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Tissue engineering is a branch of regenerative medicine, which comprises the combination of
biomaterials, cells and other bioactive molecules to regenerate tissues. Biomaterial scaffolds act
as substrate and as physical support for cells and they can also reproduce the extracellular
matrix cues. Although tissue engineering applications in cellular therapy tend to focus on the use
of specialized cells fromparticular tissuesor stemcells, little attention hasbeenpaid to endothelial
progenitors, an important cell type in tissue regeneration. We combined 3D printed poly(lactic
acid) scaffolds comprising two different pore sizes with human adipose-derived stromal cells
(hASCs) and expanded CD133+ cells to evaluate how these two cell types respond to the
different architectures. hASCs represent an ideal source of cells for tissue engineering
applications due to their low immunogenicity, paracrine activity and ability to differentiate.
Expanded CD133+ cells were isolated from umbilical cord blood and represent a source of
endothelial-like cells with angiogenic potential. Fluorescence microscopy and scanning electron
microscopy showed that both cell types were able to adhere to the scaffolds and maintain their
characteristic morphologies. The porous PLA scaffolds stimulated cell cycle progression of
hASCs but led to an arrest in theG1phase and reduced proliferation of expandedCD133+ cells.
Also,while hASCsmaintained their undifferentiated profile after 7 days of culture on the scaffolds,
expandedCD133+ cells presented a reduction of the vonWillebrand factor (vWF),which affected
the cells’ angiogenic potential. We did not observe changes in cell behavior for any of the
parameters analyzed between the scaffolds with different pore sizes, but the 3D environment
created by the scaffolds had different effects on the cell types tested. Unlike the extensively used
mesenchymal stem cell types, the 3D PLA scaffolds led to opposite behaviors of the expanded
CD133+ cells in terms of cytotoxicity, proliferation and immunophenotype. The results obtained
reinforce the importance of studying how different cell types respond to 3D culture systems
when considering the scaffold approach for tissue engineering.
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INTRODUCTION

As tissue engineering techniques evolve, the need for understanding
three-dimensional (3D) microenvironments becomes more
pronounced, considering that two-dimensional (2D) cultures are
not an ideal model to predict cell behavior in the 3D environment of
the biological tissues (Jensen and Teng, 2020). The cues to which
cells are exposed in 3D and 2D culture systems are not the same and
yield different cell responses (Baker and Chen, 2012; Jensen and
Teng, 2020). A 3D system differs from a 2D culture flask mostly due
to the fact that the cells can experience a surrounding network in
which they are exposed to a gradient of nutrients and to a surface
that can present heterogeneous composition and stiffness (Baker and
Chen, 2012). The latter aspect is essential because cells respond to
matrix stiffness through a mechanism known as
mechanotransduction that can dictate cell migration, proliferation
and even differentiation (Baker and Chen, 2012; Guimarães et al.,
2020).

In the classical approach of tissue engineering, 3D culture is
performed on scaffolds made of biomaterials (Gaharwar et al.,
2020). In this case, the scaffold acts as a support for cells to
proliferate and secrete the extracellular matrix (Abbot and
Kaplan, 2016; Gaharwar et al., 2020). To this purpose, the
biomaterial must be biocompatible and biodegradable (Abbot
and Kaplan, 2016). One biomaterial of great interest for tissue
engineering applications is poly(lactic acid) (PLA), mainly due to
its excellent biocompatibility and biodegradability (Singhvi et al.,
2019). In addition, PLA is a good biomaterial option because it
can be produced from renewable sources, it can be easily
combined with other biomaterials, and compared to other
biomaterials, its processing methods are more straightforward
(Casalini et al., 2019).

PLA scaffolds can be produced by different techniques, such as
electrospinning (Islami et al., 2018), melt-blown technique
(Jenkins et al., 2017; Dzierzkowska et al., 2021) and 3D
printing (Almeida et al., 2014; Diomede et al., 2018; Fairag
et al., 2019). The processing parameters can be tuned to create
several 3D architectures for different applications and induce
specific cell responses (Fairag et al., 2019; Dzierzkowska et al.,
2021). The most widely used 3D printing technique is fused
deposition modeling (FDM), which consists of the use of a
thermoplastic biomaterial that is heated to a molten state and
deposited layer by layer to manufacture the desired 3D structure
(Tamay et al., 2019). FDM is simple, is cost effective and does not
require the use of chemical solvents during the printing process
(Tamay et al., 2019).

Scaffolds can be solid or porous, and pore size may be a
determinant factor that can influence cell response because it is
associated with the distribution of nutrients (Loh and Choong,
2013; Xing et al., 2019) and affects the scaffolds’ mechanical
properties (Velioglu et al., 2019). The ideal pore size for
maintaining cellular activities and induce specific cell response
is controversial and highly variable in literature according to the
cell type or response expected (Murphy and O’Brien, 2010; Loh
and Choong, 2013; Abbasi et al., 2020). Nevertheless, it is crucial
to guarantee the interconnectivity of the pores to allow adequate
nutrient distribution and cell infiltration (Gregor et al., 2017).

The strategy of combining biomaterial scaffolds with cells can
be directed to various tissue injuries depending on the cell types
applied. One of the most explored cell types in tissue engineering
is the mesenchymal stromal cell (MSC), due to its differentiation
potential, various isolation sources, low immunogenicity and
high immunomodulatory potential (Li et al., 2019; Cun and
Hosta-Rigau, 2020; Wang et al., 2021). Along with MSCs,
endothelial cells and their progenitors, such as the expanded
CD133+ cell, are also crucial to tissue engineering due to their
angiogenic potential (Bongiovanni et al., 2014) and paracrine
activity (Angulski et al., 2017). The interaction between MSCs
and scaffolds made of PLA, and how cell behavior can change
according to the scaffolds’ architecture and composition have
been previously explored. (Gupte et al., 2018; Persson et al., 2018;
Teixeira et al., 2019). On the other hand, the literature regarding
the use of 3D PLA scaffolds and endothelial progenitors, as
expanded CD133 + cells, is scarcer (Islami et al., 2018).

Even though the putative use of stem/progenitor cells in
regenerative medicine has been mainly associated with their
differentiation capacity, the paracrine effect of these
undifferentiated cells have recently gained much attention.
Thus, we 3D printed PLA scaffolds with two different pore
sizes to culture human adipose-derived mesenchymal stromal
cells (hASCs) and expanded human CD133+ cells and analyze
how they would behave in terms of adhesion, proliferation and
immunophenotypic profile, and hence, evaluate the potential of
this 3D culture for applications in tissue engineering. As we
initially aimed to study the behavior of hASCs and CD133 + cells
in the PLA scaffolds without favoring a specific differentiation
path, we used 3D scaffolds with larger pore sizes (>500 um) to
favor initial cell adhesion and nutrient distribution.

MATERIALS AND METHODS

3D Printed Scaffolds
PLA filament (1.75 mm) was purchased from Shenzhen Esun
Industrial Co., Ltd. (Shenzhen, China). Flat-shaped PLA discs
and square-shaped parallelepiped PLA scaffolds were printed in a
desktop Anet A8 FDM 3D printer with an extruder diameter of
0.4 mm (precision parameters: Z � 0.004 mm; XY � 0.012 mm,
and printing accuracy � 0.1–0.2 mm). The scaffolds measured
10 × 10 x 3 mm (LxWxH) and had infill densities of 25% (S25)
and 40% (S40). The disc framework had an infill density of 100%
and a diameter of 3 cm. For all prints, the speed was set at 30 mm/
s. The extrusion and bed temperature were set at 200 and 55°C,
respectively.

Scaffold Characterization
Micro-architectures and pore size of the PLA scaffolds were
examined using scanning electron microscopy (SEM). The
samples were gold coated and analyzed on a JEOL
JSM6010 PLUS-LA (JEOL Ltd., Tokyo, Japan) scanning
electron microscope. Mean pore size was determined by
measuring 20 pores from each scaffold (S25 and S40). For
mechanical compressive strength characterization, a total of
six scaffolds (n � 3/group) were tested using an EMIC
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DL10000 universal testing machine EMIC DL10000 (Instron,
HighWycombe, United Kingdom) equipped with TESC software
under a compression rate of 1.3 mm/min using a 500 N load cell.
Elastic moduli were determined from the slope of the initial linear
portion of the stress-strain curves obtained. The compressive
strength data for each set of specimens were achieved by an
average of three measurements and expressed as mean ± standard
deviation (SD).

Isolation and Culture of hASCs and CD133+

Cells
This study was performed following the guidelines for research
involving human subjects in accordance with the Declaration of
Helsinki and following the protocols and procedures for safe
working in the BSL-2 laboratories of Instituto Carlos Chagas
(Fiocruz Paraná). Adipose tissue (derived from liposuction
surgery) and umbilical cord blood samples were collected once
donors had provided their signed informed consent. This study
was reviewed and approved by the Research Ethics Committee of
Pontifícia Universidade Católica do Paraná and Fundação
Oswaldo Cruz, Brazil (approval numbers 1366 and 419/07,
respectively).

hASCs were isolated from adipose tissue obtained from one
otherwise healthy female donor (BMI � 27.03) who had
undergone liposuction surgery. The isolation protocol followed
previously published procedures (Rebelatto et al., 2008; Marcon
et al., 2020). In short, the tissue was first washed with sterile
phosphate-buffered saline (PBS) and then digested with
collagenase type I (Gibco®, Invitrogen®, Carlsbad, CA,
United States) for 30 min at 37°C, 5% CO2 and under constant
agitation. The lipid-enriched phase was then separated and the
bottom phase was filtered through a 100 µm mesh filter (BD
Bioscience) and centrifuged at 950 x g for 10 min. The
supernatant was discarded and the cells were resuspended and
treated for 10 min with a hemolytic buffer (0.83% ammonium
chloride, 0.1% sodium bicarbonate and 0.04% EDTA). The cells
were centrifuged at 150 x g for 10 min, resuspended in PBS,
filtered through a 40 µmmesh filter (BD Bioscience) and plated in
culture flasks at a density of 2x103 cells/cm2 in DMEM F-12
(Dulbecco’s Modified Eagle Medium–Gibco®) supplemented
with 10% fetal bovine serum (FBS), 1% (v/v) L-glutamine
(200 mM) (Thermo Fisher, Waltham, MA, United States),
100 U/ml penicillin and 100 µg/ml streptomycin (Sigma-
Aldrich, Saint Louis, MO, United States). The medium was
changed twice a week and when the cells reached 70–80%
confluence they were replated in DMEM supplemented with
10% FBS, 1% (v/v) L-glutamine (200 mM) (Thermo Fisher,
Waltham, MA, United States), 100 U/ml penicillin and 100 µg/
ml streptomycin (Sigma-Aldrich, Saint Louis, MO,
United States). The cells’ identity was confirmed through flow
cytometry immunophenotyping and evaluation of adipogenic
and osteogenic differentiation potential (Dominici et al., 2006)
prior to the experiments. All experiments were performed with
cells passaged five to seven times.

Umbilical cord blood-derived CD133+ cells were purified and
expanded as previously described (Senegaglia et al., 2010;

Angulski et al., 2017). Mononuclear cells (MNCs) were
isolated from human umbilical cord blood (HUCB) collected
from fresh placentas with the umbilical cord still attached. MNCs
were isolated first diluting the cells 1:2 (v/v) in Iscove’s Modified
Dulbecco’s Medium (IMDM) (Invitrogen Life Technologies®,
Carlsbad, CA, United States). The cells were then centrifuged
for 30 min at 400 x g using Ficoll-Hypaque density gradients
(Sigma-Aldrich, Saint Louis, MO, United States) and then were
washed three times in IMDM. CD133+ cells were selected using
CD133 Microbead human lyophilized kit (Miltenyi Biotech,
Bergisch-Gladback, Germany), according to the manufacturer’s
protocol. The purified cells were plated at a density of 1x105 cells/
cm2 in culture flasks containing Endothelial Cell Basal Medium
(EBM-2) (Lonza, Basel, Switzerland) supplemented with EGM®-
2 MV Microvascular Endothelial SingleQuots® kit (Lonza, Basel,
Switzerland). The culture medium was changed every three to
4 days until the cells were 70–80% confluent. Cell monolayers
were dissociated using a solution of 0.25% of trypsin-EDTA and
replated at a density of 1.3x104 cells/cm2. All the experiments
were performed with cells passaged six to eight times, when they
are termed expanded CD133+ cells.

Scaffold Cytotoxicity Evaluation
The potential cytotoxicity of the PLA scaffolds in culture was
evaluated by direct contact assay according to the International
Organization of Standardization 10,993–5 guidelines (ISO, 2009).
hASCs and expanded CD133+ cells were plated at a density of
2x103 cells/cm2 and 3x104 cells/cm2, respectively, on a 24-well
plate and cultured for 24 h with the supplemented medium
specific for each cell type (as described in 2.3). Then, the
medium was discarded and in the positive control group it
was added a solution of 100 µg/ml of sodium dodecyl sulfate
(SDS) in supplemented medium. For the negative control group,
supplemented medium was used. For the test groups a piece of
PLA scaffold was deposited on the top of the cells (three
independent scaffolds were used for each cell type), which
were cultured in supplemented medium. After 48 h of
incubation (37°C, 5% CO2), cell morphology was analyzed on
a Nikon Eclipse TE300 (Nikon Corporation, Tokyo, Japan)
inverted microscope. Ten images of each well were obtained
using the same magnification (100x).

PLA cytotoxicity was further evaluated by a neutral red uptake
(NRU) assay. PLA extracts were obtained following the ISO
10993/12 (ISO, 2012) guidelines. Briefly, after the disinfection
process (described below), pieces of the scaffolds weighing 0.1 g
each were immersed in 1 ml DMEM, 2% L-glutamine (200 mM)
(ThermoFisher, Waltham, MA, United States), 100 U/ml
penicillin and 100 µg/ml streptomycin (Sigma-Aldrich, Saint
Louis, MO, United States) and incubated at 37°C under slow
agitation for 24, 48, 72 and 96 h. After the incubation, the PLA
fragments were discarded and only the medium containing the
PLA extract was used. The NRU assay was performed in duplicate
and followed the Organization for Economic Co-operation and
Development (OECD) guideline 129 (OECD, 2010). For the tests,
BalB/c3T3 cells were cultured for 48 h with the PLA extracts or
with fresh DMEM, 2% (v/v) L-glutamine (200 mM) (Thermo
Fisher, Waltham, MA, United States), 100 U/ml penicillin and
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100 µg/ml streptomycin (Sigma-Aldrich, Saint Louis, MO,
United States) (negative control). After 48 h of culture, the cell
viability was evaluated by the NRU assay following the OECD
guidelines and as previously described (Abud et al., 2015). The
relative growth rate (RGR) was calculated as follows: RGR � cell
viability in the test group/cell viability in the control group.

A lactate dehydrogenase enzyme (LDH) assay was performed
using CytoTox 96® Non-Radioactive Cytotoxicity Assay kit
(Promega, Madison, WI, United States). The cells were
cultured on the scaffolds (3D) and on culture plates (2D) for
48 h and 7 days. The culture media were harvested and prepared
for analysis according to the manufacturer’s protocol. The LDH
concentration was determined by measuring the optic density of
the resulting solutions at 490 nm using a Synergy H1 Hybrid
Multiplate Microplate Reader (Biotek®, Winooski, VT,
United States).

Cell Seeding on the Scaffolds
Prior to cell seeding, the scaffolds were disinfected with ethanol
70% for 40 min, washed twice with sterile PBS and kept in PBS
and 1% (v/v) PS (100 U/ml) at 4°C until cell seeding. The cells
were first cultured up to 70–80% confluence on culture flasks
and then were dissociated using 0.05% trypsin-EDTA and
counted on a hemocytometer. A solution containing the ideal
number of cells was prepared using the specific basal cell culture
medium for each cell with 5% FBS and 1% (v/v) PS (100 U/ml).
Then, the cells were seeded on the scaffolds using a syringe
technique described by Fairag et al. (2019). Briefly, each scaffold
was placed inside a syringe connected to a four-way stopcock
and the medium was added until the scaffold was completely
submerged. The plunger was inserted and the syringe was
flipped slowly. Once the scaffold was at the bottom of the
syringe, the plunger was carefully moved upwards, allowing
the cells to come into contact with every surface of the scaffold-
including the inside of the pores. The syringe was then placed
inside the incubator (37°C and 5% CO2) and flipped 90°

clockwise every 30 min for 2 h. After allowing the cells to
attach to the scaffolds, the medium was discarded and the
scaffolds were placed in a 24-well plate containing 600 µl of
fresh supplemented medium and kept in the incubator. The
medium was changed every 2 days.

Cell Adhesion Monitoring
Cell adhesion was evaluated through fluorescence microscopy
(FM) and SEM. The scaffolds were washed once in PBS to remove
the culture medium and cells that had not completely adhered.
For FM assays, the cells on the scaffolds were fixed with a solution
of 4% paraformaldehyde (PFA) for 20 min. After fixation, the
scaffolds were cut vertically in four parts and submerged in DAPI
staining solution (1 µg/ml) for 15 min in the dark at room
temperature. Then they were washed twice with PBS for
10 min and analyzed on a LEICA AF6000 (LEICA
Microsystems, Wetzlar, Germany) inverted fluorescence
microscope.

SEM assays were used to further evaluate cell adhesion and
cell morphology on the scaffolds. After washing with PBS, the
cells on the scaffolds were fixed with Karnovsky fixing solution

(2.5% glutaraldehyde; 4% PFA; 0.1 M sodium cacodylate buffer
solution) for 1 h at room temperature. The scaffolds were then
cut vertically into four parts and the post-fixation process was
carried out for 45 min with a solution of 1% of osmium
tetroxide (in 0.1 M sodium cacodylate buffer). The samples
were washed and then dehydrated with growing
concentrations of ethanol, submitted to critical point
drying, coated with gold and analyzed using a JEOL
JSM6010 PLUS-LA (JEOL Ltd., Tokyo, Japan) scanning
electron microscope.

Detachment of the Cells From the Scaffolds
The scaffolds were first washed with a balanced saline solution
free of calcium and magnesium (BSS-CMF) for 5 min under slow
agitation and then incubated at 37°C and 5% CO2 with a 0.25%
trypsin-EDTA solution for 4 min. Trypsin was inactivated with
an equal volume of culture medium and the scaffolds were
collected and centrifuged (700 x g, 30 s) to remove the trypsin
and the cells that were trapped inside the pores. Both solutions
were then centrifuged (700 x g, 5 min) and the cells were
resuspended and counted on a hemocytometer.

Cell Cycle Assay
Cell cycle was analyzed after 48 h and after 7 days of culture. Cells
were dissociated from the scaffolds using the method previously
described and resuspended in an ice-cold solution of 70% ethanol
in PBS and then incubated for 1 h and 30 min at 4°C. After
fixation, the cells were washed with PBS and centrifuged for 5 min
at 700 x g. The supernatant was discarded and the cells were
resuspended in PBS. An equal volume of 2X staining solution
(3.4 mM Tris HCl pH 7.4; 0.1% Nonidet P40; 700 U/l RNase A
DNase-free; 10 mMNaCl; 30 µg/ml propidium iodide) was added
and the cells were incubated for 10 min in the dark at room
temperature. After centrifugation, the supernatant was discarded
and the cells were resuspended in 200 µl of PBS for flow
cytometry analysis. Approximately 10,000 events for each
sample were acquired with a FACSCanto II flow cytometer
(BD Biosciences) and the analysis was performed using FlowJo
software version 10.7.1. In parallel, cells were also cultured in
culture flasks, to be used as control (control 2D), and on the PLA
discs. The preparation of these samples, data acquisition and
analysis followed the same protocol.

Proliferation Assay
The cells were cultured for 48 h on the S40 and then were
incubated with a solution of 10 µM EdU (in culture medium)
for 5 h. Then, the cells were dissociated from the scaffolds,
washed, fixed and stained with the Click-iT® EdU Alexa Fluor®
647 Flow Cytometry Assay Kit (Molecular Probes, Thermo
Fisher Scientific) following the manufacturer’s instructions.
Approximately 10,000 events were acquired with a FACSCanto
II flow cytometer (BD Biosciences) and the analysis was
performed using FlowJo software version 10.7.1. In parallel,
cells were also cultured in culture flasks (2D) for 48 h for the
controls with and without the EdU incubation step. The
preparation of these samples, data acquisition and analysis
followed the same protocol.
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Immunophenotypic Profiling
After 7 days of culture, cells were dissociated from the scaffolds
and resuspended in 3 ml of PBS/bovine serum albumin (BSA) 1%
and left in ice for 1 h. They were subsequently centrifuged at 700 x
g for 5 min and resuspended in a PBS/BSA 1% solution
containing the antibodies adequately diluted. The hASCs were
labeled with the following antibodies: FITC-conjugated anti-
CD90 (BioLegend, San Diego, CA, United States) and anti-
CD34 (E-Bioscience, Carlsbad, CA, United States); APC-
conjugated anti-CD73 and anti-HLA-DR (E-Bioscience,
Carlsbad, CA, United States); PE-conjugated anti-CD105
(E-Bioscience, Carlsbad, CA, United States) and anti-CD140b
(BD, San Diego, CA, United States). For the expanded CD133+

cells, the antibodies used were: FITC-conjugated anti-CD34 and
anti-CD31 (E-Bioscience, Carlsbad, CA, United States); APC-
conjugated anti-CD45 (E-Bioscience, Carlsbad, CA,
United States); PE-conjugated anti-CD133, anti-CD105
(E-Bioscience, Carlsbad, CA, United States) and anti-CD146
(BD Biosciences, San Diego, CA, United States); Alexa Fluor®
647-conjugated anti-CD309 (BD Biosciences, San Diego, CA,
United States). For the vWF labeling, the rabbit anti-human vWF
(ThermoFisher, Waltham, MA, United States) was used as the
primary antibody and followed by Alexa Fluor® 488 anti-rabbit
(Invitrogen, Carlsbad, CA, United States). Mouse IgG antibodies
(FITC, APC and PE) (BD, San Diego, CA, United States) were
used as negative controls. The cells were incubated with the
antibodies for 1 h at 4°C and then washed with PBS 1X. After
centrifugation, the cells were fixed with PFA 4% for 10 min and in
sequence were washed with PBS 1X, centrifuged and resuspended
in PBS 1X. For the vWF labeling, the cells were first fixed with a
solution of PFA 4%, permeabilized with a solution of PBS/Triton
X-100 0.5% for 30 min and then incubated with the solution of
PBS/BSA 1% containing the antibody adequately diluted.
Approximately 10,000 events for each cell type were acquired
with a FACSCanto II flow cytometer (BD Biosciences) and the
data were analyzed using FlowJo software version 10.7.1.

In vitro Angiogenesis Matrigel Assay
Expanded CD133+ cells were cultured on the S40 for 7 days and
then were dissociated and plated on a Matrigel® (Corning Inc.,
Corning, NY, United States) coated 96-well plate at a density of
3x104 cells/well. For the control group, cells obtained from
culture flasks were used. Both groups (3D and 2D) were
cultured with fresh media. To determine the angiogenic
potential of the secretome from 3D cultures, the conditioned
medium (CM) was collected from the last 48 h of 3D cultures and
used on the assay (cells were derived from culture flasks and this
group was identified as 2D + 3DCM). Capillary formation was
analyzed in six, 12 and 24 h using a ZEISS Primovert inverted
microscope, but only the results for 12 h were considered because
after 6 h there was no tube formation and after 24 h their
structures were already compromised. One image capturing
entirely each of the wells was recorded and the number of
nodes and tubule-like structures formed was manually
counted. Nodes were considered as the intersections of three
ramifications (the ramifications which were on the corners of the
images and, therefore, weren’t entirely visible, were not counted).

Each assay was conducted with three experimental replicates.
Variations of this protocol were previously tested comprising
1x104, 2x104 and 3x104 cells/well. There was no tube formation
with the lowest concentration of cells, and the other two
concentrations allowed the tube formation. However, with
2x104 cells/well the number of tubes was highly variable
among the replicates. For this reason, we selected the
concentration of 3x104 cells/well to perform this assay.

Statistical Analysis
Differences between groups were determined using one-way
analysis of variance with ANOVA tests when there were at
least three groups to compare. Unpaired student’s t-test was
conducted when there were only two groups to compare.
Significance between groups was established for p ≤ 0.05. The
analyses were performed using GraphPad Prism software
version 8.3.0.

RESULTS

Scaffold Characterization Shows Rough
Surfaces and Different Elastic Moduli
The macroscopic structure of the parallelepiped-shaped scaffolds
is shown in Figure 1A. SEM images showed that the surface of
both scaffolds was uneven (Figures 1B–E). The S25 and S40 had a
mean pore size of 1.27 ± 0.059 mm and 0.700 ± 0.023 mm,
respectively. The PLA discs had no pores (Figure 1F) and just
as the 3D scaffolds, their surface was not smooth. The disc’s
surface was also ruffled due to the process of PLA deposition
during 3D printing (Figure 1G).

The Young’s moduli calculated through the stress-strain
curves (Figure 1H) obtained in the compression test were
38.90 ± 11.98 MPa for the S25 and 86.51 ± 14.40 MPa for the S40.

The Poly(Lactic Acid) Scaffolds Are Slightly
Cytotoxic
To evaluate the direct effect and possible toxicity of the PLA
scaffolds on hASCs and expanded CD133+ cells in culture, first
we performed a direct contact assay. After 48 h of cell culture in
contact with the PLA fragments, we observed that hASCs and
expanded CD133+ cells showedmorphologies that were similar to
their respective controls (Figures 2A,B,D,E). In contrast, these
morphologies were different from those found in the cultures
with SDS (Figures 2C,F), where there was cell lysis and, therefore,
loss of characteristic morphology. These results indicate that the
PLA scaffolds used in this work do not appear to be cytotoxic in
this case.

To further investigate the possible toxicity of the PLA scaffolds
we performed a NRU assay. A significant reduction in cell
viability of approximately 30% relative to the control group
was detected when the cells were cultured with the PLA
extracts (Figure 2G). The RGR calculated was around 70% for
the extracts and no statistical differences were observed between
them. According to the ISO 10993/12 guidelines, these results
indicate that the PLA extracts obtained from 24 to 96 h showed
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low cytotoxicity for the BalB/c3T3 cells. LDH assay (Figure 2H)
confirmed this low cytotoxicity for the expanded CD133 + cells in
a 7 days culture. However, no cytotoxic effect was observed for
the hASCs. Moreover, there was a decrease of hASC death on the
PLA scaffolds after a 48 h culture in comparison to the 2D culture.

The Poly(Lactic Acid) Scaffolds Allow Cell
Adhesion
FM images showed that both cell types adhered homogeneously
to the surface of the scaffolds and on the PLA disc (Figures
3A,B,E,F). After 7 days of culture, the number of DAPI-stained
nuclei on the 3D scaffolds increased (Figures 3C,D), which was
an indication of cell proliferation. SEM images further confirmed
cell adhesion and also showed that, compared to a 2D culture on
culture flasks (Figures 3G,H), hASCs and expanded CD133+ cells

were able to maintain their fibroblastic and cobblestone
morphology, respectively, when cultured on the 3D scaffolds
(Figures 3I,J) and on the PLA disc (Figures 3K,L).

3D Poly(Lactic Acid)Scaffolds Differentially
Influence the Cell Cycle and Proliferation
The effect of the 3D PLA scaffolds on the progress of the cell cycle
was evaluated by comparing the percentage of cells in the
different cell cycle phases of the hASCs and CD133+ cells
cultured on 3D PLA scaffolds, PLA discs and in culture flasks
(control 2D). After 48 h of culture, most expanded CD133+ cells
were in the G1 phase of the cell cycle in all culture conditions
(Figure 4A). There was no statistical difference between the
percentage of cells in G1 on the control 2D and on the PLA
discs, but there was an increase in the percentage of cells in the G1

FIGURE 1 | Structural and mechanical characterization of the 3D printed PLA scaffolds. (A) Side view of the 3D scaffold and top views of the S25 (left) and the S40
(right). SEM images of the (B) surface of the S25, (C) S40, (D) internal structure of the S25 and (E) S40. The blue arrows indicate the rough areas on the scaffolds. (F) PLA
disc. (G) SEM image of the surface of the PLA disc. Yellow arrows indicate the PLA filaments forming the ruffled surface of the disc. (H) Mechanical testing of the PLA
scaffolds. Young modulus was calculated as the slope of the linear portion of the compressive/strain curve.
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phase on both 3D scaffolds (control 2D: 60.2% ± 12.14; PLA Disc:
59.7% ± 4.37; S25: 75.8% ± 6.51; S40: 76.5% ± 7.91). Compared to
the 2D control, the percentage of cells in the G2 phase of the cell
cycle significantly decreased on the 3D scaffolds by approximately
55%, and there was a significant increase (around 35%) on the
PLA discs (control 2D: 19.2% ± 2.53; PLADisc: 25.9% ± 0.86; S25:
8.6% ± 1.28; S 40: 10.6% ± 1.77). There was no statistical
difference in cell cycle among the 3D scaffolds, meaning that
the pore size did not seem to affect cell cycle in 48 h of culture.
Proliferation analysis further confirmed a significant reduction of
proliferating expanded CD133+ cells when they were cultured on
the 3D scaffolds (Figure 4B).

To evaluate if pore size could influence cell behavior after a
longer period of culture, we also analyzed the cell cycle of the
expanded CD133+ cells after 7 days in culture. In this case, the
percentage of cells in G1 increased relative to their levels at 48 h
(S25: 90.1% ± 1.48; S40: 89.7% ± 1.29), while the percentage of

cells in S (S25: 4.87% ± 1.41; S40: 6.95% ± 0.71) and G2 decreased
(S25: 4.8% ± 0.76; S40: 3.38% ± 0.93) (Figures 4C,D). However,
there was still no significant difference in the cell cycle between
the S25 and S40 (Figure 4E).

As observed for the expanded CD133+ cells, hASCs were
predominantly concentrated on the G1 phase in all conditions
after 48 h of culture (Figure 5A) (Control 2D: 82.48% ± 2.36;
PLA Disc: 83.50% ± 2.75; S25: 71.83% ± 1.62; S40: 75.90% ±
2.06). Nevertheless, differently than what was observed for the
expanded CD133+ cells, there was no statistical difference
between the hASCs cultured on the culture flasks and on the
PLA discs in any of the phases of the cell cycle. However, there
was an increase of nearly 58% in the percentage of cells in the
G2 phase when they were cultured on the 3D scaffolds
(Control 2D: 12.53% ± 1.84; PLA Disc: 13.23% ± 1.59; S25:
19.78% ± 1.64; S40: 17.35% ± 1.45). Proliferation analysis
showed no significant difference between the 2D and 3D

FIGURE 2 | Cytotoxicity evaluation of the PLA scaffolds. Cytotoxicity was measured using direct contact (A–F) and NRU assays (G). The images on the far left
illustrate hASCs morphology (A) on the negative control of the direct contact assay (B) cultured with a fragment of the PLA scaffold and (C) cultured with SDS. The next
three pictures illustrate the expanded CD133 + cell morphology (D) on the negative control of the direct contact assay (E) cultured with a fragment of the PLA scaffold
and (F) cultured with SDS. Scale bar � 100 μm *PLA fragment (G) Cytotoxicity of the PLA scaffold observed on the NRU assay. BalB/c3T3 cells were cultured for
48 h with PLA extracts collected after 24, 48, 72 and 96 h of incubation. Cytotoxicity is represented by cell viability calculated as explained in the materials and methods
section. The dotted line represents a RGR of 70%. One-way ANOVA analysis: ***p ≤ 0.001. n � 2 (H) PLA scaffolds cytotoxic potential evaluated by spectrophotometric
LDH assay after 48 h and 7 days of culture. Student’s unpaired t-test analysis: *p ≤ 0.05 **p ≤ 0.01 (n � 3).
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cultures (Figure 5B). Again, there was no significant
difference in the cell cycle among the 3D scaffolds after
48 h (Figure 5A).

Similarly to the expanded CD133+ cells, after 7 days in culture,
there was an increase in the percentage of cells in G1, a reduction
in S (S25: 2,67% ± 0,42; S40: 3,18% ± 0,44) and G2 (S25: 11.0% ±
1.31; S40: 10.3% ± 1.48) (Figures 5C,D) with no significant
difference between the scaffolds (Figure 5E).

Cell Immunophenotypic Profile can Change
After 3D Culture
To investigate if the scaffolds could trigger changes on the
cells’ immunophenotype, flow cytometry analyses were carried
out using a set of markers for each cell type. After 7 days of
culture, the hASCs showed high expressions of CD90, CD105,
CD73 and CD140b, while keeping the expressions of CD34 and
HLA-DR low. There were no differences in their

immunophenotype in comparison to the control (Figures
6A,B), suggesting that these cells were able to maintain
their undifferentiated profile after being cultured on the
scaffolds.

The expanded CD133+ cells cultured on the scaffolds
presented, for the most part, a similar immunophenotype
profile to their respective control, showing low expression
of CD34 and CD45 and high expression of endothelial
markers, such as CD31. In all the groups, the expression of
CD133 was low. However, in comparison to the control, there
was a significant reduction of vWF when the cells were
cultured on the S25 (p � 0.02) and S40 (p � 0.008).
Interestingly, besides this reduction we also noticed a
change in its labelling pattern. While in the control we
observed only one population of cells showing a high
fluorescence intensity for vWF, on the 3D scaffolds there
were at least two distinguished populations with high and
low fluorescence intensity (Figures 6C,D).

FIGURE 3 | Cell adhesion and morphology on the PLA scaffolds. Top panel: nuclear staining of the cells on the scaffolds. (A) hASCs adhered on the 3D scaffold
after 48 h of culture. (B) Expanded CD133+ cells adhered on the 3D scaffold after 48 h of culture. (C) hASCs adhered on the 3D scaffold after 7 days of culture. (D)
Expanded CD133+ cells adhered on the 3D scaffold after 7 days of culture. (E) hASCs and (F) expanded CD133+ cells adhered on the PLA disc. Bottom panel: phase
contrast and SEM analyses of cell morphology. (G) Characteristic morphology of hASCs on a 2D culture (H) Characteristic morphology of expanded CD133+ cells
on a 2D culture (scale bar � 200 µm) (I) hASCs’morphology on the 3D scaffold. (J) Expanded CD133+ cells’morphology on the 3D scaffold. (K) hASCs’morphology on
the PLA disc. (L) Expanded CD133+ cells’morphology on the PLA disc. The images representing the 3D scaffolds were from the cultures on the S40, which presented
the same pattern as the cultures on the S25.
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Culture on 3D Poly(Lactic Acid) Scaffolds
Affects the Expanded CD133+ Cells’
Angiogenic Potential
Since vWF is associated with angiogenesis, playing an important
role in controlling the formation of new blood vessels, we
investigated whether the reduction in vWF observed in the
immunophenotypic profiling could affect the angiogenic
potential of the expanded CD133+ cells. Because there were no
differences in the cell phenotype when they were cultured on the
scaffolds with two different pore sizes, we selected only the cells
cultured on S40 for this angiogenic assay.

After 12 h of culture on the Matrigel layer, the average number
of tubule-like structures formed by the cells derived from the 3D
culture was lower in comparison to the control cells (2D)
(Figures 7A,B), albeit not statistically significant (Figure 7D).
Furthermore, vWF is an intracellular factor which is secreted
during angiogenesis (Starke et al., 2011). Thus, we also
investigated if the secretome of the 3D culture could modulate
the formation of tubule-like structures. In this case, compared to
the control, the cells cultured with the conditioned media (2D +
3DCM) behaved in a similar manner, forming the same number
of structures (Figures 7C,D). We also analyzed the formation of
tubule-like structures after 6 and 24 h of culture, but there were
no significant differences between either of the groups (data not
shown).

In terms of number of nodes, the cells derived from the 3D
culture formed significantly fewer nodes than the 2D and 2D +
3DCM groups (Figure 7E).

DISCUSSION

The combination of stem cells and biomaterial scaffolds is a
classical approach to tissue engineering and has been
extensively studied (Oshima et al., 2009; Liang et al., 2019).
However, although there are many studies exploring the
potential of MSCs (Lobo et al., 2015; Jakus et al., 2016;
Diomede et al., 2018; Theodoridis et al., 2020) few have
assessed the use of endothelial progenitor cells (Islami et al.,
2018) in association with scaffolds, notably with the expanded
CD133+ cells, which represent an uncomplicated source of
cells with therapeutic value.

Every biomaterial has advantages and disadvantages, and its
structures and surfaces can be modified to meet the specific needs
of each tissue (Singhvi et al., 2019; Carvalho et al., 2020). PLA is a
well-known biomaterial that is also widely used for these
applications because it is versatile, cheap and easily
manipulated (Singhvi et al., 2019; Casalini et al., 2019).
Furthermore, its biocompatibility is widely known and has
been well reported in literature (Silva et al., 2018; Carvalho
et al., 2020). Nevertheless, variations in the processing of PLA

FIGURE 4 | Expanded CD133+ cell cycle and proliferation after the culture on the PLA scaffolds. (A) Percentage of expanded CD133+ cells in each of the phases of
the cell cycle after 48 h of culture on the scaffolds in comparison to the culture on the PLA disc and the control (Control 2D n � 6; PLA disc n � 3; S25 n � 8; S40 n � 8).
Analysis by one-way ANOVA: ap ≤ 0.05 in comparison to the control 2D; cp ≤ 0.001 in comparison to the control 2D; dp ≤ 0.05 in comparison to the PLA disc; ep ≤ 0.01 in
comparison to the PLA disc (B) Cell proliferation analysis by EdU incorporation after 48 h of culture on the 3D scaffold in comparison to the control 2D (Control 2D
n � 2; 3D n � 3) (C) Percentage of cells in each of the phases of the cells cycle after 48 h and 7 days of culture on the S25 (S25 7 days n � 5) (D) and on the S40 (S40
7 days n � 4) (E)Comparison of the percentage of cells in each of the phases of the cell cycle after 7 days of culture on the S25 and S40. For the 3D scaffolds n represents
the number of scaffolds that were analyzed. Graphs are represented by the mean ± SD. Student’s unpaired t-test analysis: *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001.
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scaffolds, such as the sterilization method used, can affect its use
in tissue engineering (Savaris et al., 2017).

Thus, we began by evaluating the PLA scaffolds’ cytotoxicity
using a direct contact assay and NRU assay. The direct contact
assay did not accuse toxicity for either of the cell types used.
Meanwhile the NRU assay, which evaluated the toxicity of
possible degradation products, showed low cytotoxicity for
BalB/c 3T3 cells. Although these cells are used as a model in
some assays, they are not always a good model for mammalian
cells and can be considered less resistant than hASCs (Abud et al.,
2015). In this regard, Grémare and colleagues demonstrated,
using an approach similar to ours, that media extracts of 3D
printed PLA scaffolds did not significantly affect either the
metabolic activity or the cell viability of human bone marrow
stromal cells (Grémare et al., 2017). LDH activity assay, a
commonly used test to assess the cytotoxicity of 3D scaffolds
(Dinescu et al., 2013; Kumar et al., 2020), demonstrated that the
scaffolds created an appropriate environment for the hASCs
survival throughout cultivation. Indeed, we observed less cell
death after 48 h on the scaffolds than on a standard 2D culture.
Conversely, even though they also did not show cytotoxic effects
for the expanded CD133+ cells in a 48 h culture, after 7 days there
was an increase of cell death in comparison to the 2D culture,
which might indicate that the environment became cytotoxic as
the cell population expanded.

Regarding cell adhesion, fluorescence microscopy and SEM
images showed that cells were efficiently seeded and had spread
throughout the mesh of the PLA scaffolds. Both cell types also
maintained their proper morphology and were able to survive,
indicating that the environment created by the scaffolds was
suitable for cell maintenance. However, even though we cultured
cells in a 3D system, SEM images showed that the cells adhered
along the PLA filaments in a bidimensional manner due to the
difference in the proportion between pore and cell sizes.

One crucial aspect of PLA scaffolds that can affect cell
behavior is their stiffness (Zonderland and Moroni, 2021),
which can vary according to the production technique used
and the scaffold’s final structure (Song et al., 2017; Liang
et al., 2019). Rosenzweig et al. (2015) 3D printed PLA
scaffolds of 1 MPa stiffness while Velioglu et al. (2019)
constructed scaffolds with stiffness of up to 640 MPa
demonstrating the effect of pore size on PLA scaffold stiffness.
In this work, the S25 and S40 scaffolds exhibited elastic moduli of
38.90 ± 11 MPa and 86.51 ± 14.40 MPa, respectively. Comparing
these values with data from the literature on the stiffness of living
tissues (Guimarães et al., 2020), this characteristic should allow
these scaffolds to be used in applications for bone regeneration,
which is expected, since PLA scaffolds are commonly used for
bone and cartilage applications (Haaparanta et al., 2014;
Rosenzweig et al., 2015; Gregor et al., 2017; Söhling et al., 2020).

FIGURE 5 | hASCs cell cycle and proliferation after the culture on the PLA scaffolds (A) Percentage of hASCs in each of the phases of the cell cycle after 48 h of
culture on the scaffolds in comparison to the culture on the PLA disc and the control (Control 2D n � 4; PLA disc n � 3; S25 n � 4; S40 n � 4). One-way ANOVA: ap ≤ 0.05
in comparison to the control 2D; bp ≤ 0.01 in comparison to the control 2D; cp ≤ 0.001 in comparison to the control 2D; dp ≤ 0.05 in comparison to the PLA disc; ep ≤ 0.01
in comparison to the PLA disc; fp ≤ 0.001 in comparison to the PLA disc (B)Cell proliferation analysis by EdU incorporation after 48 h of culture on the 3D scaffold in
comparison to the control (2D) (Control 2D n � 4; 3D n � 4) (C) Percentage of cells in each of the phases of the cells cycle after 48 h and 7 days of culture on the S25 (S25
7 days n � 4) (D) and on the S40 (S40 7 days n � 3) (E)Comparison of the percentage of cells in each of the phases of the cell cycle after 7 days of culture on the S25 and
S40. For the 3D scaffolds n represents the number of groups comprising three scaffolds that was analyzed. Graphs are represented by the mean ± SD. Student’s
unpaired t-test analysis: *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org September 2021 | Volume 9 | Article 70086210

Biagini et al. Stem Cells on PLA Scaffolds

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


FIGURE 6 | Immunophenotypic profile of the expanded CD133+ cells and the hASCs after 7 days of culture on the scaffolds in comparison to a 2D culture (A)
Representative histograms of the hASCs immunophenotypic profile when cultured on a 2D culture flask and on the 3D scaffolds (B) hASCs immunophenotypic profile
represented in percentage values (mean ± SD) (2D n � 2; S25 n � 3; S40 n � 3). For the 3D scaffolds n represents the number of groups comprising three scaffolds that
was analyzed. One-way ANOVA analysis (C) Representative histograms of the expanded CD133+ cells’ immunophenotypic profile when cultured in a 2D culture
flask and on the 3D scaffolds (D) Expanded CD133+ cells’ immunophenotypic profile represented in percentage values (mean ± SD) (2D n � 2; S25 n � 3; S40 n � 3). For
the 3D scaffolds n represents the number of scaffolds analyzed. One-way ANOVA analysis. % � percent of parental population considering live/singlet gated cells.
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Besides mechanical characteristics, another variable that can
influence cell response is the scaffold’s topography (Wang et al.,
2021). In this case we observed that the rugged surface of the PLA
discs seemed to influence how the expanded CD133+ cells
organized themselves on the disc, causing them to follow the
orientation of the PLA filaments. Heath and colleagues (2010)
observed a similar behavior with umbilical vein endothelial cells
(HUVECs) cultured on fibrous scaffolds. The authors observed
that the cells followed the direction of the fibers and showed a
more elongated morphology. They suggest that this behavior is
expected since cells organize themselves that way in biological
tissues to form blood vessels with elongations in their
morphologies due to the shear rate of blood flow (Heath et al.,
2010). In our case, one of the reasons why the cells’morphologies
remained unchanged could have been the lack of culture medium
flow, but the FM and SEM images showed the cells’ preference to
organize themselves following the direction of the PLA filaments.

For the hASCs, though, we did not observe differences in how
the cells distributed themselves along the PLA disc compared to
the 3D scaffolds, and there were no other differences in cell
behavior in the analyzed parameters. However, some studies have
shown the influence of scaffold topography on the paracrine
activity of these cells (Leuning et al., 2018; Simitzi et al., 2020). Su
and colleagues (2017) showed that when hASCs were cultured on
fibrous scaffolds, the cells produced more anti-inflammatory and
pro-angiogenic cytokines than in a 2D culture. Also, different
fiber orientations resulted in different quantities and types of
cytokines produced (Su et al., 2017).

In the EdU incorporation assay, we observed that the
proliferative activity of hASCs cultured on the 3D scaffolds

was highly variable, which could have been driven by the
unsynchronized cell populations. Still, we observed that the
S25 and S40 stimulated the cell cycle progression of hASCs in
the first 48 h of culture, which is consistent with previous studies
that showed that PLA scaffolds can stimulate the proliferative
activity of fibroblasts (Korpela et al., 2013) and bone marrow
MSCs (Teixeira et al., 2019). On the other hand, when the
expanded CD133+ cells were cultured on the S25 and S40 the
cells came to a halt in the G1 phase and showed less proliferative
activity. Interestingly, however, on the PLA disc there was an
increase of expanded CD133+ cells in the G2 phase. This suggests
that the biomaterial and/or the disc topography stimulated cell
cycle progression and that the G1 phase arrest observed on the
S25 and S40 was possibly related to the 3D microenvironment
created by the porous scaffolds.

For both hASCs and expanded CD133 + cells, the progression
of the cell cycle slowed down after 7 days of culture relative to the
first 48 h, which may be related to higher cell confluence
(observed by FM images) and not necessarily to the scaffolds
or the biomaterial. Moreover, there were no differences in any of
the phases of the cell cycle between the cultures on the S25 and the
S40 for either of the cell types. In summary, these results suggest
that in terms of cell cycle and proliferation, the
microenvironment created by the 3D scaffolds was
advantageous to the hASCs, but discouraging to the expanded
CD133 + cells. In addition, we found that the difference in the size
of the pores used in this work was insufficient to create different
cell responses considering the parameters analyzed.

Lastly, we investigated if the cells could maintain their
immunophenotypic profiles after being cultured on the

FIGURE 7 | Capillary-like tubule formation assay of expanded CD133+ cells cultured for 12 h on a Matrigel layer. Representative image of tubule-like formation for
each group (A) control (B) 3D cells and (C) 3D secretome. Scale bar � 500 µm. Analysis of the number of (D) vessels and (E) nodes formed after 12 h. Graphs are
represented by the mean ± SD. One-way ANOVA: *p ≤ 0.05; **p ≤ 0.01 (2D n � 3; 2D + 3DCM n � 2; 3D n � 3).
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scaffolds for 7 days. hASCs showed high expression of MSC
markers (CD90, CD105, CD73, CD140b) without significant
expression of CD34 and HLA-DR, indicating that they
preserved their undifferentiated profile (Dominici et al., 2006;
Bühring et al., 2007). These results are consistent with findings in
the literature that state that MSCs are only able to differentiate on
PLA if they are cultured with induction medium (Fairag et al.,
2019) or if PLA is coated or combined with a biomaterial that is
capable of inducing differentiation (Persson et al., 2018; Teixeira
et al., 2019).

The expanded CD133+ cells showed low expression of CD133 in
all conditions, a characteristic of mature endothelial cells. In
addition, they also showed high expression of other endothelial
markers such as CD309, CD105, CD146 and CD31, and low
expression of hematopoietic markers CD34 and CD45,
reinforcing their endothelial profile in all culture conditions
(Ingram et al., 2004; Senegaglia et al., 2010; Bongiovanni et al.,
2014). However, we observed a significant reduction in the labeling
of vWF when the cells were cultured on the scaffolds, which could
indicate endothelial stimulation. Because vWF is associated with
angiogenesis (Starke et al., 2011), we used the cells from the scaffolds
to perform an angiogenesis assay to evaluate if this reduction was
sufficient to affect the cells’ angiogenic potential.We observed a non-
significant reduction in the number of tubule-like structures formed
by the 3D cells, but a significant reduction in the number of nodes
formed by these cells. This may indicate that, even though the cells
were still capable of forming tubule-like structures, the vessel
network was less complex. The control and the 2D + 3DCM
groups behaved similarly in both tubule-like and nodes
formation, which indicates that the secretome of the expanded
CD133+ cells cultured in porous PLA scaffolds does not
modulate angiogenesis, at least in the conditions analyzed.
Finally, because the main goal of this work was to evaluate the
behavior of the cells on the scaffolds considering their ability to
survive (adherence, proliferation, and ability to maintain their
undifferentiated state) and considering we did not observe
changes on the hASC markers we did not conduct a functional
test for these cells.

CONCLUSION

The 3D PLA scaffolds created a functional environment for hASC
culture, stimulating the cell cycle progression while also allowing
the maintenance of their undifferentiated state. Conversely, the
proliferation of expanded CD133+ cells was reduced and their
immunophenotype changed. The data acquired in our work
highlight how the same scaffold composition and architecture
may lead to different cell responses depending on the cell type
used. This reinforces the importance of studying basic cell
behavior when we consider the combination of biomaterial

scaffolds and stem/progenitor cells approach for tissue
engineering.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be
directed to the corresponding authors.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Research Ethics Committee of Pontificia
Universidade Católica do Paraná and Research Ethics
Committee of Fundação Oswaldo Cruz. The patients/
participants provided their written informed consent to
participate in this study.

AUTHOR CONTRIBUTIONS

GB performed the experiments and prepared the manuscript. BM
supported experimental execution. AS provided the cells. BM and
MS designed the experiments and provided experimental
support. TP and LB contributed with the 3D printing of the
scaffolds and mechanical testing. All authors have read and
approved the final version of the manuscript.

FUNDING

This work was supported by the FIOCRUZ/Inova (Grant VPPIS-
001-FIO-18-62). GB received a fellowship from Carlos Chagas
Institute.

ACKNOWLEDGMENTS

The authors thank the staff of Carlos Chagas Institute
(Fiocruz-PR) for laboratory and administrative support. We
are also grateful to the Program for Technological
Development in Tools for Health-PDTIS-FIOCRUZ for the
use of the core facilities for flow cytometry, microscopy and
cytotoxicity assays. We thank Dr. Ana Paula Abud for the
cytotoxicity experiment design and implementation, and Dr.
Amanda Leitolis for helping with the angiogenesis assay
optimizations. We also thank Dr. Márcio Lourenço
Rodrigues for providing the LDH assay kit and Dr. Haroldo
Cesar de Oliveira for the assistance on the assay.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org September 2021 | Volume 9 | Article 70086213

Biagini et al. Stem Cells on PLA Scaffolds

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


REFERENCES

Abbasi, N., Hamlet, S., Love, R. M., and Nguyen, N.-T. (2020). Porous Scaffolds for
Bone Regeneration. J. Sci. Adv. Mater. Devices 5, 1–9. doi:10.1016/
j.jsamd.2020.01.007

Abbott, R. D., and Kaplan, D. L. (2016). Engineering Biomaterials for Enhanced
Tissue Regeneration. Curr. Stem Cel Rep. 2, 140–146. doi:10.1007/s40778-016-
0039-3

Abud, A. P. R., Zych, J., Reus, T. L., Kuligovski, C., de Moraes, E., Dallagiovanna, B.,
et al. (2015). The Use of Human Adipose-Derived Stem Cells Based
Cytotoxicity Assay for Acute Toxicity Test. Regul. Toxicol. Pharmacol. 73,
992–998. doi:10.1016/j.yrtph.2015.09.015

Almeida, C. R., Serra, T., Oliveira, M. I., Planell, J. A., Barbosa, M. A., and Navarro,
M. (2014). Impact of 3-D Printed PLA- and Chitosan-Based Scaffolds on
Human Monocyte/macrophage Responses: Unraveling the Effect of 3-D
Structures on Inflammation. Acta Biomater. 10, 613–622. doi:10.1016/
j.actbio.2013.10.035

Angulski, A. B. B., Capriglione, L. G., Batista, M., Marcon, B. H., Senegaglia, A. C.,
Stimamiglio, M. A., et al. (2017). The Protein Content of Extracellular Vesicles
Derived from Expanded Human Umbilical Cord Blood-Derived CD133+ and
Human Bone Marrow-Derived Mesenchymal Stem Cells Partially Explains
Why Both Sources Are Advantageous for Regenerative Medicine. Stem Cel Rev
Rep 13, 244–257. doi:10.1007/s12015-016-9715-z

Baker, B. M., and Chen, C. S. (2012). Deconstructing the Third Dimension - How
3D Culture Microenvironments Alter Cellular Cues. J. Cel Sci. 125, 3015–3024.
doi:10.1242/jcs.079509

Bongiovanni, D., Bassetti, B., Gambini, E., Gaipa, G., Frati, G., Achilli, F., et al.
(2014). The CD133+Cell as Advanced Medicinal Product for Myocardial and
Limb Ischemia. Stem Cell Develop. 23, 2403–2421. doi:10.1089/scd.2014.0111

Bühring, H.-J., Battula, V. L., Treml, S., Schewe, B., Kanz, L., and Vogel, W. (2007).
Novel Markers for the Prospective Isolation of Human MSC. Ann. N.Y Acad.
Sci. 1106, 262–271. doi:10.1196/annals.1392.000

Carvalho, J. R. G., Conde, G., Antonioli, M. L., Dias, P. P., Vasconcelos, R. O.,
Taboga, S. R., et al. (2020). Biocompatibility and Biodegradation of Poly(lactic
Acid) (PLA) and an Immiscible PLA/poly(ε-caprolactone) (PCL) Blend
Compatibilized by Poly(ε-Caprolactone-B-Tetrahydrofuran) Implanted in
Horses. Polym. J. 52, 629–643. doi:10.1038/s41428-020-0308-y

Casalini, T., Rossi, F., Castrovinci, A., and Perale, G. (2019). A Perspective on
Polylactic Acid-Based Polymers Use for Nanoparticles Synthesis and
Applications. Front. Bioeng. Biotechnol. 7. doi:10.3389/fbioe.2019.00259

Cun, X., and Hosta-Rigau, L. (2020). Topography: a Biophysical Approach to
Direct the Fate of Mesenchymal Stem Cells in Tissue Engineering Applications.
Nanomaterials 10, 2070. doi:10.3390/nano10102070

da Silva, D., Kaduri, M., Poley, M., Adir, O., Krinsky, N., Shainsky-Roitman, J., et al.
(2018). Biocompatibility, Biodegradation and Excretion of Polylactic Acid
(PLA) in Medical Implants and Theranostic Systems. Chem. Eng. J. 340,
9–14. doi:10.1016/j.cej.2018.01.010

Dinescu, S., Gălăţeanu, B., Albu, M., Lungu, A., Radu, E., Hermenean, A., et al.
(2013). Biocompatibility Assessment of Novel Collagen-Sericin Scaffolds
Improved with Hyaluronic Acid and Chondroitin Sulfate for Cartilage
Regeneration. Biomed. Res. Int. 2013, 1–11. doi:10.1155/2013/598056

Diomede, F., Gugliandolo, A., Cardelli, P., Merciaro, I., Ettorre, V., Traini, T., et al.
(2018). Three-Dimensional Printed PLA Scaffold and Human Gingival Stem
Cell-Derived Extracellular Vesicles a New Tool for Bone Defect Repair. Stem
Cel. Res. Ther. 9 (1), 104. doi:10.1186/s13287-018-0850-0

Dominici, M., Le Blanc, K., Mueller, I., Slaper-Cortenbach, I., Marini, F. C., Krause,
D. S., 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

Dzierzkowska, E., Scisłowska-Czarnecka, A., Kudzin, M., Boguń, M., Szatkowski,
P., Gajek, M., et al. (2021). Effects of Process Parameters on Structure and
Properties of Melt-Blown Poly(lactic Acid) Nonwovens for Skin Regeneration.
Jfb 12, 16. doi:10.3390/jfb12010016

Fairag, R., Rosenzweig, D. H., Ramirez-Garcialuna, J. L., Weber, M. H., and
Haglund, L. (2019). Three-dimensional Printed Polylactic Acid Scaffolds
Promote Bone-like Matrix Deposition In Vitro. ACS Appl. Mater. Inter. 11,
15306–15315. doi:10.1021/acsami.9b02502

Gaharwar, A. K., Singh, I., and Khademhosseini, A. (2020). Engineered
Biomaterials for In Situ Tissue Regeneration. Nat. Rev. Mater. 5, 686–705.
doi:10.1038/s41578-020-0209-x

Gregor, A., Filová, E., Novák, M., Kronek, J., Chlup, H., Buzgo, M., et al. (2017).
Designing of PLA Scaffolds for Bone Tissue Replacement Fabricated by
Ordinary Commercial 3D Printer. J. Biol. Eng. 11, 31. doi:10.1186/s13036-
017-0074-3

Grémare, A., Guduric, V., Bareille, R., Heroguez, V., Latour, S., L’heureux, N., et al.
(2017). Characterization of Printed PLA Scaffolds for Bone Tissue Engineering.
J. Biomed. Mater. Res. 106, 887–894. doi:10.1002/jbm.a.36289

Guimarães, C. F., Gasperini, L., Marques, A. P., and Reis, R. L. (2020). The Stiffness
of Living Tissues and its Implications for Tissue Engineering. Nat. Rev. Mater.
5, 351–370. doi:10.1038/s41578-019-0169-1

Gupte, M. J., Swanson, W. B., Hu, J., Jin, X., Ma, H., Zhang, Z., et al. (2018). Pore
Size Directs Bone Marrow Stromal Cell Fate and Tissue Regeneration in
Nanofibrous Macroporous Scaffolds by Mediating Vascularization. Acta
Biomater. 82, 1–11. doi:10.1016/j.actbio.2018.10.016

Haaparanta, A.-M., Järvinen, E., Cengiz, I. F., Ellä, V., Kokkonen, H. T., Kiviranta,
I., et al. (2014). Preparation and Characterization of Collagen/PLA, Chitosan/
PLA, and Collagen/Chitosan/PLA Hybrid Scaffolds For Cartilage Tissue
Engineering. J. Mater. Sci. Mater. Med. 25, 1129–1136. doi:10.1007/s10856-
013-5129-5

Heath, D. E., Lannutti, J. J., and Cooper, S. L. (2010). Electrospun Scaffold
Topography Affects Endothelial Cell Proliferation, Metabolic Activity, and
Morphology. J. Biomed. Mater. Res. 9999A, NA. doi:10.1002/jbm.a.32802

Ingram, D. A., Mead, L. E., Tanaka, H., Meade, V., Fenoglio, A., Mortell, K., et al.
(2004). Identification of a Novel Hierarchy of Endothelial Progenitor Cells
Using Human Peripheral and Umbilical Cord Blood. Blood 104, 2752–2760.
doi:10.1182/blood-2004-04-1396

Islami, M., Mortazavi, Y., Soleimani, M., and Nadri, S. (2018). In Vitro expansion of
CD 133+ Cells Derived from Umbilical Cord Blood in Poly-L-Lactic Acid
(PLLA) Scaffold Coated with Fibronectin and Collagen. Artif. Cell
Nanomedicine, Biotechnol. 46, 1025–1033. doi:10.1080/21691401.2017.1358733

ISO (2012). Biological Evaluation of Medical Devices - Part 12: Sample Preparation
and Reference Materials. Available at: https://www.iso.org/standard/53468.
html

ISO (2009). Biological Evaluation of Medical Devices - Part 5: Tests for In Vitro
Cytotoxicity. Available at: https://www.iso.org/standard/36406.html.

Jakus, A. E., Rutz, A. L., Jordan, S. W., Kannan, A., Mitchell, S. M., Yun, C., et al.
(2016). Hyperelastic "bone": A Highly Versatile, Growth Factor-free,
Osteoregenerative, Scalable, and Surgically Friendly Biomaterial. Sci. Transl.
Med. 8, 358ra127. doi:10.1126/scitranslmed.aaf7704

Jenkins, T. L., Meehan, S., Pourdeyhimi, B., and Little, D. (2017). Meltblown
Polymer Fabrics as Candidate Scaffolds for Rotator Cuff Tendon Tissue
Engineering. Tissue Eng. A 23, 958–967. doi:10.1089/ten.tea.2016.0470

Jensen, C., and Teng, Y. (2020). Is it Time to Start Transitioning from 2D to 3D Cell
Culture? Front. Mol. Biosci. 7, 33. doi:10.3389/fmolb.2020.00033

Korpela, J., Kokkari, A., Korhonen, H., Malin, M., Närhi, T., and Seppälä, J. (2013).
Biodegradable and Bioactive Porous Scaffold Structures Prepared Using Fused
DepositionModeling. J. Biomed.Mater. Res. 101B, 610–619. doi:10.1002/jbm.b.32863

Kumar, N., Sridharan, D., Palaniappan, A., Dougherty, J. A., Czirok, A., Isai, D. G.,
et al. (2020). Scalable Biomimetic Coaxial Aligned Nanofiber Cardiac Patch: A
Potential Model for “Clinical Trials in a Dish”. Front. Bioeng. Biotechnol. 8.
doi:10.3389/fbioe.2020.567842

Leuning, D. G., Beijer, N. R. M., du Fossé, N. A., Vermeulen, S., Lievers, E., van
Kooten, C., et al. (2018). The Cytokine Secretion Profile of Mesenchymal
Stromal Cells Is Determined by Surface Structure of the Microenvironment. Sci.
Rep. 8, 7716. doi:10.1038/s41598-018-25700-5

Li, Z., Hu, X., and Zhong, J. F. (2019). Mesenchymal Stem Cells:
Characteristics, Function, and Application. Stem Cell Int. 2019, 1–2.
doi:10.1155/2019/8106818

Liang, X., Gao, J., Xu, W., Wang, X., Shen, Y., Tang, J., et al. (2019). Structural
Mechanics of 3D-Printed Poly(lactic Acid) Scaffolds with Tetragonal,
Hexagonal and Wheel-like Designs. Biofabrication 11, 035009. doi:10.1088/
1758-5090/ab0f59

Lobo, S. E., Glickman, R., Silva, W. N., Arinzeh, T. L., and Kerkis, I. (2015).
Response of Stem Cells From Different Origins to Biphasic Calcium Phosphate
Bioceramics. Cell Tissue Res. 361, 477–495. doi:10.1007/s00441-015-2116-9

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org September 2021 | Volume 9 | Article 70086214

Biagini et al. Stem Cells on PLA Scaffolds

https://doi.org/10.1016/j.jsamd.2020.01.007
https://doi.org/10.1016/j.jsamd.2020.01.007
https://doi.org/10.1007/s40778-016-0039-3
https://doi.org/10.1007/s40778-016-0039-3
https://doi.org/10.1016/j.yrtph.2015.09.015
https://doi.org/10.1016/j.actbio.2013.10.035
https://doi.org/10.1016/j.actbio.2013.10.035
https://doi.org/10.1007/s12015-016-9715-z
https://doi.org/10.1242/jcs.079509
https://doi.org/10.1089/scd.2014.0111
https://doi.org/10.1196/annals.1392.000
https://doi.org/10.1038/s41428-020-0308-y
https://doi.org/10.3389/fbioe.2019.00259
https://doi.org/10.3390/nano10102070
https://doi.org/10.1016/j.cej.2018.01.010
https://doi.org/10.1155/2013/598056
https://doi.org/10.1186/s13287-018-0850-0
https://doi.org/10.1080/14653240600855905
https://doi.org/10.3390/jfb12010016
https://doi.org/10.1021/acsami.9b02502
https://doi.org/10.1038/s41578-020-0209-x
https://doi.org/10.1186/s13036-017-0074-3
https://doi.org/10.1186/s13036-017-0074-3
https://doi.org/10.1002/jbm.a.36289
https://doi.org/10.1038/s41578-019-0169-1
https://doi.org/10.1016/j.actbio.2018.10.016
https://doi.org/10.1007/s10856-013-5129-5
https://doi.org/10.1007/s10856-013-5129-5
https://doi.org/10.1002/jbm.a.32802
https://doi.org/10.1182/blood-2004-04-1396
https://doi.org/10.1080/21691401.2017.1358733
https://www.iso.org/standard/53468.html
https://www.iso.org/standard/53468.html
https://www.iso.org/standard/36406.html
https://doi.org/10.1126/scitranslmed.aaf7704
https://doi.org/10.1089/ten.tea.2016.0470
https://doi.org/10.3389/fmolb.2020.00033
https://doi.org/10.1002/jbm.b.32863
https://doi.org/10.3389/fbioe.2020.567842
https://doi.org/10.1038/s41598-018-25700-5
https://doi.org/10.1155/2019/8106818
https://doi.org/10.1088/1758-5090/ab0f59
https://doi.org/10.1088/1758-5090/ab0f59
https://doi.org/10.1007/s00441-015-2116-9
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


Loh, Q. L., and Choong, C. (2013). Three-dimensional Scaffolds for Tissue
Engineering Applications: Role of Porosity and Pore Size. Tissue Eng. B:
Rev. 19, 485–502. doi:10.1089/ten.teb.2012.0437

Marcon, B. H., Rebelatto, C. K., Cofré, A. R., Dallagiovanna, B., and Correa, A.
(2020). DDX6 Helicase Behavior and Protein Partners in Human Adipose
Tissue-Derived Stem Cells during Early Adipogenesis and Osteogenesis. Int. J.
Mol. Sci. 21, 2607. doi:10.3390/ijms21072607

Murphy, C. M., and O’Brien, F. J. (2010). Understanding the Effect of Mean Pore
Size on Cell Activity in Collagen-Glycosaminoglycan Scaffolds. Cell Adhes.
Migration 4, 377–381. doi:10.4161/cam.4.3.11747

OECD (2010).Guidance Document on Using Cytotoxicity Tests to Estimate Starting
Doses for Acute Oral Systemic Toxicity Tests. No 129. Paris: OECD
Environment, Health and Safety Publications. Available at: https://www.
oecd.org/officialdocuments/publicdisplaydocumentpdf/?cote�env/jm/
mono(2010)20&doclanguage�en.

Oshima, Y., Harwood, F. L., Coutts, R. D., Kubo, T., and Amiel, D. (2009).
Variation of Mesenchymal Cells in Polylactic Acid Scaffold in an
Osteochondral Repair Model. Tissue Eng. C: Methods 15, 595–604.
doi:10.1089/ten.tec.2008.0487

Persson, M., Lehenkari, P. P., Berglin, L., Turunen, S., Finnilä, M. A. J., Risteli, J.,
et al. (2018). Osteogenic Differentiation of Human Mesenchymal Stem Cells in
a 3D Woven Scaffold. Sci. Rep. 8 (1), 10457. doi:10.1038/s41598-018-28699-x

Rebelatto, C. K., Aguiar, A. M., Moretão, M. P., Senegaglia, A. C., Hansen, P.,
Barchiki, F., et al. (2008). Dissimilar Differentiation of Mesenchymal Stem Cells
from Bone Marrow, Umbilical Cord Blood, and Adipose Tissue. Exp. Biol. Med.
(Maywood) 233, 901–913. doi:10.3181/0712-RM-356

Rosenzweig, D., Carelli, E., Steffen, T., Jarzem, P., and Haglund, L. (2015). 3D-
printed ABS and PLA Scaffolds for Cartilage and Nucleus Pulposus Tissue
Regeneration. Ijms 16, 15118–15135. doi:10.3390/ijms160715118

Savaris, M., Braga, G. L., dos Santos, V., Carvalho, G. A., Falavigna, A., Machado,
D. C., et al. (2017). Biocompatibility Assessment of Poly(lactic Acid) Films after
Sterilization with Ethylene Oxide in Histological Study In VivowithWistar Rats
and Cellular Adhesion of Fibroblasts In Vitro. Int. J. Polym. Sci. 2017, 1–9.
doi:10.1155/2017/7158650

Senegaglia, A. C., Barboza, L. A., Dallagiovanna, B., Aita, C. A. M., Hansen, P.,
Rebelatto, C. L. K., et al. (2010). Are Purified or Expanded Cord Blood-Derived
CD133+ Cells Better at Improving Cardiac Function? Exp. Biol. Med.
(Maywood) 235, 119–129. doi:10.1258/ebm.2009.009194

Simitzi, C., Hendow, E., Li, Z., and Day, R. M. (2020). Promotion of Proangiogenic
Secretome from Mesenchymal Stromal Cells via Hierarchically Structured
Biodegradable Microcarriers. Adv. Biosys. 4, 2000062. doi:10.1002/
adbi.202000062

Singhvi, M. S., Zinjarde, S. S., and Gokhale, D. V. (2019). Polylactic Acid: Synthesis
and Biomedical Applications. J. Appl. Microbiol. 127, 1612–1626. doi:10.1111/
jam.14290

Söhling, N., Neijhoft, J., Nienhaus, V., Acker, V., Harbig, J., Menz, F., et al. (2020).
3D-Printing of Hierarchically Designed and Osteoconductive Bone Tissue
Engineering Scaffolds. Materials (Basel) 8, 1836. doi:10.3390/ma13081836

Song, Y., Li, Y., Song, W., Yee, K., Lee, K.-Y., and Tagarielli, V. L. (2017).
Measurements of the Mechanical Response of Unidirectional 3D-Printed
PLA. Mater. Des. 123, 154–164. doi:10.1016/j.matdes.2017.03.051

Starke, R. D., Ferraro, F., Paschalaki, K. E., Dryden, N. H., McKinnon, T. A. J.,
Sutton, R. E., et al. (2011). Endothelial von Willebrand factor regulates
angiogenesis. Blood 117, 1071–1080. doi:10.1182/blood-2010-01-264507

Su, N., Gao, P.-L., Wang, K., Wang, J.-Y., Zhong, Y., and Luo, Y. (2017). Fibrous
Scaffolds Potentiate the Paracrine Function of Mesenchymal Stem Cells: a New
Dimension in Cell-Material Interaction. Biomaterials 141, 74–85. doi:10.1016/
j.biomaterials.2017.06.028

Tamay, D. G., Dursun Usal, T., Alagoz, A. S., Yucel, D., Hasirci, N., and Hasirci, V.
(2019). 3D and 4D Printing of Polymers for Tissue Engineering Applications.
Front. Bioeng. Biotechnol. 7. doi:10.3389/fbioe.2019.00164

Teixeira, B. N., Aprile, P., Mendonça, R. H., Kelly, D. J., and Thiré, R. M. d. S. M.
(2019). Evaluation of Bone Marrow Stem Cell Response to PLA Scaffolds
Manufactured by 3D Printing and Coated with Polydopamine and Type I
Collagen. J. Biomed. Mater. Res. 107, 37–49. doi:10.1002/jbm.b.34093

Theodoridis, K., Aggelidou, E., Manthou, M.-E., Keklikoglou, K., Tsimponis, A.,
Demiri, E., et al. (2020). An Effective Device and Method for Enhanced Cell
Growth in 3D Scaffolds: Investigation of Cell Seeding and Proliferation under
Static and Dynamic Conditions. Mater. Sci. Eng. C 114, 111060. doi:10.1016/
j.msec.2020.111060

Velioglu, Z. B., Pulat, D., Demirbakan, B., Ozcan, B., Bayrak, E., and Erisken, C.
(2019). 3D-printed Poly(lactic Acid) Scaffolds for Trabecular Bone Repair and
Regeneration: Scaffold and Native Bone Characterization. Connect. Tissue Res.
60, 274–282. doi:10.1080/03008207.2018.1499732

Wang, S., Hashemi, S., Stratton, S., and Arinzeh, T. L. (2021). The Effect of Physical
Cues of Biomaterial Scaffolds on Stem Cell Behavior. Adv. Healthc. Mater. 10,
2001244. doi:10.1002/adhm.202001244

Xing, F., Li, L., Zhou, C., Long, C., Wu, L., Lei, H., et al. (2019). Regulation and
Directing StemCell Fate by Tissue Engineering Functional Microenvironments:
Scaffold Physical and Chemical Cues. Stem Cell Int. doi:10.115/2019/
218092510.1155/2019/2180925

Zonderland, J., and Moroni, L. (2021). Steering Cell Behavior through
Mechanobiology in 3D: a Regenerative Medicine Perspective. Biomaterials
268, 120572. doi:10.1016/j.biomaterials.2020.120572

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.

Copyright © 2021 Biagini, Senegaglia, Pereira, Berti, Marcon and Stimamiglio. This
is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums is
permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org September 2021 | Volume 9 | Article 70086215

Biagini et al. Stem Cells on PLA Scaffolds

https://doi.org/10.1089/ten.teb.2012.0437
https://doi.org/10.3390/ijms21072607
https://doi.org/10.4161/cam.4.3.11747
https://www.oecd.org/officialdocuments/publicdisplaydocumentpdf/?cote=env/jm/mono(2010)20&doclanguage=en
https://www.oecd.org/officialdocuments/publicdisplaydocumentpdf/?cote=env/jm/mono(2010)20&doclanguage=en
https://www.oecd.org/officialdocuments/publicdisplaydocumentpdf/?cote=env/jm/mono(2010)20&doclanguage=en
https://www.oecd.org/officialdocuments/publicdisplaydocumentpdf/?cote=env/jm/mono(2010)20&doclanguage=en
https://www.oecd.org/officialdocuments/publicdisplaydocumentpdf/?cote=env/jm/mono(2010)20&doclanguage=en
https://doi.org/10.1089/ten.tec.2008.0487
https://doi.org/10.1038/s41598-018-28699-x
https://doi.org/10.3181/0712-RM-356
https://doi.org/10.3390/ijms160715118
https://doi.org/10.1155/2017/7158650
https://doi.org/10.1258/ebm.2009.009194
https://doi.org/10.1002/adbi.202000062
https://doi.org/10.1002/adbi.202000062
https://doi.org/10.1111/jam.14290
https://doi.org/10.1111/jam.14290
https://doi.org/10.3390/ma13081836
https://doi.org/10.1016/j.matdes.2017.03.051
https://doi.org/10.1182/blood-2010-01-264507
https://doi.org/10.1016/j.biomaterials.2017.06.028
https://doi.org/10.1016/j.biomaterials.2017.06.028
https://doi.org/10.3389/fbioe.2019.00164
https://doi.org/10.1002/jbm.b.34093
https://doi.org/10.1016/j.msec.2020.111060
https://doi.org/10.1016/j.msec.2020.111060
https://doi.org/10.1080/03008207.2018.1499732
https://doi.org/10.1002/adhm.202001244
https://doi.org/10.115/2019/218092510.1155/2019/2180925
https://doi.org/10.115/2019/218092510.1155/2019/2180925
https://doi.org/10.1016/j.biomaterials.2020.120572
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

	3D Poly(Lactic Acid) Scaffolds Promote Different Behaviors on Endothelial Progenitors and Adipose-Derived Stromal Cells in  ...
	Introduction
	Materials and Methods
	3D Printed Scaffolds
	Scaffold Characterization
	Isolation and Culture of hASCs and CD133+ Cells
	Scaffold Cytotoxicity Evaluation
	Cell Seeding on the Scaffolds
	Cell Adhesion Monitoring
	Detachment of the Cells From the Scaffolds
	Cell Cycle Assay
	Proliferation Assay
	Immunophenotypic Profiling
	In vitro Angiogenesis Matrigel Assay
	Statistical Analysis

	Results
	Scaffold Characterization Shows Rough Surfaces and Different Elastic Moduli
	The Poly(Lactic Acid) Scaffolds Are Slightly Cytotoxic
	The Poly(Lactic Acid) Scaffolds Allow Cell Adhesion
	3D Poly(Lactic Acid)Scaffolds Differentially Influence the Cell Cycle and Proliferation
	Cell Immunophenotypic Profile can Change After 3D Culture
	Culture on 3D Poly(Lactic Acid) Scaffolds Affects the Expanded CD133+ Cells’ Angiogenic Potential

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


