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Introduction: In the process of bone regeneration, a prominent role is played by macrophages involved in both the initial 
inflammation and the regeneration/vascularization phases, due to their M2 anti-inflammatory phenotype. Together with osteoclasts, 
they participate in the degradation of the bone matrix if the inflammatory process does not end. In this complex scenario, recently, 
much attention has been paid to extracellular communication mediated by nanometer-sized vesicles, with high information content, 
called exosomes (EVs). Considering these considerations, the purpose of the present work is to demonstrate how the presence of 
a pulsed electromagnetic field (PEMF) can positively affect communication through EVs.
Methods: To this aim, macrophages and osteoclasts were treated in vitro with PEMF and analyzed through molecular biology 
analysis and by electron microscopy. Moreover, EVs produced by macrophages were characterized and used to verify their activity 
onto osteoclasts.
Results: The results confirmed that PEMF not only reduces the inflammatory activity of macrophages and the degradative activity of 
osteoclasts but that the EVS produced by macrophages, obtained from PEMF treatment, positively affect osteoclasts by reducing their activity.
Discussion: The co-treatment of PEMF with M2 macrophage-derived EVs (M2-EVs) decreased osteoclastogenesis to a greater degree 
than separate treatments.
Keywords: PEMF, exosomes, macrophages, bone, osteoclast

Introduction
As integral components of diverse cellular networks within the bloodstream, macrophages play a crucial role in orchestrat-
ing the intricate balance of bone homeostasis, repair, and growth. Their central involvement positions them as promising 
agents in advancing bone regeneration efforts. Upon implant insertion, macrophages swiftly migrate to the site of injury in 
response to chemical signals, influencing the fate of the implant.1–4 These cells exhibit significant plasticity, capable of 
polarizing into either the pro-inflammatory M1 phenotype or the anti-inflammatory/healing M2 phenotype in response to 
the tissue microenvironment. M1 macrophages escalate inflammatory responses by generating large quantities of inflam-
matory cytokines (such as tumor necrosis factor-α [TNFα], IL-1, and IL-6) and reactive oxygen species (ROS). Conversely, 
M2 macrophages resolve inflammatory reactions and facilitate tissue repair through the secretion of anti-inflammatory and 
pro-regenerative factors (eg, IL-10 and transforming growth factor β [TGF-β]).5–7 An imbalance in M1/M2 macrophage 
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ratio, often due to prolonged presence of M1 macrophages, can lead to delayed tissue repair, the development of unresolved 
tissue damage and various inflammatory disorders. In recent years, considerable attention has been directed towards 
extracellular vesicles (EVs) as novel tools in regenerative medicine, with implications for wound healing, as well as 
regeneration of bone, cardiac tissue, and tendons, among other applications.8–11 EVs are nanoscale vesicles released by 
various cells, with diameters typically ranging from 30 to 150 nm, and are found in various body fluids. Laden with 
biologically active substances such as proteins, lipids, DNA, and RNA, EVs play crucial roles in intercellular commu-
nication, signal transduction, and the regulation of biological processes including immune responses, cell proliferation, and 
differentiation.

It is widely acknowledged that EVs derived from mesenchymal stem cells (MSCs) play a crucial role in fostering 
bone regeneration by modulating osteogenic differentiation and gene expression via miRNA transfer. Moreover, MSC- 
derived EVs exhibit the capacity to enhance endothelial cell proliferation, migration, and tube formation by upregulating 
the vascular endothelial growth factor (VEGF) and hypoxia-inducible factor-1α (HIF-1α), thereby boosting the micro-
vessel density in fractured bones. Certain genetic materials within these EVs can also induce M2 macrophage polariza-
tion by downregulating PRKCCD and PTEN expression, promoting p-AKT expression, and activating the PI3K/AKT 
signaling pathway.12,13 Recent studies have shed light on the immunomodulatory properties of MSC-derived EVs, 
demonstrating their ability to promote the transition from M1 to M2 macrophage polarization and increase the secretion 
of anti-inflammatory cytokines and chemokines, offering therapeutic benefits in inflammatory conditions, wound healing, 
and tissue regeneration. Research by Yuki Nakao et al has revealed that EVs stimulated by TNF-α can facilitate M2 
macrophage polarization by enhancing CD73 expression.14,15 Similarly, Li et al have shown that EVs derived from 
adipose-derived stem cells (ADSCs) can effectively modulate the immune response surrounding bones, presenting 
a novel treatment approach to enhance bone healing. Recent findings suggest that macrophages may employ 
a paracrine mechanism to create an optimal microenvironment for reducing inflammation, with EVs playing a crucial 
role in mediating interactions with neighboring cells and influencing cytokine and miRNA levels to attenuate inflam-
matory responses in recipient cells. In a mouse model of inflammatory pain, EVs derived from macrophages have been 
observed to mitigate thermal hyperalgesia, highlighting their involvement in regulating dysregulated inflammation. 
However, the extent to which polarized macrophages contribute to osteoclast differentiation through EV secretion 
remains incompletely understood.16–20
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Alongside this novel nano biobased technology, recent studies have shown that also physical treatments, such as 
PEMF, can be used as innovative therapy for inflammatory management, with potentially substantial benefits in 
regenerative therapies.21,22 Evidences showed that PEMF treatment increased bone formation, and was able to 
decrease bone resorption in the monoiodoacetic acid-induced (MIA) osteoarthritis (OA) rat model.23 Moreover, it 
has been demonstrated that PEMF is able to modulate both cell surface receptor expression/activation and downstream 
signal transduction pathways, restoring homeostatic cell functions such as viability, proliferation, differentiation, 
communication with neighboring cells, and interaction with extracellular matrix (ECM) components.24,25 Indeed, the 
continuous and prolonged exposure of cells to magnetic fields modifies cell physiological activities such as prolifera-
tion, accelerates cell differentiation, increases the deposition of collagen and the synthesis and secretion of growth 
factors, and modulates the activation of cell surface receptors, thereby holding relevant contributions for the re- 
establishment of homeostatic cell functions.23,26–29 PEMF exposure has also been shown to exert anti-inflammatory 
effects by up-regulating A2A and A3 adenosine receptors (ARs), thereby mitigating the expression of pro- 
inflammatory cytokines.30 Some studies have also underlined how extremely low-frequency PEMF may provide 
advantages for in vitro tissue generation, stimulating angiogenesis and promoting bone formation, and modulating 
inflammatory response in MSCs and macrophages.26,31–33

Therefore, PEMF stimulation may play a crucial role in the inflammatory process of injured tissues, resulting in 
enhanced functional recovery and support tissue regeneration both in a direct or indirect way.34–38

Synergistically combining EVs with PEMF could be a promising strategy in which EVs not only play an osteogenic 
role but also inhibit the excessive inflammatory response, and promote bone healing. However, the effect of PEMF on 
EVs in promoting bone regeneration and inhibiting inflammatory response has not still in depth investigated. This study 
aimed at exploring the regulatory effect of PEMF on bone regeneration and inflammatory response of macrophage 
derived EVs through in vitro experiments. The finding will open a new direction for enhancing the therapeutic effect of 
PEMF, demonstrating that it not only reduce the inflammatory activity of macrophages and the degradative activity of 
osteoclasts but that macrophage derived EVs significantly attenuate the secretion of pro-inflammatory cytokines and 
positively affect osteoclasts by reducing their activity. Furthermore, given their heightened anti-inflammatory potential, 
EVs will be a promising approach for accelerating bone formation and reducing inflammation in the bone regeneration 
process.

Materials and Methods
Cell Culture and PEMF Exposure
The THP-1 monocyte cell line, acquired from Resnova (Rome, Italy), underwent culture at Roswell Park Memorial 
Institute (RPMI) 1640 complete medium (Euroclone S.P.A, Pero, Italy) and 10% Fetal bovine serum (FBS, Euroclone S. 
P.A., Pero. Italy). Cultures were maintained at 37°C with 5% CO2, and the medium was refreshed every 2 days. For 
experimental purposes, differentiation of THP-1 monocytes into macrophages was achieved by exposure to a complete 
RPMI 1640 medium containing 100 ng/mL of Phorbol 12-myristate 13-acetate (PMA) for 24 hours, followed by a 72- 
hour resting period. During this interval, adhered macrophages were cultured in complete RPMI 1640 medium.

RAW264.7 cells were procured from Sigma-Aldrich, Milan, Italy. To study osteoclastogenesis, α minimum essential 
media (α MEM; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% FBS and 1% 
penicillin/1% streptomycin, along with 50 ng/mL RANK-L (PeproTech, Inc., Rocky Hill, NJ, USA) was utilized to 
culture these cells. For the application of PEMF, the cells were housed in an incubator containing the Magdent’s 
electromagnetic healing abutments (Magdent ltd-Kinneret St 5, Bnei Brak, Israel) present in the bottom of the petri 
dishes. Cells in the control group were housed in a separate incubator under identical conditions but without PEMF 
exposure. The devices used in this study were miniaturized PEMF devices designed to resemble healing abutments 
(healing caps) for dental implants, featuring a 1.25 mm (0.05”) hexagonal socket. Constructed with a Ti6Al4V (Grade 5) 
structure, each PEMF device comprised a battery serving as a power source, an electronic component, and a coil. Upon 
activation, the device emitted an electromagnetic field with a radius of 2 mm, an exposure ratio ranging from 1/500 to 1/ 
5000, intensity levels spanning from 0.05 to 0.5 mT, and a frequency between 10 and 50 kHz. Activation of the device 

International Journal of Nanomedicine 2024:19                                                                                   https://doi.org/10.2147/IJN.S470901                                                                                                                                                                                                                       

DovePress                                                                                                                       
8697

Dovepress                                                                                                                                                         Trentini et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


was facilitated by insertion into an activator apparatus employing a magnetic mechanism to initiate the battery. 
Subsequently, the PEMF emitted the electromagnetic field continuously for a duration of 30 consecutive days.

Scanning Electron Microscopy
A morphological assessment of cultured cells was conducted using 2D scanning electron microscopy (SEM Zeiss EVO 
40, Zeiss, Oberkochen, Germany). In this study, 3×105 THP-1 cells were seeded onto sterile coverslips coated with poly- 
d-lysine and induced to differentiate into macrophages. Following the treatment, all samples were fixed with 2% 
glutaraldehyde in phosphate buffer (PBS, Sigma-Aldrich, Milan, Italy) at 4°C, dehydrated using a series of ethanol 
baths with increasing concentrations, mounted, and then sputter-coated with gold following standard procedures. Imaging 
was performed under high vacuum conditions using a secondary electron detector.

EVs Isolation and Analyses
EVs were isolated from the conditioned medium (CM) of cells using the Cell Culture Media EV Purification Kit (Norgen 
Biotek Corp., ON, Canada) in accordance with the manufacturer’s instructions. For transmission electron microscopy 
(TEM) analysis using the TEM Zeiss EM 910 instrument (Zeiss, Oberkochen, Germany), EVs were fixed in a 2% 
glutaraldehyde solution in PBS at a ratio of 1:1. Subsequently, the EVs were deposited, rinsed, and stained with heavy 
metal compounds onto a gridded slide following standard protocols. The distribution size and diameter of EVs were 
assessed using the qNano platform (iZON Science, UK). The analyses were conducted employing NP150 nanopores and 
CPC200 calibration particles under a pressure of 20 mbar. The obtained results were analyzed with the Izon control suite 
v3.4. The Elisa analysis of EVs specific markers was performed using the commercial Exo-Check™ exosome antibody 
array (Systems Biosciences, USA), according to the manufacturer’s instructions. The array contains eight known EVs 
markers, including CD63, CD81, ALIX, FLOT1, ICAM1, EpCam, ANXA5, and TSG101; four controls, including two 
positive controls (HRP Detection), blank spot (background control) and GM130 cis-Golgi marker, which monitors for 
any cellular contamination. Briefly, 50 µg of MSC-EVs was lysed and labeled for 30 min with constant mixing. The 
labeled samples were washed and blocked with a blocking buffer. Array membrane was incubated with labeled lysate/ 
blocking buffer mixture at 4°C overnight on a rocker. The next day, the samples were washed and incubated with 
a detection buffer for 30 min at RT on a shaker and analysed by the chemiluminescence imaging system (ChemiDoc, Bio- 
Rad). Experiments were performed in triplicate.9,29,38–40

Sequencing and Data Analysis
NanoDrop 2000 (Thermo Fisher Scientific, Waltham, MA, USA) and Agilent Bioanalyzer 2100 (Agilent, Santa Clara, 
CA, USA) were employed to assess total RNA. Libraries were created with 1 μg of total RNA by TruSeq Sample 
Preparation RNA Kit (Illumina Inc., San Diego, CA, USA) according to the manufacturer’s protocol. All libraries were 
quantified with Qubit dsDNA BR Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA) on Qubit 2.0 Fluorometer 
(Thermo Fisher Scientific, Waltham, MA, USA). RNA sequencing was realized on Novaseq 6000 sequencer (Illumina 
Inc., San Diego, CA, USA) according to the manufacturer’s protocol. FASTQ files as output were performed with 
Illumina BCLFASTQ v2.20 software. All raw files quality was verified with FASTQC software and low-quality sequence 
was discarded from the analysis. Specified reads were aligned to the complete human genome using Splices Transcripts 
Alignment to a Reference algorithm STAR version 2.7.3 with hg38 Genome Assembly and Genecode.v35 as gene 
definition. Resulting mapped reads were included as input for feature count functions of Rsubread packages and were 
used as gene counts for differential expression analysis using Deseq2 package. Reads comparison was performed 
between EVs-treated THP-1-derived macrophages and osteoclasts and untreated THP-1-derived macrophages and 
osteoclasts. Differentially expressed genes (DEGs) were selected for log 2 (FR) < −1 or > 1 and p-value < 0.05.

MiRNA-Seq libraries were prepared using the QIAseq miRNA Library Kit (QIAGEN; Hilden, GE) and sequenced 
using Novaseq 6000 (Illumina; San Diego, CA, USA) in 2×150 paired-end mode. In the samples, miRNAs were 
identified by means of the QIAseq miRNA-NGS data analysis software considering Single Read as read type and 
Read 1 Cycles 75 as read cycles.
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All datasets from RNA sequencing and miRNA sequencing were analyzed with the Qiagen Ingenuity Pathway 
Analysis (IPA) software. For RNA sequencing analysis, IPA categorized all DEGs in canonical pathways. IPA can make 
a prediction on possible disease and functions, which were ranked based on their significance (p-value) and predicted 
state of activation/inhibition (z-Score). Z-Score value has been set with cut-off < −2 or > +2. RNA sequencing was used 
to perform functional, biological pathway, biological process and cellular component enrichment with FunRich 
software.37 Functional enrichment for miRNA sequencing was performed with miRNet on Reactome Biological 
Pathway database. Furthermore, it provides miRNA target gene data that were collected from four well-annotated 
database miRTareBase v8.0. All miRNet enrichment was reported with Prism 8.03 software graphical view (GraphPad 
Software Inc, Boston, MA, USA).

Fluorescence Labelling and Imaging
EVs were stained with PKH26 membrane labelling fluorophore (Sigma-Aldrich, St. Louis, MO, USA). According to an 
adapted manufacture’s protocol, 0.8 µL PKH26 in 200 µL Diluent C was added to PBS, resuspended in Diluent C after 
isolation, to 400 µL as final volume. After that, the mix was first incubated for 5 min at room temperature to allow 
staining; after, it was subsequentially moved to 30 K membrane centrifugal filters (Amicon Ultra-0.5, Millipore, 
Burlington, MA, USA) and centrifugated at 14,000× g for 20 min to remove the dye excess. Stained EV and PBS 
were used for cell-line treatment as described above. At the end of the experimental treatment, the cells were fixed with 
4% PFA and stained with phalloidin Alexa Fluor 488. Imaging was performed with a confocal microscope Nikon 
ECLIPSE Ti equipped with DS-Qi2 camera, 40× air and 60× immersion objectives.

RNA Extraction, Sequencing, and RT-qPCR
The extraction of total RNA from THP-1-derived macrophages and osteoclasts post-treatment with EVs at 
a concentration of 106/mL was carried out using the Total RNA Purification Plus Kit (Norgen Biotek Corp., Thorold, 
ON, Canada), following the manufacturer’s instructions tailored for cells cultured in a monolayer. Subsequently, the 
quality and concentration of the extracted RNA were assessed using the NanoDrop One (Thermo Fisher Scientific, 
Waltham, MA, USA), after which the RNA samples were stored at −80°C until further analysis. To generate first-strand 
cDNA from the total RNA, 1200 ng of RNA from each sample was reverse transcribed using the SensiFAST cDNA 
Synthesis Kit (Meridian Bioscience, Cincinnati, OH, USA) in a final volume of 20 µL. Real-time quantitative PCR 
(qPCR) was then performed using primers listed in Table 1, employing the GDS Rotor-Gene® Q Thermocycler 
(QIAGEN, Hilden, Germany) with SensiFAST SYBR No-ROX master mix (Meridian Bioscience, Cincinnati, OH, 
USA) following the manufacturer’s protocol. The qPCR cycling conditions included an initial PCR activation step at 
95°C for 2 min, followed by 40 cycles comprising denaturation at 95°C for 5 s, annealing at 60°C for 10s, and extension 
at 70°C for 20s. Finally, the melting temperature of the amplicons was analyzed by gradually increasing the temperature 
from 72°C to 95°C over a span of 5 min.

Statistical Analysis
For Ingenuity Pathway Analysis (IPA), data are presented as means ± standard error of the mean (SEM). Single 
comparisons were assessed using the Student’s t-test, while a one-way analysis of variance (ANOVA) was utilized for 
multiple comparisons. A significance level of p < 0.05 was employed to determine the statistical significance.

Table 1 Primer Sequences for RT-PCR

Gene Frw Rev Length

Tyrosine-protein kinase (CSK) TCGGGTGGAGAAGGGCTACAA CAGGTGCAGCTCGTGGGTTT 160
Nuclear Factor of Activated T Cells 1 (NFATC1) CGGGAAGAAGATGGTGCT CTGGTTGCGGAAAGGTGGTA 169

Tartrate-resistant acid phosphatase (TRAP) CAATGCCAGCGTCCCTTCCAAA TTCTTCCTCCCGATGTCCGTCT 167

MicroRNA 7–1 (miR-7) UGGAAGACUAGUGAUUUUGUUGUU CAACAAAUCACAGUCUGCCAUA 164
MicroRNA 1897 (miR-1897) TCTTCA AGTCCG CCATGCCCG CTACCCCGACCACATGAAGC 163
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In all other analyses, results are reported as mean ± standard deviation (SD), along with the standard error (SE) 
derived from at least three independent replications of the experiment. Group differences were evaluated using analysis 
of variance (ANOVA), with post hoc Bonferroni testing for multiple comparisons. Statistical significance is indicated as 
follows: *p < 0.05, °p < 0.01, §p < 0.001, and #p < 0.0001.

Results
PEMF Action on Osteoclast Activity
RAW264.7 cells were cultured in the presence of RANK-L to evaluate osteoclastogenesis activity. To this aim, 
expression analysis of specific genes such as CTSK, NFATC1, TRAP, miR-7 and miR-1897 was performed. As reported 
in Figure 1, in the case of RANK-L treatment (orange bars), all these genes resulted up-regulated compared to the control 
(no RANK-L treatment, blue bars). The combined treatment by PEMF and RANK-L (grey bars) induced a well-defined 
decrease in osteoclastic activity for all selected genes, meanwhile the only presence of PEMF (yellow bars) did not affect 
osteoclasteogenetic activity of the cells.

PEMF Action on Macrophages Commitment
THP-1 cultures in the presence or absence of PEMF were analysed in terms of morphological features by SEM analysis. 
As reported in Figure 2A and B), in the absence of PEMF, THP-1 treated with inflammatory stimulus, acquired a M1 
inflammatory-like morphology, as highlighted by a big round shape. In contrast to PEMF treatment, even in the presence 
of inflammatory stimuli, cells acquired a fusiform shape, associated to a M2 anti-inflammatory-like morphology 
(Figure 2C and D).

Total RNA extracted from macrophages cultured in the presence of PEMF action was sequenced, and ingenuity 
pathway analysis (IPA) was carried out on differentially expressed genes (DEGs). Thirty-four genes were significantly 
de-regulated in macrophages treated with PEMF (Figure 3). Among these, 5 genes related to M1 commitment such as 
IRAK3, IRF8, DNMT1, TNFAlP2 and IL6R were down-regulated; and 8, related to M2 commitment such as EGR2, 
IL4R, STAT6, IL4l1, PPARD, MRC1, IL10RA, FN1 were up-regulated.

IPA canonical pathways revealed that these genes were associated to biological pathways related to the immune 
system (Figure 4A and B). In detail the main involved pathways were related to IL6 and 1 and they were down-regulated, 
confirming the anti-inflammatory activity of PEMF, and increasing on TCTP pathway related to the M2 commitment.

Figure 1 Gene expression related to osteoclastogenesis activity of RAW264.7: CTSK, NFATC1, TRAP; miR-7, miR-1897. Orange bars are related to RANK-L treatment. 
Blue bars are related to the control (no RANK-L treatment). Grey bars are related to the presence of PEMF and RANK-L, yellow bars are related to PEMF. Statistical analysis 
of variance of the means between each group and the respective control was assessed by ANOVA and post hoc Bonferroni testing [#p < 0.0001].
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Figure 2 SEM analyses of THP-1: (A and B) in normal conditions, cells acquire a round morphology typical of M1 phenotype; meanwhile, (C and D) in presence of PEMF, 
they acquire a fusiform morphology typical of M2 phenotype. (A and C) Scale Bar: 200 μm, (B and D) Scale Bar: 30 μm.

Figure 3 Heat map and histogram related to gene expression of principal genes expressed by THP-1 cells in presence of PEMF.
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EVs from Macrophages M2 Reduce Osteoclastogenesis
M2-derived EVs (M2-EVs) were isolated and analysed with qNano to define their size and distribution. As reported in 
Figure 5, the analysis confirmed that M2 was able to produce EVs with a size ranging from 110 to 150 nm (Figure 5A). 
The TEM confirmed the same size (Figure 5B); meanwhile, the correct protein content, direct to identified EVs such as 
CD63, CD81 CD90 is reported in Figure 5C. When osteoclasts were incubated with M2-derived EVs, they were 
recognized and internalized as clearly reported in Figure 5D, where osteoclasts show red nano spot (the EVs) in 
intracellular space.

The effect of these EVs on osteoclasts was assessed by means of gene expression of the principal osteoclastogenetic 
related genes such as CTSK, NFATC1, TRAP, miR-7, miR-1897. As reported in Figure 6, treatment of RANK-L induced 
an increase of the genes, confirming the correct commitment process, the presence of EVs induced a reduction on this 
process (green bars) that was maximized when M2-EVs type were in presence of PEMF (red bars).

Discussion
Treating bone disorders clinically still presents challenges, particularly in managing bone resorption mediated by 
osteoclasts. The efficacy of modern implantology hinges on the quality of new bone formation around implants.41–44 

Bone regeneration follows a sequential process comprising inflammation, proliferation, and remodeling phases. Each 
phase is integral, as proper progression is essential for tissue regeneration. The inflammation phase is pivotal as it primes 
the extracellular environment for subsequent proliferation and differentiation. However, prolonged inflammation can lead 
to peri-implantitis, a known complication characterized by bone loss around the implant, ultimately resulting in implant 

Figure 4 IPA canonical pathways of (A) down-regulated genes, and (B) up-regulated genes.
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Figure 5 Analyses of EVs: (A) Particle size distribution and concentration of EVs analyzed by tunable resistive pulse sensing: mean diameter of 100 ± 20.9 nm, mode of 65 
nm. (B) Representative image of EVs at TEM. EVs appear with the typical bilayer cup-shaped membrane structure. (C) Elisa for EVs showing positivity to surface markers: 
CD63 CD81 and CD90. (D) Representative image of the uptake of PKH26-labeled red fluorescent EVs from macrophage after 24 h of incubation. Nuclei stained with 
Hoechst 33342 (blue).

Figure 6 Gene expression related to osteoclastogenesis activity of RAW264.7: CTSK, NFATC1, TRAP; miR-7, miR-1897. Orange bars are related to RANK-L treatment. 
Blue bars are related to the control (no RANK-L treatment). Grey bars are related to the presence of PEMF and RANK-L, green bars are related to RANK-L plus EVs, red 
bars are related to RANK-L plus PEMF plus EVs, yellow bars are related to PEMF alone. Statistical analysis of variance of the means between each group and the respective 
control was assessed by ANOVA and post hoc Bonferroni testing [*p < 0.05; #p < 0.0001].
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failure. The primary drivers of bone resorption are osteoclasts, which degrade the bone matrix. In this study, we utilized 
an osteoclast cell line capable of activation in the presence of RANK-L. We investigated how genes associated with bone 
degradation are affected by PEMF. Figure 1 illustrates that the absence of RANK-L does not trigger the expression of 
osteoclast activation-related genes, even in the presence of PEMF. Conversely, the presence of RANK-L significantly 
upregulates osteoclast genes such as CTSK, NFATC1, miR-7, and miR-1897 in agreement with the results of Zhang 
et al.45 However, even if previous research has shown that PEMF can influence biological processes by altering 
electromagnetic fields as showed by Chen et al,46 in this study, PEMF stimulation was employed to modulate macro-
phage-derived EVs. Notably, a reduction in the expression of these genes was observed when activator or RANK-L 
treatment was combined with PEMF treatment, suggesting that PEMF reduces osteoclast lytic activity.

Another critical aspect contributing to bone loss is the chronic inflammatory environment around implants. 
Macrophages, particularly in the M1 inflammatory state, play a central role in this process by generating 
inflammatory cytokines and metalloproteinases that degrade the ECM, alongside osteoclasts that degrade the 
mineralized matrix. Thus, finding new strategies to address these challenges is imperative. Macrophages can 
transition from the pro-inflammatory M1 phenotype to the anti-inflammatory M2 phenotype, facilitating tissue 
regeneration. Failure of macrophages to transition to the M2 state impedes the regeneration phase. Anticipating 
and promoting this transition is therefore crucial for accelerating healing. Our findings, both morphologically and 
molecularly, confirm that PEMF expedites the formation of macrophages into the M2 phenotype.

Indeed, monocytes, when placed in culture in the presence of inflammatory factors, spontaneously acquire an M1 
phenotype, as well documented by the SEM images in Figure 2. Conversely, if the same treatment was performed in the 
presence of PEMF, the phenotype acquired by the monoliths (THP-1) was M2 type.

This transition was validated and documented by the molecular biology (RNA sec) analyses, shown in Figure 3. As it 
is evident, the presence of PEMF reduced the expression of markers related to the M1 phenotype such as: IRAK3, IRF8, 
DNMT1, TNFAlP2, IL6R. This gene induced a down regulation of the following pathways: interleukin mediated 
signaling event, immune system, cytokine signaling as reported in Figure 4A. By contrast, there was a clear increase 
in genes related to the M2 anti-inflammatory phenotype, such as EGR2, IL4R, STAT6, FN1, IL4I1, IL10RA, PPARD, 
MRC1 involved in the up-regulation of the following pathways: TGF-β receptor signaling, TNF receptor signaling 
pathway, IL1-mediated signaling event, β7 and β8 integrin cell surface interaction, signaling events mediated by TCPTP, 
IL4-mediated signaling event (Figures 3 and 4B).

Analyzing all these data led to the conclusion that the main activities exerted by PEMF of macrophages can be 
summarized in reduction on chemotaxis of leukocytes, killing of bacteria, inflammatory response, increasing of 
vasculogenesis and survival of organism.

Finally, it was analyzed whether PEMF could affect the ability of positive communication between cells and thus indirectly 
influence tissue regeneration. To this end, M2-EVs phenotype and treated activated osteoclasts were investigated. As it is well 
known, EVs are vesicles with high information content capable of transporting information from one cell to another. Previous 
studies, by Song et al and Zhou et al, have demonstrated that M2-EVs decrease osteoblast development of bone marrow 
mesenchymal stem cells and Periodontal Ligament Stem Cells (PDLSCs) and boost pro-inflammatory cytokines.47,48 Moreover, 
Chen et al demonstrated that the reparative M2-like macrophages could promote osteogenesis while inhibiting osteoclastogen-
esis in vitro and in murine periodontitis models via IL-10 mRNA. Nevertheless, it is not deeply studied how M2-EVs affects 
mononuclear macrophage osteoclastogenesis.49 In this work the process of EV isolation was followed by the distribution, 
morphological and receptor analysis and the images confirmed that the isolated vesicles were indeed EVs and that activated 
macrophages were able to endocytose them.

Activated osteoclasts were then treated with both M2 macrophage derived EVs and PEMF and analyzed for 
expression of markers related to the process of bone lysis. As shown in Figure 6, the presence of these EVs amplified 
the beneficial effect of PEMF by dramatically reducing the expression of lytic genes confirming also the results of the 
work from Zhou et al.48,50–53
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Conclusions
In the present study, the combined effect of PEMF and EVs on bone regeneration was investigated. The overall results confirmed 
that magnetic fields may positively influence bone regeneration, acting on both osteoclastogenesis and inflammation. Regarding 
osteoclastogenesis, PEMF was able to reduce the osteoclastogenesis of THP-1 monocytes, after activation with RANK-L. 
Furthermore, they induced a secretion of EVs from macrophage M2 able to reduce osteoclastogenesis. Regarding inflammation, 
PEMF induced the commitment of macrophages from M1 phenotype to M2. Considering these observations, the present work 
sheds light on the transformative potential of PEMF and EVs-mediated communication within the context of bone remodeling. 
Our findings unveil novel mechanisms through which PEMF and EVs orchestrate the intricate process of bone resorption, offering 
valuable insights into their synergistic interplay and potential therapeutic implications. Our study suggests that EVs, which are 
nanoscale vesicles secreted by macrophages in response to PEMF stimulation, play a pivotal role as mediators of intercellular 
communication in bone regeneration. These EVs are rich in a diverse array of bioactive molecules, including proteins, lipids, and 
nucleic acids. Importantly, our data demonstrate that these EVs act as potent regulators of osteoclast activity, exerting inhibitory 
effects on bone resorption and creating an environment conducive to tissue repair. This finding underscores the crucial role of 
EVs-mediated signaling in modulating osteoclastogenesis and highlights the potential for EVs to influence bone remodeling by 
maintaining a delicate balance between bone formation and resorption. However, it is important to note that while our study 
provides compelling evidence for the inhibitory effects of EVs on osteoclast activity, it does not extend to their impact on osteos 
and overall bone formation. Therefore, the assertion that EVs promote bone regeneration must be tempered by acknowledging this 
limitation. Comprehensive molecular analyses of EVs cargo, including miRNAs and growth factors, were not conducted in this 
study. Future research should aim to characterize these components to fully elucidate their role in bone remodeling processes. 
Moreover, while our in vitro findings are promising, in vivo studies are essential to validate the observed effects of PEMF and EVs 
on bone regeneration. Such studies would provide a more holistic understanding of the therapeutic potential of PEMF and EVs- 
mediated communication in clinical settings. In conclusion, this study represents a significant step towards understanding how 
PEMF and EV-mediated communication could be harnessed for therapeutic purposes. By identifying the intricate interplay 
between inflammation, cellular communication, and tissue regeneration, our findings pave the way for innovative therapeutic 
strategies aimed at enhancing bone repair and mitigating implant-related complications. Despite the limitations of our study, 
including the need for in vivo validation and comprehensive molecular analysis of EVs cargo, the insights gained here lay the 
groundwork for future research aimed at developing targeted therapies that leverage the synergistic potential of PEMF and EVs in 
bone regeneration.
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