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Introduction: Human mesenchymal stem cells (hMSCs) sense and respond to biomechanical and biophysical
stimuli, yet the involved signaling pathways are not fully identified. The clinical application of biophysical
stimulation including pulsed electromagnetic field (PEMF) has gained momentum in musculoskeletal disorders
and bone tissue engineering.

Methodology: We herein aim to explore the role of PEMF stimulation in bone regeneration by developing
trabecular bone-like tissues, and then, culturing them under bone-like mechanical stimulation in an automated
perfusion bioreactor combined with a custom-made PEMF stimulator. After selecting the optimal cell seeding and
culture conditions for inspecting the effects of PEMF on hMSCs, transcriptomic studies were performed on cells
cultured under direct perfusion with and without PEMF stimulation.

Results: We were able to identify a set of signaling pathways and upstream regulators associated with PEMF
stimulation and to distinguish those linked to bone regeneration. Our findings suggest that PEMF induces the
immune potential of hMSCs by activating and inhibiting various immune-related pathways, such as macrophage
classical activation and MSP-RON signaling in macrophages, respectively, while promoting angiogenesis and
osteogenesis, which mimics the dynamic interplay of biological processes during bone healing.

Conclusions: Overall, the adopted bioreactor-based investigation platform can be used to investigate the impact of
PEMF stimulation on bone regeneration.

Perfusion bioreactors
Signaling pathways
Bone regeneration

1. Introduction bone and to promote bone regeneration and repair [1]. This provoked

PEMF, and biophysical stimulation in general, as the “new pharma-

The endogenous electromagnetic field (EMF) plays decisive roles at
the cellular and molecular levels, including those of the musculoskeletal
system that are often in the form of pulsed EMF (PEMF) and are known
to induce osteogenesis. From this perspective, exogenous PEMF stimu-
lation has been applied to stimulate the natural streaming potentials in

cology” for being a non-invasive therapy not only with osteogenic
properties, but also with chondrogenic and anti-inflammatory ones [2].
In response to the clinical translation of bone growth stimulators based
on PEMF and the accumulation of data on their safety and efficacy, the
Food and Drug Administration (FDA) reclassified them from Class III to
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Class II devices in 2020 [3]. The most established clinical application of
PEMF is the treatment of musculoskeletal disorders mainly delayed
union or nonunion fractures, osteoarthritis, osteoporosis, osteonecrosis,
and tendon disorders, [4] in addition to musculoskeletal chronic pain
including low back pain [5]. In tandem with the previously mentioned
clinical applications, researchers have been exploring the efficacy and
safety of PEMF stimulation in various disorders in an attempt to broaden
its indications, and examples include postoperative pain and edema
after plastic surgery [6], treatment-resistant depression [7], and
oncology [8].

Subsequently, scientists combined PEMF stimulation with bio-
materials for bone tissue engineering (BTE) to produce functional bone
grafts and to ameliorate the clinical outcomes of BTE applications [9].
Despite the accumulation of supporting evidence, the diversity of the
EMF stimuli relating to frequencies, intensities, waveforms, and dura-
tions of exposure, as well as the heterogeneity of the biomaterials,
warrant a more in-depth exploration [10].

Akin to the progress that has been made in expanding the preclinical
and clinical application of PEMF, significant progress has been made in
uncovering the various signaling pathways underlying its physiological
effects. Although both in vitro and in vivo studies revealed the cellular
and molecular mechanisms associated with the PEMF stimulation of
osteogenesis, chondrogenesis, and anti-inflammation, a great deal still
needs to be done to have a comprehensive overview of the signaling
pathways through which PEMF exert its physiological effects, and until
then, the basis for its clinical use remains not solid or wholesome
[11-13]. Moreover, PEMF stimulation must overcome a significant
hurdle to wide clinical application, and that is the absence of stan-
dardized clinical practice guidelines, since the optimal clinical PEMF
stimulation parameters for each disorder are still not set [14,15]. An
additional factor that should not be overlooked is the possible health
risks linked to the exposure to PEMF in routine clinical settings for both
healthcare providers and patients [16,17].

With the purpose of tackling the knowledge gap in PEMF research,
the objective of our study was to explore the effects of PEMF stimulation
on stem cell behavior and osteogenic commitment. To achieve this, we
utilized an in vitro biomimetic investigation platform, recently proposed
by the Authors [18], based on an automated perfusion bioreactor that
provides bone-tissue-like mechanical stimulation (i.e., fluid flow-
induced shear stress) and can be equipped with a custom-made PEMF
stimulator. First, we developed trabecular bone-like tissues, consisting
of 3D-printed biomimetic polylactic acid (PLA) scaffolds and human
bone marrow-derived mesenchymal stem cells (BM-MSCs) seeded on the
scaffolds. We conducted experiments to evaluate the efficacy of different
cell seeding methods and culture media. Afterward, we employed the
most adequate conditions to investigate the impact of PEMF stimulation
on BM-MSCs cultured under bone-like mechanical stimulation provided
by the automated perfusion bioreactor via transcriptomic studies. The
latter was performed since understanding the signaling pathways
involved in the effects of PEMF stimulation is crucial for identifying the
underlying cellular and molecular mechanisms related to bone regen-
eration and repair. We hypothesized that PEMF stimulation could
induce stem cell osteogenic commitment via unconventional signaling
pathways, and that the in vitro investigation platform can allow us to
acquire knowledge that would aid in getting deeper insights into the
optimal clinical applications of PEMF stimulation for bone regeneration
and repair, which in turn can help in reducing the number of animals
used in bone biology research. Our results showed that PEMF exposure
increased the osteogenic commitment of BM-MSCs, and the tran-
scriptomic studies revealed a complex interplay of various signaling
pathways involved in the immune potential, osteogenic potential, and
angiogenic potential of BM-MSCs following exposure to PEMF.
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2. Methodology

2.1. 3D printing and characterization of the biomimetic polylactic acid
(PLA) scaffolds

The design and fabrication of the 3D-printed, biomimetic PLA scaf-
folds have been carried out according to a previously reported procedure
[19]. Briefly, a random 3D distribution of spheres, as virtual porogens
with a diameter of 600 pm, was created by means of a custom-made
script to be subtracted from a cylindrical volume (10 mm diameter, 5
mm height) to prepare the scaffold computer-aided design (CAD)
models. The resulting files were imported to ideaMaker (Raise3D Inc.,
Irvine, CA, USA) and sliced in the Z direction at 0.25 mm. Scaffolds were
then fabricated by processing a PLA filament (FormFutura BV, The
Netherlands) using a Raise 3D N2 printer (Raise 3D Inc., Irvine, CA,
USA), setting the nozzle temperature at 205 °C and the build plate
temperature at 60 °C. The scaffolds were previously characterized and
tested for bioactivity [20]. The resulting scaffolds have a mean perme-
ability value of 2.36 x 10710 m? [21].

2.2. Parallelized, automated perfusion bioreactor equipped with PEMF
stimulator

An automated perfusion bioreactor equipped with a custom-made
PEMF stimulator, previously developed and described [18], was here
parallelized. Briefly, the parallelized, automated perfusion bioreactor
consists of three independent 3D-printed culture chambers (CCs) con-
nected to three independent closed-loop hydraulic circuits controlled by
a custom control unit, designed for housing and culturing the 3D bone-
like tissues under direct perfusion (Fig. 1). Direct perfusion guarantees
continuous medium flow through the cultured constructs, ensuring
efficient mass transport and exposing the constructs to fluid flow-
induced shear stress, which is known to promote proliferation and dif-
ferentiation of osteoblasts and to favor bone mineralization [22,23].

Each CC (Dental SG Resin, Formlabs, United States) is composed of
two screwable parts that allow housing constructs of different sizes,
which are in turn press-fit in a tailored polydimethylsiloxane (PDMS)
holder (SYLGARD 184, Dow Corning, United States). Each closed loop
hydraulic circuit is composed of oxygen-permeable tubing (Darwin
Microfluidics, France) and a culture medium reservoir, and is connected
to a multichannel peristaltic pump (G100-1 J, Longer Precision Pump,
China) suitable to be incubated at 37 °C. The pump is controlled by a
custom control unit, equipped with a microcontroller board (Arduino
Micro, Arduino, Italy), that allows setting the pump’s parameters and
guarantees the same perfusion conditions in each CC. Finally, the
custom-made PEMF stimulator (IGEA Clinical Biophysics, Italy) consists
of a generator and two solenoids among which the bioreactor CCs can be
placed (magnetic field intensity = 1.5 mT, frequency = 75 Hz).

2.3. Trabecular bone-like tissue preparation and evaluation

2.3.1. Cell culture conditions

Human telomerase reverse transcriptase (hnTERT)-immortalized BM-
MSCs of clonal line Y201, which was generated by James et al. [24],
were cultivated in basal medium (BM) that is low-glucose Dulbecco’s
modified Eagle’s medium (DMEM, Gibco, Thermo Fisher Scientific, Inc.)
supplemented with 15 % fetal bovine serum (FBS, Gibco Thermo Fisher
Scientific, Inc.) and 1 % antibiotics (penicillin/streptomycin, Gibco
Thermo Fisher Scientific, Inc.) incubated in a humidified atmosphere
with 5 % CO5 at 37 °C. The cells were passaged once they reached 80-90
% confluency by enzymatic digestion using trypsin/ethylenediamine
tetraacetic acid (trypsin/EDTA, Gibco Thermo Fisher Scientific, Inc.)
prior to each assay.

2.3.2. Cell seeding and culturing under two conditions
Cells were directly seeded on the top of the PLA scaffolds inserted in
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Fig. 1. The bioreactor-based investigation platform. (A) Schematic representation of the parallelized, automated perfusion bioreactor and the custom-made pulsed
electromagnetic field (PEMF) stimulator set-up, with three independent culture chambers and hydraulic circuits; (B) Parallelized, automated perfusion bioreactor

and PEMF stimulator set-up within the incubator.

the PDMS holders of the automated bioreactor placed in a 6-well cell
culture plate either by suspension seeding or by using cell-releasing
hydrogels at a defined density of 3 x 10° cells and a defined volume
of 200 pL. For suspension seeding, cells were resuspended in 200 pL of
BM; for cell-releasing 2 % alginate, 4 % (40 mg/mL) alginate solution
was prepared using alginic acid sodium salt from brown algae (Medium
viscosity, Merck, Italy), and then mixed in a 1:1 ratio with the cell
suspension; and for cell-releasing 0.5 % collagen, cells were resuspended
in 200 pL of 5 mg/mL PureCol EZ Gel solution (Merck, Italy). Samples
were incubated for 4 h to allow cell infiltration and adhesion. Then,
samples seeded by suspension seeding and cell-releasing 0.5 % collagen
were covered by BM and incubated overnight; whereas samples seeded
by cell-releasing 2 % alginate were incubated overnight in 150 pL of 0.2
M calcium chloride (CaCly) solution, and then washed once with
phosphate-buffered saline (PBS, 1x) to remove the CaCl; solution. After
the overnight incubation, the samples were cultured in two different
culture conditions for 21 days: static culture, in which the samples were
kept in the cell culture plate, and BM was changed every 3-4 days; and
direct perfusion, in which samples were placed in the automated
perfusion bioreactor under unidirectional, direct perfusion at 0.3 mL/
min with 50 mL of BM pumped from the reservoir, and the medium was
changed every 7 days. Samples were evaluated in triplicates (n = 3).

2.3.3. Cell viability assay

On day 21 of culturing, the viability of BM-MSCs seeded on the
biomimetic PLA scaffolds using the three different cell seeding methods
and cultured under the two different culture conditions was evaluated
via the live/dead cell assay (LIVE/DEAD™ Viability/Cytotoxicity Kit for
mammalian cells, Invitrogen Life Technologies). Briefly, the samples
were removed from the CCs of the bioreactor, placed in a 24-well cell
culture plate, washed with PBS (1x), and then incubated in a BM con-
taining 2 pM calcein-AM and 2 pM ethidium homodimer-1 (EthD-1).
After 15 min of incubation at 37 °C and 5 % CO5 atmosphere, cells were
imaged using a fluorescence microscope (THUNDER Imager 3D Cell
Culture, Leica Microsystems) to visualize the green calcein AM that
stains live cells and the red EthD-1 that stains dead cells.

2.3.4. Cell infiltration and distribution assessment
On day 21 of culturing, the infiltration and distribution of BM-MSCs
were examined using a scanning electron microscope (SEM) (JSM-

IT500, JEOL, Italy). For SEM analysis, the samples were removed from
the CCs of the bioreactor, placed in a 24-well cell culture plate, and
gently washed with PBS (1x). Then, cells were fixed with 2.5 %
glutaraldehyde at 4 °C overnight, and after cell fixation, the 2.5 %
glutaraldehyde was dispensed, and samples were washed with PBS (1 x),
dehydrated in graded alcohol of 30 %, 50 %, 70 %, 90 %, and 100 %
(twice) for 30 min each, covered by hexamethydisilazane (HMDS) for
30 min, and then air-dried in a chemical fume hood. Finally, samples
were coated with gold using a sputter coating machine (DII-29030SCTR
Smart Coater, JEOL, Italy).

2.4. Trabecular bone-like tissue stimulation using PEMF

Following the selection of the optimal cell seeding method, which is
cell-releasing 0.5 % collagen, the bioreactor-based investigation plat-
form was used to perform preliminary studies on PEMF stimulation for
bone healing.

2.4.1. Trabecular bone-like tissue culturing under six conditions

Cells were directly seeded on the top of the PLA scaffolds inserted in
the PDMS holders of the bioreactor placed in a 6-well cell culture plate
by using cell-releasing 0.5 % collagen at a defined density of 3 x 10°
cells and a defined volume of 200 pL, as described in Section 2.3.2. The
samples were cultured for 21 days either in BM or osteogenic medium
(OM) (low-glucose DMEM supplemented with 10 % FBS, 1 % antibiotics,
20 mM p-glycerophosphate, 50 uM ascorbic acid-2-phosphate, and 107
M dexamethasone). Samples in BM and OM were cultured in three
different culture conditions: static culture, in which the samples were
kept in the cell culture plate, and BM or OM was changed every 3-4
days; direct perfusion, in which samples were placed in the automated
bioreactor under unidirectional, direct perfusion at 0.3 mL/min with 50
mL of BM or OM pumped from the reservoir, and the media were
changed every 7 days; and direct perfusion with PEMF stimulation, in
which samples were placed in the automated bioreactor under unidi-
rectional, direct perfusion at 0.3 mL/min with 50 mL of BM or OM
pumped from the reservoir, and media were changed every 7 days,
accompanied by PEMF stimulation (1.5 mT, 75 Hz) for 4 h per day
(corresponding to a cumulative dose of around 75 h over a period of 21
days). Samples were evaluated in triplicates (n = 3).
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2.4.2. Gene expression analyses

To evaluate osteogenesis, reverse transcription-quantitative PCR
(RT-qPCR) was performed. First, the total RNA was extracted using
TRIzol™ Reagent (Invitrogen Life Technologies) according to the man-
ufacturer’s instructions, except for allowing cell lysing for 10 min
instead of 5 min, and the RNA yield and quality were assessed using a
NanoDrop spectrophotometer (NanoDrop One, Thermo Fisher Scientific
Inc.). Second, 1 pg of total RNA was treated with DNase I to remove
genomic DNA contamination and was reverse transcribed using the
iScript™ gDNA Clear cDNA Synthesis Kit (Bio-Rad Laboratories) and a
thermal cycler (Mastercycler X50s, Eppendorf). Third, the genes of in-
terest and the reference gene were analyzed via qPCR which was per-
formed on 1 ng/pL of cDNA using a master mix of SsoAdvanced™
Universal SYBR® Green Supermix (Bio-Rad Laboratories) and primers at
a concentration of 2.5 pM, and the reactions were performed and
monitored using a thermal cycler (CFX96TM Real-Time System, Bio-Rad
Laboratories) according to the standard protocol. The cycle threshold for
each gene of interest was normalized against the reference gene that is
glyceraldehyde 3-phosphate dehydrogenase (GAPDH), and relative gene
expression levels were determined using the Livak’s method (2-24Cq)
[25,26] compared with the corresponding control group. This part of the
gene expression analyses was aimed at helping in the selection of the
culture medium, thus, we investigated the effects of PEMF stimulation in
two different culture media: BM and OM. For this purpose, collagen type
I alpha 1 chain (COL1A1), osteopontin (OPN), osteocalcin (OCN) and
runt-related transcription factor 2 (RUNX2) were used as markers of
osteogenesis; whereas, collagen type II alpha 1 chain (COL2A1) was
used as a marker of chondrogenesis. The primer pairs of the analyzed
genes are listed in Table S1.

Gene expression analyses were also performed following the tran-
scriptomic studies to validate the raw expression signals of 11 genes that
are commonly investigated in the literature, and the differential
expression of 3 genes that served as a validation of the RNA-Seq, detailed
in Section 2.5. The raw expression signals of the following genes were
evaluated: the adenosine receptors Azp adenosine receptor (A2pAR), Agp
adenosine receptor (AzpAR), and A3 adenosine receptor (A3AR); the
member of the Wnt/B-catenin signaling pathway that is Wnt family
member 1 (WNT1); the epigenetic factor that is microRNA 26a-1
(miR26A1); the markers of osteogenesis that are OCN and RUNX2;
and finally, the markers of angiogenesis that are intercellular adhesion
molecule 1 (ICAM1) and kinase insert domain receptor (KDR). The
differential expression of the following genes was evaluated: the marker
of osteogenesis, OPN; the marker of chondrogenesis, SRY-Box tran-
scription factor 9 (SOX9); and the marker of angiogenesis, platelet and
endothelial cell adhesion molecule 1 (PECAM1). The primer pairs of the
analyzed genes are listed in Table S1.

2.5. Transcriptomic studies: RNA-sequencing (RNA-Seq)

Based on the results obtained from the first part of the gene
expression analyses, the trabecular bone-like tissues cultured for 21 days
in BM were selected for transcriptomic studies, since the biochemical
signals provided by the OM obscured the detection of the cellular
changes caused by PEMF stimulation. Thus, for this part of the experi-
ment, samples were prepared and cultivated in BM for 21 days under
three culture conditions, as detailed in Section 2.4.1, and were evaluated
in duplicates (n = 2). The samples were labelled as follows: “S” repre-
sents static culture, “D” represents direct, unidirectional perfusion, and
“P” represents direct, unidirectional perfusion with PEMF stimulation.

2.5.1. RNA purification and quality assessment

Total RNA was isolated using TRIzol™ Reagent (Invitrogen Life
Technologies) as described in Section 2.4.2, and then purified with the
Qiagen RNeasy Mini Kit (Qiagen, Hilden, Germany), according to the
manufacturer’s instructions. RNA yield and quality were assessed using
a NanoDrop spectrophotometer (NanoDrop One, Thermo Fisher
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Scientific Inc.). Total RNA concentration was measured using Qubit™
RNA BR Assay Kit and Qubit™ 4.0 Fluorometer (Invitrogen, Thermo
Fisher Scientific Inc.). The RNA integrity was assessed using the Agilent
4200 TapeStation System (G2991AA) with the Agilent High Sensitivity.

RNA ScreenTape Assay (Agilent Technologies Inc., Santa Clara, CA,
USA). All RNA samples had an RNA integrity number (RIN) > 9 and
were considered high-quality samples.

2.5.2. RNA-seq library construction

For RNA-seq library preparation, 300 ng of total RNA per sample
were subjected to a ribosomal RNA depletion protocol using the Illu-
mina™ Stranded Total RNA Prep, Ligation with Ribo-Zero™ Plus Kit
(Illumina, San Diego, CA, USA). The concentrations of the final libraries
were measured using Qubit TM 1 x dsDNA HS Assay Kit and Qubit™ 4.0
Fluorometer (Invitrogen, Thermo Fisher Scientific Inc.), and their
quality was assessed with Agilent 4200 TapeStation System and Agilent
High Sensitivity D1000 ScreenTape Assay (Agilent Technologies Inc.).
Libraries were then sequenced on the Illumina NextSeq™ 550 platform
(Illumina Inc.) using a NextSeq 500/550 High Output Kit v2.5 (150
cycles, 2 x 75 bp read length, paired-end) (Illumina Inc.) to achieve
sufficient read depth for the analysis.

2.5.3. RNA-Seq bioinformatics

FastQC [27] and MultiQC [28] softwares were used to verify the
quality of RNA-Seq data. RSEM computational pipeline [29] was used to
quantify the expression of each human gene annotated to Ensembl v100
database [30] and on hg38 reference genome. STAR aligner [31] was
used in the alignment step of RSEM pipeline. To filter out the quantified
genes that are not really expressed in our model, only genes with a TPM
> 1 in at least one sample underwent further analysis, considered to be
expressed. Principal component analysis (PCA) plotting was performed
using the “prcomp” package of R on the matrix of expression data.
DESeq2 [32] was used to define differentially expressed gene (DEGs)
with the following thresholds |log2FC| > 1 and p.adj < 0.01. Heatmaps
showing unsupervised hierarchical clustering of genes were produced
using the “pheatmap” function in package of R. Functional analysis of
DEGs was performed using Metascape [33] with default parameters and
also using QIAGEN IPA software (QIAGEN Inc., https://www.qgiagen.
com/usproducts/discovery-and-translational-research/next-generation-
sequencing/informatics-anddata/interpretation-content-databases/
ingenuity-pathway-analysis/). Selected IPA pathways were filtered
using -log(p-value) > 3. Moreover, to find Gene Ontology (GO) terms
associated with the upstream regulators detected by the IPA analysis in
the comparison of “P” versus “D”, the list of upstream regulators was
filtered to select only the “transcription regulator” molecules, with a p-
value <0.001 and associated target molecules in dataset >5. The
resulting list of genes was then annotated with ToppGene Suite [34]
with default parameters, and the resulting GO terms were filtered using
a p-value adjusted with Bonferroni Correction <0.001. Semantic Plot
was produced using Revigo [35] with “Homo Sapiens™ as species.

3. Results
3.1. 3D trabecular, bone-like tissues

The first step in developing functional trabecular bone-like tissues is
efficient cell seeding that comprises adequate cell density and distri-
bution. After 21 days of cultivation in static culture and under bone-like
mechanical stimulation, the cell-PLA scaffold interaction exhibited
variations among the three cell seeding methods. The live/dead cell
assay showed no differences between the three cell seeding methods in
terms of cell viability (around 90 % viability) due to the abundance of
green fluorescence and the absence of red fluorescence. The absence of
red fluorescence does not indicate that no cell loss occurred, and instead
may suggest that dead or detached cells were shed during the 21 days of
culture. However, there were considerable differences in cell
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morphology, infiltration, and distribution between the three cell seeding
methods as shown by the live/dead assay and SEM analysis. In detail,
suspension seeding resulted in the concentration of cells on one side of
the PLA scaffold. In static culture the cells tended to accumulate at the
bottom side of the scaffold, since the cell suspension flowed downward
due to gravity; whereas, in dynamic culture the media flowed from the
bottom to the top of the scaffold, and as a result, the cells were forced to
concentrate on the top side of the scaffold (Fig. S1). An alternative
approach to increasing the efficiency of static seeding is the use of
hydrogels, and in this case, the choice of the hydrogel is of utmost
importance. In our work, cell-releasing 2 % alginate caused nonuniform
distribution and infiltration of cells throughout the scaffolds. Moreover,
cells were preserved inside the hydrogel, maintained their round
morphology, and had limited direct interaction with the scaffold as
evidenced by the live/dead assay and SEM analysis (Fig. S1). The second
hydrogel tested in our work was cell-releasing 0.5 % collagen that
exhibited optimal cell distribution and infiltration on multiple focal
planes of the scaffold both under direct, unidirectional perfusion and in
static culture. As shown in Fig. 2A, the live/dead assay revealed that
cells were evenly distributed both at the bottom and top of the scaffolds.
Additionally, cells were detected at various depths within the scaffold,
including shallow depths (associated with the low zeta stack) and deep
depths (associated with the high zeta stacks). The SEM analysis further
supported these observations, since cells were able to spread and attach
across the entire scaffold, as depicted in Fig. 2B. Exploring novel cell
seeding methods should be done while keeping in view cell density as a
crucial factor in bone regeneration. Previous studies showed that a high
cell seeding density is more advantageous for bone formation and the
clinical application of BTE, which supports our choice of a cell seeding
density of 3 x 10° cells per scaffold. Therefore, biomimetic PLA scaffold
seeded with 3 x 10° cells BM-MSCs using 0.5 % collagen was chosen as
the trabecular bone-like tissue model and was used in the following
experiments.

3.2. The set-up of cell culture conditions

Following the selection of the cell seeding method, the trabecular
bone-like tissues were cultured for 21 days in OM or in BM in static
culture (control) or under direct, unidirectional perfusion with or
without PEMF stimulation to select the cell culture medium that enables
the detection of the response of BM-MSCs to the biophysical stimulation
provided as PEMF. The expression levels of COL1A1, OPN, OCN and
RUNX2 as the osteogenic marker genes and COL2A1 as the chondro-
genic marker gene were relatively quantified by RT-qPCR.

For cells cultured in OM, the results showed that direct, unidirec-
tional perfusion without and with PEMF stimulation induced only a
slight upregulation in COL1A1 (~0.7 and 1.2-fold change, respectively),
OCN (~1.5-fold change for both conditions), RUNX (~0.8 and 1.0-fold
change, respectively), and COL2A1 (~1.7-fold change for both condi-
tions) but not in OPN (~0.07 and 0.1-fold change, respectively),
compared to static culture (Fig. 3A). The ratio of COL1A1 to COL2A1
(COL1A1/COL2A1), defined as an index of osteogenic differentiation,
was slightly higher with PEMF stimulation in OM (Fig. 3C). For cells
cultured in BM and also in comparison with static culture, the results
showed that direct, unidirectional perfusion without PEMF stimulation
induced only a slight upregulation in COL1A1 (~1.2-fold change), OCN
(~1.0-fold change), RUNX2 (~1.4-fold change) and COL2A1 (~0.3-fold
change), but not in OPN (~0.09-fold change). However, direct, unidi-
rectional perfusion with PEMF stimulation induced a notable upregu-
lation in COL1A1 (~5.2-fold change) and OPN (~12.0-fold change) and
a slight upregulation in OCN (~1.6-fold change), RUNX2 (~2.5-fold
change), and COL2A1 (~0.7-fold change), compared to static culture
(Fig. 3B). The ratios of COL1A1 to COL2A1 (COL1A1/COL2A1) were
higher in BM in comparison to those in OM. Moreover, in BM, the ratio
of COL1A1 to COL2A1 (COL1A1/COL2A1) was considerably higher in
the presence of PEMF stimulation in comparison to the absence of PEMF
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stimulation (Fig. 3C).

Considering the RT-qPCR results, we may propose that PEMF stim-
ulation notably potentiates the osteogenic commitment of BM-MSCs
only in the absence of biochemical stimuli supplied by the OM, sug-
gesting that the biochemical stimuli can obscure the role of PEMF
stimulation in osteogenic differentiation. That being the case, BM rather
than OM was used in the following experiments, and it must be
emphasized that the absence of biochemical cues for osteogenic differ-
entiation can better reflect the bone tissue physiology.

3.3. Transcriptomic studies of PEMF stimulation

Following the selection of the cell seeding method and the culture
medium, the trabecular bone-like tissues were cultured for 21 days in
BM in static culture (control) or under direct, unidirectional perfusion
with or without PEMF stimulation for RNA-Seq. The RNA-Seq is a
powerful tool for studying gene expression in response to PEMF stimu-
lation by identifying the DEGs. It also aids in studying gene regulation by
detecting the transcription factors that are activated or inhibited in
response to PEMF. Moreover, the pathway analysis tools aid in identi-
fying the signaling pathways that are activated or inhibited in response
to PEMF. Together, these data can provide insights into the molecular
mechanisms underlying cellular responses to PEMF stimulation.

3.3.1. Read processing, alignment, and quantification

The high throughput screening (HTS) quality control (QC) is sum-
marized in Fig. S2. Fig. S2A shows that all samples had a read depth of
29 million paired-end reads on average. Fig. S2B shows that the average
of the Phred-scaled quality score of each nucleotide in all the reads was
>34 in all the samples. Also, no adapter sequences were found in the raw
reads, so trimming was not necessary. The reads were subsequently
aligned against the human reference genome hg38 and a quantification
of every expressed gene was obtained, where expressed gene were
defined as those with transcripts per million (TPM) > 1 in at least one
sample, as described in the “Methodology Section 2.5”.

Furthermore, the inter-group and intra-group variabilities of the
expressed genes were assessed by clustering the samples via the prin-
cipal component analysis (PCA). The results that are presented in
Fig. S2C revealed the transcriptomes of the three distinct groups, which
are “S”, “D”, and “P”, formed separate clusters, whereas the tran-
scriptomes of the biological replicates of each group cluster tightly.
These two observations indicate that the replicates are more highly
correlated within samples than between samples.

The differential expression analysis of the three comparisons (“D”
versus “S”, “P” versus “S”, and “P” versus “D”) detected changes in the
expression levels of 368 genes in “D” versus “S”, 654 genes in “P” versus
“S”, and 224 genes in “P” versus “D”, which summed up to a total of 956
unique DEGs (Fig. 4). These DEGs were defined using [log2FC| > 1 and
p-adj < 0.01 as statistical cut-offs, as described in the “Methodology
Section 2.5”. The complete tables reporting log2FC and adjusted p-value
of the DEGs in each comparison are provided as a supplementary file 1.
Moreover, the complete tables reporting the upstream regulators that
were filtered to select only the “transcription regulator” molecules with
a p-value <0.001 and associated target molecules in the dataset >5 are
provided as a supplementary file 2.

To gain biological insights from these lists of DEGs, further analyses
were performed. For the sake of explicating the results obtained by the
transcriptomic studies in a concise and explicit manner, we focused our
attention on the changes in the expression levels of genes and upstream
regulators related to bone regeneration on one hand, and to some of the
previously reported biological effects of PEMF stimulation on the other.
The latter was done using QIAGEN IPA, as described in the “Method-
ology Section 2.5”. The identified DEGs were first used to identify the
signaling pathways that are affected by PEMF stimulation, and second,
to identify the upstream regulators that are affected by PEMF stimula-
tion. The identified upstream regulators then underwent pathway
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Fig. 2. Live/dead cell assay and scanning electron microscope (SEM) analysis of trabecular bone-like tissues cultured for 21 days in an automated perfusion
bioreactor. (A) Representative calcein-AM/EthD-1 images of bone marrow-derived mesenchymal stem cells (BM-MSCs) seeded on polylactic acid (PLA) scaffolds via
cell-releasing 0.5 % collagen. Images represent the upper and lower sides of the scaffold and focal planes with shallow and deep depths. Images were taken with 5x
magnification; scale bars correspond to 3.1 mm. (B) SEM images of BM-MSCs seeded on PLA scaffolds via cell-releasing 0.5 % collagen. Images represent the upper
and lower sides of the scaffold. Images were taken with 50x magnification; scale bars correspond to 500 pm.
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Fig. 3. Gene expression analyses of bone marrow-derived mesenchymal stem cells (BM-MSCs) in the trabecular bone-like tissues after 21 days of culture. The
osteogenic and chondrogenic mRNA expression in BM-MSCs cultured under direct, unidirectional perfusion without and with pulsed electromagnetic field (PEMF)
stimulation in comparison with static culture in (A) osteogenic medium (OM) and (B) basal medium (BM). The relative expressions of collagen type I alpha 1 chain
(COL1A1), osteopontin (OPN), osteocalcin (OCN), runt-related transcription factor 2 (RUNX2), and collagen type II alpha 1 chain (COL2A1) mRNAs were analyzed
by reverse transcription-quantitative PCR (RT-qPCR) and were calculated by 2~*2€T method with normalization to the levels of GAPDH. Bars represent the mean fold
change of three biological replicates + standard error of the mean (SEM). (C) The ratio of COL1A1 to COL2A1 (COL1A1/COL2A1) of BM-MSCs cultured in OM
and BM.
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Fig. 4. Heatmaps of differentially expressed gene (DEGs) of bone marrow-derived mesenchymal stem cells (BM-MSCs) cultured in basal medium for 21 days. (A)
Heatmap of all DEGs in each of the three groups (“S”, “D”, and “P”). (B) Heatmaps of DEGs in the three comparisons (“D” versus “S”, “P” versus “S”, and “P” versus
“D”). “S” represents static culture, “D” represents direct, unidirectional perfusion, and “P” represents direct, unidirectional perfusion with PEMF stimulation.

enrichment analysis to identify the pathways that are regulated by the
identified upstream regulators and the genes that are involved in the
pathways. Furthermore, we only included the results obtained for the
comparison of “P” versus “D” since the principal objective of our study
was to track down the signaling pathways targeted by PEMF stimulation
in an in vitro environment resembling as closely as possible the physi-
ological environment of bone tissue.

3.3.2. Immune potential of PEMF stimulation
Bone healing involves multiple phases that overlap, and these are the
inflammatory phase, fibrovascular phase, bone formation phase, and

bone remodeling phase. The acute inflammatory phase is known to
facilitate normal bone healing, and as such, inhibition of inflammation
and chronic inflammation are associated with delays and impairments in
bone healing, respectively [36].

The GO enrichment analysis of the DEGs in the comparison of “P”
versus “D” using Metascape (Fig. S3) showed that the signaling path-
ways evoked by PEMF stimulation and implicated in the first phase of
bone healing are: GO:0006954 (inflammatory response), R-HSA-
1280215 (cytokine signaling in immune system), GO:0001819 (positive
regulation of cytokine production), WP5055 (burn wound healing),
GO:0002697 (regulation of immune effector process), and R-HSA-
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6798695 (neutrophil degranulation). The analysis of DEGs in the com-
parison of “P” versus “D” using QIAGEN IPA (Fig. 5) revealed additional
signaling pathways, which are: mammalian target of rapamycin (mTOR)
signaling (enriched only), macrophage classical activation signaling
pathway (activated), antigen presentation pathway (enriched only),
pathogen-induced cytokine storm signaling pathway (activated), Thl
pathway (activated), Th2 pathway (enriched only), MSP-RON signaling
in macrophages pathway (deactivated), Thl and Th2 activation
pathway (enriched only), IL-12 signaling and production in macro-
phages (deactivated), wound healing signaling pathway (activated),
macrophage alternative activation pathway (activated), and neuro-
inflammation signaling pathway (activated). The pathway enrichment
analysis of the upstream regulators highlighted positive regulation of
immune system process, response to wounding, and positive regulation
of cytokine production (Fig. 6B).

3.3.3. Angiogenic potential of PEMF stimulation

With regards to the second stage of bone healing, the fibrovascular
phase [36], the GO enrichment analysis in the comparison of “P” versus
“D” using Metascape (Fig. S3) highlighted G0O:0001944 (vasculature
development), GO:0003013 (circulatory system process), GO:0060840
(artery development), and WP3888 (vascular endothelial growth factor
A-vascular endothelial growth factor receptor 2 (VEGFA-VEGFR2)
signaling) as signaling pathways promoted by PEMF. The analysis of
DEGs in the comparison of “P” versus “D” using QIAGEN IPA (Fig. 5) did
not identify signaling pathways associated with angiogenesis. However,
the identified upstream regulators included VEGFA, transforming
growth factor beta 2 (TGFB2), fibroblast growth factor 2 (FGF2),
fibroblast growth factor receptor 1 (FGFR1), and some members of the
mitogen-activated protein kinase (MAPK) signaling pathway, which are
MAPK1, MAPK3, and MAPK14 (Fig. 6A). The pathway enrichment
analysis of the upstream regulators highlighted the regulation of
vasculature development (Fig. 6B).

3.3.4. Osteoinductive potential of PEMF stimulation
The final phases of bone healing are the bone formation and bone
remodeling phases [36]. Since the preliminary gene expression analyses

EIF2 Signaling

Regulation of elF4 and p70S6K Signaling

mTOR Signaling

Macrophage Classical Activation Signaling Pathway
Multiple Sclerosis Signaling Pathway

Antigen Presentation Pathway

Pathogen Induced Cytokine Storm Signaling Pathway
Th1 Pathway

Th2 Pathway

PD-1, PD-L1 cancer immunotherapy pathway
Pathogenesis of Multiple Sclerosis

MSP-RON Signaling In Macrophages Pathway

Th1 and Th2 Activation Pathway

IL-12 Signaling and Production in Macrophages
Wound Healing Signaling Pathway

Macrophage Alternative Activation Signaling Pathway

Neuroinflammation Signaling Pathway

o

Bone 182 (2024) 117065

revealed that only when bone-like mechanical stimulation was coupled
with PEMF the upregulation in the osteogenic marker COL1A1 became
significant, the transcriptomic studies served the purpose of clarifying
the osteoinductive potential of PEMF stimulation.

The GO enrichment analysis of the DEGs in the comparison of “P”
versus “D” using Metascape showed that PEMF stimulation evoked
G0:0001501 (skeletal system development) with the main TFs involved
being p-catenin 1 (CTNNB1) and nuclear factor kappa B (NF-kB) inhib-
itor alpha (NFKBIA) (Fig. S3). By contrast, the analysis of DEGs in the
comparison of “P” versus “D” using QIAGEN IPA (Fig. 5) did not identify
signaling pathways associated with osteogenesis, but as in the case of
angiogenesis, the related upstream regulators should be acknowledged,
and these are: members of the canonical Smad-dependent signaling
pathway of the transforming growth factor (TGF)-f/bone morphoge-
netic protein (BMP) signaling, which are BMP2, BMP7, SMAD1, and
SMAD3; members of the non-canonical-Smad-independent signaling
pathway of the TGF-p/BMP signaling (that is, p38 mitogen-activated
protein kinase/p38 MAPK) including P38 MAPK; members of the
WNT/p-catenin signaling pathway including CTNNB1 and WNT3A
(predicted by IPA, but not actually expressed in our samples); the
member of the NF-kB signaling pathway that is NFKBIA; as well as the
runt-related transcription factors (RUNX) including RUNX2 (Fig. 6A).
The pathway enrichment analysis of the upstream regulators high-
lighted regulation of osteoblast differentiation, ossification, and regu-
lation of WNT signaling pathway (Fig. 6B).

3.3.5. Secondary pathways altered by PEMF stimulation

As the present work aimed to explore the biological effects of PEMF
stimulation using an innovative bioreactor-based investigation plat-
form, the results obtained by the transcriptomic studies were thoroughly
examined. Not surprisingly, the biological effects of PEMF have gone
beyond bone healing and in this section, we presented a few of the
biological effects of PEMF stimulation that were investigated by previ-
ous studies.

To start with, the possible role of PEMF stimulation in initiating
epigenetic alterations was checked, especially that this role called
attention recently. Cited as an example, the work by De Mattei et al.

5 10 15 20 25 30 35 40
-log(p-value)

Fig. 5. Bar plot representing selected enriched pathways from QIAGEN Ingenuity Pathway Analysis (IPA) of differentially expressed genes (DEGs) in the comparison
of “P” versus “D”, where “D” represents direct, unidirectional perfusion and “P” represents direct, unidirectional perfusion with PEMF stimulation. Orange bars
represent activated pathways in “P” in comparison with “D”; Blue bars represent deactivated pathways in “P” in comparison with “D”; Black bars represent pathways
that were only enriched in “P” in comparison with “D”. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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Fig. 6. Upstream regulators detected on QIAGEN Ingenuity Pathway Analysis (IPA) of the comparison of “P” versus “D”, where “D” represents direct, unidirectional
perfusion and “P” represents direct, unidirectional perfusion with PEMF stimulation. (A) Heatmap of the upstream regulators that were differentially expressed. (B)

Pathway enrichment analysis of the upstream regulators using Revigo.

(2020) presented that PEMF stimulation can modulate miRNAs involved
in osteogenesis and angiogenesis, mainly miR26a and miR29b [37]. In
the current study, the pathway enrichment analysis of the upstream
regulators highlighted miRNA transcription and miRNA metabolic
process (Fig. 6B). Therefore, a deeper insight into the biological signif-
icance of these epigenetic alterations can present a great topic for future
research.

Moreover, the first signaling pathway that was primarily underlined
by the analysis of DEGs in the comparison of “P” versus “D” using IPA,
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that is the eukaryotic Initiation Factor 2 (elF2) (deactivated), refocused
the attention on the possible modifications in gene expression of human
BM-MSCs that can be triggered by exposure to PEMF. eIF2 is known to
play a central role in the integrated stress response (ISR), an adaptive
signaling pathway required for the maintenance of cellular homeostasis
by reducing protein synthesis, while allowing the translation of a set of
mRNAs encoding transcription factors and other proteins [38]. The
modified signaling pathways and downstream events involved in gene
expression were searched for, and included the regulation of elF4 and
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p70S6K signaling (enriched only) (Fig. 5), and the upstream regulators
comprised SWI/SNF related, matrix associated, actin dependent regu-
lator of chromatin, subfamily a, member 4 (SMARCA4) and TATA-box
binding protein associated factor 4 (TAF4), among others (Fig. 6A).
The pathway enrichment analysis of the upstream regulators high-
lighted positive regulation of gene expression (Fig. 6B). These data can
support the hypothesis that PEMF perpetrated its functions by directly
altering gene expression, from transcription and translation to
epigenetics.

Another utility of PEMF stimulation that was previously described by
various studies is its potential use in certain pathological conditions with
the intention of ameliorating the pathogenesis of these conditions. The
pathological conditions that were detected in the present study include
multiple sclerosis (MS) and tumor. For MS, the analysis of DEGs in the
comparison of “P” versus “D” using QIAGEN IPA (Fig. 5) highlighted MS
signaling pathway (activated) and pathogenesis of MS (enriched only),
and this desirable outcome of PEMF was detected by various studies that
explored the effects of PEMF on spasticity [39]. Besides MS, bio-
physically stimulated BM-MSCs exhibited tumor suppression properties,
and the analysis of DEGs in the comparison of “P” versus “D” using
QIAGEN IPA (Fig. 5) included PD-1, PD-L1 cancer immunotherapy
pathway (deactivated), in addition to the expression of the upstream
regulators TP53 and phosphatase and tensin homolog (PTEN) that are
known tumor suppressors (Fig. 6A).

3.4. Validation of raw expression signals and differential gene expression

To further investigate the signaling pathways that were reported by
previous studies as potential pathways targeted by PEMF and to validate
the results obtained by the transcriptomic studies, gene expression an-
alyses were performed. Accordingly, the changes in the relative
expression levels of certain mRNAs from all three groups (“S”, “D”, and
“P”) were tracked down for the validation of the raw expression signals
(Fig. S4) and for the validation of the DEGs (Fig. S5).

Here we present the outcomes of the gene expression analyses ob-
tained for the comparison of “P” versus “D” in order to compare them
with the outcomes of the transcriptomic studies (Fig. S4C). Starting with
signaling pathways, the relative expression levels of A2pAR, ApAR, and
A3AR mRNAs were detected to examine adenosine signaling as it is
extensively reported in the literature, but was not highlighted by the
transcriptomic studies of our study. While AspaAR and AggAR were
slightly upregulated (~1.0 and 0.6-fold change, respectively) due to
PEMF stimulation, A3AR was not. Another signaling pathway that is
highly noted by previous works is the Wnt/f-catenin signaling pathway
with WNT1 being the mainly reported member. The relative expression
level of WNT1 mRNA showed that WNT1 was not expressed by BM-
MSCs, even after PEMF stimulation. This finding is in line with the re-
sults of the transcriptomic studies, since CTNNB1 and WNT3A (pre-
dicted by QIAGEN IPA, but not actually expressed in our samples), and
not WNT1, were the identified members of the WNT/p-catenin signaling
pathway. To get additional information on the epigenetic alterations
caused by PEMF, the relative expression level of the most commonly
reported epigenetic modulator in the literature, that is miR26A1, was
evaluated, and results showed that PEMF caused a slight elevation in the
expression of miR26A1 (~1.0-fold change), and this was also verified by
transcriptomic studies that highlighted other miRNAs, and not
miR26A1, as major epigenetic players.

To corroborate the biological effects of PEMF on the cellular level,
the relative expression levels of the osteogenic markers, angiogenic
markers, and chondrogenic markers were traced. The outcomes showed
higher expression of RUNX2, OCN, and OPN mRNAs with PEMF stim-
ulation in comparison with perfusion alone (~1.9, 1.7, and 147.7-fold
change, respectively), and similar tendencies were seen with the
mRNAs of the angiogenic markers ICAM1, PECAM1, and KDR (~1.9,
13.7, and 1.1-fold change, respectively) and the mRNA of the chon-
drogenic marker SOX9 (~2.5-fold change). Based on the results, we can
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hypothesize that PEMF stimulation tends to preserve the ability of BM-
MSCs to differentiate into various cell types. This is because both oste-
ogenic and angiogenic markers were upregulated. This property is a key
characteristic of stem cells, which are known for their ability to differ-
entiate into different cell types.

4. Discussion

Developing an in vitro biomimetic investigation platform for bone
biology research that mimics, as closely as possible, the architectural
and mechanical environment of bone requires joining some key pillars.
The first step in developing functional trabecular bone-like tissues is
efficient cell seeding that comprises cell density and distribution. The
results we obtained with the three cell seeding methods that we evalu-
ated (suspension seeding, cell-releasing 2 % alginate, and cell-releasing
0.5 % collagen) are in line with previous findings. Static seeding of cells
in liquid suspension was previously tested by Camara-Torres et al.
(2020), who altered the viscosity and density of the culture medium
using dextran and Ficoll, respectively, and proved that increasing the
viscosity and the density of the culture medium did not only cause ho-
mogeneous cell infiltration of BM-MSCs into the 3D scaffolds prepared
from the copolymer poly(ethylene oxide terephthalate)/poly(butylene
terephthalate) (PEOT/PBT), but also improved osteogenesis [40].
Moreover, the superiority of collagen to alginate in our study empha-
sizes the utility of collagen for cell seeding that has been evaluated by
various studies. One of which is the work of Fahimipour et al. (2019),
who fabricated a bone ECM-mimetic matrix composed of heparin-
functionalized collagen and immobilized bone morphogenetic protein
2 (BMP2) to seed dental pulp MSCs into f-tricalcium phosphate (3-TCP)
scaffolds, and they revealed that the collagen-heparin matrix main-
tained the bioactivity of BMP2, enhanced the cell seeding efficiency, and
supported osteogenesis [41]. Concerning our adherence to high-density
seeding, this choice is supported by several studies including those of
Hsieh et al. (2019) [42] and Wu et al. (2015) [43] who verified the
superiority of high cell seeding density.

The second step in developing an in vitro investigation platform that
is targeted for assessing the effects of PEMF on BM-MSCs in the presence
of bone-like mechanical environment is the selection of the cell culture
conditions. We aimed to compare BM with OM in terms of cellular and
molecular changes caused by mechanical and biophysical stimulation.
In our study, we observed that there exists a subtle association between
direct perfusion and the osteogenic differentiation of BM-MSCs. This
correlation was evident in BM but not in OM, since the ratio of COL1A1
to COL2A1 (COL1A1/COL2A1) exhibited a slight inclination towards
osteogenic differentiation. However, other authors have succeeded in
highlighting the positive influence of biomechanical stimuli on osteo-
genesis. Lim et al. (2019) were able to design a fully automated biore-
actor system (fABS) and to induce proliferation, osteogenesis, and
chondrogenesis of human BM-MSCs in a water-jacketed culture chamber
(WJCC) via shear stress of 1.018 x 107° Pa even in the presence of the
biochemical stimuli [44]. Moving towards more complex applications of
bioreactors, Vetsch et al. (2017) aimed to use a perfusion bioreactor that
specifically mimics the mechanical environment during early fracture
healing or during bone remodeling, which corresponds to v =0.001 m/s
and v = 0.061 m/s, respectively. In this respect, they utilized human
BM-MSCs, 3D silk fibroin scaffolds, and an osteogenic medium, and
showed that by using two different flow rates the cell fate was directed
towards either proliferation or osteogenic differentiation [45]. In earlier
work, also employing a 3D cell culture and human BM-MSCs, Bjerre
et al. (2008) cultivated silicate-substituted tricalcium phosphate (Si-
TCP) scaffolds in a perfusion bioreactor using media supplemented with
1078 M 1,25-(0OH),-vitamin Ds; and again, in this case, the authors
managed to observe enhanced proliferation, osteogenic differentiation,
and cell/matrix deposition at a flow rate of 0.1 mL/min [46]. The dis-
similar outcomes of the perfusion bioreactors in BTE can be attributed to
the alterations in experimental conditions related to the bioreactor
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systems since they are operated with unique experimental configura-
tions, as well as to the scaffold material, scaffold properties, cell type,
and cell culture duration, in addition to environmental conditions.
Therefore, results obtained from bioreactor systems can be compared
only when identical, standardized bioreactor systems are used under the
same experimental and environmental conditions, as was previously
demonstrated by Zhao et al. (2018) [47] and other researchers. How-
ever, in our study, we were able to demonstrate the osteogenic potential
of PEMF stimulation using our bioreactor-based investigation platform
with BM rather than OM. Previous in vitro studies also proved possible
the role of PEMF stimulation in bone regeneration. Starting from studies
on 2D cell cultures, Ongaro et al. (2014) revealed that both human BM-
MSCs and adipose-derived mesenchymal stem cells (AD-MSCs) exposed
to continuous PEMF stimulation (1.5mT, 75 Hz) for 28 days in osteo-
genic medium and in the absence or presence of BMP2 promoted oste-
ogenic differentiation [48], and Kang et al. (2013) were also able to
show similar outcomes using PEMF stimulation (30/45Hz, 1mT) for 8 h
per day for up to 20 days [49]. On a similar note, previous studies by
Jansen et al. (2010) [50], Sun et al. (2010) [51], and Tsai et al. (2009)
[52] reported enhanced osteogenesis owing to PEMF stimulation.
Conversely, other studies on PEMF stimulation using 2D cell cultures,
such as the ones performed by Kaivosoja et al. (2012) [53] and Yan et al.
(2010) [54] were incapable of verifying the osteoinductive properties of
PEMF. Yet, the response of cells to external stimuli varies significantly
between 2D and 3D cell cultures, and the latter was amply shown by the
study performed by Schwartz et al. (2009) [55]; thus, the evaluation of
PEMF’s biological outcomes should be compulsory done on 3D cell
cultures [56]. The few studies on PEMF stimulation and 3D cell cultures
involve titanium, calcium phosphate scaffolds, and polymers, as
described previously by Galli et al. [10] One of the most recent works on
titanium by Broise et al. (2018) involved nanostructured TiO3, where
human BM-MSCs were seeded on the scaffolds, cultured in osteogenic
medium, and exposed to PEMF stimulation (2 mT, 75 Hz) for 10 min per
day for a total of 28 days. The authors showed that PEMF can have a
significant osteoinductive potential that involves selective calcium-
related osteogenic pathways [57]. One of the latest studies employing
calcium phosphate scaffolds, which was performed by Schwartz et al.
(2008), did not achieve comparable results as the authors were unable to
demonstrate that PEMF stimulation enhances the osteogenic effects of
BMP2 on human BM-MSCs cultured in osteogenic medium [58]. Ulti-
mately, among the recent work on polymers, poly(caprolactone) (PCL)
nanofibrous scaffolds and human AD-MSCs were cultured in basal me-
dium or osteogenic medium for up to 21 days by Arjmand et al. (2017),
who were able to show that PEMF stimulation alone has an osteoin-
ductive potential similar to that of osteogenic medium [59]. By this
stage, the osteoinductive potential of perfusion bioreactors and PEMF
was examined separately, and as previously described, mimicking in
vitro the bone tissue-specific environment is a central factor in bone
biology research. Thus far, only a limited number of studies examined
PEMF as part of an in vitro bone tissue experimental model encom-
passing 3D cell cultures and perfusion bioreactors. The latest work by
Wang et al. (2019) evaluated EMF (15Hz, 1 mT) exposure for 4h per day
in vitro using hydroxyapatite/collagen type I (HAC) scaffolds and rabbit
BM-MSCs in basal and osteogenic media, as well as in vivo by implanting
the obtained cell-laden constructs in a rabbit femur condyle defect
model, and the obtained results showed that EMF ameliorated bone
regeneration and bone integration [60]. The desirable outcomes of
PEMF on bone cells using 3D cell cultures and perfusion bioreactors
were also highlighted by Tsai et al. (2007) via poly(dl-lactic-co-glycolic
acid) (PLGA) scaffolds and rat osteoblasts [61]. Although none of these
platforms entirely replicate the bone tissue-specific environment, they
represent a more legitimate tool for bone biology research.

After selecting the optimal trabecular, bone-like tissue and culture
condition, the DEGs identified by transcriptomic studies were analyzed
to identify the signaling pathways and upstream regulators altered by
PEMF stimulation by comparing the culture conditions “P” and “D”.
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Moreover, the identified upstream regulators underwent pathway
enrichment analysis. Starting with the first phase of bone healing, our
results showed that in the absence of a pathological state, such as bone
fracture, PEMF has an immune potential as it stimulates the immune
properties of human BM-MSCs and can therefore modulate the immune
system. This outcome is consistent with the findings of previous studies
that presented the anti-inflammatory properties of PEMF. However, it is
worth noting that most in vitro studies performed to date were done on
2D cell cultures and in the presence of an inflammatory state, and only a
few of them investigated MSCs. For instance, synovial fibroblasts from
OA patients were exposed to PEMF by Ongaro et al. (2011), who showed
that EMF predisposed an anti-inflammatory state via the activation and
upregulation of the adenosine receptors Ay and Asg, the inhibited
release of prostaglandin E; (PGE3) and other proinflammatory cyto-
kines, and finally, the elevated release of anti-inflammatory cytokines
[62]. For the immune potential of PEMF stimulation, several studies
suggested the involvement of ARs, and proposed A;pAR and A3AR as the
major players in various cell lines including human neutrophils, syno-
viocytes, chondrocytes, and osteoblasts [63]. The transcriptomic studies
of the present work did not highlight signaling pathways involving ARs;
yet, these transmembrane receptors are not the only ones that can be
linked to the immune potential of PEMF stimulation. This point was
demonstrated by other studies, such as the work done by Ferroni et al.
(2018), who studied mTOR signaling pathway in particular, and
revealed that human AD-MSCs exposed to PEMF showed increased cell
proliferation, cell adhesion, and osteogenic commitment even in in-
flammatory conditions via mTOR signaling pathway [64]. The
involvement of the mTOR signaling pathway was also demonstrated in
the transcriptomic studies of the present study, as mentioned above.

The second phase of bone healing, the fibrovascular phase, is also
targeted by PEMF stimulation, according to our results. This capacity of
PEMF stimulation has been reported by previous in vitro studies too, yet,
they were mainly performed on 2D cultures. One example is the recent
study by Gerdesmeyer et al. (2022), who used primary human BM-MSCs
cultured in osteogenic medium and exposed them to high-intensive
PEMF (80-150 mT, 1-3 Hz) for up to 14 days. The authors showed
that only at day 7 of culture PEMF with a magnetic field strength of 80
mT caused an increase in the released proangiogenic factor VEGF, while
it did not upregulate the expression of VEGF and pro-osteogenic factors
genes [65]. In previous work in vitro and in vivo, Tepper et al. (2004)
also depicted a major role of FGF2 in the angiogenic potential of PEMF
[66]. Regardless of the heterogeneity among the examined angiogenic
markers, there is substantial evidence of the involvement of the MAPK
signaling pathway, with a concrete role of FGF2 in the angiogenic po-
tential of PEMF stimulation. This was also observed in the present study
using BM-MSCs, since the transcriptomic studies underlined upstream
regulators that are tightly linked to the activation of MAPK signaling
pathway and to the regulation of angiogenesis.

Finally, the last phases of bone healing, which are the bone formation
phase and bone remodeling phase, are also altered by PEMF stimulation
relative to our findings. However, it is noteworthy that regardless of the
firm bond between PEMF stimulation and bone healing, the complete
mechanisms participating in this action are slightly recognized, and
adding to this, the findings of studies are not well defined. In 2D cul-
tures, for instance, Gerdesmeyer et al. (2022) did not observe a signifi-
cant upregulation in the expression of COL1, ALP, OCN, and BMP2 by
human BM-MSCs exposed to PEMF after 7 and 14 days of culture in
comparison with cells cultured in the absence of PEMF [65]. Conversely,
Wu et al. (2018), using mouse embryonic stem cells exposed to PEMF
(0.1-10 mT, 30 Hz), revealed that PEMF induced osteoblastogenesis
through increased intracellular Ca%* and the Wnt-Ca?*/Wnt-B-catenin
signaling pathway [67]. The effect of PEMF stimulation on bone healing
was also tested in 3D cultures. Using calcium phosphate (CaP) surfaces
and three different cell lines (human BM-MSCs, human osteoblast-like
osteosarcoma MG63 and Sa0S-2 cells, and normal human osteoblasts),
Schwartz et al. (2009) showed that PEMF stimulation elevated the
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expression of the TNF receptor superfamily member 11b (TNFRSF11B),
but did not alter that of RANKL, suggesting that PEMF stimulation acts
via a signaling pathway other than those that mediate RANKL expression
or secretion [55]. The signaling pathways involved in bone metabolism
that are mainly correlated with the osteogenic potential of PEMF include
TGF-B/BMP signaling [68], WNT/p-catenin signaling [69], and NF-kB
signaling [70]. In the present study, members of all three pathways were
detected to be upregulated by PEMF stimulation. Alongside this, the
single most startling finding is the remarkable upregulation of the
expression of OPN caused by PEMF stimulation in comparison with
perfusion alone. The latter is worth further investigation, especially that
OPN possesses multiple functions and plays roles in inflammation, car-
diovascular diseases, cellular viability, cancer, diabetes, and renal stone
disease [71].

5. Conclusions

In spite of the advancements in uncovering the biological effects of
biophysical stimulation, including PEMF, a comprehensive under-
standing of the altered signaling pathways is yet to be realized. There is
no doubt that in vitro experiments omitting the complexity and pecu-
liarity of tissue types are henceforward deficient, and in parallel, legis-
lations aiming to stop the use of animals for scientific purposes make in
vivo experiments an unfeasible alternative. As such, the most propitious
substitute is the application of in vitro investigation tools that attempt to
replicate the parameters of specific physiological environments as
closely as possible. Human mesenchymal stem cells (hMSCs) are sensi-
tive to biomechanical and biophysical stimuli, which means that it is
enormously substantial to track down the signaling pathways involved
in the stimulus-response transformations resulting from biomechanical
and biophysical stimulation.

Based on evidence from the current study, human BM-MSCs culti-
vated in an in vitro investigation platform replicating the micro-
architecture of trabecular bone and the physiological environment of
bone tissue can respond to PEMF stimulation by inducing bone healing
via the expression of immune, angiogenic, and osteogenic potential. The
study also successfully mapped the gene transcripts of human BM-MSCs
that are sensitive to biomechanical and biophysical stimulation. Another
observation to emerge from this study is the ability of PEMF stimulation
to initiate new features in the human BM-MSCs including the aptitude to
interfere in certain pathological states. Thus, based on evidence from the
present study, the proposed in vitro investigation platform represents a
suitable tool for investigating the biological effects of PEMF stimulation.

The current work is a call for other researchers to avail themselves of
the opportunity to access the transcriptome profile of human BM-MSCs
to direct their future research. It should be emphasized that a lot remains
obscured, and more work is needed to discover how different cell types
respond to PEMF stimulation, how mechanical stimuli resembling the
bone physiological environment affect the biological effects of PEMF,
and how the modification of PEMF parameters (amplitude, frequency,
pulse shape, and duration of exposure) modify the biological outcome.
Our future work will aim to tackle in depth the previously mentioned
points. As we discover more about how PEMF stimulation affects our
biology, healthcare professionals can use this information to tailor PEMF
treatments to individual patients.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.bone.2024.117065.
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