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Purpose: Obtaining sufficient numbers of cells in a short time is a major goal of cell
culturing in cell therapy and tissue engineering. However, current bidimensional
(2D) culture methods are associated to several limitations, including low efficiency
and the loss of key cell differentiation markers on cultured cells.

Methods: In the present work, we have designed a novel biofabrication method
based on a three-dimensional (3D) culture system (FIBRIAGAR-3D). Human
Wharton's jelly mesenchymal stromal cells (HWJSC) were cultured in 3D using
100%, 75%, 50%, and 25% concentrations of fibrin-agarose biomaterials (FA100,
FA75, FA50 and FA25 group) and compared with control cells cultured using
classical 2D systems (CTR-2D).

Results: Our results showed a significant increase in the number of cells generated
after 7 days of culture, with cells displaying numerous expansions towards the
biomaterial, and a significant overexpression of the cell proliferation marker
KI67 was found for the FA75 and FA100 groups. TUNEL and gRT-PCR analyses
demonstrated that the use of FIBRIAGAR-3D was not associated with an induction
of apoptosis by cultured cells. Instead, the 3D system retained the expression of
typical phenotypic markers of HWJSC, including CD73, CD90, CD105, NANOG
and OCT4, and biosynthesis markers such as types-I and IV collagens, with
significant increase of some of these markers, especially in the
FA100 group. Finally, our analysis of 8 cell signaling molecules revealed a
significant decrease of GM-CSF, IFN-g, IL2, IL4, IL6, IL8, and TNFa, suggesting
that the 3D culture system did not induce the expression of pro-inflammatory
molecules.

Conclusion: These results confirm the usefulness of FIBRIAGAR-3D culture
systems to increase cell proliferation without altering cell phenotype of
immunogenicity and opens the door to the possibility of using this novel
biofabrication method in cell therapy and tissue engineering of the human
cornea, oral mucosa, skin, urethra, among other structures.
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1 Introduction

The recent development of advanced therapy medicinal products
allowed the generation of novel therapeutic products based on human
cells (Olry de Labry-Lima et al.,, 2023). In general, cell therapy and
tissue engineering use living cells that are initially obtained from tissue
biopsies and subsequently expanded to obtain sufficient numbers of
cells (Ortiz-Arrabal et al., 2022). Although cell culture methods have
been improved during the last years, most methods are still subjected
to important limitations regarding their efficiency, the time required
to obtain abundant cell populations and the phenotypic changes that
most primary cell cultures experience after ex vivo sequential
passaging (Yan et al.,, 2014).

Several types of cells have been used in cell therapy and tissue
engineering. Human Wharton’s jelly mesenchymal stromal cells
(HWJSC) have numerous advantages as compared to other cell
types, including high proliferation and differentiation capabilities
and low immunogenicity when used in vivo (Garzon et al, 2020;
Pochon et al,, 2022). In fact, these cells express different cell markers of
MSC in the umbilical cord before and after ex vivo isolation (Garzon
et al,, 2014; Sanchez-Porras et al., 2023). Specifically, HWJSC typically
fulfill the minimal criteria of human mesenchymal stromal cells
(Dominici et al,, 2006), such as CD90, CD105, CD73 and vimentin,
while not expressing CD34, CD45 CDI14, CD19 or Major
Histocompatibility Complex, Class II, DR (HLA-DR) (Bharti et al,
2018), but also express several markers of pluripotency, such as the
homeobox transcription factor NANOG and the octamer-binding
transcription factor 4 (OCT-4) (Musial-Wysocka et al, 2019). As
some of these markers are most likely associated with closed
features of HWJSC used in cell therapy and tissue engineering,
retaining the expression of these markers should be an objective of
culture systems intended for clinical application of HWJSC.

Most available MSC-related studies have been conducted using
bidimensional (2D) cell cultures established on culture surfaces.
Although these systems allow cell expansion, development of more
efficient culture protocols providing higher cell expansion efficiency
is needed. In fact, it has been demonstrated that MSC tend to
diminish their proliferation potential and their differentiation
capability when cultured on 2D systems (Yan et al., 2014; McKee
and Chaudhry, 2017), with a significant reduction in the expression
of some of the typical markers of pluripotency expressed by MSC
(Hess et al., 2017; Mousavifard et al., 2020; Thakur et al., 2022).

It is well known that human cell physiology is strictly dependent
on the surrounding extracellular matrix (ECM), and cell survival
and function is often mediated through cell-cell interactions, but
also, through cell-ECM interactions (Habanjar et al., 2021; Sung
et al, 2023). In the human tissue, cell adhesion, proliferation,
survival and differentiation are directly controlled and regulated
by three-dimensional (3D) cell-ECM interactions mediated by
transmembrane cell receptors and ECM integrins (Brizzi et al,
2012). The lack of these important clues and interactions in
traditional 2D culture methods could contribute to explain why
MSC cultured in culture plates tend to lose proliferation and
differentiation potential (Mousavifard et al., 2020).
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In this context, recent developments focused on optimization of
cell culture protocols using 3D culture systems able to reproduce the
native niche of cultured cells (Bruschi et al., 2022). Among others,
the use of biocompatible biomaterials allowing the generation of
complex tissues and organs by tissue engineering (Ionescu et al.,
2020; Gonzalez-Gallardo et al., 2023), could contribute to reproduce
the 3D microarchitecture of native cells. Although different
biomaterials have been proposed for this purpose, such as
collagen (Song et al., 2023), alginate (Jahanbakhsh et al.,, 2020)
and fibrinogen (Simaan-Yameen et al., 2023), among others, the
ideal biomaterial to be used in 3D culturing of human MSC has not
been determined to the date.

The potential of a novel 3D culture platform called
FIBRIAGAR-3D was evaluated in the present work. This system
is based on different concentrations of fibrin-agarose biomaterials
and its use could contribute to increase cell proliferation of HWJSC
without altering the differentiation capability and immunogenicity
of these cells. Results could contribute to improve current cell
culture methods for use in cell therapy and tissue engineering
protocols.

2 Materials and methods

2.1 Establishment of primary cell cultures of
human Wharton's jelly stromal cells
(HWJSC)

Primary cell cultures of Human Wharton’s Jelly Stromal Cells
(HWJSC) were established from umbilical cords obtained from the
Human Tissue Biobank of the Andalusian Public Health System.
Small fragments were surgically obtained from the Wharton’s jelly
and digested in 2 mg/mL solution of Clostridium hystoliticum type I
collagenase  (Thermo  Fisher  Scientific-Gibco, =~ Waltham,
Massachusetts, United States) at 37°C for 6 h. Cells were then
harvested by centrifugation and cultured in culture flasks using
DMEM-Advanced culture medium (Thermo Fisher Scientific-
Gibco) supplemented with 10% fetal bovine serum (Merck) until
subconfluence. Cells were then enzymatically detached using a
commercial detachment solution containing 0.5 g/L of trypsin
and 0.2 g/L of EDTA (Merck, Darmstadt, Germany) and used in
the studies described below.

This study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Institutional Ethics
in  Andalusia (Comité
Coordinador de Etica de la Investigacién Biomédica de Andalucia),
protocol code 0116-N-19, date of approval 29th, may, 2019.

Committee for Biomedical Research

2.2 Generation of FIBRIAGAR-3D culture
platforms

In the first place, we generated fibrin-agarose biomaterials
following previously described protocols (Blanco-Elices et al,
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2023). Briefly, to generate 1 mL of biomaterial, we mixed 760 pL of
human plasma with 15 pL of tranexamic acid (Amchafibrin 5 mg/
mL, MEDA Pharma SL, Madrid, Spain), 100 uL of a 2% solution of
agarose in PBS (Merck), 50 pL of a 1% solution of CaCl, (Merck),
and 75 pL of DMEM-Advanced culture medium (Thermo Fisher
Scientific-Gibco). 150,000 detached HWJSC were added at the last
step. The human plasma used in this work was obtained from
healthy blood donors and contained a physiological amount of
fibrinogen, as previously described for the generation of human
bioartificial tissues by tissue engineering for clinical use (Gonzalez-
Gallardo et al., 2023). To evaluate the effects of the FIBRIAGAR-3D
cell culture platform, HWJSC were cultured with different
concentrations of a fibrin-agarose biomaterial. For the platform
consisting in a 100% of the
(FA100 group), the mixture described here was directly aliquoted

concentration biomaterial
in 24-well culture plates (Sarstedt, Niimbrecht, Germany) and
allowed to jellify at 37°C in a cell culture incubator. For the
platform with 75% of biomaterial (FA75 group), the mixture was
diluted at a 3:1 proportion in DMEM-Advanced culture medium
before adding the WHJSC, aliquoting the mixture and allowing the
biomaterial to jellify. In the case of the 50% group (FA50), the
biomaterial was diluted 1:1 in DMEM-Advanced, whereas the 25%
group (FA25) was diluted at a 1:3 proportion in DMEM-Advanced.
In all cases, the same culture plates and jellification conditions were
used, and the same number of cells was used in all groups. As a
control (CTR-2D group), 150,000 detached HWJSC were
subcultured directly on 24-well culture plates without any
biomaterial, resembling traditional 2D culture methods. Cells of
the CTR-2D groups and jellified biomaterials in the FIBRIAGAR-
3D groups were covered by DMEM-Advanced culture medium with
10% fetal bovine serum. Results were analyzed after 7 days of culture
at 37°C with 5% CO, in a cell incubator.

2.3 Histological and immunohistochemical
analyses

For histological analysis, cells cultured using the different
concentrations of FIBRIAGAR-3D and CTR-2D were fixed in 4%
formaldehyde, washed, dehydrated, cleared, and embedded in
paraffin. Tissue sections were obtained and stained with
hematoxylin and eosin (HE) following routine histological
methods, and the morphology and histological conformation of
the cells corresponding to each study group was evaluated. In
addition, histological sections stained with HE were used to
quantify the number of cells found in each study group. In each
sample, the number of stained cells was determined per 2000 um? of
area. A total of 10 independent measures were obtained per study
group (n = 10).

Immunohistochemical analyses were performed to identify the
presence of relevant markers and tissue components in each study
group. Immunohistochemistry using the marker of proliferation
KI67 (Thermo Fisher Scientific, Waltham, Massachusetts,
United States, PA1-38032, dilution 1:100) was performed. To
confirm the mesenchymal nature of the cultured cells, vimentin
expression was assessed. MSC phenotype was evaluated by
immunohistochemistry ~ for ~CD73  (Abcam, Cambridge,

United Kingdom, ab175396, dilution 1:200), CD90 (Abcam,
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ab92574, dilution 1:25) and CD105 (Abcam, ab169545, dilution
1:200) cell markers. Finally, the biosynthetic activity of HWJSC was
investigated in the different study groups by immunohistochemistry
for type-I collagen (COL-I; OriGene Technologies GmbH, Herford,
Germany, R1038, dilution 1:500) and type-IV collagen (COL-IV;
Master Diagnostica, Granada, Spain, MAD-000733QD, ready to
use). In brief, tissue sections were obtained, deparaffinized and
rehydrated, and treated with an antigen retrieval solution for
20 min (PanReac, Barcelona, Spain). Samples were incubated in
3% H,0, for 10 min to quench endogenous peroxidase activity, and
unspecific staining was blocked with 2.5% horse serum and casein
(Vector Laboratories, Burlingame, CA, United States) for 20 min.
Then, samples were incubated overnight with primary antibodies at
4°C, washed in PBS and incubated with secondary antibodies for 1 h
at RT. The complex epitope-antibody was detected using 3,3-
-DAB- (Vector
sections were counterstained for 20 s using Harry’s hematoxylin
(Gibco-Thermo Fisher Scientific, Waltham, MA, United States).
Native human controls and study samples in which the staining

diaminobenzidine Laboratories), and tissue

method was performed without primary antibody were used as
technical controls (Supplementary Figure S2). In all cases, images
were obtained using a Pannoramic” DESK II DW scanner (3D
Histotech, Budapest, Hungary). Quantitative analysis of the
immunohistochemical images was performed by evaluating the
number of cells showing positive and negative immunostaining
signal for each marker in a prefixed square area of 350 x
350 um?, with further calculation of the percentage of positive
cells. A total of 10 independent measures were obtained per
study group (n = 10).

2.4 Analysis of cell death using TUNEL assays

Terminal deoxynucleotidyl transferase (TdT) dUTP Nick-End
Labeling (TUNEL) assays were used to identify cells undergoing
apoptotic cell death in each study group using a DeadEnd™
Fluorometric TUNEL System (Promega, Madison, Wisconsin),
following the instructions provided by the manufacturer. In brief,
tissue sections were dewaxed and treated with a 20 pug/mL solution
of proteinase K for 5 min at room temperature, washed in PBS and
incubated in the TUNEL reaction solution of the kit for 1 h in the
dark at 37°C. Samples were then washed in PBS, dried and mounted
using VECTASHIELD® + 4',6-diamidino-2-phenylindole (DAPI)
(Vector Laboratories), and images were obtained using a Nikon
Eclipse 190 fluorescence microscope. Quantitative analyses were
carried out by counting the number of cells undergoing apoptosis
(stained in green) and normal cells (stained in blue) in each image of
25,000 um?, and the percentage of apoptotic cells was calculated.
Samples used as technical controls are shown in Supplementary
Figure S2. Three independent samples were analyzed per group of
study (n = 3).

2.5 Gene expression analysis
Gene expression was evaluated at the mRNA level using

quantitative real-time RT-PCR (qRT-PCR). First, total RNA was
extracted from each study group using a Qiagen RNeasy Mini Kit
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(Qiagen, Mississauga, ON, Canada). Then, RNA was
retrotranscribed to c¢DNA with an iScript Advanced cDNA
Synthesis ~ Kit containing a retrotranscriptase  (Bio-Rad
Laboratories, Hercules, CA, United States), and this cDNA was
used to amplify and quantify the different genes analyzed here. In
the present work, we analyzed the expression of genes playing a role
in cell proliferation, such as the proliferating cell nuclear antigen
(PCNA); migration, such as cortactin (CTTN); apoptosis, including
caspase 8 (CASPS8), B-cell lymphoma 2 apoptosis regulator (BCL2)
and X-linked inhibitor of apoptosis (XIAP); and stemness
phenotype, including NANOG, OCT4, SRY-box transcription
2 (SOX2) and CD45 using a Prime-PCR system
PCR (Bio-Rad
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used
as a control housekeeping gene. Briefly, equal amounts of cDNA

factor

customized plate Laboratories),  and

were mixed with SsoAdvanced Universal SYBR® Green Supermix
(Bio-Rad Laboratories) and the PCR reaction was carried out using a
Bio-Rad CFX Connect 96 thermocycler. Results were normalized to
GAPDH expression. 6 independent samples were analyzed per study
group (n = 6).

2.6 Quantification of cytokine and
chemokine cell signaling molecules

To evaluate the potential effects of 3D culturing on the
immunogenicity of HWJSC, we assessed several bioactive cell
signaling molecules secreted to the culture medium using the
Bio-Plex Pro Human Cytokine 8-plex Assay #M50000007A (Bio-
Rad Laboratories). This system was able to quantitatively evaluate
8 bioactive molecules, including granulocyte-macrophage colony-
stimulating factor (GM-CSF), interferon gamma (INF-g),
interleukins 2, 4, 6, 8, and 10 (IL2, IL4, IL6, IL8 and IL-10) and
tumor necrosis factor alpha (TNFa). Supernatant culture medium
was harvested from each study group (CTR-2D, FA25, FA50, FA75,
and FA100) and diluted 4-fold with diluent buffer, as suggested by
the manufacturer. These samples were then incubated with the
antibody-bead conjugates in 96-well microplates and at
20°C-25°C for 1h with shaking, followed by incubation with a
biotin-labeled antibody at 20°C-25°C for 30 min and streptavidin-
phycoerythrin conjugates at 20°C-25°C for 10 min (both, after
washing and shaking). Finally, the assay buffer was added, and
fluorescence for the Eight analytes was measured using an automatic
(Bio-Plex” 200 Bio-Rad
Laboratories). Finally, the cytokine concentration was calculated

immunoassay ~ analyzer System;
using standard curves. Eight independent samples were analyzed per

study group (n = 8).

2.7 Statistical analysis

For each study group, and for each analysis method, average
values and standard deviation were first calculated. Then, each
distribution was analyzed for normality using the Shapiro-Wilk
statistical test. As we demonstrated that most variables were not
normally distributed, and therefore, did not fulfill the criteria for
parametric analysis, non-parametric statistical tests were then used.
To compare the number of cells obtained in each study group, the
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percentage of cells showing positive immunohistochemical signal
for K167, VIMENTIN, CD73, CD90, CD105, COL-I, and COL-1V,
and for the TUNEL and cell signaling molecules assay, we used
Mann-Whitney U exact test. For the gene expression analysis, we
first determined the fold-change relative expression of each
group CTR-2D  group
(considered as 1). Then the statistical significance p-value was

experimental compared with the
calculated for each experimental group compared to CTR-2D
using Mann-Whitney U exact test.

All statistical tests were performed using Excel Real Statistics
(http://www.real-statistics.com) (Dr. Charles Zaiontz, Purdue
University, West Lafayette, IN, United States). The significance

level was set at 5% for the two-tail analyses.

3 Results

3.1 Histological analysis of cells cultured in
the different conditions

In the first place, we analyzed the morphology and number of
HWJSC cultured in the FIBRIAGAR-3D system on tissue sections
stained with HE. Results showed that cells were able to grow within
the FA biomaterial, showing a spindle shape or a star-like
morphology, with cell expansions to all the spatial directions
(Figure 1). In contrast, cells cultured in CTR-2D tended to be
flat and elongated. No morphological signs of apoptosis, necrosis
or other type of cell alteration was detected in any of the study
groups.

3.2 Analysis of cell proliferation in each study
group

Quantification of the number of cells found in each study group
after the follow-up period (Figure 1) showed significant differences
among groups. First, we found that the CTR-2D samples contained
14.6 + 2.62 cells in 2000 um of culture surface, whereas cells cultured
in FA25 showed significantly lower number of cells (11.11 *
251 cells, p = 0.0101). However, cells cultured in FA50,
FA75 and FA100 contained significantly higher number of cells
(53.6 + 8.32, 72.4 + 741, and 95.3 + 9.08 cells, respectively) than
CTR-2D, with differences being statistically significant (p <
0.0001 for all comparisons).

At the mRNA level, our analysis of PCNA gene expression
revealed some differences between the cells cultured on culture
flasks in the CTR-2D group and cells cultured using the
FIBRIAGAR-3D system, although these differences were not
statistically significant. As shown in Table 1, expression of this
gene in cells cultured in FA100 was 2.74 + 1.45 times higher than
that of CTR-2D. The same pattern was found for the expression of
CTTN, with more than 2-fold expression in FA100, although
differences were not statistically significant.

Immunohistochemical analysis of the proliferation marker
KI67 on cells cultured using the different culture systems
described in this work (Figure 2) found that the percentage of
KI67-positive cells was significantly higher in FA75 and FA100 as
compared to the CTR-2D group (p = 0.0039 and 0.0266,
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FIGURE 1

Histological analysis of HWJSC cultured on culture plates (CTR-2D) and in the 25%, 50%, 75% and 100% concentrations of FIBRAGAR-3D (FA25,
FA50, FA75, and FA100, respectively). Tissue sections were stained with hematoxylin-eosin (HE), and different magnification images are shown for each
culture condition. Scale bars: 500 uym for the top and medium rows and 50 ym for the bottom row. The histogram shows the average and standard

deviation number of cells found in 2000 pm of culture surface for each study group. Black lines connecting two groups indicate that the differences
are statistically significant.

TABLE 1 Expression of the different genes analyzed in this work using qRT-PCR on HWJSC cultured on culture plates (CTR-2D) and in the 25%, 50%, 75%, and 100%
concentrations of FIBRAGAR-3D (FA25, FA50, FA75, and FA100, respectively).

CTR-2D FA25 FA50 FA75 FA100
GAPDH 1+0 1+0 1+0 1+0 1+0
PCNA 1+1.18 0.19 + 0.08 131 £ 0.8 1.25 + 1.47 2.74 £ 145
CTTN 1+124 0.08 + 0.04 1.02 + 0.95 1.78 £ 1.98 2.88 £ 1.79
CASP8 1+1.43 0.57 £ 1.12 0.82 +0.33 2.22 +2.87 224 £ 1.16
BCL2 1+1.1 0.86 + 1.01 1.99 +2.93 1.03 + 0.61 111 + 1.02
XIAP 1+1.43 0.88 + 1.35 124 +1.25 1.9 + 2.69 0.15 + 0.09
NANOG 1+1.43 0.01 £0 2.68 +2.82 6.08 + 7.34 6.77 + 3.72*
OCT4 1+ 1.02 0.01 £0 1.61 + 1.03 2.44 £ 197 3.18 £ 1.77*
SOX2 1+1.34 0.07 £ 0.12 0.24 + 0.15 0.54 +0.75 1.41 + 1.36
CD45 1+1.72 0.01 £0 1.54 £ 0.79 4.33 £ 4.09 2.83 £0.94

For each type of sample, the fold-change relative expression is shown as compared to results obtained in the CTR-2D group (considered as 1), after GAPDH normalization.
Results are shown as averages + standard deviations.
Results showing statistically significant differences with CTR-2D are labeled with asterisks (*).

respectively). No differences were found between FA25 or FA50 and
CTR-2D (Table 2). On the other hand, the analysis of vimentin
showed that more than 95% of the cells found in all study groups
were positive for this marker, without statistical differences among
groups (Figure 2; Table 2).

3.3 Analysis of HWJSC cell death induced by
the FIBRIAGAR-3D culture system

First, we quantified the mRNA corresponding to the pro-
apoptotic gene CASP8, and we found non-significant differences
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FIGURE 2

Immunohistochemical analysis of KI67 and vimentin (VIM) expression in HWJSC cultured on culture plates (CTR-2D) and in the 25%, 50%, 75% and
100% concentrations of FIBRAGAR-3D (FA25, FA50, FA75, and FA100, respectively). Scale bars: 50 um. The histograms show the average and standard
deviation percentage of positive cells for each study group. Black lines connecting two groups indicate that the differences are statistically significant.

TABLE 2 Percentage of cells showing positive expression of the different immunohistochemical markers analyzed in this work in HWJSC cultured on culture plates
(CTR-2D) and in the 25%, 50%, 75%, and 100% concentrations of FIBRAGAR-3D (FA25, FA50, FA75, and FA100, respectively).

Ki67 VIMENTIN CD73 CD90o CD105 COL- COL-IV
CTR-2D 9.78 + 4.97 99.4 + 1.8 100 + 0 74.84 + 4.21 78.55 + 8.22 79.89 +12.23 99.85 + 0.45
FA25 14.35 + 6.68 98.86 + 2.29 100 = 0 66.02 + 16.67 95.7 £5.42 88.66 + 10.65 97.56 + 491
FA50 15.88 + 7.88 97.17 + 5.68 100 £ 0 64.29 + 15.93 94.16 + 4.53 100 £ 0 98.75 £ 3.75
FA75 19.47 + 6.35 95.8 £ 5.46 100 = 0 69.67 + 4.48 9833 £5 100 £ 0 96.46 £ 5.9
FA100 16.52 + 4.9 98 + 6 100 + 0 67.51 + 15.12 95.14 + 8.19 100 + 0 86.9 + 224
CTR-2D vs. FA25 0.1728 0.7959 0.9705 0.0927 0.0001* 0.1051 0.6842
CTR-2D vs. FA50 0.0892 0.6842 0.9705 0.1139 0.0001* 0.0002* 0.9705
CTR-2D vs. FA75 0.0039* 0.2743 0.9705 0.0592 0.0001* 0.0002* 0.3930
CTR-2D vs. FA100 0.0266* 0.9705 0.9705 0.1011 0.0021* 0.0002* 0.2176
FA25 vs. FA50 0.8286 0.9118 0.9705 0.9314 0.7197 0.0068* 0.7394
FA25 vs. FA75 0.1011 0.4082 0.9705 0.2973 0.3527 0.0068* 0.7394
FA25 vs. FA100 0.3823 0.7959 0.9705 0.8421 0.8286 0.0068* 0.3150
FA50 vs. FA75 0.1655 0.7618 0.9705 0.4363 0.0653 0.9705 0.4813
FA50 vs. FA100 0.5726 0.7959 0.9705 0.7197 0.3704 0.9705 0.2176
FA75 vs. FA100 0.2743 0.4082 0.9705 0.4002 0.3599 0.9705 0.4813

Average and standard deviation values are shown for each marker and each study group.

The last rows show the statistical p values for the comparison of two specific groups of samples.

Significant p values are labeled with asterisks (*).

between cells cultured in FIBRIAGAR-3D (FA25, FA50, FA75 and
FA100) and cells corresponding to the CTR-2D group (Table 1).
Similarly, the analysis of the anti-apoptotic genes BCL2 and XIAP
resulted in non-significant differences with cells cultured on 2D
surfaces.

Then, we carried out TUNEL analyses to identify cells undergoing
apoptosis in each study group (Supplementary Figure S1). Results
showed that the percentage of cells showing positive TUNEL staining
was 11.46% + 9.98% in the CTR-2D group, with non-significant
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differences in the different FIBRIAGAR-3D concentrations (3.67% *

7.77% for FA25,10% + 16.1% for FA50, 5% + 10.54% for FA75% and

10.29% + 13.17% for FA100; p > 0.05 for all comparisons).

3.4 Analysis of HWJSC stemness phenotype
In order to evaluate the cell phenotype of WHJSC cultured in

FIBRIAGAR-3D, we first analyzed the expression of several genes
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FIGURE 3

Immunohistochemical analysis of CD73, CD90, and CD105 expression in HWJSC cultured on culture plates (CTR-2D) and in the 25%, 50%, 75%, and
100% concentrations of FIBRAGAR-3D (FA25, FA50, FA75 and FA100, respectively). Scale bars: 50 um. The histograms show the average and standard
deviation percentage of positive cells for each study group. Black lines connecting two groups indicate that the differences are statistically significant.

playing an important role in cell stemness. As shown in Table 1, our
results showed that cells corresponding to the FA100 group
significantly overexpressed NANOG and OCT4, as compared to
CTR-2D (p = 0.0087 and 0.0260, respectively). Differences were
non-significant for SOX2 and for the control gene CD45.

In addition, we evaluated the expression of several cell-surface
markers of cell stemness (Figure 3; Table 2), and we found that
culturing the cells on the different concentrations of FIBRIAGAR-
3D maintained the high expression of the markers CD73 and
CD90 found in CTR-2D, with differences being non-significant.
However, the 3D system was able to increase the percentage of cells
showing positive expression of CD105 in FA25, FA50, FA75, and
FA100, with more than 94% of positive cells in all these conditions,
whereas 78.55% + 8.22% of the cells cultured in 2D systems were
positive for this marker. Differences between CTR-2D and the four
concentrations of FIBRIAGAR-3D were statistically significant (p =
0.0001 for FA25, FA50 and FA75, and p = 0.0021 for FA100).

3.5 Evaluation of the collagen biosynthetic
activity of HWJSC cultured in FIBRIAGAR-3D

Synthesis of type-I collagen was assessed in cells cultured using
the FIBRIAGAR-3D system and control cells cultured on 2D culture
surfaces. As shown in Figure 4; Table 2, we found that 79.89% +
12.23% of cells of the CTR-2D group showed positive expression of
type-1 collagen. However, HWJSC cultured in FA50, FA75 and
FA100 showed a significantly higher percentage of positive cells that
reached 100% of the analyzed cells (p = 0.0002 in the three cases).
Regarding type-IV collagen, all conditions showed more than 85% of
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positive cells, with non-significant differences among groups
Figure 3; Table 2.

3.6 Analysis of cytokines and chemokine cell
signaling molecules in cells cultured with
FIBRIAGAR-3D

To determine the putative immunogenic effects of cells cultured
in the 3D system, we analyzed 8 relevant cell signaling molecules
secreted by the cultured cells. As shown in Table 3, cultured cells
synthetized several signaling molecules, especially IL6, IL8 and GM-
CSF, with differences among study groups. In general, culture of the
HWIJSC using FA50 tended to show increased amounts of the
8 molecules analyzed, whereas FA100 tended to decrease the
FA100 was
associated with a statistically significant decrease of GM-CSF,
IFN-g, 1L2, IL4, IL6, IL8, and TNFa, although non-significant
differences were detected for IL10.

concentration of these molecules. Specifically,

4 Discussion

The search of novel and more efficient cell culture systems is a
requirement of current research, and it has been proposed that 3D
systems can simulate in vivo physiological environments more
efficiently than 2D systems (Baruffaldi et al, 2021). In the
present work, we evaluated the usefulness of FIBRIAGAR-3D
culture systems to improve current cell culture methods applied
to HWJSC.
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FIGURE 4

Immunohistochemical analysis of type-I collagen (COL-1) and type-IV collage (COL-1V) expression in HWJSC cultured on culture plates (CTR-2D)
and in the 25%, 50%, 75%, and 100% concentrations of FIBRAGAR-3D (FA25, FA50, FA75, and FA100, respectively). Scale bars: 50 um. The histograms
show the average and standard deviation percentage of positive cells for each study group. Black lines connecting two groups indicate that the

differences are statistically significant.

TABLE 3 Quantitative analysis of 8 relevant cell signaling molecules generated by HWJSC cultured on culture plates (CTR-2D) and in the 25%, 50%, 75% and 100%
concentrations of FIBRAGAR-3D (FA25, FA50, FA75 and FA100, respectively) using Bio-Plex Human Cytokine 8-plex assays.

GM-CSF IFN-g IL2 IL6 IL8 IL10 TNFa
CTR-2D 124.09 + 186.63 22.86 + 1.59 9.8 £ 1.11 32.8 +£2.84 9717.04 + 457.77 2720.79 + 3344 0.96 + 0.59 1994 + 1.34
FA25 88.39 + 62.45 22.02 +3.23 10.92 + 1.29 26.9 + 14.63 9464.26 + 1121.2 4003.61 + 272.37 1.51 +0.25 21.88 £ 1.98
FA50 109.92 + 50.65 38.2 £ 531 15.83 + 2.54 62.19 £ 3.73 11894.36 + 824.24 5643.1 + 596.52 1.04 + 1.34 322 £5.32
FA75 29.68 + 25.96 25.1 £ 591 12.53 £ 5.21 21.15 £ 5.78 9205.61 + 1852.64 3261.67 + 404.19 1.63 + 2.54 20.33 £ 12.15
FA100 338 +34 522 + 351 1.84 + 2,51 21.15 £ 5.34 4117.36 + 1076.96 609.8 + 243.41 0.58 +£0.43 339 +£25
CTR-2D vs. FA25 0.1049 0.3282 0.1049 0.1206 0.8785 0.0002* 0.0649 0.0939
CTR-2D vs. FA50 0.1206 0.0002* ‘ 0.0003* 0.0003* 0.0002* 0.0002* 0.6620 0.0006*
CTR-2D vs. FA75 0.7209 0.6454 0.3282 0.0006* 0.3282 0.0070* 0.8357 0.9551
CTR-2D vs. FA100 0.0002* 0.0002* 0.0003* 0.0003* 0.0002* 0.0002* 0.5728 0.0003*
FA25 vs. FA50 0.5358 0.0002* 0.0006* 0.0002* 0.0003* 0.0002* 0.1419 0.0003*
FA25 vs. FA75 0.0104* 0.2345 0.8785 0.7984 0.6454 0.0047* 0.1014 0.6454
FA25 vs. FA100 0.0002* 0.0002* 0.0002* ‘ 0.7984 0.0002* 0.0002* 0.0047* ‘ 0.0002*
FA50 vs. FA75 0.0037* 0.0019* 0.0541 0.0002* 0.0104* 0.0002* 0.6943 0.0721
FA50 vs. FA100 0.0003* 0.0002* 0.0003* ‘ 0.0002* 0.0002* 0.0002* 0.9591 ‘ 0.0003*
FA75 vs. FA100 0.0104* 0.0002* 0.0003* ‘ 0.9591 0.0002* 0.0002* 0.7789 ‘ 0.0104*

For each molecule, average and standard deviation values are shown for each study group.

The last rows show the statistical p values for the comparison of two specific groups of samples.

Significant p values are labeled with asterisks (*).

It is well known that traditional cell isolation and culture
techniques typically provide limited expansion, and long culture
times are necessary to obtain large number of cells for therapeutic
use (McKee and Chaudhry, 2017). For this reason, several
alternative cell culture methods have been proposed, such as
tissue explant, use of bioreactors or 3D culturing using different
biomaterials (Hendijani, 2017; Scibona and Morbidelli, 2019). In
this regard, we found that FIBRIAGAR-3D was able to increase the
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number of cells obtained at the end of the follow-up period, as
compared to traditional cell culture methods, especially at the
highest concentrations. Importantly, FA100 was able to increase
the number of cells more than 6-fold, which is higher than the 1.6-
fold reported for other biomaterial-based 3D systems such as
Matrigel (Yan et al,, 2014) or the 4-fold found for decellularized
ECM (Lin et al., 2012). The higher number of cells was associated to
increased cell proliferation, demonstrated by an increment in the
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expression of the cell proliferation-related protein KI67 and,
partially of PCNA, confirming the potential of FIBRIAGAR-3D
to improve cell proliferation.

When
histologically, we found that cell morphology was compatible

cells expanded in this system were evaluated
with a normal cell population devoid of any detectable
alterations, and kept their native expression of the MSC marker
vimentin (Kuburich et al., 2022). In addition, cells cultured in
FIBRIAGAR-3D had abundant expansions and spread in all
spatial directions of the biomaterial. These results, along with the
fact that these cells expressed increased amounts of vimentin and
cortactin, suggest that the FIBRIAGAR-3D microenvironment
and 3D
biomaterial. Several works previously demonstrated that cortactin
stimulates cell migration and cell attachment to the ECM mediated

promotes cell migration expansion within the

by cadherins and beta-catenins (van Rossum et al., 2006; Schnoor
et al,, 2018), whereas vimentin plays an important role in directing
and controlling cell migration (Kuburich et al., 2022). In addition to
this, our analysis of cell death revealed that cells cultured using the
FIBRIAGAR-3D platform were not affected by apoptosis, suggesting
that this technology is safe and did not affect cell viability, which is
one of the main requirements of cells cultured for future clinical use
(Cases-Perera et al., 2022). Future studies should be carried out to
determine if cells cultured in FIBRIAGAR-3D may be associated
with a process of senescence, and if this phenomenon could be
reduced and controlled by this culture system as compared to 2D
culturing. In this milieu, previous studies published by our group
found that HWJSC tend to show senescence and decreased cell
viability after sequential passaging and subculturing, with the fifth
and sixth passages showing the highest viability levels (Garzon et al.,
2012).

In addition to cell viability, culture systems should be able to
support cell phenotype and function. In the case of the human MSC,
cells should be able to express relevant markers of stemness and
multipotentiality, such as CD73, CD90 and CDI105, while not
expressing other markers such as CD45 as previously established
for this type of cells (Dominici et al., 2006; Bharti et al., 2018). In
addition, the expanded differentiation potential of HWJSC to
2020) has
demonstrated to be mediated by the expression of pluripotency
markers, including NANOG, OCT-4, and SOX2 (Musial-Wysocka
etal, 2019). Although maintaining all these potency markers should

different types of cells (Garzon et al, been

be an objective of culture methods designed for HWJSC expansion,
cells cultured using classical 2D culture systems typically tend to lose
clonal and differentiation potential (McKee and Chaudhry, 2017),
especially when cells are kept in culture for long periods of time
(Martin-Piedra et al., 2014).

Our results showed that HWJSC cultured in FIBRIAGAR-3D
significantly overexpressed CD105 at all concentrations, and
NANOG and OCT4 at the highest concentration, as compared to
cells cultured using 2D methods, and kept the expression of CD73,
CD90 and SOX2. These results are in agreement with previous
reports demonstrating that 3D culturing is able to enhance
pluripotency and differentiation capability of HWJSC and other
types of MSC as compared to 2D methods (Hess et al.,, 2017;
Mousavifard et al., 2020; Thakur et al., 2022). The fact that
FIBRIAGAR-3D succeeded in improving these markers on
cultured HWJSC could contribute to obtaining cell populations
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with increased differentiation potential and, therefore, with
Although the HW]JSC
already been applied to the

expanded  clinical  applications.
differentiation potential has
generation of different stromal and epithelial tissues (Garzon
et al.,, 2013; Durand-Herrera et al., 2018; Garzon et al., 2020), the
cell populations cultured in FIBRIAGAR-3D may be able to
differentiate other types of cells and tissues with potential clinical
usefulness. Although the analysis of surface markers of MSC
in FIBRIAGAR-3D is with a high

differentiation potential, studies analyzing their differentiation

cultured compatible
capability to the osteogenic, chondrogenic and adipogenic
lineages are needed (Nieto-Aguilar et al., 2011).

Another important feature of HWJSC is their very active
metabolic activity and their capability to synthetize different
ECM molecules such as collagen fibers and basement membrane
components (Dan et al., 2017; Garzon et al., 2020; Sanchez-Porras
et al.,, 2023). To determine if cells cultured in the FIBRIAGAR-3D
system retain this capability, we evaluated the synthesis of type-I and
type-IV collagen, and we found that 3D culturing significantly
increase the of cells

contributed to percentage

synthetizing type-I collagen, while the expression of type-IV

actively

collagen remained unaltered. Again, these results suggest that 3D
culture contributed to improve the metabolic activity of cultured
HWIJSC or, at least, did not compromise their intrinsic potential to
synthetize these components. In general, these results suggest that
FIBRIAGAR-3D could contribute to retain the phenotype and
metabolic activity of cultured cells, whereas traditional 2D
culturing was associated to an alteration of HWJSC markers and
a reduction of their biosynthetic activity.

It is well known that HWJSC are immunoevasive, and the
clinical use of these cells in patients with different conditions are
normally devoid of relevant side effects. In addition, rejection of
allogeneic MSC is very slow as compared with other cell types
(Ankrum et al, 2014). For this reason, we evaluated if
FIBRIAGAR-3D could alter the immunogenic properties of
HWTJSC cultured in this system. Strikingly, our results showed
that cells corresponding to the FA100 group synthetized and
secreted the lowest amounts of immune system signaling
molecules, with a significant reduction of all the analyzed
molecules except IL10. Due to the fact that IL10 is known to
exert potent anti-inflammatory effects (Shih et al., 2023), whereas
most of the other molecules analyzed here are strong pro-
inflammatory factors (NiedZzwiedz et al, 2022), our results
could imply that FIBRIAGAR-3D is not associated to an
increase in the inflammatory potential of cells cultured in this
system. The reduced presence of these signaling molecules in the
FA100 group could be related to the capability of FIBRIAGAR-3D
to reproduce the microenvironment of the native tissues more
efficiently than traditional 2D culture systems. In this sense,
previous reports demonstrated that the use of 3D culture
systems can significantly influence the expression of several
interleukins and inflammatory mediators of cells cultured in
this systems (Brezulier et al., 2020). However, the presence of a
dense network of fibrillar and non-fibrillar components in the
biomaterial could also affect the diffusion potential of the
biomolecules released by the cultured cells, and we cannot
exclude the possibility that part of the released factors could be
adsorbed and retained by the biomaterial.
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To determine the putative immunogenic effects of cells cultured
in the 3D system, we analyzed 8 relevant cell signaling molecules
secreted by the cultured cells. As shown in Table 3, cultured cells
synthetized several signaling molecules, especially IL6, IL8 and GM-
CSF, with differences among study groups. In general, culture of the
HW]JSC using FA50 tended to show increased amounts of the
8 molecules analyzed, here, whereas FA100 tended to decrease
the concentration of these molecules. Specifically, FA100 was
associated with a statistically significant decrease of GM-CSF,
IFN-g, 1L2, IL4, IL6, IL8, and TNFa, although non-significant
differences were detected for IL10.

The mechanisms associated to the positive biological effects of
FIBRIAGAR-3D have not yet been determined. However, we may
hypothesize that this culture platform could offer the cells a more
natural microenvironment than 2D culture systems, with numerous
adhesion molecules and biomolecular clues able to promote cell
physiology and proliferation, without altering their differentiation
potential. In fact, it has been previously demonstrated that cell
survival and cell growth processes strictly depend on the availability
of the cells to adhere and attach to the surrounding ECM (Yan et al.,
2014). As compared to classical 2D culture systems, FIBRIAGAR-
3D offers the cells the possibility of establishing not only cell-cell
interactions, but also cell-matrix interactions able to promote cell
physiology, as suggested for cells cultured in other types of
biomaterials (Habanjar et al., 2021). In the case of FIBRIAGAR-
3D, its positive biological effects could be explained by the presence
of abundant bioactive molecules of the human plasma including
numerous types of RNA, DNA, lipids, and metabolites (Nevalainen
et al, 2021), along with a complex proteasome in which a large
number of biofunctional proteins can be found (Choi et al., 2021).
Specifically, fibrin hydrogels are known to provide cell binding sites
able to promote cell attachment, proliferation and migration within
the hydrogel (Ehrbar et al., 2005; Li et al., 2015). In contrast to 2D
systems, culturing human cells within biomaterials containing
plasma components would offer the cells an array of bioactive
molecules able to reproduce the native microenvironment of the
cultured cells. In fact, the use of culture media containing the main
components of human plasma can efficiently induce physiologic
transcriptional responses in human cultured cells (Leney-Greene
et al., 2020).

Another possible explanation to the positive effects of
FIBRIAGAR-3D could be the related to the biomechanical
properties of this biomaterial as compared to 2D systems, as it
has been previously demonstrated that the biomechanical
properties of biomaterials can significantly influence cell
physiology (Brezulier et al., 2020; Liguori et al., 2020). In this
regard, we previously found that concentration of the different
components of fibrin-agarose hydrogels are significantly
associated to the viscoelastic properties of these biomaterials
and to the capability of cells to synthetize ECM molecules
within the hydrogels (Ionescu et al., 2011; Ionescu et al., 2020).
Although additional studies should be carried out, it is likely that
the biomechanical properties of the different concentrations of
FIBRIAGAR-3D can influence its biological properties, cell-cell
adhesion, and physiology when HWJSC are cultured within. In the
same sense, it would be necessary to evaluate if the effects of
FIBRIAGAR-3D are related to the concentration of cells cultured
within this matrix. Although we used the cell concentration that
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previously allowed us to generate a pre-vascularized oral mucosa
substitute by tissue engineering (Blanco-Elices et al., 2021),
alternative cell concentrations should also be evaluated.

One interesting question refers to the most adequate
concentration of FIBRIAGAR-3D showing the best biological
results on HW]JSC. In general, we found that the most
appropriate results were obtained for FAI00 in terms of cell
proliferation, viability, phenotype, biosynthetic activity, and
synthesis of immune-related molecules. However, the results
obtained with lower concentrations of FIBRIAGAR-3D did not
reach the effectiveness of FA100 and, in some cases, were
significantly worse than the control 2D culture systems. The
influence of concentration on the biological properties of
biomaterials was demonstrated by numerous previous works
(Loukelis et al., 2023; Ortiz-Arrabal et al., 2023). In the case of
FIBRIAGAR-3D, the highest concentrations of the fibrin-agarose
biomaterial contain the most abundant bioactive factors, making
them more bioavailable for the cells cultured within.

Altogether, these results support the use of FIBRIAGAR-3D to
improve current culture methods of HWJSC for cell therapy and
tissue engineering purposes. Not only this technology is able to
increase the number of cells by increasing cell proliferation, but
also, the system demonstrated to be safe for the cells, with no
induction of cell apoptosis or immunogenicity, and without
altering cell metabolism or cell phenotype. As compared to
previously described culture systems (Yen et al, 2023),
FIBRIAGAR-3D has the advantage of obtaining larger cell
populations in a shorter time, with cells showing a more
physiological phenotype and, likely, an increased differentiation
potential and pro-regenerative effect. However, the clinical
application of this system would require adaptation of GMP
facilities to 3D culturing, which could be challenging and could
require the use of closed automated biofabrication systems (Zhang
etal., 2022) and standardization of the concentration of fibrinogen
in the plasma used to generate the scaffold. In addition, it is
important to note that the cells cultured in FIBRIAGAR-3D are
immersed in a three-dimensional scaffold matrix. Although this
scaffold containing cells could be directly used in a number of
clinical applications using the matrix as a carrier system (Gila-
Vilchez et al., 2023), some specific applications may require
releasing the cells from the scaffold by enzymatic digestion with
plasmin or other fibrinolytic proteins (Lynch et al., 2022), allowing
further expansion in 2D culture. Future studies should determine
the feasibility of this method for use in tissue engineering, and the
potential effects of residual substances that may remain in the cell
culture.

The potential usefulness of this 3D culture system should be
determined for other types of MSC and other types of human cells
that typically proliferate very low in culture, such as the epithelial
corneal cells (Chato-Astrain et al., 2021), skin and oral mucosa
keratinocytes (Ortiz-Arrabal et al., 2022) and urethral epithelial
cells, among others. The potential applications of FIBRIAGAR-3D
include not only improving current cell culture methods, but also,
generating novel bioartificial tissues by tissue engineering for the
clinical treatment of diseases affecting the human cornea
(Pellegrini et al., 2018), skin (Egea-Guerrero et al., 2019), oral
mucosa (Blanco-Elices et al., 2021) and urethra (Casarin et al,,
2022).

frontiersin.org


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1235161

Blanco-Elices et al.

Data availability statement

The raw data supporting the conclusion of this article will be
made available by the authors, without undue reservation.

Ethics statement

The studies involving humans were approved by Comité
de Etica de
Andalucia. The studies were conducted in accordance with the

Coordinador la Investigacion Biomédica de
local legislation and institutional requirements. The participants
provided their written informed consent to participate in this study.

Author contributions

AC, MA, IG, and RO: conceptualization and funding
acquisition; CB-E, DS-P, JC-A, and FC: investigation, formal
analysis, validation; MA, IG, and AC: data curation and formal
analysis; CB-E, MA, and IG: writing the original draft of the
manuscript. All authors contributed to the article and approved
the submitted version.

Funding

Supported by grant PSETC-19-001 (Fibrigar3D) by Plan Propio
de Investigaciéon y Transferencia 2019, Universidad de Granada,
Spain. Supported by Instituto de Salud Carlos III (ISCIII), Spanish
Ministry of Science and Innovation, Plan Estatal de Investigacion
Cientifica y Técnica y de Innovacion (I+D+i), grants FIS P118/0331,
FIS P121/0980, FIS P122/0059, and FIS P120/0317 and co-funded by
FEDER funds, European Union, Una manera de hacer Europa.
Supported by grant PE-0395-2019 from Consejeria de Salud y

References

Ankrum, J. A,, Ong, J. F., and Karp, J. M. (2014). Mesenchymal stem cells: immune
evasive, not immune privileged. Nat. Biotechnol. 32, 252-260. doi:10.1038/nbt.2816

Baruffaldi, D., Palmara, G., Pirri, C., and Frascella, F. (2021). 3D cell culture: recent
development in materials with tunable stiffness. ACS Appl. Bio Mat. 4, 2233-2250.
doi:10.1021/acsabm.0c01472

Bharti, D., Shivakumar, S. B., Park, J.-K., Ullah, 1., Subbarao, R. B., Park, J.-S., et al.
(2018). Comparative analysis of human Wharton’s jelly mesenchymal stem cells derived
from different parts of the same umbilical cord. Cell Tissue Res. 372, 51-65. doi:10.1007/
500441-017-2699-4

Blanco-Elices, C., Chato-Astrain, J., Oyonarte, S., Bermejo-Casares, F., Espaia-Lopez,
A., Ferndndez-Valadés, R, et al. (2021). Generation of a novel model of bioengineered
human oral mucosa with increased vascularization potential. J. Periodontal Res. 56,
1116-1131. doi:10.1111/jre.12927

Blanco-Elices, C., Morales-Alvarez, C., Chato-Astrain, J., Gonzalez-Gallardo, C.,
Avila-Fernandez, P., Campos, F., et al. (2023). Development of stromal
differentiation patterns in heterotypical models of artificial corneas generated
by tissue engineering. Front. Bioeng. Biotechnol. 11. doi:10.3389/fbioe.2023.
1124995

Brezulier, D., Pellen-Mussi, P., Tricot-Doleux, S., Novella, A., Sorel, O., and
Jeanne, S. (2020). Development of a 3D human osteoblast cell culture model for
studying mechanobiology in orthodontics. Eur. J. Orthod. 42, 387-395. doi:10.
1093/ejo/cjaa0l7

Brizzi, M. F., Tarone, G., and Defilippi, P. (2012). Extracellular matrix, integrins, and
growth factors as tailors of the stem cell niche. Curr. Opin. Cell Biol. 24, 645-651. doi:10.
1016/j.ceb.2012.07.001

Frontiers in Bioengineering and Biotechnology

11

10.3389/fbioe.2023.1235161

Familias, Junta de Andalucia, Spain and grant B-CTS-450-
UGR20 (Programa Operativo FEDER Andalucia 2014-2020,
University of Granada and Consejeria de Transformacion

Y
Cofinanced by the European Regional Development Fund

Econoémica, Industria, Conocimiento Universidades).

(ERDF) through the “Una manera de hacer Europa” program.

Acknowledgments

The authors thank Fabiola Bermejo for her support with the
histological and immunohistochemical analyses.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fbioe.2023.1235161/
full#supplementary-material

Bruschi, M., Vanzolini, T., Sahu, N., Balduini, A., Magnani, M., and Fraternale, A.
(2022). Functionalized 3D scaffolds for engineering the hematopoietic niche. Front.
Bioeng. Biotechnol. 10, 968086. doi:10.3389/fbioe.2022.968086

Casarin, M., Morlacco, A., and Dal Moro, F. (2022). Tissue engineering and
regenerative medicine in pediatric urology: urethral and wurinary bladder
reconstruction. Int. J. Mol. Sci. 23, 6360. doi:10.3390/ijms23126360

Cases-Perera, O., Blanco-Elices, C., Chato-Astrain, J., Miranda-Fernandez, C.,
Campos, F., Crespo, P. V., et al. (2022). Development of secretome-based strategies
to improve cell culture protocols in tissue engineering. Sci. Rep. 12, 10003. doi:10.1038/
541598-022-14115-y

Chato-Astrain, J., Sdnchez-Porras, D., Garcia-Garcia, O. D., Vairo, C., Villar-Vidal,
M., Villullas, S., et al. (2021). Improvement of cell culture methods for the successful
generation of human keratinocyte primary cell cultures using EGF-loaded
nanostructured lipid carriers. Biomedicines 9, 1634. doi:10.3390/biomedicines9111634

Choi, W. H,, Kim, S., Park, S., and Lee, M. J. (2021). Concept and application of
circulating proteasomes. Exp. Mol. Med. 53, 1539-1546. doi:10.1038/s12276-021-
00692-x

Dan, P., Velot, E., Francius, G., Menu, P., and Decot, V. (2017). Human-derived
extracellular matrix from Wharton’s jelly: an untapped substrate to build up a
standardized and homogeneous coating for vascular engineering. Acta Biomater. 48,
227-237. dOi:1041016/j.actbi0.2016.10.018

Dominici, M., Le Blanc, K., Mueller, L, Slaper-Cortenbach, I., Marini, F., Krause, D.,
et al. (2006). Minimal criteria for defining multipotent mesenchymal stromal cells. The
International Society for Cellular Therapy position statement. Cytotherapy 8, 315-317.
doi:10.1080/14653240600855905

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fbioe.2023.1235161/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fbioe.2023.1235161/full#supplementary-material
https://doi.org/10.1038/nbt.2816
https://doi.org/10.1021/acsabm.0c01472
https://doi.org/10.1007/s00441-017-2699-4
https://doi.org/10.1007/s00441-017-2699-4
https://doi.org/10.1111/jre.12927
https://doi.org/10.3389/fbioe.2023.1124995
https://doi.org/10.3389/fbioe.2023.1124995
https://doi.org/10.1093/ejo/cjaa017
https://doi.org/10.1093/ejo/cjaa017
https://doi.org/10.1016/j.ceb.2012.07.001
https://doi.org/10.1016/j.ceb.2012.07.001
https://doi.org/10.3389/fbioe.2022.968086
https://doi.org/10.3390/ijms23126360
https://doi.org/10.1038/s41598-022-14115-y
https://doi.org/10.1038/s41598-022-14115-y
https://doi.org/10.3390/biomedicines9111634
https://doi.org/10.1038/s12276-021-00692-x
https://doi.org/10.1038/s12276-021-00692-x
https://doi.org/10.1016/j.actbio.2016.10.018
https://doi.org/10.1080/14653240600855905
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1235161

Blanco-Elices et al.

Durand-Herrera, D., Campos, F., Jaimes-Parra, B. D., Sanchez-Lépez, J. D.,
Ferndndez-Valadés, R., Alaminos, M. et al. (2018). Wharton’s jelly-derived
mesenchymal cells as a new source for the generation of microtissues for tissue
engineering applications. Histochem. Cell Biol. 150, 379-393. doi:10.1007/s00418-
018-1685-6

Egea-Guerrero, J. J., Carmona, G., Correa, E., Mata, R., Arias-Santiago, S.,
Alaminos, M., et al. (2019). Transplant of tissue-engineered artificial
autologous human skin in Andalusia: an example of coordination and
institutional collaboration. Transpl. Proc. 51, 3047-3050. doi:10.1016/j.
transproceed.2019.08.014

Ehrbar, M., Metters, A., Zammaretti, P., Hubbell, . A., and Zisch, A. H. (2005).
Endothelial cell proliferation and progenitor maturation by fibrin-bound VEGF
variants with differential susceptibilities to local cellular activity. J. Control.
Release Off. ]. Control. Release Soc. 101, 93-109. doi:10.1016/j.jconrel.2004.
07.018

Garzon, L, Alfonso-Rodriguez, C. A., Martinez-Gomez, C., Carriel, V., Martin-Piedra,
M. A, Fernandez-Valadés, R,, et al. (2014). Expression of epithelial markers by human
umbilical cord stem cells. A topographical analysis. Placenta 35, 994-1000. doi:10.1016/
j.placenta.2014.09.007

Garzon, I, Chato-Astrain, J., Campos, F., Fernandez-Valades, R., Sanchez-
Montesinos, I, Campos, A., et al. (2020). Expanded differentiation capability of
human Wharton’s jelly stem cells toward pluripotency: a systematic review. Tissue
Eng. Part B Rev. 26, 301-312. doi:10.1089/ten. TEB.2019.0257

Garzon, 1., Chato-Astrain, J., Gonzilez-Gallardo, C., Ionescu, A., Cardona, J. de la C.,
Mateu, M., et al. (2020). Long-Term in vivo evaluation of orthotypical and heterotypical
bioengineered human corneas. Front. Bioeng. Biotechnol. 8, 681. doi:10.3389/fbioe.2020.
00681

Garzon, L, Miyake, J., Gonzilez-Andrades, M., Carmona, R., Carda, C., Snchez-
Quevedo, M., et al. (2013). Wharton’s jelly stem cells: a novel cell source for oral mucosa
and skin epithelia regeneration. Stem Cells Transl. Med. 2, 625-632. doi:10.5966/sctm.
2012-0157

Garzon, 1., Pérez-Kohler, B., Garrido-Gémez, J., Carriel, V., Nieto-Aguilar, R,
Martin-Piedra, M. A., et al. (2012). Evaluation of the cell viability of human
Wharton’s jelly stem cells for use in cell therapy. Tissue Eng. Part C Methods 18,
408-419. doi:10.1089/ten. TEC.2011.0508

Gila-Vilchez, C., Mafas-Torres, M. C., Garcia-Garcia, O. D., Escribano-Huesca, A.,
Rodriguez-Arco, L., Carriel, V., et al. (2023). Biocompatible short-peptides fibrin Co-
assembled hydrogels. ACS Appl. Polym. Mat. 5, 2154-2165. doi:10.1021/acsapm.
2c02164

Gonzélez-Gallardo, C., Martinez-Atienza, J., Mataix, B., Mufioz-Avila, J. I, Daniel Martinez-
Rodriguez, J., Medialdea, S., et al. (2023). Successful restoration of corneal surface integrity with
a tissue-engineered allogeneic implant in severe keratitis patients. Biomed. Pharmacother.
Biomedecine Pharmacother. 162, 114612. doi:10.1016/j.biopha.2023.114612

Habanjar, O., Diab-Assaf, M., Caldefie-Chezet, F., and Delort, L. (2021). 3D cell
culture systems: tumor application, advantages, and disadvantages. Int. J. Mol. Sci. 22,
12200. doi:10.3390/ijms222212200

Hendijani, F. (2017). Explant culture: an advantageous method for isolation of
mesenchymal stem cells from human tissues. Cell Prolif. 50, e12334. doi:10.1111/
cpr.12334

Hess, S. C., Stark, W. J., Mohn, D., Cohrs, N., Mérsmann, S., Calcagni, M., et al.
(2017). Gene expression in human adipose-derived stem cells: comparison of 2D films,
3D electrospun meshes or co-cultured scaffolds with two-way paracrine effects. Eur.
Cell. Mat. 34, 232-248. doi:10.22203/eCM.v034al5

Tonescu, A.-M., Alaminos, M., de la Cruz Cardona, J., de Dios Garcia-Lopez Durén,
J.. Gonzalez-Andrades, M., Ghinea, R., et al. (2011). Investigating a novel
nanostructured fibrin-agarose biomaterial for human cornea tissue engineering:
rheological properties. J. Mech. Behav. Biomed. Mat. 4, 1963-1973. doi:10.1016/j.
jmbbm.2011.06.013

Ionescu, A. M., Chato-Astrain, J., Cardona Pérez, J. de la C., Campos, F., Pérez
Gomez, M., Alaminos, M., et al. (2020). Evaluation of the optical and biomechanical
properties of bioengineered human skin generated with fibrin-agarose biomaterials.
J. Biomed. Opt. 25, 1-16. doi:10.1117/1.JBO.25.5.055002

Jahanbakhsh, A., Nourbakhsh, M. S., Bonakdar, S., Shokrgozar, M. A., and
Haghighipour, N. (2020). Evaluation of alginate modification effect on cell-matrix
interaction, mechanotransduction and chondrogenesis of encapsulated MSCs. Cell
Tissue Res. 381, 255-272. doi:10.1007/s00441-020-03216-7

Kuburich, N. A., den Hollander, P., Pietz, J. T., and Mani, S. A. (2022). Vimentin and
cytokeratin: good alone, bad together. Semin. Cancer Biol. 86, 816-826. doi:10.1016/j.
semcancer.2021.12.006

Leney-Greene, M. A, Boddapati, A. K., Su, H. C,, Cantor, J. R, and Lenardo, M. J.
(2020). Human plasma-like medium improves T lymphocyte activation. iScience 23,
100759. doi:10.1016/j.is¢i.2019.100759

Li, Y., Meng, H., Liu, Y., and Lee, B. P. (2015). Fibrin gel as an injectable biodegradable
scaffold and cell carrier for tissue engineering. ScientificWorldJournal 2015, 1-10.
doi:10.1155/2015/685690

Liguori, G. R,, Liguori, T. T. A., de Moraes, S. R,, Sinkunas, V., Terlizzi, V., van
Dongen, J. A, et al. (2020). Molecular and biomechanical clues from cardiac tissue

Frontiers in Bioengineering and Biotechnology

12

10.3389/fbioe.2023.1235161

decellularized extracellular matrix drive stromal cell plasticity. Front. Bioeng. Biotechnol.
8, 520. doi:10.3389/tbioe.2020.00520

Lin, H, Yang, G,, Tan, J., and Tuan, R. S. (2012). Influence of decellularized matrix
derived from human mesenchymal stem cells on their proliferation, migration and
multi-lineage differentiation potential. Biomaterials 33, 4480-4489. doi:10.1016/j.
biomaterials.2012.03.012

Loukelis, K., Helal, Z. A., Mikos, A. G., and Chatzinikolaidou, M. (2023).
Nanocomposite bioprinting for tissue engineering applications. Gels Basel Switz. 9,
103. doi:10.3390/gels9020103

Lynch, S. R, Laverty, S. M., Bannish, B. E., and Hudson, N. E. (2022). Microscale
structural changes of individual fibrin fibers during fibrinolysis. Acta Biomater. 141,
114-122. doi:10.1016/j.actbio.2022.01.006

Martin-Piedra, M. A., Garzon, L, Oliveira, A. C., Alfonso-Rodriguez, C. A., Carriel,
V., Scionti, G., et al. (2014). Cell viability and proliferation capability of long-term
human dental pulp stem cell cultures. Cytotherapy 16, 266-277. doi:10.1016/j.jcyt.
2013.10.016

McKee, C., and Chaudhry, G. R. (2017). Advances and challenges in stem cell culture.
Colloids Surf. B Biointerfaces 159, 62-77. doi:10.1016/j.colsurfb.2017.07.051

Mousavifard, A., Najafabadi, E. P., Rahnama, M. A., Anbarlou, A., and Atashi, A.
(2020). Elevated expression of stemness genes in adipose-derived mesenchymal
stem cells cultured on fibrin scaffold. J. Biosci. 45, 81. doi:10.1007/s12038-020-
00050-5

Musial-Wysocka, A., Kot, M., Sutkowski, M., Badyra, B., and Majka, M.
(2019). Molecular and functional verification of Wharton’s jelly
mesenchymal stem cells (WJ-MSCs) pluripotency. Int. J. Mol. Sci. 20, 1807.
do0i:10.3390/ijms20081807

Nevalainen, T., Autio, A., Puhka, M., Jylhi, M., and Hurme, M. (2021).
Composition of the whole transcriptome in the human plasma: cellular source
and modification by aging. Exp. Gerontol. 143, 111119. doi:10.1016/j.exger.2020.
111119

Niedzwiedz, A., Kawa, M., Pius-Sadowska, E., Kuligowska, A., Ziontkowska, A.,
Wrzalek, D., et al. (2022). Increased proinflammatory cytokines in tears correspond
with conjunctival SARS-CoV-2 positivity in symptomatic COVID-19 patients. Sci. Rep.
12, 7225. doi:10.1038/s41598-022-11285-7

Nieto-Aguilar, R., Serrato, D., Garzon, 1., Campos, A., and Alaminos, M. (2011).
Pluripotential differentiation capability of human adipose-derived stem cells in a
novel fibrin-agarose scaffold. J. Biomater. Appl. 25, 743-768. doi:10.1177/
0885328209360425

Olry de Labry-Lima, A., Ponce-Polo, A., Garcia-Mochén, L., Ortega-Ortega, M.,
Pérez-Troncoso, D., and Epstein, D. (2023). Challenges for economic evaluations of
advanced therapy medicinal products: a systematic review. Value Health J. Int. Soc.
Pharmacoeconomics Outcomes Res. 26, 138-150. doi:10.1016/j.jval.2022.07.004

Ortiz-Arrabal, O., Chato-Astrain, J., Crespo, P. V., Garzén, I, Mesa-Garcia, M. D.,
Alaminos, M., et al. (2022). Biological effects of maslinic acid on human epithelial cells
used in tissue engineering. Front. Bioeng. Biotechnol. 10, 876734. doi:10.3389/fbioe.
2022.876734

Ortiz-Arrabal, O., Irastorza-Lorenzo, A., Campos, F., Martin-Piedra, M. A., Carriel,
V., Garzon, I, et al. (2023). Fibrin and marine-derived agaroses for the generation of
human bioartificial tissues: an ex vivo and in vivo study. Mar. Drugs 21, 187. doi:10.
3390/md21030187

Pellegrini, G., Ardigo, D., Milazzo, G., Iotti, G., Guatelli, P., Pelosi, D, et al. (2018).
Navigating market authorization: the path holoclar took to become the first stem cell
product approved in the European union. Stem Cells Transl. Med. 7, 146-154. doi:10.
1002/sctm.17-0003

Pochon, C., Notarantonio, A.-B., Laroye, C., Reppel, L., Bensoussan, D., Bertrand, A.,
et al. (2022). Wharton’s jelly-derived stromal cells and their cell therapy applications in
allogeneic haematopoietic stem cell transplantation. J. Cell. Mol. Med. 26, 1339-1350.
doi:10.1111/jemm.17105

Sanchez-Porras, D., Durand-Herrera, D., Carmona, R., Blanco-Elices, C., Garzon, L.,
Pozzobon, M., et al. (2023). Expression of basement membrane molecules by Wharton
jelly stem cells (WJSC) in full-term human umbilical cords, cell cultures and
microtissues. Cells 12, 629. doi:10.3390/cells12040629

Schnoor, M., Stradal, T. E., and Rottner, K. (2018). Cortactin: cell functions of A
multifaceted actin-binding protein. Trends Cell Biol. 28, 79-98. doi:10.1016/j.tcb.2017.
10.009

Scibona, E., and Morbidelli, M. (2019). Expansion processes for cell-based therapies.
Biotechnol. Adv. 37, 107455. doi:10.1016/j.biotechadv.2019.107455

Shih, L.-J., Yang, C.-C,, Liao, M.-T., Lu, K.-C., Hu, W.-C,, and Lin, C.-P. (2023).
An important call: suggestion of using IL-10 as therapeutic agent for COVID-19
with ARDS and other complications. Virulence 14, 2190650. doi:10.1080/
21505594.2023.2190650

Simaan-Yameen, H., Bar-Am, O., Saar, G., and Seliktar, D. (2023). Methacrylated
fibrinogen hydrogels for 3D cell culture and delivery. Acta Biomater. 164, 94-110.
doi:10.1016/j.actbio.2023.03.046

Song, Y., Zhang, Y., Qu, Q., Zhang, X,, Lu, T., Xu, J., et al. (2023). Biomaterials based
on hyaluronic acid, collagen and peptides for three-dimensional cell culture and their

frontiersin.org


https://doi.org/10.1007/s00418-018-1685-6
https://doi.org/10.1007/s00418-018-1685-6
https://doi.org/10.1016/j.transproceed.2019.08.014
https://doi.org/10.1016/j.transproceed.2019.08.014
https://doi.org/10.1016/j.jconrel.2004.07.018
https://doi.org/10.1016/j.jconrel.2004.07.018
https://doi.org/10.1016/j.placenta.2014.09.007
https://doi.org/10.1016/j.placenta.2014.09.007
https://doi.org/10.1089/ten.TEB.2019.0257
https://doi.org/10.3389/fbioe.2020.00681
https://doi.org/10.3389/fbioe.2020.00681
https://doi.org/10.5966/sctm.2012-0157
https://doi.org/10.5966/sctm.2012-0157
https://doi.org/10.1089/ten.TEC.2011.0508
https://doi.org/10.1021/acsapm.2c02164
https://doi.org/10.1021/acsapm.2c02164
https://doi.org/10.1016/j.biopha.2023.114612
https://doi.org/10.3390/ijms222212200
https://doi.org/10.1111/cpr.12334
https://doi.org/10.1111/cpr.12334
https://doi.org/10.22203/eCM.v034a15
https://doi.org/10.1016/j.jmbbm.2011.06.013
https://doi.org/10.1016/j.jmbbm.2011.06.013
https://doi.org/10.1117/1.JBO.25.5.055002
https://doi.org/10.1007/s00441-020-03216-7
https://doi.org/10.1016/j.semcancer.2021.12.006
https://doi.org/10.1016/j.semcancer.2021.12.006
https://doi.org/10.1016/j.isci.2019.100759
https://doi.org/10.1155/2015/685690
https://doi.org/10.3389/fbioe.2020.00520
https://doi.org/10.1016/j.biomaterials.2012.03.012
https://doi.org/10.1016/j.biomaterials.2012.03.012
https://doi.org/10.3390/gels9020103
https://doi.org/10.1016/j.actbio.2022.01.006
https://doi.org/10.1016/j.jcyt.2013.10.016
https://doi.org/10.1016/j.jcyt.2013.10.016
https://doi.org/10.1016/j.colsurfb.2017.07.051
https://doi.org/10.1007/s12038-020-00050-5
https://doi.org/10.1007/s12038-020-00050-5
https://doi.org/10.3390/ijms20081807
https://doi.org/10.1016/j.exger.2020.111119
https://doi.org/10.1016/j.exger.2020.111119
https://doi.org/10.1038/s41598-022-11285-7
https://doi.org/10.1177/0885328209360425
https://doi.org/10.1177/0885328209360425
https://doi.org/10.1016/j.jval.2022.07.004
https://doi.org/10.3389/fbioe.2022.876734
https://doi.org/10.3389/fbioe.2022.876734
https://doi.org/10.3390/md21030187
https://doi.org/10.3390/md21030187
https://doi.org/10.1002/sctm.17-0003
https://doi.org/10.1002/sctm.17-0003
https://doi.org/10.1111/jcmm.17105
https://doi.org/10.3390/cells12040629
https://doi.org/10.1016/j.tcb.2017.10.009
https://doi.org/10.1016/j.tcb.2017.10.009
https://doi.org/10.1016/j.biotechadv.2019.107455
https://doi.org/10.1080/21505594.2023.2190650
https://doi.org/10.1080/21505594.2023.2190650
https://doi.org/10.1016/j.actbio.2023.03.046
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1235161

Blanco-Elices et al.

application in stem cell differentiation. Int. J. Biol. Macromol. 226, 14-36. doi:10.1016/j.
ijbiomac.2022.11.213

Sung, T.-C,, Wang, T, Liu, Q, Ling, Q.-D., Subbiah, S. K., Renuka, R. R, et al. (2023). Cell-
binding peptides on the material surface guide stem cell fate of adhesion, proliferation and
differentiation. J. Mat. Chem. B 11, 1389-1415. doi:10.1039/d2tb02601e

Thakur, G., Bok, E.-Y., Kim, S.-B.,, Jo, C.-H., Oh, S.-]., Baek, J.-C., et al. (2022).
Scaffold-free 3D culturing enhance pluripotency, immunomodulatory factors, and
differentiation potential of Wharton’s jelly-mesenchymal stem cells. Eur. J. Cell Biol.
101, 151245. doi:10.1016/j.ejcb.2022.151245

van Rossum, A. G. S. H., Moolenaar, W. H., and Schuuring, E. (2006). Cortactin
affects cell migration by regulating intercellular adhesion and cell spreading. Exp. Cell
Res. 312, 1658-1670. doi:10.1016/j.yexcr.2006.01.033

Frontiers in Bioengineering and Biotechnology

13

10.3389/fbioe.2023.1235161

Yan, X.-Z., van den Beucken, J. J. J. P., Both, S. K., Yang, P.-S,, Jansen, J. A,
and Yang, F. (2014). Biomaterial strategies for stem cell maintenance during
in vitro expansion. Tissue Eng. Part B Rev. 20, 340-354. doi:10.1089/ten. TEB.
2013.0349

Yen, B. L, Hsieh, C.-C,, Hsu, P.-J., Chang, C.-C.,, Wang, L.-T., and Yen, M.-L. (2023).
Three-dimensional spheroid culture of human mesenchymal stem cells: offering
therapeutic advantages and in vitro glimpses of the in vivo state. Stem Cells Transl.
Med. 12, 235-244. doi:10.1093/stcltm/szad011

Zhang, Y., Na, T., Zhang, K., Yang, Y., Xu, H., Wei, L., et al. (2022). GMP-
grade microcarrier and automated closed industrial scale cell production
platform for culture of MSCs. J. Tissue Eng. Regen. Med. 16, 934-944. doi:10.
1002/term.3341

frontiersin.org


https://doi.org/10.1016/j.ijbiomac.2022.11.213
https://doi.org/10.1016/j.ijbiomac.2022.11.213
https://doi.org/10.1039/d2tb02601e
https://doi.org/10.1016/j.ejcb.2022.151245
https://doi.org/10.1016/j.yexcr.2006.01.033
https://doi.org/10.1089/ten.TEB.2013.0349
https://doi.org/10.1089/ten.TEB.2013.0349
https://doi.org/10.1093/stcltm/szad011
https://doi.org/10.1002/term.3341
https://doi.org/10.1002/term.3341
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1235161

	A novel 3D biofabrication strategy to improve cell proliferation and differentiation of human Wharton’s jelly mesenchymal s ...
	1 Introduction
	2 Materials and methods
	2.1 Establishment of primary cell cultures of human Wharton’s jelly stromal cells (HWJSC)
	2.2 Generation of FIBRIAGAR-3D culture platforms
	2.3 Histological and immunohistochemical analyses
	2.4 Analysis of cell death using TUNEL assays
	2.5 Gene expression analysis
	2.6 Quantification of cytokine and chemokine cell signaling molecules
	2.7 Statistical analysis

	3 Results
	3.1 Histological analysis of cells cultured in the different conditions
	3.2 Analysis of cell proliferation in each study group
	3.3 Analysis of HWJSC cell death induced by the FIBRIAGAR-3D culture system
	3.4 Analysis of HWJSC stemness phenotype
	3.5 Evaluation of the collagen biosynthetic activity of HWJSC cultured in FIBRIAGAR-3D
	3.6 Analysis of cytokines and chemokine cell signaling molecules in cells cultured with FIBRIAGAR-3D

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


