experimental design used in our work, particularly the
intrinsic properties of the hydrogels themselves. Since macrophages
were cultured beneath the hydrogels, both hPLMA and Matrigel might
have restricted the diffusion of cytokines to the medium. This aligns with
findings by Regier et al., who have recently shown that matrix proper-
ties, including cytokine sequestration, influence detected cytokine levels
in culture media. In their study, out of 21 cytokines analyzed, Matrigel
only induced an increase of IL-6 and IL-8 expression in the normal cell
lines, yet as mentioned, the Matrigel matrix could have limited the cy-
tokines' diffusion to the medium [46]. Equally, in our work, the low or
undetectable cytokine levels in both materials might be explained by the
cytokines' retention in the hydrogel's network, rather than their unpro-
duction by the macrophages.

Hence, our results suggest that both hPLMA and Matrigel do not
induce exacerbated immune responses and may support both healthy
and disease models. As mentioned, despite the consensus of Matrigel
immunogenicity, there is insufficient evidence in the literature for this
affirmation. In fact, most studies that address this question focus on
tumor cell lines and how Matrigel is able to enhance their tumorigenicity
[47]. Moreover, it is known that laminin, which is Matrigel's main
component, is immunogenic and can interact with different immune
cells [48]. Given that the immunogenicity data did not provide robust
results, we tried to consolidate these findings by analyzing the tran-
scriptomic profile of hASCs cultured in hPLMA and Matrigel hydrogels.

2.3. hASCs transcriptomic profile — DEGs functional enrichment

There are numerous studies assessing the transcriptomic profile of
cells encapsulated in Matrigel to study specific cell activities [49-51].
However, the studies evaluating the effect of Matrigel on the cultured
cells are much more limited. Most of them focus on the comparison of
organoid culture in Matrigel and other matrices, such as decellularized
animal-based ECM, hydrogels and composites, but not on the effect of
Matrigel on dispersed 3D cell cultures, essential in tissue engineering
applications [52,53].

To evaluate the influence of hPLMA and Matrigel on hASCs' behavior
at the molecular level, we conducted a total RNA sequencing analysis of
hASCs cultured in both materials throughout 0, 1 and 5 days of culture,
with day O corresponding to the analysis of cells immediately after the

cells” encapsulation. Given that Matrigel hydrogels had partial but sig-
nificant degradation by day 7, the analysis was limited to 5 days of
culture to ensure the integrity of the Matrigel matrix. A similar analysis,
to critically compare the effects of these 3D matrices with traditional 2D
culture, was performed. To do that, the RNA profiles of hASCs cultured
in 2D were analyzed at day 0 and compared with those of 3D encapsu-
lated cells in hPLMA and Matrigel. This analysis revealed 20,809
expressed genes. Thus, to refine the analysis and focus on biologically
meaningful changes, we applied strengthened selection criteria: an
adjusted p-value <0.01, a false-discovery rate (FDR) p-value <0.05, and
an absolute fold change >2. Using these thresholds, we identified 701
differentially expressed genes (DEGs) between 2D and hPLMA
(Figure S.1), and 2081 DEGs between 2D and Matrigel, of which 466
were common to both groups. The principal component analysis (PCA)
plot (Fig. 6) illustrated a clear separation in gene expression profiles
among the different culture conditions, i.e., hASCs cultured in 2D,
hPLMA and Matrigel, with 58% variance in the first principal compo-
nent (PC). The second PC, with 20% variance, separated the days of
culture, while the third PC had the smallest variance (10%) and repre-
sented the different assays conducted. This indicates that, despite the
effective hASCs growth in each matrix, their molecular behavior is
considerably different in each material and also varies throughout the
culture time. Likewise, the volcano plots (Figure S.2) demonstrate a
higher dispersion of DEGs in hASCs cultured in Matrigel, compared to
those in hPLMA. This shows that the DEGs of hASCs in Matrigel gener-
ally have higher fold changes and more statistically significant differ-
ences in gene expression. Despite this difference in the number of DEGs,
the changes in gene expression alone do not provide a complete over-
view of the cell state unless it is known the biological pathways in which
these genes are involved. Therefore, we further analyzed the processes
associated with these DEGs to better understand how the transcriptional
changes translate into cell responses in each condition.

Considering the top 20 DEGs with the highest absolute fold changes
across the different conditions (Figure S.3), the G:Profiler tool was used
to investigate the corresponding gene ontology (GO) terms enriched for
these DEGs, i.e., it was used to investigate which biological processes,
cellular components, or molecular functions were most affected in our
dataset, providing insight into the functional implications of the
observed gene expression changes. The corresponding results are sum-
marized in Table S.2. Notably, the most upregulated DEGs from day 0,
that is, immediately after encapsulation, revealed distinct molecular
patterns between the two matrices, even though they have no enrich-
ment for specific cellular functions, particularly within the Matrigel
matrix. In hPLMA, the top DEGs were primarily enriched in processes
related to protein folding, responses to abiotic stimuli, and the regula-
tion of cell proliferation and apoptosis, largely linked to the nucleus and
cytoskeleton. Likewise, at day 1, the top DEGs of hASCs in hPLMA
hydrogels continued to be mostly associated with RNA processing and
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Fig. 6. PCA analysis of genes expressed in hASCs cultured in 2D, and hPLMA and Matrigel hydrogels.

oxidoreductase activity. Conversely, the Matrigel-cultured cells top
DEGs were enriched in differentiation-related processes, the leptin and
the Wnt pathways, as well as response to oxygen-containing compounds
and endogenous stimuli. After 5 days, hASCs embedded in hPLMA
maintained enrichment in RNA and DNA processing, regulation of

A. hPLMA vs Matrigel (0, 1, 5 days)

cellular processes, tissue development, and response to lipids, oxygen-
containing compounds and tumor necrosis factor. Conversely, the top
DEGs in the Matrigel condition increasingly reflected cytokine and
chemokine activities, inflammatory and defense responses, and
chemotaxis while still showing enrichment for responses to lipids,

B. 2D vs hPLMA vs Matrigel (0 days)
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Fig. 7. Main clusters of biological processes enriched in DEGs between hPLMA and Matrigel at 0, 1 and 5 days of culture (A.), and between 2D, hPLMA, and Matrigel
at 0 days of culture (B.). Results are shown as the percentage of DEGs in each category. (C.) Alluvial plot of 2D, hPLMA and Matrigel conditions (left) and biological

processes (right) with the edge representing the relationship between them.
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oxygen-containing compounds and chemical stimuli. Collectively, these
findings suggest that biochemical composition and/or mechanical
properties of Matrigel may elicit defense or immune-related responses
from the encapsulated cells, as several of the most upregulated genes are
linked to immune functions.

To have a deeper understanding of the cellular processes influenced
by each material over different time points, and since the most upre-
gulated DEGs do not represent the whole cell state, all the DEGs for each
condition were analyzed using the DAVID Bioinformatics’ Functional
Clustering tool. This tool helped the identification of enriched GO terms
and subsequently organized these terms into clusters of gene functions.
To simplify this analysis, we grouped the clusters with similar terms into
broader categories. As a result, Fig. 7A shows the main cluster categories
comparing hPLMA and Matrigel at 0, 1 and 5 days of culture, and Fig. 7B
presents the main cluster categories comparing 2D culture with hPLMA
and Matrigel at day 0. The alluvial plot (Fig. 7C) visually represents the
associations between each condition and the corresponding biological
processes.

At day 0, the DEGs in the hPLMA condition indicate an early mod-
ulation of genes involved in transcriptional regulation, cell adhesion,
and response to GFs. This pattern persisted at day 1, with the additional
enrichment for ECM organization processes, suggesting that cells begin
to adapt and reorganize the hPLMA matrix shortly after the encapsula-
tion in this material. Immune-related processes were also enriched at
this time point, which may reflect the cellular adaptation to this new
environment. However, by day 5, these processes were no longer
enriched among hASCs in hPLMA, which shows that this was likely a
transitory adaptation of the cells to the new material and not an exac-
erbated and chronic response that would be indicative of material
immunogenicity. Notably, at day 5, there was still enrichment for cell
adhesion, ECM organization, transcription regulation, and response to
GFs, confirming that, since the encapsulation, hASCs can adhere, pro-
liferate and organize the hPLMA matrix. Additionally, the continuous
response to GFs can likely be attributed to the sustained release of these
factors from the hPLMA matrix, as demonstrated in previous research
[371.

In contrast, Matrigel maintained a consistent enrichment for immune
response processes from day O to day 5, indicating that it induces a
constant defense state in the cells. Throughout the period of the assay,
there was also enrichment in processes related to cell migration, pro-
liferation, transcription regulation, and response to GFs, an expected
outcome given the broad range of GFs inherently present in Matrigel
[54]. Additionally, genes involved in lipid metabolism were enriched in
cells cultured in both hPLMA and Matrigel. This enrichment likely re-
flects the intrinsic hASCs activity in regulating lipid metabolism in the
organism [55].

When comparing hASCs cultured in 3D environments to those
maintained in 2D conditions, it was noticeable that the hPLMA condition
had more enrichment for cell adhesion and proliferation, transcription
regulation, and ECM organization. These results highlight hPLMA's ca-
pacity to recapitulate key features of the native cellular microenviron-
ment, thereby supporting cell growth and migration within a 3D
context. This also indicates that the cell encapsulation in hPLMA
hydrogels, including exposure to a photoinitiator and light, did not exert
significant detrimental effects on the cells. Conversely, hASCs embedded
in Matrigel had greater enrichment in immune response processes, dif-
ferentiation, and transcriptional regulation genes when compared to
both 2D and hPLMA-encapsulated cells.

2.4. hASCs transcriptomic profile — in-depth DEGs analysis

2.4.1. Immunomodulation and matrix-driven transcriptional programming
in hPLMA vs. Matrigel

Considering the main cell functions that were enriched for each
condition, we conducted an in-depth analysis of DEGs involved in spe-
cific hASCs activities, focusing on six key cellular functions: hASCs
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immunomodulation; differentiation; proliferation; angiogenesis and
response to hypoxia; cell-cell and cell-ECM adhesion; ECM remodeling
and mechanotransduction.

When introduced into the human body, hASCs have the ability to
evade immune recognition, resulting in low immunogenicity and mak-
ing them suitable candidates for stem cell therapies [56]. Thus, when
embedded in hydrogels that accurately replicate the human ECM, hASCs
should exhibit this immunomodulatory effect and reduce the release of
inflammatory cytokines. To thoroughly delineate the immunomodula-
tory landscape and matrix-dependent cellular responses, we examined
pivotal DEGs at early (day 0), intermediate (day 1), and later (day 5)
time points. This temporal analysis demonstrated a gradual divergence
between hPLMA and Matrigel, encompassing inflammatory signaling,
matrix remodeling, and tissue maturation. At baseline (day 0), hASCs
displayed distinct transcriptional profiles depending on the culture
condition, indicating an immediate response to both dimensionality and
matrix composition. Regarding immunomodulation (Fig. 8A), it is
evident that hASCs cultured in both hPLMA and Matrigel expressed
factors typically produced by mesenchymal stem cells (MSCs) when
grown in 3D cultures, such as TNFAIP6 and IL24. Particularly, IL24 had a
significantly higher expression in Matrigel compared to hPLMA cultures.
This higher IL24 expression may act as a compensatory mechanism to
counteract the significant pro-inflammatory profile in Matrigel. Indeed,
Matrigel induced a prolonged pro-inflammatory state, characterized by
continuous upregulation of key cytokines and chemokines such as IL6,
IL1B, IL8, CCL2, and CXCL2, indicating chronic activation of innate
immune pathways and a chemokine-driven inflammatory niche [57].
Early activation of innate immune pathways was accompanied by
elevated ICAM1 expression (Fig. 8D), indicating enhanced adhesive and
immune-interactive properties. In contrast, hPLMA supported a tran-
sient immune response that resolved over time, promoting the produc-
tion of immunoregulatory mediators such as TNFAIP6 and CD200, both
associated with anti-inflammatory signaling and immune suppression,
along with PTGER2, indicating activation of prostaglandin-mediated
immunomodulation. This suggests that hASCs embedded in Matrigel
maintain a constant expression of pro-inflammatory genes that surpasses
those in hPLMA hydrogels. The plots from the DICE tool also illustrate
how immune activation profiles change over time (Fig. 9). As shown in
Fig. 9A, the enrichment of pro-inflammatory genes (IL1B, IL8, CCL2,
CXCL2) in Matrigel is associated with monocyte/macrophage and
neutrophil profiles, which indicates immediate activation of innate im-
mune pathways. At day 5 (Fig. 9C), Matrigel continues to have high
expression of immune-related genes, associated with ongoing matrix
degradation (MMP3, MMP9) and monocyte/macrophage profiles. Des-
sels et al. have shown that hASCs supplementation with FBS enriches
immune response and differentiation processes. However, in this study,
as both cultures had FBS supplementation, we can attribute the constant
enrichment in immune processes solely to Matrigel [58]. It is also worth
noting that previous proteome array analysis of Matrigel identified
relatively high levels of several chemokines in this matrix, such as
CXCL9, PAI-1, CCL2, and CCL12 [59]. The presence of these molecules
in Matrigel, even in small amounts, can likely trigger pro-inflammatory
cellular responses.

Previous studies indicate that the expansion of hASCs does not
diminish their immunomodulatory properties until passage 6 [60,61]. In
this analysis, we identified a single marker of the hASCs’ immunosup-
pressive effect, CD200, which was upregulated in both Matrigel and
hPLMA, indicating that the hASCs used in this assay were producing
immunoregulatory markers. Although it was not possible to identify IDO
or PGE2 in the DEGs, both immunomodulation markers, we identified
the expression of prostaglandin E2 receptor gene, PTGER2, corrobo-
rating hASCs' immunosuppressive function [56]. Particularly, PTGER2
expression was higher in both Matrigel and hPLMA compared to the 2D
culture (Fig. 8D), confirming that 3D matrices are more conducive to
hASCs' immunomodulation function, as shown in previous studies [56].

When embedded in a 3D matrix, cells experience restricted nutrient
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and gas exchanges, which naturally stimulates the expression of hypoxia
and angiogenesis markers, as the lack of oxygen promotes capillary
formation [62]. Although specific DEGs for hypoxia markers were not
identified, both materials induced the expression of angiogenic markers,
which are often linked to hypoxic conditions (Fig. 8B and C). Genes
related to angiogenesis and trophic support were upregulated in both
matrices. Particularly, hASCs in hPLMA presented higher expression of
TGFBR3, HGF, and ANGPTL4 at day 1, and KLF4 at day 5. In contrast,
hASCs within Matrigel showed an increased expression of VEGFB at day
1, and FGF2 and HGF at day 5. The upregulation of these genes is likely
linked to the presence of GFs that promote angiogenesis, such as VEGF,
PDGF and fibroblast growth factor (FGF), in both matrices, and indicates
activation of pathways that promote tissue repair [62]. Together with
the previous viability results, we conclude that the cells were not in a
state of severe hypoxia. However, this restricted 3D environment,
especially in the Matrigel aggregates at day 7, appears to have triggered
angiogenic pathways to improve the cells’ nutrient and gas exchanges.

Regarding differentiation markers, we identified triggers of adipo-
genic differentiation, particularly LPL and PPARGCIA, exclusively in
Matrigel hydrogels at day 5 (Fig. 8C) [63]. Previous research by Kim
et al. indicated that PPARy, an early adipogenic marker, exhibited

** p-value <0.0001.

higher expression levels in softer GelMA matrices, with this expression
decreasing as the hydrogel stiffness increased [64]. Similarly, Matrigel
being considerably softer than hPLMA provides a more permissive
microenvironment for adipogenic differentiation, which may explain
the enhanced expression of adipogenic markers observed in this condi-
tion. Even so, previous studies have shown that hASCs differentiation is
generally accompanied by a reduction in proliferative activity, as cells
transition from growth toward lineage-specific specialization [65].
However, in the present study, the encapsulated hASCs maintained high
proliferation rates throughout the culture period, suggesting that they
did not enter a differentiation program but instead remained metabol-
ically active and proliferative. This behavior likely results from the
intrinsic properties of the 3D matrices. In particular, the presence of
angiogenic and mitogenic GFs, such as VEGF, PDGF, and FGF, within
these hydrogels may further support proliferation and metabolic activity
[66]. Additionally, the culture duration might not have been sufficient
to induce terminal differentiation, particularly in the absence of defined
differentiation stimuli [67]. In hPLMA, only SOX9, a known chondro-
genic differentiation marker, was expressed, also suggesting an inert
behavior towards differentiation.

In both materials, hASCs showed high expression of cell adhesion
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Fig. 9. Matrix-dependent immunomodulation and temporal transcriptional dynamics of hASCs in 2D, Matrigel, and hPLMA. (A-D) Stacked bar plots display the TPM
scores of selected DEGs across various immune cell types, as inferred by the DICE tool. (A) Baseline (Day 0: 2D vs. Matrigel vs. hPLMA). (B) Initial reaction (Day 1:
hPLMA vs. Matrigel). (C) Later response (Day 5: hPLMA vs. Matrigel). (D) Immune system changes over time (0-5 days). Matrigel demonstrates a continuous increase
in pro-inflammatory cytokines and chemokines (IL6, IL1B, IL8, CCL2, CXCL2) at all time points, indicating persistent activation of innate immune pathways. hPLMA
elicits a transient immune response during the initial stages (day 0-1), resolving by day 5, as shown by increased expression of immunoregulatory mediators

(TNFAIP6, CD200).The inputted genes for each plot are presented in Table S.3.

markers, such as ITGA2, ITGA6, ICAM1, and VCAM1 at day 1, as well as
ICAM1 and ITGA11 at day 5, indicating the formation of cell-matrix
interfaces. These markers encode for adhesion proteins, primarily
involved in integrin-mediated adhesion [68,69]. Interestingly, Ren et al.
reported that ICAM-1 and VCAM-1 are also involved in MSCs immu-
nomodulation, as they are crucial for the adhesion of stem cells and
immune cells [70]. Therefore, this confirms that hASCs were main-
taining their immunosuppressive function. Additionally,
hPLMA-encapsulated cells demonstrated higher expression of prolifer-
ation markers, including MYCBP and CCNDI1, both involved in the
regulation of transcription and cell cycle progression, which was ex-
pected since transcription regulation processes were constantly enriched
for the hPLMA conditions [71,72].

As previously discussed, hASCs secrete several MMPs, particularly
collagenases, to remodel the surrounding matrix [34]. Here, we found a
high expression of MMP3 and MMP9 in Matrigel conditions, particularly
at day 5, indicating active and unresolved proteolytic processes, and
persistent matrix remodeling. This is also consistent with the predomi-
nance of collagen IV in the Matrigel matrix. Additionally, the expression
of MMPs inhibitors, the TIMPs, such as TIMP3, suggests a balanced
synthesis of MMPs necessary for matrix remodeling in both hPLMA and
Matrigel hydrogels. However, in Matrigel, the presence of TIMP3
appeared insufficient to prevent degradation. It should be noted that
Matrigel inherently contains MMPs and TIMPs, which could have
influenced the production of these molecules by hASCs [35]. In contrast,
hPLMA had a higher expression of PIEZO1, a mechanotransduction gene
[73]. Together with the proliferation markers MYCBP and CCND1, this
demonstrates that hASCs could perceive hPLMA and remodel this matrix

10

accordingly. By day 5, hPLMA promoted a transcriptional program
consistent with tissue maturation and structural stabilization, as shown
by increased COL1A1 and LOX expression, markers of collagen deposi-
tion and crosslinking, respectively [74]. Upregulation of ITGA11 further
supported enhanced cell-matrix interactions, while transcriptional reg-
ulators such as KLF4, PPARGCIA, and SOX9 indicated ongoing cellular
adaptation. It is also worth noting that several of these ECM remodeling
markers, including MMP-3, MMP-9, and immunomodulation markers,
such as CCL2, CXCL2 and IL-1p are actively involved in angiogenesis
regulation, showing the interconnected nature of these biological pro-
cesses [75].

Collectively, these findings indicate that hPLMA provides a more
regulated, immunologically balanced, and tissue-mimetic microenvi-
ronment, facilitating ECM organization, mechanosensitive adaptation,
and resolution of initial immune responses. In contrast, Matrigel induces
a persistent inflammatory and proteolytic state that impedes the for-
mation of stable tissue architecture over time.

2.4.2. SIGNOR network analysis of signaling programs in hPLMA and
Matrigel

To better understand the signaling mechanisms underlying the
observed transcriptional differences, we used the SIGNOR database for
pathway and causal network analysis. This approach enabled the iden-
tification of key regulatory interactions linking DEGs to functional
signaling pathways under different culture conditions and at various
time points.

SIGNOR analysis (Fig. 10) revealed that the signaling network ar-
chitectures of hPLMA and Matrigel were markedly different. Under
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Fig. 10. SIGNOR-based network analysis illustrating key signaling interactions derived from DEGs in hASCs cultured in hPLMA and Matrigel. Matrigel conditions
show enrichment of pro-inflammatory signaling hubs, including IL-1, TNF, and NF-kB pathways, forming highly interconnected networks associated with sustained
immune activation. In contrast, hPLMA displays a more balanced network, with increased representation of immunoregulatory (TNFAIP6, PTGER2) and
mechanotransduction-related (PIEZO1) pathways, indicating controlled immune modulation and matrix adaptation. Overall, the networks highlight a pro-
inflammatory signaling dominance in Matrigel vs. a regulated, tissue-supportive signaling profile in hPLMA.

Matrigel conditions, the network was dominated by pro-inflammatory PIEZO1-associated signaling integrated mechanical sensing with down-
signaling hubs, with significant activation of pathways associated with stream regulatory pathways, potentially linking matrix stiffness to
the NF-xB, IL-1, and TNF signaling axes. IL1B, IL6, and CXCL8 (IL8) regulated cellular adaptation. Both conditions featured ECM remodeling
served as central nodes and upstream regulators, increasing the nodes, such as MMPs and TIMP3, but their roles differed. Matrigel net-
expression of chemokines (CCL2, CXCL2) and amplifying inflammatory works favored activation of proteolytic activity, while hPLMA networks
cascades. These interactions formed a highly interconnected network, favored its inhibition, suggesting tighter control of matrix turnover in
characteristic of sustained innate immune responses. The persistence of hPLMA.

these signaling relationships over time suggests that Matrigel maintains Temporal network analysis further showed that, while Matrigel
a stable pro-inflammatory feedback loop, supporting the "alert" state sustained consistent activation of inflammatory signaling hubs from day
observed in the DEGs analysis. In contrast, hPLMA exhibited a more 0 to day 5, hPLMA networks shifted toward reduced connectivity of
balanced and modular signaling network, characterized by the presence inflammatory nodes and increased prominence of regulatory and

of both immunoregulatory and tissue-repair pathways. Key nodes such structural pathways. By day 5, hPLMA networks displayed abundant
as TNFAIP6 and PTGER2 were associated with inhibitory edges targeting interactions related to ECM organization, differentiation, and metabolic

inflammatory mediators, indicating active suppression of excessive im- adaptation, whereas Matrigel maintained dense inflammatory and
mune activation. The hPLMA network contained fewer pro- degradative signaling frameworks. Thus, SIGNOR-based network anal-
inflammatory feedback loops and more compartmentalized pathways ysis supports the conclusion that Matrigel drives a self-sustaining pro-
compared to the dense inflammatory network in Matrigel. inflammatory signaling network, while hPLMA fosters a controlled

Additionally, signaling pathways related to mechanotransduction signaling environment that integrates immune modulation, mechano-
and the ECM were organized differently in each condition. In hPLMA, transduction, and tissue maturation. These findings enhance our
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understanding of how matrix composition influences not only gene
expression but also the signaling logic governing cellular behavior.

Collectively, the transcriptomic data consolidate our previous re-
sults, demonstrating that, equally to Matrigel, hPLMA hydrogels allow
cell-cell and cell-ECM adhesion, and the ECM remodeling, which allows
their migration, proliferation and perception of the matrix. However,
despite the cells appearing to have normal growth at the macromolec-
ular level, Matrigel consistently induced significantly higher expression
of immune-related genes since the encapsulation. Even though Matrigel
did not enable cell culture for long periods, it would be relevant to
analyze processes at the genomic level, such as differentiation, to un-
derstand how hPLMA hydrogels influence the cells during long-term
cultures.

Although one of our aims is to move towards xeno-free and human-
based 3D cell cultures, we maintained FBS supplementation in this study
to allow better comparison with the bulk of the literature on this topic.
Hence, for future studies, it would be relevant to replace FBS with
human-based supplementation, such as hPL. Particularly, in hASCs
culture, hPL showed to improve cell proliferation without inducing cell
differentiation and immune responses, unlike FBS [58]. This would
allow us to understand and confirm if FBS has any major influence on the
cell's response to the matrix, especially at the molecular level. Ulti-
mately, this study provides a multi-layered characterization of how
matrix origin and composition shape cellular behavior in 3D culture
systems, integrating phenotypic, transcriptomic, and network-level an-
alyses. While both hPLMA and Matrigel supported hASCs' viability and
proliferation, our data reveal a fundamental divergence in the biological
programs they induce. Specifically, Matrigel promotes a persistent in-
flammatory and proteolytic state, whereas hPLMA supports a regulated,
immunomodulatory, and tissue-mimetic microenvironment. This
distinction was consistently observed across DEGs profiling, functional
enrichment, immune inference (DICE), and causal signaling networks
(SIGNOR), indicating that matrix composition governs not only gene
expression but also the underlying signaling logic of cell adaptation.

3. Conclusion

The present study demonstrated the differences in cell behavior
when encapsulated in hPLMA and Matrigel hydrogels. At a macromo-
lecular level, both matrices supported regular cell growth and prolifer-
ation with increasing metabolic activity. However, Matrigel's soft nature
led to rapid degradation and the formation of large clusters of cells. This
work also represents the first immunological and transcriptomic analysis
of hPLMA hydrogels and their direct comparison with Matrigel.
Although cytokine quantification on macrophage cultures showed basal
expression of both pro- and anti-inflammatory markers, the tran-
scriptomic analysis showed that Matrigel consistently induced a higher
expression of immune-related genes in hASCs compared to hPLMA.
Moreover, the transcriptomic data corroborated our previous findings
demonstrating that hASCs in hPLMA hydrogels had greater enrichment
for regulatory cellular processes, with lower expression of immune or
differentiation pathways. Ultimately, these findings confirm our initial
hypothesis, demonstrating that hPLMA effectively mimics the human
ECM, supporting prolonged culture while maintaining matrix stability,
high cell viability, and sustained cell proliferation. Collectively, the re-
sults position hPLMA hydrogels as a robust and reproducible human-
derived alternative to Matrigel, offering a more defined, stable, and
ethically sustainable platform for next-generation 3D cell culture and
tissue engineering applications.

4. Methods

In vitro Cell Culture — hASCs culture: Human adipose-derived stem
cells (hASCs) were obtained from subcutaneous adipose tissue at Hos-
pital da Luz (Aveiro, Portugal), with informed patient consent. The cells
were then isolated from the tissue, following the protocol described by
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Correia et al. [76] The cells were cultured in Minimum Essential Me-
dium Alpha (a-MEM, Gibco™, Thermo Fisher Scientific Inc., USA),
supplemented with 10% (v/v) heat-inactivated FBS (Gibco™, Thermo
Fisher Scientific Inc., USA), 1% (v/v) antibiotic/antimycotic (Gibco™,
Thermo Fisher Scientific Inc., USA) and NaHCOs3 (Sigma-Aldrich®,
USA). The hASCs were used between passages 2 and 8.

In vitro Cell Culture — hASCs encapsulation in hPLMA and Matrigel
Hydrogels: For encapsulation in hPLMA and Matrigel hydrogels, hASCs
were trypsinized (trypsin/EDTA solution, Gibco™, Thermo Fisher Sci-
entific Inc., USA) and then incorporated into the hPLMA solution at a
density of 3 x 10° cells mL™! or the Matrigel solution with a density of
2 x 10° cells mL~1. hPLMA hydrogels were synthesized according to the
manufacturer's instructions. Briefly, 50 uL/well of a 15% (w/v) hPLMA
(Metatissue®, Portugal) solution with 0.5% (w/v) solution of lithium
phenyl-2,4,6-trimethylbenzoylphosphinate (LAP, Metatissue®,
Portugal) in phosphate-buffered saline (PBS, Sigma-Aldrich®, USA) was
pipetted to a 96-well plate. Each well was irradiated with a 405 nm LED
curing light (Valo™ Cordless, Ultradent Products Inc., USA) for 60 s to
synthesize the hydrogels. Matrigel hydrogels were synthesized accord-
ing to the manufacturer's instructions. After Matrigel's thawing, 50 pL/
well of a 1.2% (w/v) Matrigel (Corning®, USA) solution was pipetted to
a 96-well plate. The solution was incubated for 60 min at 37°C with 5%
CO4, to polymerize the matrix and create hydrogels. To assess batch-to-
batch consistency, three independent batches of both hPLMA and
Matrigel were purchased and evaluated regarding cell metabolic activity
and cell viability.

Biological Characterization — Cell Metabolic Activity Quantification: The
Cell Counting Kit-8 assay (CCK-8, MCE®, USA) was applied to quantify
hASCs' metabolic activity. At each time point, namely 0, 1, 3, 7 and 14
days of culture, 10 pL/well of the CCK-8 reagent solution and 100 pL/
well of FBS-depleted a-MEM medium were added to a 96-well plate, and
it was incubated for 4 h at 37°C with 5% CO,. Then, the absorbance
(ABS) was read at 450 nm using the SpectraMax iD3 Microplate Reader
(Molecular Devices, USA). This assay used five replicates of cell-loaded
hPLMA and Matrigel hydrogels for each time point.

Biological Characterization — Cell Viability by Live/Dead assay: The
hASCs’ viability was assessed using two fluorescent probes, specifically
calcein acetoxymethyl (calcein AM) and propidium iodide (PI) to
identify live and dead cells, respectively. At each time point, i.e., 1, 3
and 7 days of culture, the cell-laden hydrogels were washed with PBS
and incubated for 30 min at 37°C with 5% COs, in a solution with 1:1000
of PI (Invitrogen™, Thermo Fisher Scientific Inc., USA), and 1:500 of
calcein AM (Invitrogen™, Thermo Fisher Scientific Inc., USA) diluted in
PBS. The hydrogels were then washed with PBS and visualized under a
fluorescence microscope (Thunder, Leica, Germany). The images were
processed using the LAS X Software (Leica, Germany).

Biological Characterization — Cell Proliferation by Ki-67 staining: The
Kiel 67 (Ki-67) antigen was used to quantify the hASCs' proliferation,
since Ki-67 expression increases solely during the active cell cycle. At
each time point (0, 3 and 7 days of culture), the cell-laden hydrogels
were washed with PBS and fixed with a 4% (v/v) paraformaldehyde
(PFA, Thermo Fisher Scientific Inc., USA) solution for 1 h (hPLMA
hydrogels) or 30 min (Matrigel hydrogels). The Ki-67 immunostaining
was carried out using the CytoVista™ Tissue Clearing/Staining Kit
(Invitrogen™, Thermo Fisher Scientific Inc., USA), according to the
manufacturer's instructions. Briefly, the hydrogels were incubated
overnight at 4°C with the primary antibody, Ki-67 Recombinant Rabbit
Monoclonal Antibody (Invitrogen™, Thermo Fisher Scientific Inc., USA)
at 2.5 pg mL~L. The following day, they were incubated for 3 h with a
detection antibody, namely the Goat anti-Rabbit IgG (H + L) Highly
Cross-Adsorbed Secondary Antibody, Alexa Fluor™ Plus 488 (Invi-
trogen™, Thermo Fisher Scientific Inc., USA) at 4 pg mL™'. After
washing with PBS, the hydrogels were examined under a fluorescence
microscope. The Ki-67 expression was quantified using the ImageJ
software (version 1.54j, National Institutes of Health, USA). For this, the
fluorescence intensity of regions with Ki-67 expression was measured,
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and the background signal was excluded based on the corrected total cell
fluorescence (CTCF) equation (Equation I) [77]. At each condition, the
average CTCF of 100 regions of interest (ROI) of Ki-67 expression was
used to determine the fold change in Ki-67 expression compared to day
0.

CTCF = Integrated Density
— (Area of Selected Cell x Average Mean Gray Value of Background)

Equation I. The corrected total cell fluorescence (CTCF) is obtained
with the “Integrated Density” as the mean gray value, i.e., the mean of
pixels in a section of the image, multiplied by the area of Ki-67
expression. The “Area of Selected Cell” represents the ROI of Ki-67
expression, and the “Average Mean Gray Value of Background” is the
average of pixels in regions with background signal.

Biological Characterization — Cell Morphology Analysis: To assess how
the hPLMA and Matrigel hydrogels influence hASCs’ morphology, two
fluorescent stains were used, specifically 4,6-diamidino-2-phenylindole
(DAPI) and phalloidin, which stain cell nuclei and actin filaments,
respectively. At three selected time points, namely 0, 3 and 7 days of
culture, cell-laden hPLMA and Matrigel hydrogels were washed with
PBS and fixed with a 4% (v/v) PFA solution as described. For the
phalloidin staining, the hydrogels were incubated for 45 min at RT with
a 1:400 rhodamine-phalloidin (Thermo Fisher Scientific Inc., USA) so-
lution diluted in PBS. After washing with PBS, the hydrogels were
incubated for 5 min at RT with a 1:1000 DAPI (Thermo Fisher Scientific
Inc., USA) solution diluted in PBS. The hydrogels were washed with PBS,
and cell morphology was analyzed under a fluorescence microscope.

Immunogenicity Evaluation — Cell Culture, Differentiation and Polariza-
tion: The THP-1 cell line was used to assess the immunogenic profile of
hPLMA and Matrigel hydrogels, since these cells can be differentiated
into different types of macrophages. THP-1 cells were kindly provided
by Professor Joao Mano from the University of Aveiro. The cells were
cultured in single cell suspension, with Roswell Park Memorial Institute
Medium (RPMI) 1640 (Sigma-Aldrich®, USA) supplemented with N'-2-
Hydroxyethylpiperazine-N'-2-ethane sulphonic acid (HEPES, Sigma-
Aldrich®, USA), 1% (v/v) sodium pyruvate (Lonza, Switzerland), 1%
(v/v) antibiotic/antimycotic (Gibco™, Thermo Fisher Scientific Inc.,
USA), 10% (v/v) heat-inactivated FBS (Gibco™, Thermo Fisher Scien-
tific Inc., USA), and NaHCO3 (Sigma-Aldrich®, USA).

The THP-1 monocytes were chemically differentiated into monocyte-
derived macrophages (MO macrophages) and polarized into classically
activated M1 macrophages and alternatively activated M2 macro-
phages, based on the method described by Genin et al. [78] THP-1 cells
(5 x 10° cells mL™!) were cultured in 96-well plates for 24 h with RPMI
1640 medium supplemented with 50 ng mL~" of phorbol 12-myristate
13-acetate (PMA, MCE®, USA), followed by a 24-h incubation with
RPMI 1640 medium. Afterwards, MO macrophages were polarized into
M1 macrophages with a 48-h incubation with a co-culture medium of
a-MEM and RPMI 1640 media (at a 1:1 ratio), supplemented with LPS
(MCE®, USA) at 10 ng mL ™! and INF-y (MCE®, USA) at 40 ng mL ™. The
polarization into M2 macrophages required a 48-h incubation of a
co-culture medium of a-MEM and RPMI 1640 media (at a 1:1 ratio),
supplemented with IL-4 (MCE®, USA) at 40 ng mL ™" and IL-13 (MCE®,
USA) at 40 ng mL™\. Finally, & 6 mm hPLMA hydrogels at 15% (w/v)
and Matrigel hydrogels at 1.2% (w/v) were synthesized on top of the
macrophages as previously described. Then, the medium of each type of
macrophage was collected at 3 and 7 days of culture.

Immunogenicity Evaluation — Immunological Assays: To identify the
activation of an immune response, the concentration of three types of
cytokines, namely tumor necrosis factor-alpha (TNF-a), interleukin-6
(IL-6), and interleukin-10 (IL-10), were quantified using ELISA Kkits.
TNF-a and IL-6, both pro-inflammatory cytokines, were selected to
evaluate M1 macrophages' activity. IL-10, an anti-inflammatory cyto-
kine, was used to assess the activity of M2 macrophages. Each ELISA kit
(Invitrogen™, Thermo Fisher Scientific Inc., USA) was performed
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following the manufacturer's instructions. The absorbance was read
using the SpectraMax iD3 Microplate Reader.

Transcriptomic Profile — RNA purification and quantification: hASCs
below passage 6 were cultured in 15% (w/v) hPLMA hydrogels and
1.2% (w/v) Matrigel hydrogels for 5 days, as previously described. At
specific time points (0, 1 and 5 days of culture), hASCs were recovered
from hPLMA hydrogels through enzymatic digestion of the hydrogels.
Matrigel hydrogels were dissolved using TRIzol™ Reagent (Thermo
Fisher Scientific Inc., USA), based on previously described methods
[10]. Afterwards, each cell suspension was mixed with TRIzol™ Reagent
in a 3:1 ratio to lyse the cells. The total RNA from the lysed samples was
purified using the Direct-zol™ RNA Miniprep Kit (Zymo Research, USA),
according to the manufacturer's instructions. Total RNA quality control
was assessed using the BioAnalyzer 2100 - RNA 6000 Pico kit (Agilent,
USA) following the manufacturer's instructions, and the total RNA was
quantified with the Qubit 3.0 fluorometer - RNA High Sensitivity Assay
(Thermo Fisher Scientific Inc., USA).

Transcriptomic Profile — RNA Sequencing: Ion Torrent sequencing li-
braries were prepared according to the AmpliSeq™ Transcriptome
Human Gene Expression Kit (Thermo Fisher Scientific Inc., USA) pro-
tocol, following the manufacturer's instructions. Briefly, 10 ng of total
RNA was reverse transcribed, and the resulting cDNA was amplified for
12 cycles by adding PCR Master Mix and the AmpliSeq Human tran-
scriptome gene expression primer pool. Amplicons were digested with
the proprietary FuPa enzyme, then barcoded adapters were ligated onto
the target amplicons. The library amplicons were bound to magnetic
beads, and residual reaction components were washed off. Libraries
were amplified, re-purified, and individually quantified using Agilent
TapeStation High Sensitivity tape. Individual libraries were diluted to a
50 pM concentration and pooled equally. Emulsion PCR, templating and
540 chip loading were performed with an Ion Chef Instrument (Thermo
Fisher Scientific Inc., USA). Sequencing was performed on an Ion S5
Prime™ sequencer (Thermo Fisher Scientific Inc., USA).

Transcriptomic Profile — Bioinformatic Analysis: The data were pro-
cessed using the Ion Torrent platform-specific pipeline software Torrent
Suite version 5.18 to generate sequence reads, trim adapter sequences,
filter and remove poor signal reads, and split the reads according to the
barcode. FASTQ and BAM files were generated using the Torrent Suit
plugin FileExporter version 5.18. Primary automated analysis for
AmpliSeq sequencing data of all samples was performed using the
ampliSeqRNA plugin version 5.18 (target region "hgl9_AmpliSeq -
Transcriptome_21K_v1). Plugin reports were normalized considering
transcript counts in spreadsheet file formats. The files containing
normalized data were uploaded to Affymetrix's Transcriptome Analysis
Console (TAC) Software (version 4.0.3.14, Thermo Fisher Scientific Inc.,
USA) for differential expression analysis. The TAC software provided
principal component analysis (PCA) and volcano plots, and hierarchical
clustering for comparison of 2D, hPLMA and Matrigel conditions.
Differentially expressed genes (DEGs) were selected considering p-value
<0.01, FDR p-value <0.05 and absolute fold change >2. Functional
enrichment analysis of the top 20 DEGs upregulated in each condition
was performed using the g:Profiler tool (https://biit.cs.ut.ee/gprofiler/,
version e113_eg59_p19 f6a03c19), considering gene ontology (GO)
terms for biological processes (BP), molecular function (MF) and cellular
component (CC). Function clustering of all the DEGs in each condition
was performed using the DAVID Bioinformatics tool, considering the GO
terms for BP [79,80]. These results were also represented in an alluvial
plot created in the SRplot platform [81]. Cell-type enrichment of gene
signatures was assessed with the Database of Immune Cell Expression
(DICE) CellTypeScore tool, which scores and visualizes the combined
expression of input genes across DICE immune cell subsets [82]. The
main DEGs associated with immunomodulation were integrated in the
SIGnaling Network Open Resource (SIGNOR) platform (version 4.0) to
create networks of functional interactions between these genes. A score
of 0.6 was applied to consider only interactions with strong supporting
evidence of the functional interactions [83].
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Statistical Analysis: All the data are expressed as mean + standard
deviation (SD) of three replicates per assay of three independent assays,
unless otherwise stated. To compare the metabolic activity of different
hPLMA and Matrigel batches, the coefficient of variation (CV), i.e., the
ratio of the standard deviation to the mean, was determined to have a
normalized measure of dispersion. The data were statistically analyzed
using GraphPad Prism version 6.05 for Windows (GraphPad Software,
USA), always using a significance of p < 0.05.
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