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During development and daily activities, biological tissues are frequently exposed
to mechanical stimuli, which are crucial for tissue maintenance and regeneration.
The periodontal ligament (PDL), which connects the tooth root to the alveolar
bone of the jaw, is among the tissues most exposed to mechanical loading and
has recently received increasing attention due to the rising prevalence of
periodontitis, a chronic inflammatory disease that leads to the progressive
destruction of tooth-supporting structures. Understanding the
mechanobiology of PDL could be essential for guiding effective regenerative
strategies. To address this, a bioreactor-based platform for applying controlled
stretch stimulation to adherent cells was developed, and the early biological
response of human primary PDL stem cells (hPDLSCs) to different intermittent
stretching protocols was investigated. Furthermore, to correlate the mechanical
stimulus applied to the cells with their biological response, a detailed
characterization of the substrate deformation was performed. The platform
integrates an existing stretch bioreactor, updated to enable automated
alternation of constant and dynamic stretching conditions without user
intervention, with a custom-designed polydimethylsiloxane  (PDMS)
deformable substrate, whose geometry was optimized for ensuring the most
uniform strain distribution. The mechanical behavior of the substrate was
accurately characterized via finite element analyses and experimental tensile
tests combined with digital image correlation analyses. This revealed slight
discrepancies between the imposed and actual strain experienced by the
substrate and assumed to be provided to the adherent cells. Preliminary
biological experiments showed distinct responses in hPDLSCs and adipose-
tissue derived stem cells (ASCs) exposed to intermittent stretching: hPDLSCs
exhibited upregulation of osteogenic gene expression, while ASCs showed no
significant changes under identical conditions. Furthermore, hPDLSCs were
exposed to three different intermittent stretching protocols. Increasing the
total daily cyclic stretch exposure enhanced the hPDLSCs early response,
including alignment along the stretch direction and upregulation of both
osteogenic and PDL-related gene expression. Overall, this study confirmed
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the suitability of the proposed platform for investigating the effects of controlled
stretching on mechanosensitive cells such as hPDLSCs and provided valuable
insights into their early response to intermittent stretching protocols.

KEYWORDS

deformable substrate, bioreactor-based investigation platform, intermittent stretching,
mechanical characterization, periodontal ligament stem cells, tissue engineering

1 Introduction

In vivo, cells are exposed to a dynamic biomechanical
environment, characterized by various forces (e.g., stretch,
compression, shear stress) and physical cues depending on the
biological tissue (Subramanian et al, 2017). Over the past two
have demonstrated that

decades, studies

mechanical stimuli play a crucial role in regulating cell

mechanobiology

proliferation and differentiation, influencing tissue remodeling,
homeostasis, and even the pathogenesis of several diseases
(Mammoto et al., 2012; Martino et al., 2018; Stewart et al., 2020).
Furthermore, in tissues characterized by oriented fibers and
organized structure, such as bone, muscle, and ligament,
mechanical stimuli guide cell alignment.

One of the tissues most exposed to mechanical stimulation and
recently widely investigated (Zhao et al., 2022) is the periodontal
ligament (PDL), which connects the tooth root to the alveolar bone
of the jaw. During the normal oral functions, such as mastication or
speaking, the PDL undergoes a continuous and variable
combination of compression, stretch, and shear stress stimuli
(Roato et al., 2022). The mechano-biological response of the PDL
to these loading conditions determines the orientation of the PDL
collagen fiber bundles in a horizontal, oblique, or vertical direction,
depending on their location along the tooth root (Gauthier et al.,
2021). Interestingly, the turnover of mature collagen fibers in the
PDL is reported to be extremely fast, i.e., from 1 to 6 days depending
on the considered region of PDL (Sodek, 1977). Moreover, a
controlled mechanical loading of the PDL and the surrounding
alveolar bone, such as during orthodontic treatments, promotes
coordinated bone formation on the traction side and bone
resorption on the compression side, leading to the reorganization
of the jaw bone tissue (Sun et al., 2021). In the case of periodontitis, a
progressive inflammatory pathology that represents a widespread
and growing health concern (Kwon et al., 2021), the PDL undergoes
significant degradation, impairing its ability to transmit mechanical
loads effectively. This degenerative process leads to alveolar bone
resorption and, ultimately, tooth mobility or loss (Papapanou et al.,
2018). Understanding the mechanobiological response of the PDL
under both physiological and pathological mechanical conditions
would be crucial for developing effective therapeutic strategies
aimed at preserving or regenerating periodontal health and
function. However, traditional monolayer cell cultures, performed
on rigid substrates under static conditions, are inadequate for
investigating in vitro the biological response of PDL cells and
tissue to the dynamic mechanical stimuli characteristic of their
native environment (Chen et al., 2015; Wang et al., 2022).

In the past, a plethora of bioreactors combined with deformable
substrates have been developed and employed to transmit native-
like mechanical stimuli to adherent cells (Bighi et al., 2025; Jiangtao
et al,, 2023; Leung et al., 1977; Salim et al., 2022; Meng et al., 2022;
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Liu et al., 2017; Papadopoulou et al., 2016). This has opened new
avenues for mechanotransduction studies, aimed at elucidating
cellular responses to specific mechanical cues and uncovering the
complex signaling pathways involved (Leung et al., 1977; Liu et al.,
2017; Kamal et al.,, 2024; Basak et al., 2024; Martin et al., 2004;
Massai et al., 2013; Ravichandran et al., 2018; Gabetti et al., 2022;
Yeatts et al., 2013; Jiang et al., 2021; Shi et al., 2022). Nevertheless,
most stretch devices reported in the literature offer limited
automation and low tunability of stimulation parameters.
Furthermore, a thorough characterization of the actual
mechanical environment to which cells are exposed is often
lacking, which limit the ability to accurately correlate mechanical
stimuli with the resulting biological responses.

For the production of stretchable substrates, silane-based
silicones have been widely used, with polydimethylsiloxane
(PDMS) being one of the most adopted elastomeric material due
to its high biocompatibility and versatility (Friedrich et al., 2017;
Esmaeili et al., 2024; Hassler et al., 2011). PDMS can be easily casted
in different tailored shapes and, in combination with bioreactors,
used as a deformable substrate on which the cells can adhere and be
subjected to controlled uniaxial, biaxial, or circumferential stretch
(Friedrich et al., 2017). Nevertheless, PDMS substrates present some
limitations, including intrinsic surface hydrophobicity, which
impairs cell adhesion and requires additional surface
functionalization. Moreover, their mechanical properties are
sensitive to the manufacturing process, material composition,
sterilization process and geometrical variations, which may lead
to unexpected or non-uniform strain distribution during mechanical
stimulation, ideally requiring prior mechanical characterization
(Mata et al., 2005).

In mechanobiology studies, it is of the utmost importance to
tune the parameters of the stimulation (e.g., amplitude, frequency,
high
and replicability of experiments.

and waveforms) in order accuracy,
reproducibility, In 2013,
Saminathan et al. found that cyclic equibiaxial stretching (12%,
0.2 Hz) induced PDL extracellular matrix (ECM) remodeling by

upregulating the matrix metalloproteinase-1 (MMP1) expression

to guarantee

(Saminathan et al., 2013). Chen et al. confirmed increased ECM gene
(Chen et al, 2015).
Additionally, cyclic stretching has been shown to induce

expression under similar conditions
osteogenic differentiation in human-derived periodontal ligament
stem cells (hPDLSCs), with variations in duration and frequency
influencing differentiation outcomes (Meng et al., 2022; Shen et al.,
2014; Wei et al.,, 2015; Wang et al., 2019; Xi et al.,, 2021). Xi et al.
reported that stretching (10%, 0.5 Hz) elevated reactive oxygen
species (ROS) levels, potentially contributing to osteogenesis (Xi
et al,, 2021), while Liu et al. (2017) found that hPDLSCs from
periodontitis patients exhibited greater sensitivity to static strain
(6%-14%) compared to those from healthy donors (Liu et al., 2017).
Notably, de Jong et al. (Jong et al.,, 2017) in their study employed an
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intermittent cyclic stretching protocol designed to mimic both the
dynamic external periodontal loading from mastication and the
continuous intrinsic strain exerted on the PDL fibers by PDL
fibroblasts. However, these studies applied mechanical stimuli
with differing magnitudes, frequencies, and durations, making
direct comparisons challenging. Furthermore, most did not
characterize the actual strain experienced by the cells, limiting
the ability to accurately correlate specific mechanical inputs with
defined Indeed, to
mechanobiological relationships, it is crucial to characterize and

cellular  responses. establish  precise
control the strain field generated on the substrate as well as the
deformation experienced by adherent cells (Constantinou and
Bastounis, 2023).

For this purpose, experimental and numerical engineering
approaches have been adopted (Ribeiro et al, 2019). For
(2011)

distribution within a flexible two-dimensional

characterized the strain
(2D)

system to ensure accurate mechanical stimulation of cells. Using

instance, Quinlan et al

culture

digital image analysis and high-density mapping (HDM), the
researchers confirmed that the applied strain was uniformly
distributed within the central region of the substrate (Quinlan
et al, 2011). Subramanian and colleagues demonstrated the
uniform uniaxial strain on the exploited constructs by means of
finite element (FE) analysis (Subramanian et al., 2017). However, as
reported by Saminathan et al, when a substrate deforms, cells
experience a mix of tensile, compressive, and shear strains, with
the deformation varying depending on their position (Saminathan
et al, 2013). Moreover, it was demonstrated that in some
commercial systems, the actual deformation of the substrate is
about half of what is expected, which can impact the
interpretation of cellular responses to mechanical stimuli (Geest
et al., 2004; Wall et al.,, 2007). The combination of computational
and experimental methods could enable a comprehensive
characterization of the materials and stimulation conditions,
providing a deeper understanding of the material behavior and
improving the ability to simulate physiological conditions in vitro
(Ribeiro et al., 2019). Thus, the complete characterization of strain
distribution on deformable substrates or three-dimensional (3D)
constructs could significantly improve the understanding of the
relationship between the actual applied strain and the cellular
response (Geest et al., 2004).

Inspired by this framework, we developed a bioreactor-based
platform for culturing and studying in vitro adherent cells under
tunable intermittent stretch conditions, and we investigated the
early biological response of hPDLSCs to different intermittent
stretching protocols. Specifically, a PDMS deformable substrate,
to be used in combination with a uniaxial stretch bioreactor
(Massai et al, 2020; Putame et al, 2020), was designed,
optimized, and mechanically characterized through a combined
computational-experimental approach, integrating FE modeling
with uniaxial tensile tests and digital image correlation (DIC)
analyses. This integrated approach allowed to accurately quantify
the actual strain fields experienced by the substrate, providing an
informed basis into the mechanical environment to which the
adherent cells were exposed. Moreover, the control software of
the bioreactor was updated for the automated delivery of
intermittent constant and dynamic stretching conditions, without
requiring user intervention. Preliminary biological experiments with
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hPDLSCs and adipose-derived stem cells (ASCs) revealed cell-type-
specific responses to intermittent stretching, contributing to a better
understanding of their potential applications in regenerative
medicine. Lastly, hPDLSCs were exposed to three distinct
intermittent stretching protocols, differing in cyclic stretching
duration and stimulation interval, and their early biological
response was assessed in terms of cell orientation and osteogenic
and PDL-related gene expression.

2 Materials and methods
2.1 Bioreactor-based platform

The proposed investigation platform was developed for
exposing adherent cells to tunable, controlled stretch and
consists of a custom-designed deformable substrate to be used
in combination with an automated stretch bioreactor, previously
developed (Massai et al., 2020; Putame et al., 2020). For the
deformable substrate, three versions (Figure 1) were designed
(Solidworks 2021, Dassault Systemes, France) supported by FE
analysis for assessing the influence of the substrate geometrical
features on its deformation under stretch and for selecting the
optimal configuration (see $2.2.1). In detail, the maximum
substrate dimensions (30 mm X 30 mm x 13 mm) were
determined based on the constraints imposed by the bioreactor
culture chamber and clamping system. Furthermore, for
parallelizing the test while minimizing the culture medium
volume, each substrate was designed with two parallel wells.
The first version of the deformable substrate (S1) was designed
with squared wells (10 mm x 10 mm x 9 mm; surface area =
100 mm?; priming volume = 0.90 mL, Figure 1a). To expand the
available culture surface, the second version (S2) presented
rectangular wells (10 mm X 16 mm X 9 mm; surface area =
160 mm’ priming volume = 1.44 mL, Figure 1b). To ensure
uniform and symmetric strain within each well, the third
version (S3) retained the S2 rectangular well design but a gap
was introduced along the stretch direction for separating the wells
(Figure 1c). Based on the FE outcomes (see $3.1), S3 was selected as
the optimal layout and was then manufactured in-house
(Figure 1d). For substrate manufacturing, a dedicated mold was
designed and 3D-printed by stereolithography (Grey Resin,
FormLabs, USA). The PDMS silicone (Sylgard 184, Dow
Chemical, USA) was then selected for its cytocompatibility,
autoclavability, and deformability, prepared at a 10:1 ratio,
poured into the mold, and cured at 60 °C for 5 h.

As regards the bioreactor (Massai et al.,, 2020; Putame et al.,
2020), briefly it consists of three main units (Figure le): (i) the
culture chamber, where the deformable substrate is clamped; (ii) the
stimulation unit, for providing tunable uniaxial cyclic stretch; (iii)
the control unit, for setting and automatically controlling the
stimulation parameters (displacement = 0.1-3.0 mm; frequency =
1-3 Hz; sinusoidal or triangular waveform). Within the culture
chamber, two opposite clamps secure the substrate in place, and the
clamp connected to the stimulation unit actuator enables substrate
stretching when the actuator is activated (Figure le). For this study,
the control unit software was updated for delivering intermittent
stretch stimulations, enabling the user to set stimulation intervals
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Deformable substrate versions and investigation platform. 3D models of the substrate versions and top view (on bottom) showing the substrate
geometrical features and dimensions: (a) S1 version; (b) S2 version; (c) S3 version. (d) S3 version manufactured in PDMS. (e) Investigation platform
composed of the automated stretch bioreactor, with the control unit, the stimulation unit, and the culture chamber, housing the S3 mounted in the

clamping system.

(ranging from 1 to 300 s every 1-24 h) for alternating constant and
dynamic stretching without user intervention.

2.2 Mechanical characterization of
the substrate

To support the development and the selection of the deformable
substrate, both computational and experimental analyses were
performed and the results were compared.

2.2.1 Computational analysis

During the substrate design process, a preliminary FE analysis
was performed to characterize its deformation under uniaxial stretch
and to select the geometry that ensures maximum strain uniformity.
In detail, static simulations were carried out by using the software
COMSOL Multiphysics 5.3 (Comsol Inc., USA). For each substrate
version, the geometry was meshed using linear tetrahedral elements
(~8:10") and the mechanical properties of the PDMS were imposed
(linear-elastic material, Young’s modulus = 1.5 MPa, Poisson’s
0.49 (Johnston et al, 2014)). For this preliminary
investigation, the clamped zones of the substrate (5 mm in

ratio =

length for each side) were neglected and the boundary conditions
were applied to the remaining ends: a linear displacement of 3 mm
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along the stretching direction was imposed to the moving end while
the opposite end was constrained. The three substrate versions were
compared in terms of strain distribution at the well bottom,
particularly focusing on the strain components parallel and
stretch  direction. The
displacement of the well bottom was also computed.
Once the S3 version was identified as the geometry ensuring the
maximum strain uniformity, a refined FE analysis was conducted for

perpendicular to the out-of-plane

fully characterizing the behavior of the deformable substrate under
uniaxial stretching. The S3 design was meshed (HyperMesh 2017,
Altair Engineering, USA) with linear tetrahedral elements (Tetra 4,
7.7-10° elements, element size = 0.1 mm, Figure 2a) and a static FE
simulation was carried out (Abaqus 2017, Dassault Systémes,
France) setting the PDMS properties previously adopted. The
simulation involved two sequential phases: initial clamping of the
substrate followed by stretching. In detail, for the clamping phase, a
linear displacement of 0.6 mm perpendicular to the substrate surface
was imposed on the nodes at both ends of the upper surface, while
the nodes on the lower surface were constrained (Figure 2b).
Successively, for the stretching phase, the selected nodes on the
end connected to the actuator were translated of 3 mm along the
stretch direction, while the nodes on the opposite end remained
constrained. The strain distributions on the upper surface of the
substrate were computed, together with their mean values, and
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Mechanical characterization of S3 samples by computational and experimental methods. (a) Schematic drawing of the S3 sample geometry with
strain reference directions and mesh (detail box). (b) Schematic drawing of the lateral view of the S3 sample, showing the boundary conditions applied
during the clamping phase and the stretching phase with constrained (red) and moving (blue) nodes. (c) Experimental setup for mechanical
characterization of the S3 samples. On the left, universal testing machine and digital image correlation (DIC) system. On the right, picture of the

S3 sample acquired for DIC analysis showing the applied speckle. Red areas indicate the regions of interest (ROI) considered for strain computation.

presented using color maps. Specifically, the strain components
parallel () and perpendicular (e,,) to the stretching direction
were observed separately at the maximum stretch. Moreover,
relative frequencies of the strain values were presented as
histograms.

2.2.2 Experimental analysis

Before  performing  the  experimental = mechanical
characterization tests on S3 version, the samples underwent three
autoclave cycles to exclude potential effects of the sterilization
process on the substrate’s mechanical response. For the tests, a
universal testing machine (Model E3000, Instron, USA) was used
with the bioreactor clamping system mounted on it using pneumatic
grips (Figure 2c). For each S3 sample, three stretching tests in
displacement control were performed (S3, n = 3). Each test
included a manual clamping phase, followed by a pre-elongation
of 1.6 mm (8% strain) at a rate of 0.5 mm/s, and the application of
90 stretch cycles with a maximum displacement of 3 mm (15% total
strain) at a frequency of 1 Hz. The applied traction force was
recorded over time at a sampling rate of 25 Hz using a load cell
(Dynacell 2527 Series, Instron, +5 kN full scale range, 0.5% accuracy
at 40 N). The maximum traction force was determined as the mean
of the measured force peaks using a MATLAB custom script
(R2022a, MathWorks, USA).

For measuring the strain distribution on the surface of the
S3 samples while subjected to deformation, a full-field non-
invasive optical DIC analysis was performed (Figure 2¢). In
detail, a VIC-2D system was used (isi-sys GmbH, Germany)
including one camera (9 MegaPixels, 4096 x 2168 pixels, 8-bit,
black-and-white), and a random black speckle pattern was created
on the surface of the S3 samples using a spray can. The camera was
positioned at approximately 690 mm from the sample, obtaining a
50 mm x 30 mm field of view and a pixel size of 0.012 mm. Images
acquisition (25 frames/s) was synchronized with the applied
stretching using an external trigger signal. To avoid artefacts due
to light reflection and to enhance the image contrast, different
lighting conditions were tested by adopting direct and indirect
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lighting (LED 650, isi-sys GmbH, Germany). The best lighting
condition was obtained illuminating the substrate using a white
LED indirect backlight. The DIC system was calibrated using a
calibration target, and the strain distribution was then computed
using the VIC-2D software (isi-sys GmbH, Germany), with the
bottom of the wells defined as the region of interest (ROI). The
parameters adopted for the DIC analysis are listed in Supplementary
Table S1. The strain distribution on the substrate at the maximum
stretch was depicted separately for €, and ¢,, by using color maps.
Additionally, relative frequencies of the strain values, averaged over
the stretch cycles, were computed and presented for comparison
with the FE results.

2.3 Biological experiments

Following the manufacturing and the mechanical
characterization of the S3
conducted to assess (i) the cell-type-specific response of
hPDLSCs and ASCs to intermittent stretching, and (ii) the early

biological response of hPDLSCs to three distinct intermittent

substrate, biological tests were

stretching protocols, differing in cyclic stretching duration and
stimulation interval.

2.3.1 Cell sources

Two cell types were used, namely, primary hPDLSCs harvested
from four healthy donors in accordance with ethical principles
(protocol No. 0107683, 3 October 2022, approved by Comitato
Etico Interaziendale A.O.U. Citta della Salute e della Scienza di
Torino-A.O. Ordine Mauriziano-A.S.L. “Citta di Torino”) and
ASCs from cell line (ASC52 - telo hTERT, ATCC). In detail,
hPDLSCs were obtained from explanted wisdom teeth by
scratching the tooth root with a scalpel, the small fragments were
collected and washed with physiological saline buffer (PBS, Life
Technologies, USA), then digested for 10 min with a solution of
1 mg/mL dispase II (PluriSTEM™, Merck, Germany) and 3 mg/mL
collagenase I (Sigma-Aldrich, USA). The retrieved cells were seeded
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FIGURE 3

Timeline of the culture protocols applied on hPDLSCs (black lines) and ASCs (light blue lines). P-90s/6 h protocol: 8% of constant strain plus 7% cyclic
strain (1 Hz, triangular waveform) for 90 s every 6 h for 3 days; P-5 min/6 h protocol: 8% of constant strain plus 7% cyclic strain (1 Hz, triangular waveform)
for 5 min every 6 h for 3 days; P-5 min/1 h protocol: 8% of constant strain plus 7% cyclic strain (1 Hz, triangular waveform) for 5 min every 1 h for 3 days;

controls: static conditions for 3 days.

in a 75 cm? flask and cultured for at least 5 days in a-MEM (Life
Technologies, USA) added with 5% of human platelet lysate (hPL,
IsoCell Growth, Euroclone, Italy), 1% penicillin (100 U/mL)-
streptomycin (100 pg/mL) (Life Technologies, USA), and 1%
(Life USA). The hPDLSCs
expanded and cryopreserved until use. The ASCs were selected

fungizone Technologies, were
for two main reasons: (1) they are widely used in a variety of tissue
engineering studies, due to their multilineage differentiation
potential and ease of isolation (Jong et al., 2017; Li and Guo,
2018); and (2) as a non-dental cell type, they served as a
benchmark for comparing the mechanobiological behavior of two

stem cell populations with different tissue origins.

2.3.2 Stretch stimulation protocols

To promote cell adhesion to the bottom of the substrate well, this
latter was coated with 50 pug/mL type I collagen (Cultrex™, R&D
System, USA). Briefly, the collagen was diluted in acetic acid (Carlo
Erba, Italy) 0.02 M and poured into the substrate wells, then it was
incubated at 37 °C for 4 h and rinsed three times with PBS.
Thereafter, both for hPDLSCs and ASCs, 1 x 10° cells (62.5 x
10 cells/cm?) were seeded in each well and 1 mL of a-MEM was
added. After 24 h in incubator (37 °C, 5% CO,) to favor cell
adhesion, the stretching stimulation was applied. Inspired by the
work of de Jong (Jong et al, 2017), an intermittent stretching
protocol, designed to mimic the continuous intrinsic strain of the
periodontium and the dynamic external loading associated with
mastication, was applied both to hPDLSCs (n = 4) and ASCs (n =5).
The protocol, identified as P-90s/6 h, consisted of 8% constant strain
(representing the intrinsic PDL strain) combined with 7% cyclic
strain (1 Hz, triangular waveform) for 90 s every 6 h (mimicking the
dynamic stretching associated with mastication) for 3 days (Figure 3;
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Masante et al., 2023). As control, hPDLSCs (n = 4) and ASCs (n = 5)
were seeded into the substrate wells and cultured in static condition
within the incubator for 3 days. Subsequently, to investigate the role
of stretching parameters on the early response of hPDLSCs,
particularly the influence of the cyclic stretching associated with
mastication, two additional intermittent stretching protocols were
tested. For these, the same constant strain and cyclic strain
amplitudes of P-90s/6 h were maintained, but the duration and
interval of cyclic stretching stimulation were modified. This allowed
the assessment of how extended and more frequent dynamic
stretching affects hPDLSC behavior (Figure 3). The protocols
were as follows: P-5 min/6 h (n = 4), 8% constant strain
combined with 7% cyclic strain (1 Hz, triangular waveform) for
5 min every 6 h for 3 days, designed to deliver mastication-associated
cyclic stretching over a more physiologically relevant timeframe
compared to P-90s/6 h; P-5 min/1 h (n = 3), 8% constant strain
combined with 7% cyclic strain (1 Hz, triangular waveform) for
5 min every 1 h for 3 days, intended to explore the effects of more
frequent mastication-like cyclic stretching.

2.3.3 Biological assessments
2.3.3.1 Comparison among hPDLSCs and ASCs cultured
under P-90s/6 h stretching protocol

A preliminary biological assessment concerned the comparison
of the effects of the intermittent stretching stimulation P-90s/6 h on
hPDLSCs and ASCs. In detail, after culture, both hPDLSCs and
ASCs cultured under dynamic and static conditions were treated
with TRIzol reagent (ThermoFisher Scientific, USA) for RNA
extraction. Specifically, 1 ug of RNA was converted up to single-
cDNA using the High-Capacity c¢DNA Reverse
Transcription Kit (Applied Biosystems, USA). Quantitative real-

stranded
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time PCR was performed by the CFX96 system (Bio-Rad, USA) with
the Luna Universal gPCR Master Mix (New England BioLabs Inc.,
USA). The amplification protocol foresees 40 cycles with a melting
temperature of 60 °C, and B-actin was chosen as housekeeping gene

AACT method was

for normalizing gene expressions data. The 2~
adopted for quantitative analysis. For the comparison among
hPDLSCs and ASCs, the expression of the osteogenic markers
alkaline phosphatase (ALP), collagen type I (COLI), osteocalcin
(OCN), and 2 (RUNX2)

was analyzed.

runt-related transcription factor

2.3.3.2 Assessment of the early biological response of
hPDLSCs cultured under three different intermittent
stretching protocols

Subsequently, the early response of hPDLSCs to three distinct
intermittent stretching protocols, varying in cyclic stretching
duration and stimulation interval, was investigated. To assess
cell orientation, brightfield images of the central region of the
wells with adhered hPDLSCs were collected immediately after the
dynamic and static cultures with the JuLiTM Br Smart bright-cell
movie analyzer (NanoEntek, Korea). To ensure reproducibility
during image acquisition, the substrates were consistently
positioned by marking the longitudinal axis of the well (aligned
with the stretching direction) and placing the displaced edge,
connected to the actuator, at the top. A preliminary assessment
of cell orientation (expressed as angles, with 0° corresponding to
the stretch direction) was performed on one representative image
per condition, using the Orientation] plugin in Fiji (Image],
of cell
orientation distribution relative to the stretch direction was

version 2.0). Subsequently, a statistical analysis
conducted for static control (n = 4), P-5 min/6 h (n = 4), and
P-5 min/1 h (n = 3) culture protocols, based on images acquired
from independent samples. The cell orientation angles were
exported from Fiji and, for each value, the deviation from the
stretching direction was calculated (using absolute values) and
then averaged across replicates. To compare the cell orientation
distributions, the results are presented as violin plots, with the
angle range limited between 0° (corresponding to the stretch
direction) and 90°, displaying both mean and median values.
Moreover, hPDLCs were treated for RNA extraction following
the procedure previously described and the expression of both
osteogenic markers (ALP, COL1, OCN, RUNX2, and Osterix
(0OSX)) and mechanoresponsive markers associated with the
PDL (collagen type XII (COL XII), Decorin and Periostin)
(Hosiriluck et al., 2022; Izu and Birk, 2023) was analyzed.

2.3.4 Statistical analysis

For the PDMS substrate characterization, the comparison
between the computational and experimental strain values was
statistically analyzed adopting the two-tailed one-sample t-test
using MATLAB (R2022a, MathWorks, USA). For the gene
expression, the statistical analysis was performed using GraphPad
Prism 8.0 (GraphPad Software Inc., USA). Data were analyzed by
t-test. Results are presented as mean + standard deviation. For cell
orientation assessment, the non-parametric Kruskal-Wallis test
followed by Dunn-Sidék post hoc test was performed, using
MATLAB (R2022a, MathWorks, USA). For each analysis, results
were considered statistically significant with p-value < 0.05.
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3 Results

Concerning the bioreactor-based platform, the design of the
PDMS deformable
modeling, and the

substrates, supported by computational

consequent  manufacturing  process
demonstrated to be effective. In particular, the S3 version was
used in combination with the stretch bioreactor, resulting in a
platform able to deliver intermittent stretch stimulation to
adherent cell cultures. To characterize the stimulation provided
by the platform, the mechanical behavior of the substrate during
stretching was investigated in terms of deformation using both
computational and  experimental approaches. Moreover,
exploratory biological tests were carried out on hPDLSCs and
ASCs to test the performances of the platform, to assess the
effects of intermittent stretching stimulations on different stem
cells, and to investigate the early biological response of hPDLSCs
to distinct intermittent stretching protocols. The following sections

illustrate the mechanical characterization and the biological results.

3.1 Mechanical characterization of
the substrate

The preliminary FE analyses performed on the three versions
of the substrate, aimed at evaluating their deformation under
uniaxial stretch, allowed identifying the optimal geometry in
terms of strain uniformity and symmetry. Figure 4 shows the
strain distributions, along (&) and perpendicular (g,,) the
stretching direction, at the bottom of the three different
substrate versions (S1, S2, and S3). The S1 version exhibits the
highest strain values along the stretch direction (e4), with the well
bottom experiencing strains of up to 13%-14%, though only in
localized regions. Differently, the S2 and S3 versions exhibit strain
values ranging between 11% and 12%, characterized by a more
uniform distribution. In the case of S3, the distribution also
appears symmetric, due to the presence of the gap between the
wells. Looking at the strain perpendicular to the stretch direction
(e,,), all versions showed strain values ranging between —6%
and —-3%. This phenomenon derives from the PDMS Poisson’s
ratio (v = 0.49), which indicates that a tensile stress in one direction
results in compression in the perpendicular direction. Concerning
the out-of-plane deflection (g,y), all versions showed negligible
strain values, with a maximum displacement of about 0.1 mm
(results not shown). Given the more uniform and symmetric strain
distribution at the bottom of S3 wells compared to S1 and S2, along
with the importance of sufficient surface area for cell adhesion to
ensure reliable biological analyses, S3 was selected as the optimal
substrate to be manufactured.

On the selected S3 version, refined computational FE analyses
and experimental characterization tests were performed and
compared. In detail, Figure 5 shows the strain distributions at the
S3 well bottom obtained from FE and DIC analyses. The
computational analysis yielded mean strain values of 13.3%
and -5.9% for &, and e, respectively, showing similar strain
distributions with respect to the preliminary FE analysis but with
higher strain values, probably due to the different boundary
conditions imposed at the clamping zones. Regarding the DIC
analysis, the speckle pattern applied to the substrate surface
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Results from preliminary FE analyses showing the color maps of strain distribution at the S1 (top row), S2 (middle row), and S3 (bottom row) well
bottoms at the maximum stretch amplitude of 3 mm. Strain distribution along the stretching direction (g, on the left) and in the perpendicular direction

(e,2, on the right).

enabled accurate strain mapping, thereby enabling reliable DIC
measurements. In particular, DIC tests showed a mean strain
of 14.4% + 1.1% and —5.2% + 0.2% for e, and ¢,,, respectively.
The mean strain values of computational and experimental
approaches are summarized in Table 1. Differences between
the computational and experimental &, values were not
statistically significant (n = 3, p = 0.22). Observing the two
wells, slight strain differences can be detected, likely due to
The
histograms of the strain relative frequencies revealed a slight

minor irregularities in the manufactured substrate.
discrepancy between FE and DIC analyses. In the stretch
direction, peak values ranged between 12% and 13% for FE
and 14%-15% for DIC analyses, with the latter also exhibiting
a more normally distributed strain pattern (strain range
approximately 11%-17% for DIC analysis and 12%-14% for
FE analysis). Notably, about 83% of the actual strain values
along the stretch direction fell within the range of 11%-17%,
indicating that the majority of cells would be exposed to
comparable levels of mechanical stimulation when using the
S3 version. Looking at the strain perpendicular to the stretch
direction, the DIC strain peaks presented slightly lower values
compared to the FE analysis.

Furthermore, the experimental tests revealed a stiffening of the

substrate due to the sterilization process by autoclave, reaching a
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constant ~ value after the second sterilization  cycle

(Supplementary Figure S1).

3.2 Biological outcomes

3.2.1 Comparison among hPDLSCs and ASCs
cultured under P-90s/6 h stretching protocol
Preliminary biological tests were performed on hPDLSCs and
ASCs to investigate the effects on different cell types of an
intermittent stretching protocol (P-90 s/6 h) designed to alternate
constant and dynamic stretch for mimicking the continuous
intrinsic strain of the periodontium and the dynamic stretching
associated with mastication (Jong et al., 2017). The tests revealed
distinct responses to intermittent stretching between the two cell
types. Specifically, when cultured under intermittent stretching and
compared to the static control, hPDLSCs exhibited a statistically
significant increase in the expression of the osteogenic genes OCN
(2.71-fold increase, p < 0.01) and RUNX2 (2.55-fold increase, p <
0.05). Additionally, an increasing trend was observed in the
expression of ALP (3.68-fold increase) and COL1 (1.20-fold
increase), although these changes did not reach statistical
significance (Figure 6). Differently, ASCs cultured under identical
conditions did not exhibit any significant changes in the expression
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for DIC analysis.

TABLE 1 Mean strain values at the maximum stretch at the S3 well bottom
modelled by FE analysis and measured by DIC analysis. Experimental values
are expressed as mean + standard deviation.

Strain components exx (%) €55 (%)
Imposed 15.0 n.d*
Modelled (FE analysis) 13.3 -5.9
Measured (DIC analysis) 144 + 1.1 -52+0.2

*not defined.

of osteogenic genes (0.99-fold change for ALP; 1.27-fold increase for
COL1; 1.21-fold increase for OCN; 2.15-fold increase for RUNX2;
Figure 6), thus ASCs further
stretching protocols.

were not exposed to

3.2.2 Assessment of the early biological response
of hPDLSCs cultured under three different
intermittent stretching protocols

To investigate the influence of the cyclic stretching associated
with mastication on the early biological response of hPDLSCs, two
additional intermittent stretching protocols (P-5 min/6 h and P-
5 min/1 h) were tested. The analysis focused on cellular orientation
and on the potential modulation of osteogenic and tenogenic gene
expressions. the preliminary analysis of cell
orientation performed on one representative image per condition
revealed that, compared to the P-90 s/6 h, increasing the total
amount of cyclic stretch delivered daily led to the alignment of
hPDLSCs along a predominant direction (Figure 7). Indeed,
particularly under the P-5 min/6 h, the computed orientation
distribution revealed a peak at approximately 10°, with 0°
corresponding to the stretch direction. Under the P-5 min/1 h

Interestingly,
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Gene expression of hPDLSCs and ASCs cultured under P-90s/6 h
stretching protocol (8% of constant strain plus 7% cyclic strain (1 Hz,
triangular waveform) for 90 s every 6 h for 3 days). The dashed line
indicates static controls. *p < 0.05, **p < 0.01 between

stimulated group vs. static control.

protocol, a mild orientation of —30° was detected. Differently,
hPDLSCs stimulated under P-90 s/6 h protocol presented a
randomly distributed cell orientation. The statistical analysis of
the cell orientation distributions, performed for the static, P-
5 min/6 h, and P-5 min/l1 h conditions, confirmed that
intermittent stretching stimulation influences cell orientation. In
particular, both stimulation protocols resulted in a statistically
significant difference in cell orientation compared to the static
control (p < 0.001), with cells preferentially oriented toward the
stretch direction (Figure 8). The mean values of cell orientation
angles relative to the stretch direction were 34.1° for P-5 min/6 h and
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Spatial orientation of hPDLSCs exposed to different stretching protocols. Bright field images of the hPDLSCs adherent on the substrate (top, scale
bar = 500 pm for all the images), with the details of cell orientation (middle, scale bar = 250 ym for all the images), and corresponding orientation
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Violin plots showing the distribution of cell orientation angles (in degrees) relative to the stretch direction (corresponding to 0°) for cells cultured
under static, P-5 min/6 h, and P-5 min/1 h conditions. For each distribution, the mean (blue dashed line) and median (red line) values are indicated.
Statistical analysis was performed using the Kruskal-Wallis test followed by the Dunn-Sidak post hoc test (***p < 0.001).

31.0° for P-5 min/1 h, compared to 49.7° for the static control. No
detected between the

significant increase in the expression of ALP and COL XII genes

significant  difference  was two  compared to the other stretching protocols. Moreover, although not

stimulated groups. statistically significant, all protocols resulted in an increasing trend

The real-time PCR analysis of osteogenic and PDL-related genes
(Figure 9) revealed that the P-5 min/1 h protocol, which exposed
hPDLSCs to more frequent intervals of cyclic stretching, led to a

Frontiers in Bioengineering and Biotechnology

10

in the expression of the osteogenic genes ALP, OSX, RUNX2, and
OCN in comparison to static control. Concerning the PDL-related
genes, an increasing trend in the expression of decorin and periostin
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was observed after stimulation with P-90 s/6 h, compared to the
static control condition. On the other hand, longer exposure to the
intermittent stretch stimulation did not induce any change in the
expression of decorin and periostin.

4 Discussion

Over the past two decades, extensive evidence has demonstrated
that mechanical cues arising in the cellular microenvironment can
trigger a wide range of biological responses and play a pivotal role in
behavior and tissue function in vivo
2013).

underlying mechanosensing and mechanochemical transduction

regulating cellular

(Bukoreshtliev et al., However, several mechanisms
processes remain poorly understood, mostly due to the challenges
associated with applying defined loading conditions to cells and
tissues cultured in traditional two-dimensional systems. In the
context of developing more physiologically relevant models and
effective regenerative strategies, it becomes crucial to accurately
replicate the in vivo microenvironment, including both biochemical
factors and physical stimuli. By incorporating controlled dynamic
mechanical cues, in vitro platforms can serve as powerful
technological tools for gaining deeper insights into how cells
sense and respond to specific stimuli. This, in turn, will enhance
the predictive power of preclinical research and support the in vitro
of

regenerative therapies.

development functional  tissue constructs  for

In light of this, the technological aim of this study was the
development of an in vitro research platform, based on the
combination of a custom-designed deformable substrate and a
stretch bioreactor, for culturing and investigating adherent cells
under controlled and tunable intermittent stretch conditions. From
the biological point of view, we used the platform for investigating
the early biological response of hPDLSCs and ASCs to intermittent
stretching protocols, with a focus on the influence of mastication-
associated cyclic stretching on hPDLSCs.

Initially, three versions of the deformable substrate (S1, S2, and

S3), each featuring two parallel wells, were designed and
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mechanically investigated adopting a computational approach.
The first exploratory analysis identified the S3 version as the
optimal geometry. Indeed, thanks to the presence of a gap
between the wells, the S3 design guarantees symmetric strain
distribution, negligible out-of-plane deflection, and uniform
strain across the bottom surface of each well. Moreover, while
enabling experimental a broad

parallelization, it provides

adhesion surface suitable for culturing enough cells for
meaningful biological assessments. The S3 version was then
manufactured by PDMS casting (Friedrich et al.,, 2017). To gain a
deeper insight into the strain distributions at the S3 well bottoms
and, consequently, into the mechanical stimuli generated in vitro, a
combined  computational and  experimental mechanical
characterization was performed (Cook et al., 2016; Subramanian
et al,, 2017; Zhao et al., 2022). A mean strain value of 13.3% and
14.4% + 1.1% at the well bottom along the stretch direction (e,,) was
obtained from the FE and DIC analyses, respectively. The difference
between the computational and experimental strain values in the
stretch direction was not statistically significant (n = 3, p = 0.22),
confirming the agreement between the computational and
experimental findings, and could be ascribed to minor geometric
inconsistencies in the manufactured substrate (e.g., variations in
thickness). Moreover, this may also contribute to the greater
variability observed in the experimentally obtained strain values
(11%-17%) compared to the computational results (12%-14%),
along with the influence of uncontrollable environmental factors
during experimental measurements, such as variations in substrate
compression intensity at the clamping system. Notably, the
discrepancy between the desired (15%) and the actual strain
achieved (13%-14%) highlights the importance of thoroughly
characterizing the substrate deformation. Indeed, when direct
monitoring of the applied physical stimulus is challenging, an
accurate preliminary characterization of the platform is essential
to avoid drawing misleading conclusions about the relationship
between cellular responses and the stimuli provided. Concerning the
strain perpendicular to the stretch direction (g,,), negative values
observed both

corresponding to a substrate necking. This behavior was

were computationally and experimentally,
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expected, as PDMS exhibits a positive Poisson’s ratio and therefore
contracts laterally when stretched longitudinally.

As regards the bioreactor, the control software was updated for
delivering fully automated intermittent stimulation protocols,
featuring customizable stimulation-rest intervals without the
need for user intervention. To the best of our knowledge, this
platform is among the few capable of providing highly tunable
mechanical stimulation thanks to its automation, which ensures
high flexibility in setting intermittent stretching conditions.

The preliminary biological tests were designed to evaluate
whether intermittent stretching elicits distinct responses in
different cell types. The hPDLSCs were selected as a case study
because, in vivo, they are continuously exposed to various
mechanical stimuli, including stretch, making them particularly
relevant for evaluating both mechanobiological responses, and
their osteogenic potential in view of future applications in
ASCs
chosen as a benchmark, as they represent a non-dental cell type

periodontal regeneration strategies. Conversely, were
that has been widely investigated for regenerative medicine
applications (Al-Ghadban et al, 2022). Considering the native
environment of the hPDLSCs and the mechanical loading
associated with mastication, a culture protocol delivering
intermittent stretching stimulation was implemented. Initially,
inspired by de Jong and colleagues (Jong et al, 2017), a static
pre-stain of 8% was applied for replicating the intrinsic strain of
the periodontium, combined with an additional intermittent 7%
cyclic strain delivered for 90 s every 6 h for mimicking the dynamic
stretching associated with mastication, over 3 days (P-90s/6 h).
Interestingly, mesenchymal stem cells derived from different tissues,
namely, the periodontal ligament and adipose tissue, responded
differently to the same stimulation protocol. Regarding hPDLSCs
exposed to intermittent stretch stimulation, a signiﬁcant increase in
the expression of the osteogenic genes OCN and RUNX2 was
observed together with an increasing trend in the expression of
the osteogenic markers ALP and COLI, despite the high standard
deviation values likely attributable to donor-to-donor variability,
according to literature (Papadopoulou et al., 2016; Oortgiesen et al.,
2012; Chen et al., 2015; Roato et al., 2022). Indeed, considering that
hPDLSCs are located in vivo in proximity of the alveolar bone, a
physiological environment closely associated with bone formation
and maintenance, it is plausible that they are inherently prone to
undergo osteogenic differentiation. Differently, ASCs did not exhibit
any significant osteogenic responses, being generally less effective at
generating bone tissue than hPDLSCs, in accordance with previous
studies (Oortgiesen et al.,, 2012; Chen et al., 2015; Citterio et al.,
2020), thus ASCs were not exposed to further stretching protocols.

After assessing the osteogenic impact of the intermittent
stretching on hPDLSCs, two additional intermittent stretching
protocols (P-5 min/6 h and P-5 min/1 h) were tested to further
investigate the influence of cyclic stretching associated with
mastication on the hPDLSC early response. In detail, when the
cyclic stretching stimulus was applied for a longer duration (5 min
vs. 90 s) and at more frequent intervals (every 1 h vs. every 6 h) in
comparison to P-90 s/6 h, a preferential cellular orientation toward
the stretching direction was observed, indicating a mechanosensitive
reorganization of the cells in response to the mechanical cues. In
accordance with our findings, Wang and co-workers (Wang et al.,
2023) reported the alignment of hPDLSCs following 12 h of stretch
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stimulation and Yang et al. showed that mechanical stimulation
resulted in orientation of hPDLSCs along the direction of stretch
(Yang et al., 2016). Focusing on the osteogenic markers, the
increasing trend in their expression was also confirmed under the
additional stimulation protocols, with the most pronounced effect
observed following the application of cyclic stretch for 5 min every
1 h. Similarly, concerning the PDL-related markers, our study
revealed a pronounced increase in COL XII expressions under P-
5 min/1 h protocol, which represents the most intensive stimulation
protocol tested. Interestingly, COL XII was reported to be responsive
to mechanical stress and being involved in tissue repair and
regeneration (Izu and Birk, 2023). These findings suggest that P-
5 min/l h protocol might promote both the osteogenic
differentiation and regenerative potential of hPDLSCs, in line
with observations from previous studies (Liu et al., 2020).

This study presents several limitations. As regards the actual
mechanical behavior of the deformable substrate under uniaxial
stretch, the strain distribution at the bottom of the optimized
substrate (version S3) is not completely uniform. However, our
findings indicate that approximately 83% of strain values along the
stretch direction fall within the range of 11%-17%, indicating that
the majority of cells are exposed to comparable levels of mechanical
stimulation when using the S3 version. Therefore, while some degree
of experimental variability is inevitable, the final design of the
deformable substrate was considered well-suited for integration
into the previously developed bioreactor and for the intended
application, as it offers an effective balance between mechanical
performance, bioreactor design constraints, and biological
relevance, thereby supporting the suitability of the proposed
research platform for in vitro mechanobiological studies.
Moreover, although the deformation of the PDMS substrate was
thoroughly characterized and enabled a direct comparison between
predicted and experimentally measured mechanical conditions, the
actual mechanical stimulus experienced by the cells in each
individual sample was not directly measured and was instead
assumed to correspond to that of the underlying substrate.
Intrinsic geometric, biological, or experimental variability may
indeed alter the effective transmission of mechanical cues to the
cells. In this context, implementing real-time DIC analysis during
culture could serve as an imaging-based sensing system, enabling the
assessment of the actual strain experienced by the cells. Integrated
within a closed feedback loop, this approach could further support
the active regulation of mechanical loading to ensure consistent and
precise stimulation levels. However, implementing such a feature
involves several practical and technological challenges, including
integration with cell culture equipment, optical constraints, and the
need for rapid data acquisition and processing, which fall beyond the
scope of the present study. Further limitation lies in the relatively
low number of biological replicates, due to the inherent difficulty of
obtaining primary hPDLSCs from individual donors. Nevertheless,
while increasing the number of biological replicates would enhance
the statistical power of our findings, the statistically significant
differences observed in gene expression markers and cell
orientation distributions support the robustness of the detected
early cellular responses. Regarding the applied stimulation
protocols, it should be acknowledged that the imposed in vitro
intermittent stretching does not fully replicate the complexity of the
in vivo mastication cycle, during which cells are subjected to a
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combination of compressive, tensile, and shear forces. Nevertheless,
by applying a combination of constant and cyclic strain, our
approach provided a more physiologically relevant mechanical
environment compared to the purely static or purely cyclic

loading conditions commonly reported in the literature.
Additionally, this setup allowed for the isolation and
investigation of the effects of a specific, well-controlled

mechanical stimulus, namely, stretching and in particular cyclic
stretching, on the cellular response. Finally, the limitations
commonly associated with the use of PDMS, such as poor cell
adhesion and variability in its mechanical properties, were
effectively addressed in this study. Cell adhesion was improved
by coating the substrate wells with type I collagen, while variability
in mechanical performance was minimized through a controlled in-
house fabrication procedure and by assessing the effects of the
sterilization process prior to performing the mechanical
characterization of the substrate.

Overall, the developed bioreactor-based platform is capable of
delivering fully automated intermittent stretching protocols with
adjustable stimulation-rest intervals, allowing for the alternation of
static and dynamic culture conditions without the need for user
intervention. Notably, for the first time, three different intermittent
stretching protocols were applied to hPDLSCs and directly
compared using the same experimental set-up, enabling a focused
investigation into how specific dynamic culture conditions influence
the biological response of the hPDLSCs. The versatility of the
platform was essential to the proposed experimental design, as it
enabled the investigation of cellular responses that are difficult to
capture using continuous or non-automated stimulation protocols.
This capability was crucial for gaining new insights into hPDLSC-
specific mechanobiological responses and for advancing the
development of physiologically relevant in vitro models for PDL

tissue engineering.

5 Conclusion

In this study we developed a bioreactor-based platform for
delivering automated intermittent stretch stimulation to adherent
cells in vitro, integrating a stretch bioreactor with a custom-designed
PDMS deformable Through
computational and experimental analyses, we showed that the

substrate. a combination of
actual strain experienced by the substrate, and assumed to be
experienced by the adherent cells, can differ from the imposed
strain, highlighting the importance of accurately characterizing the
actual applied mechanical stimulus to correlate it with the cellular
biological response. Moreover, we used the platform for
investigating the early biological response of different stem cells,
i.e,, hPDLSCs and ASCs, to intermittent stretching protocols. We
firstly revealed that intermittent stretching can induce distinct early
with  hPDLSCs

upregulation of osteogenic gene expression. Furthermore, we

modulation of gene expression, exhibiting
demonstrated that the timing of the cyclic stretching can play a
crucial role in promoting cellular differentiation and orientation and
enhancing the regeneration capability of hPDLSCs.

Overall, our findings confirm the versatility of the proposed
platform as a valuable tool for investigating the effect of controlled
stretching on mechanosensitive cells. In addition, the study provides
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meaningful insights into the mechanobiological interplay between
and hPDLSCs
emphasizing their potential for applications in PDL tissue

applied intermittent stretching responses,

engineering.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found below: https://doi.org/10.5281/zenodo.
15497986, 15497985.

Ethics statement

The studies involving humans were approved by Comitato Etico
Interaziendale of the A.O.U. Citta della Salute e della Scienza di
Torino-A.O. Ordine Mauriziano-A.S.L. “Citta di Torino”
(3 October 2022, No. 0107683). The studies were conducted in
accordance with the local legislation and institutional requirements.
The human samples used in this study were acquired from a by-
product of routine care or industry. Written informed consent for
participation was not required from the participants or the
participants’ legal guardians/next of kin in accordance with the
national legislation and institutional requirements.

Author contributions

GP:
Writing

review and
original draft, Conceptualization,

BM: Methodology,
Writing - review and editing, Investigation, Writing - original
draft, MTo:  Methodology,

Writing - review and editing. AL: Writing - review and editing,

Writing - editing, Methodology,

Investigation,

Visualization. Conceptualization,

Visualization. Investigation,

Investigation, Methodology. IR: Writing - review and editing,
Methodology, MTe:
Writing - review and editing, Methodology. AA: Resources,

Formal = Analysis,  Investigation.

Writing - review and editing. FM: Conceptualization,
Writing - review and editing, Resources, Methodology,
Supervision. DM: Resources, Methodology, Supervision,

Conceptualization, Writing - original draft, Writing - review
and editing.

Funding

The author(s) declare that no financial support was received for
the research and/or publication of this article.

Acknowledgments

The authors are grateful to Prof. Mario Aimetti for the
development of the protocol for harvesting primary hPDLSCs
from healthy donors in accordance with ethical principles
(protocol No. 0107683, 3 October 2022, approved by Comitato

frontiersin.org


https://doi.org/10.5281/zenodo.15497986
https://doi.org/10.5281/zenodo.15497986
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2025.1634143

Putame et al.

Etico Interaziendale A.O.U. Citta della Salute e della Scienza di
Torino-A.O. Ordine Mauriziano-A.S.L. “Citta di Torino”).

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.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure

References

Al-Ghadban, S., Artiles, M., and Bunnell, B. A. (2022). Adipose stem cells in
regenerative medicine: looking forward. Front. Bioeng. Biotechnol. 9 (January),
837464. doi:10.3389/fbioe.2021.837464

Basak, S., Tiwari, A., Sharma, D., and Packirisamy, G. (2024). Unveiling
mechanobiology: a compact device for uniaxial mechanical stimulation on nanofiber
substrates and its impact on cellular behavior and nanoparticle distribution. ACS Appl.
Bio Mater. 7 (4), 2283-2298. doi:10.1021/acsabm.3c01285

Bighi, B., Ragazzini, G., Gallerani, A., Mescola, A., Scagliarini, C., Zannini, C., et al.
(2025). Cell stretching devices integrated with live cell imaging: a powerful approach to
study how cells react to mechanical cues. Prog. Biomed. Eng. 7, 012005. doi:10.1088/
2516-1091/ad9699

Bukoreshtliev, N. V., Haase, K., and Pelling, A. E. (2013). Mechanical cues in cellular
signalling and communication. Cell Tissue Res. 352 (1), 77-94. doi:10.1007/s00441-012-
1531-4

Chen, Y., Mohammed, A., Oubaidin, M., Evans, C. A., Zhou, X., Luan, X,, et al. (2015).
Cyclic stretch and compression forces alter microRNA-29 expression of human
periodontal ligament cells. Gene 566 (1), 13-17. doi:10.1016/j.gene.2015.03.055

Citterio, F., Gualini, G., Fierravanti, L., and Aimetti, M. (2020). Stem cells and
periodontal regeneration: present and future. Plastic Aesthetic Res. 7, 41. doi:10.20517/
2347-9264.2020.29

Constantinou, I, and Bastounis, E. E. (2023). Cell-stretching devices: advances and
challenges in biomedical research and live-cell imaging. Trends Biotechnol. 41, 939-950.
doi:10.1016/j.tibtech.2022.12.009

Cook, C. A, Huri, P. Y., Ginn, B. P., Gilbert-Honick, J., Somers, S. M., Temple, J. P.,
et al. (2016). Characterization of a novel bioreactor system for 3D cellular
mechanobiology studies. Biotechnol. Bioeng. 113 (8), 1825-1837. doi:10.1002/bit.25946

Esmaeili, Z., Nokhbedehghan, Z., Alizadeh, S., majidi, J., Chahsetareh, H., Daryabari,
S.-H., et al. (2024). Biomimetic Amniotic/silicone-based bilayer membrane for corneal
tissue engineering. Mater. and Des. 237 (January), 112614. doi:10.1016/j.matdes.2023.
112614

Friedrich, O., Schneidereit, D., Nikolaev, Y. A., Nikolova-Krstevski, V., Schiirmann,
S, Wirth-Hiicking, A., et al. (2017). Adding dimension to cellular
mechanotransduction: advances in biomedical engineering of multiaxial cell-stretch
systems and their application to cardiovascular biomechanics and mechano-signaling.
Prog. Biophysics Mol. Biol. Cardiac Mech. Electr. it takes two tango 130 (November),
170-191. doi:10.1016/j.pbiomolbio.2017.06.011

Gabetti, S., Masante, B., Cochis, A., Putame, G., Sanginario, A., Armando, I, et al.
(2022). An automated 3D-Printed perfusion bioreactor combinable with pulsed
electromagnetic field stimulators for bone tissue investigations. Sci. Rep. 12 (1),
13859. doi:10.1038/s41598-022-18075-1

Gauthier, R., Jeannin, C., Attik, N., Trunfio-Sfarghiu, A.-M., Gritsch, K., and
Grosgogeat, B. (2021). Tissue engineering for periodontal ligament regeneration:
biomechanical specifications. J. Biomechanical Eng. 143 (3), 030801. doi:10.1115/1.
4048810

Geest, V., Jonathan, P., Di Martino, E. S., and Vorp, D. A. (2004). An analysis of the
complete strain field within FlexercelTM membranes. J. Biomechanics 37 (12),
1923-1928. doi:10.1016/j.jbiomech.2004.02.022

Frontiers in Bioengineering and Biotechnology

14

10.3389/fbioe.2025.1634143

accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

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.2025.1634143/
full#supplementary-material

Hassler, C., Boretius, T., and Stieglitz, T. (2011). Polymers for neural implants.
J. Polym. Sci. Part B Polym. Phys. 49 (1), 18-33. doi:10.1002/polb.22169

Hosiriluck, N., Kashio, H., Takada, A., Mizuguchi, I, and Arakawa, T. (2022). The
profiling and analysis of gene expression in human periodontal ligament tissue and
fibroblasts. Clin. Exp. Dent. Res. 8 (3), 658-672. doi:10.1002/cre2.533

Izu, Y., and Birk, D. E. (2023). Collagen XII mediated cellular and extracellular
mechanisms in development, regeneration, and disease. Front. Cell Dev. Biol. 11
(March), 1129000. doi:10.3389/fcell.2023.1129000

Jiang, N., He, D., Ma, Y., Su, J., Wu, X,, Cui, S,, et al. (2021). Force-induced autophagy
in periodontal ligament stem cells modulates M1 macrophage polarization via AKT
signaling. Front. Cell Dev. Biol. 9 (May), 666631. doi:10.3389/fcell.2021.666631

Jiangtao, Z., Fanzhe, M., Jiayi, Q., Yan, H., and Fan, Y. (2023). In vitro cell stretching
devices and their applications: from cardiomyogenic differentiation to tissue
engineering. Med. Nov. Technol. Devices 18, 100220. doi:10.1016/j.medntd.2023.100220

Johnston, I. D., McCluskey, D. K., Tan, C. K. L., and Tracey, M. C. (2014). Mechanical
characterization of bulk sylgard 184 for microfluidics and microengineering.
J. Micromechanics Microengineering 24 (3), 035017. doi:10.1088/0960-1317/24/3/
035017

Jong, T. D., Corien, O., Bakker, A. D., van Kuppevelt, T. H., and Smit, T. H. (2017).
Adipose-derived-stem-cell-seeded fibrin matrices for periodontal ligament engineering:
the need for dynamic strain. J. Biomaterials Tissue Eng. 7 (12), 1303-1312. doi:10.1166/
jbt.2017.1702

Kamal, K. Y., Othman, M. A., Kim, J.-H., and Lawler, ]J. M. (2024). Bioreactor
development for skeletal muscle hypertrophy and atrophy by manipulating uniaxial
cyclic strain: proof of concept. Npj Microgravity 10 (1), 62-10. doi:10.1038/s41526-023-
00320-0

Kwon, T. H,, Lamster, I. B., and Levin, L. (2021). Current concepts in the management
of periodontitis. Int. Dent. J. 71 (6), 462-476. doi:10.1111/idj.12630

Leung, D. Y. M., Glagov, S., and Mathews, M. B. (1977). A new in vitro system for
studying cell response to mechanical stimulation. Exp. Cell Res. 109 (2), 285-298. doi:10.
1016/0014-4827(77)90008-8

Li, P., and Guo, X. (2018). A review: therapeutic potential of adipose-derived stem
cells in cutaneous wound healing and regeneration. Stem Cell Res. and Ther. 9 (1), 302.
doi:10.1186/s13287-018-1044-5

Liu, J, Li, Q, Liu, S., Gao, J., Wen, Q.,, Song, Y., et al. (2017). Periodontal ligament
stem cells in the periodontitis microenvironment are sensitive to static mechanical
strain. Stem Cells Int. 2017, 1-13. doi:10.1155/2017/1380851

Liu, J., Zhao, Z., Ruan, J., Weir, M. D., Ma, T., Ren, K., et al. (2020). Stem cells in the
periodontal ligament differentiated into osteogenic, fibrogenic and cementogenic
lineages for the regeneration of the periodontal complex. J. Dent. 92 (January),
103259. doi:10.1016/j.jdent.2019.103259

Mammoto, A., Mammoto, T., and Ingber, D. E. (2012). Mechanosensitive
mechanisms in transcriptional regulation. J. Cell Sci. 125, 3061-3073. doi:10.1242/
jc5.093005

Martin, I, Wendt, D., and Heberer, M. (2004). The role of bioreactors in tissue
engineering. Trends Biotechnol. 22 (2), 80-86. doi:10.1016/j.tibtech.2003.12.001

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fbioe.2025.1634143/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fbioe.2025.1634143/full#supplementary-material
https://doi.org/10.3389/fbioe.2021.837464
https://doi.org/10.1021/acsabm.3c01285
https://doi.org/10.1088/2516-1091/ad9699
https://doi.org/10.1088/2516-1091/ad9699
https://doi.org/10.1007/s00441-012-1531-4
https://doi.org/10.1007/s00441-012-1531-4
https://doi.org/10.1016/j.gene.2015.03.055
https://doi.org/10.20517/2347-9264.2020.29
https://doi.org/10.20517/2347-9264.2020.29
https://doi.org/10.1016/j.tibtech.2022.12.009
https://doi.org/10.1002/bit.25946
https://doi.org/10.1016/j.matdes.2023.112614
https://doi.org/10.1016/j.matdes.2023.112614
https://doi.org/10.1016/j.pbiomolbio.2017.06.011
https://doi.org/10.1038/s41598-022-18075-1
https://doi.org/10.1115/1.4048810
https://doi.org/10.1115/1.4048810
https://doi.org/10.1016/j.jbiomech.2004.02.022
https://doi.org/10.1002/polb.22169
https://doi.org/10.1002/cre2.533
https://doi.org/10.3389/fcell.2023.1129000
https://doi.org/10.3389/fcell.2021.666631
https://doi.org/10.1016/j.medntd.2023.100220
https://doi.org/10.1088/0960-1317/24/3/035017
https://doi.org/10.1088/0960-1317/24/3/035017
https://doi.org/10.1166/jbt.2017.1702
https://doi.org/10.1166/jbt.2017.1702
https://doi.org/10.1038/s41526-023-00320-0
https://doi.org/10.1038/s41526-023-00320-0
https://doi.org/10.1111/idj.12630
https://doi.org/10.1016/0014-4827(77)90008-8
https://doi.org/10.1016/0014-4827(77)90008-8
https://doi.org/10.1186/s13287-018-1044-5
https://doi.org/10.1155/2017/1380851
https://doi.org/10.1016/j.jdent.2019.103259
https://doi.org/10.1242/jcs.093005
https://doi.org/10.1242/jcs.093005
https://doi.org/10.1016/j.tibtech.2003.12.001
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2025.1634143

Putame et al.

Martino, F., Perestrelo, A. R, Vinarsky, V., Pagliari, S., and Forte, G. (2018). Cellular
mechanotransduction: from tension to function. Front. Physiology 9 (July), 824. doi:10.
3389/fphys.2018.00824

Masante, B, Putame, G., Lugas, A. T., Tosini, M., Roato, I, Mussano, F., et al. (2023).
“Biomimetic platform for investigating in vitro the cell biological response to
mechanical stretching - periodontal ligament stem cell application,” in National
congress of bioengineering.

Massai, D., Cerino, G., Gallo, D., Pennella, F., Deriu, M., Rodriguez, A., et al. (2013).
Bioreactors as engineering support to treat cardiac muscle and vascular disease.
J. Healthc. Eng. 4 (3), 329-370. doi:10.1260/2040-2295.4.3.329

Massai, D., Pisani, G., Isu, G., Ruiz, A. R., Cerino, G., Galluzzi, R., et al. (2020).
Bioreactor platform for biomimetic culture and in situ monitoring of the mechanical
response of in vitro engineered models of cardiac tissue. Front. Bioeng. Biotechnol. 8
(July), 733. doi:10.3389/fbioe.2020.00733

Mata, A., Fleischman, A. J, and Roy, S. (2005).
polydimethylsiloxane (PDMS) properties for biomedical
Biomed. Microdevices 7, 281-293. doi:10.1007/s10544-005-6070-2

Meng, X., Wang, W., and Wang, X. (2022). MicroRNA-34a and microRNA-146a
target CELF3 and suppress the osteogenic differentiation of periodontal ligament stem
cells under cyclic mechanical stretch. J. Dent. Sci. 17 (3), 1281-1291. doi:10.1016/j.jds.
2021.11.011

Oortgiesen, D. A. W., Na, Y., Bronckers, A. L. J. J., Yang, F., Frank Walboomers, X.,
and Jansen, J. A. (2012). A three-dimensional cell culture model to study the mechano-
biological behavior in periodontal ligament regeneration. Tissue Eng. Part C. Methods
18 (2), 81-89. do0i:10.1089/ten.tec.2011.0367

Characterization of
micro/nanosystems.

Papadopoulou, A., Iliadi, A., Eliades, T., and Kletsas, D. (2016). Early responses of
human periodontal ligament fibroblasts to cyclic and static mechanical stretching. Eur.
J. Orthod. 39, 258-263. doi:10.1093/ejo/cjw075

Papapanou, P. N, Sanz, M., Budeneli, N., Dietrich, T., Feres, M., Fine, D. H., et al.
(2018). Periodontitis: consensus report of workgroup 2 of the 2017 world workshop on
the classification of periodontal and peri-implant diseases and conditions. Br. Dent. J.
225 (2), 141. doi:10.1038/sj.bdj.2018.615

Putame, G., Gabetti, S., Carbonaro, D., Di Meglio, F., Romano, V., Sacco, A. M,, et al.
(2020). Compact and tunable stretch bioreactor advancing tissue engineering
implementation. Application to engineered cardiac constructs. Med. Eng. and Phys.
84 (October), 1-9. doi:10.1016/j.medengphy.2020.07.018

Quinlan, T., Angela, M., Sierad, L. N., Capulli, A. K., Firstenberg, L. E., and Billiar, K.
L. (2011). Combining dynamic stretch and tunable stiffness to probe cell
mechanobiology in vitro. PLoS ONE 6 (8), €23272. doi:10.1371/journal.pone.0023272

Ravichandran, A,, Liu, Y., and Teoh, S.-H. (2018). Review: bioreactor design towards
generation of relevant engineered tissues: focus on clinical translation. J. Tissue Eng.
Regen. Med. 12 (1), e7-e22. doi:10.1002/term.2270

Ribeiro, E., Jodo, H. L., Martins, P., and Braz-César, M. (2019). Mechanical analysis of
PDMS material using biaxial test. AIMS Mater. Sci. 6 (1), 97-110. doi:10.3934/matersci.
2019.1.97

Roato, I, Masante, B., Putame, G., Massai, D., and Mussano, F. (2022). Challenges of
periodontal tissue engineering: increasing biomimicry through 3D printing and
controlled dynamic environment. Nanomaterials 12 (21), 3878. doi:10.3390/
nanol2213878

Salim, C., Muders, H., Jager, A., and Konermann, A. (2022). Role of chaperone-
assisted selective autophagy (CASA) in mechanical stress protection of periodontal
ligament cells. J. Orofac. Orthop./Fortschritte Der Kieferorthopidie 83 (1), 1-12. doi:10.
1007/s00056-021-00358-3

Frontiers in Bioengineering and Biotechnology

15

10.3389/fbioe.2025.1634143

Saminathan, A., Vinoth, K. J., Low, H. H., Cao, T., and Meikle, M. C. (2013).
Engineering three-dimensional constructs of the periodontal ligament in hyaluronan-
gelatin hydrogel films and a mechanically active environment. J. Periodontal Res. 48 (6),
790-801. doi:10.1111/jre.12072

Shen, T, Qiu, L., Chang, H., Yang, Y., Jian, C,, Xiong, J., et al. (2014). Cyclic tension
promotes osteogenic differentiation in human periodontal ligament stem cells. Int.
J. Clin. Exp. Pathology 7 (11), 7872-7880.

Shi, Q., Zheng, L., Na, ], Li, X,, Yang, Z., Chen, X,, et al. (2022). Fluid shear stress
promotes periodontal ligament cells proliferation via P38-AMOT-YAP. Cell. Mol. Life
Sci. 79 (11), 551. doi:10.1007/s00018-022-04591-w

Sodek, J. (1977). A comparison of the rates of synthesis and turnover of collagen and
non-collagen proteins in adult rat periodontal tissues and skin using a microassay.
Archives Oral Biol. 22 (12), 655-665. doi:10.1016/0003-9969(77)90095-4

Stewart, S., Darwood, A., Masouros, S., Higgins, C., and Ramasamy, A. (2020).
Mechanotransduction in osteogenesis. Bone and Jt. Res. 9 (1), 1-14. doi:10.1302/2046-
3758.91.BJR-2019-0043.R2

Subramanian, G., Elsaadany, M., Bialorucki, C., and Yildirim-Ayan, E. (2017).
Creating homogenous strain distribution within 3D cell-encapsulated constructs
using a simple and cost-effective uniaxial tensile bioreactor: design and validation
study. Biotechnol. Bioeng. 114 (8), 1878-1887. doi:10.1002/bit.26304

Sun, C., Rankovic, M. J., Folwaczny, M., Otto, S., Wichelhaus, A., and Baumert, U.
(2021). Effect of tension on human periodontal ligament cells: systematic review and
network analysis. Front. Bioeng. Biotechnol. 9, 695053. doi:10.3389/fbioe.2021.695053

Wall, M. E., Weinhold, P. S., Siu, T., Brown, T. D., and Banes, A. J. (2007).
Comparison of cellular strain with applied substrate strain in vitro. J. Biomechanics
40 (1), 173-181. doi:10.1016/j.jbiomech.2005.10.032

Wang, H., Feng, C, Jin, Y., Tan, W., and Fulan, W. (2019). Identification and
characterization of circular RNAs involved in mechanical force-induced periodontal
ligament stem cells. J. Cell. Physiology 234 (7), 10166-10177. doi:10.1002/jcp.27686

Wang, W., Wang, M., Guo, X., Zhao, Y., Ahmed, M. M. S., Qi, H., et al. (2022). Effect
of tensile frequency on the osteogenic differentiation of periodontal ligament stem cells.
Int. J. General Med. 15, 5957-5971. doi:10.2147/TJGM.S368394

Wang, W, Li, N, Zhao, Y., Wu, H., Wang, M., and Chen, X. (2023). Effect of stretch
frequency on osteogenesis of periodontium during periodontal ligament distraction.
Orthod. and Craniofacial Res. 26 (1), 53-61. doi:10.1111/ocr.12577

Wei, F, Liu, D,, Feng, C., Zhang, F.,, Yang, S., Hu, Y., et al. (2015). microRNA-21
mediates stretch-induced osteogenic differentiation in human periodontal ligament
stem cells. Stem Cells Dev. 24 (3), 312-319. doi:10.1089/scd.2014.0191

Xi, X., Zhao, Y., Liu, H,, Li, Z., Chen, S., and Liu, D. (2021). Nrf2 activation is involved
in osteogenic differentiation of periodontal ligament stem cells under cyclic mechanical
stretch. Exp. Cell Res. 403 (2), 112598. doi:10.1016/j.yexcr.2021.112598

Yang, S.-Y., Wei, F.-L, Hu, L-H, and Wang, C.-L. (2016). PERK-eIF2a-
ATF4 pathway mediated by endoplasmic reticulum stress response is involved in
osteodifferentiation of human periodontal ligament cells under cyclic mechanical force.
Cell. Signal. 28 (8), 880-886. doi:10.1016/j.cellsig.2016.04.003

Yeatts, A. B, Choquette, D. T., and Fisher, J. P. (2013). Bioreactors to influence stem
cell fate: augmentation of mesenchymal stem cell signaling pathways via dynamic
culture systems. Biochimica Biophysica Acta (BBA) - General Subj. Biochem. Stem Cells
1830 (2), 2470-2480. doi:10.1016/j.bbagen.2012.06.007

Zhao, Z., Liu, J., Weir, M. D., Schneider, A., Ma, T., Oates, T. W, et al. (2022).
Periodontal ligament stem cell-based bioactive constructs for bone tissue engineering.
Front. Bioeng. Biotechnol. 10 (December), 1071472. doi:10.3389/fbioe.2022.1071472

frontiersin.org


https://doi.org/10.3389/fphys.2018.00824
https://doi.org/10.3389/fphys.2018.00824
https://doi.org/10.1260/2040-2295.4.3.329
https://doi.org/10.3389/fbioe.2020.00733
https://doi.org/10.1007/s10544-005-6070-2
https://doi.org/10.1016/j.jds.2021.11.011
https://doi.org/10.1016/j.jds.2021.11.011
https://doi.org/10.1089/ten.tec.2011.0367
https://doi.org/10.1093/ejo/cjw075
https://doi.org/10.1038/sj.bdj.2018.615
https://doi.org/10.1016/j.medengphy.2020.07.018
https://doi.org/10.1371/journal.pone.0023272
https://doi.org/10.1002/term.2270
https://doi.org/10.3934/matersci.2019.1.97
https://doi.org/10.3934/matersci.2019.1.97
https://doi.org/10.3390/nano12213878
https://doi.org/10.3390/nano12213878
https://doi.org/10.1007/s00056-021-00358-3
https://doi.org/10.1007/s00056-021-00358-3
https://doi.org/10.1111/jre.12072
https://doi.org/10.1007/s00018-022-04591-w
https://doi.org/10.1016/0003-9969(77)90095-4
https://doi.org/10.1302/2046-3758.91.BJR-2019-0043.R2
https://doi.org/10.1302/2046-3758.91.BJR-2019-0043.R2
https://doi.org/10.1002/bit.26304
https://doi.org/10.3389/fbioe.2021.695053
https://doi.org/10.1016/j.jbiomech.2005.10.032
https://doi.org/10.1002/jcp.27686
https://doi.org/10.2147/IJGM.S368394
https://doi.org/10.1111/ocr.12577
https://doi.org/10.1089/scd.2014.0191
https://doi.org/10.1016/j.yexcr.2021.112598
https://doi.org/10.1016/j.cellsig.2016.04.003
https://doi.org/10.1016/j.bbagen.2012.06.007
https://doi.org/10.3389/fbioe.2022.1071472
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2025.1634143

	A bioreactor-based platform for investigating the early response of human periodontal ligament stem cells to intermittent m ...
	1 Introduction
	2 Materials and methods
	2.1 Bioreactor-based platform
	2.2 Mechanical characterization of the substrate
	2.2.1 Computational analysis
	2.2.2 Experimental analysis

	2.3 Biological experiments
	2.3.1 Cell sources
	2.3.2 Stretch stimulation protocols
	2.3.3 Biological assessments
	2.3.3.1 Comparison among hPDLSCs and ASCs cultured under P-90s/6 h stretching protocol
	2.3.3.2 Assessment of the early biological response of hPDLSCs cultured under three different intermittent stretching protocols
	2.3.4 Statistical analysis


	3 Results
	3.1 Mechanical characterization of the substrate
	3.2 Biological outcomes
	3.2.1 Comparison among hPDLSCs and ASCs cultured under P-90s/6 h stretching protocol
	3.2.2 Assessment of the early biological response of hPDLSCs cultured under three different intermittent stretching protocols


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


