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Aims 
 

This thesis is the result of a PhD in “Molecular Medicine” attended in “Tissue Engineering 

and Regenerative Medicine laboratory” leaded by Prof. Barbara Zavan.  

Our laboratory is focused on the study of the stem cells, the design of novel bioactive 

scaffolds, the development of new approaches towards tissue regeneration and the study of 

the cell-to-cell communication. This laboratory works in and belong to Translational 

Medicine field that is a rapidly growing discipline in biomedical research and aims to 

expedite the discovery of new diagnostic tools and treatments by using a multi-disciplinary, 

highly collaborative, "bench-to-bedside" approach.  

During these three years of PhD, I focused my studies on regenerative medicine with the 

goal to find multiple approaches for innovative therapies development applicable to several 

pathologies. The regenerative medicine is the branch of the medicine that effectively uses 

stem cell therapy and tissue engineering strategies to lead healing or replacement of damaged 

tissues or organs. It represents the field of research using cells and their mediators or other 

materials to either enhance or replace biological tissues. 

On these basis, two different approaches to develop innovative therapies are presented in 

this thesis. The first study (Chapter 1), is aimed to explore the potential use of Small 

Extracellular Vesicles (sEVs) as innovative treatment for multiple illness like here presented, 

Cardiovascular Diseases (CVDs) that represent a major health concern worldwide remaining 

a leading cause of death globally. In order to do that, Mesenchimal Stem Cells (MSCs) has 

been exposed to hypoxia condition, since it is well known that MSC subjected to hypoxia 

are able to produce mediators capable to enhance a regenerative effect, acting on biological 

processes that induce tissue regeneration. The sEVs-derived from MSC under hypoxia were 

investigated as possible therapy, using them as treatment on Human Umbilical Vein 

Endothelial Cells (HUVECs). The effect on this cellular model, was investigated using 

multiple laboratory techniques as the mitochondria membrane potential analysis and a 

complete transcriptomic analysis by Illumina RNA sequencing analysis of the HUVEC and 

HUVEC sEVs-derived miRNA-content sequencing.  

The second study reported here (Chapter 2) represents a physical non-invasive approach that 

is aimed to investigate the effect of complex magnetic fields (CMFs) on fibroblasts and 

monocyte cultures (subsequently differentiated in macrophages) derived from diabetic 

patients, affected by Diabetic Foot Ulcers (DFUs), with the goal to evaluate their capacity 

to influence the ROS production and their effect on wound healing properties and processes 
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on these selected cells, as cellular models representing those tissues known as affected by 

the diabetes diseases during the advanced stages of the illness. In order to realize this study, 

ROS production analysis, mitochondria membrane potential analysis, morphology 

observation using scanning electron microscopy (SEM) and Illumina RNA sequencing 

analysis of fibroblast and monocyte cultures from diabetic patients were performed.  
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Chapter 1: Mesenchymal Stem Cell and deriving Extracellular 

Vesicles to induce a Regenerative Process in Endothelial Cells 

 

Abstract: 

Small extracellular vesicles (sEVs) produced by mesenchymal stem cells (MSCs) have 

attracted growing interest as a possible novel therapeutic agent for an innovative treatment 

of different cardiovascular diseases (CVDs) that remains a major health concern worldwide. 

Currently, it is also well known that changing the extracellular environment of MSCs, it 

becomes possible to induce the production of different mediators in their secretome. It’s 

reported that hypoxia condition significantly enhances the secretion of angiogenic mediators 

from MSCs as well as the production of sEVs. The iron-chelating deferoxamine mesylate 

(DFO) is used to push the cells in environmental hypoxia being a stabilizer of hypoxia- 

inducible factor 1 (HIF). The angiogenic factors are the main characters responsible for 

improving regenerative potential of DFO-treated MSCs, but the contribution of sEVs to this 

effect is still unknown and requires investigations. In the first chapter presented here, 

adipose-derived stem cells (ASCs) were treated using a nontoxic dose of DFO to produce 

and collect sEVs (DFO-sEVs). After the harvest, these DFO-sEVs were used to treat Human 

umbilical vein endothelial cells (HUVECs), subsequently analyzed performing mRNA 

sequencing and miRNA profiling of sEVs cargo (HUVEC-sEVs). Resulted transcriptomes 

showed upregulation of mitochondrial genes linked to oxidative phosphorylation. In 

addition, functional enrichment analysis on miRNAs of HUVEC-sEVs revealed a 

connection with the signaling pathways involved in cell proliferation and angiogenesis 

biological process.  

Taken together, these data let to assume that mesenchymal stem cells treated with DFO 

release sEVs that are able to induce in the recipient endothelial cells molecular pathways and 

biological processes involved in the proliferation and angiogenesis too, allowing to envision 

a possible use of under hypoxia MSC sEVs derived as potential therapy on CVDs.  
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Introduction 

Therapies that exploit stem-cell-based strategies have recently gained popularity as a 

promising approach to support regenerative processes. Mesenchymal Stem Cells (MSCs) are 

multipotent cells that are easily isolated, easily cultured, and also readily expanded in the 

laboratory setting. For all these reasons they became an attractive cell source to be used in 

several clinical applications [1]. Furthermore, MSCs resulted interesting exhibiting a high 

self-renewal capacity, multilineage differentiation potential and immunomodulatory 

properties [2]. When we talk about MSCs we could think to many different tissues in which 

they reside, like bone marrow (BM), adipose tissue (AT), fetal lung, dental pulp, and 

umbilical cord (UC) [3]. Among these tissues, the adipose stem cells (ASCs) resulted very 

attractive due to the simple method to isolate and collect them and the remarkably high cell 

yield [4]. ASCs are mesenchymal stem cells identified in several tissues, within 

subcutaneous tissue at the base of the hair follicle (dermal papilla cells), in the dermal sheets 

(dermal sheet cells), in interfollicular dermis, and in the hypodermis tissue. These cells are 

known to proliferate and differentiate into skin cells to repair damaged or dead cells, but also 

act by an autocrine and paracrine pathway to activate cell regeneration and the healing 

process. Speaking about wound healing, ASCs have a great ability in migration to be 

recruited rapidly into wounded sites added to their differentiation towards dermal fibroblasts 

(DF), endothelial cells, and keratinocytes [5].  

Nevertheless, there still are impediments and limits to achieve clinical translation of cell-

based therapies. This reason makes the research increasingly focused on the paracrine 

mediators, like extracellular vesicles (EVs), capable to work between MSCs and multiple 

other target cells and tissues. Many studies have shifted from the use of transplanted stem 

cells to their secreted EVs. Extracellular vesicles can define basing on different 

considerations, like biogenesis (exosomes, apoptotic bodies etc.) or dimension 

(microvesicles or nanovesicles). Among these, we can find Small Extracellular Vesicles 

(sEVs) that are biological nanoparticles delimited by a lipid bilayer (with a nominal size 

ranging from 30 to 150 nm) that are released by cells to act as intercellular signaling 

mediators in both physiological and pathological conditions.  They are vesicles of endosomal 

origin capable to bring RNAs, proteins, and lipids to recipient cells and thus have an 

important role in intercellular communication [6,7] (Figure 1a, 1b).  
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(a) 

 

  

 

(b) 

 

Figure 1: (a) Graphical sketch of the various types of extracellular vesicles biogenesis: exosomes, 

microvesicles, and apoptotic bodies; (b) exosome release with electron microscopy (Akers JC, Gonda D, Kim 

R, Carter BS, Chen CC. Biogenesis of extracellular vesicles (EV): exosomes, microvesicles, retrovirus-like 

vesicles, and apoptotic bodies. J Neurooncol. 2013 May;113(1):1-11. doi: 10.1007/s11060-013-1084-8. Epub 

2013 Mar 2. PMID: 23456661; PMCID: PMC5533094.); 
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Contributing to cell-to-cell communication, sEVs have regenerative features like parenteral 

cells, and this reason may exceed the unwanted effects associated with stem cell 

transplantation. Indeed, sEVs have a lower possibility of immune rejection, and they are 

more stable and storable compared to the cells [8,9]. As well as the cells, even sEVs have 

been isolated from numerous sources of MSCs, and their regenerative potential has been 

investigated. Several examples are reported in literature like the sEVs obtained from bone 

marrow showed a prevalent effect on cell proliferation and viability, sEVs from dental-pulp-

derived MSCs showed instead distinct transcriptomic signatures of neurogenesis, while 

sEVs from adipose tissue showed a significantly improved ability to promote endothelial 

cell migration and angiogenesis [10,11].  

To date, MSC-derived sEVs have been attracting interest as a possible novel therapeutic 

agent being capable to manage different pathological condition like cardiovascular diseases 

(CVDs) that remain a major health concern worldwide and the leading cause of death 

globally. CVDs are defined by World Health Organization a group of disorders of the heart 

and blood vessels that can include:  

- coronary heart disease (a disorder of the blood vessels supplying the heart muscle); 

- cerebrovascular disease (a disfunction of the blood vessels supplying the brain); 

- peripheral arterial disease (a disease of blood vessels supplying the arms and legs); 

- rheumatic heart disease (damage to the heart muscle and heart valves from rheumatic 

fever, caused by streptococcal bacteria); 

- congenital heart disease (birth defects that affect the normal development and 

functioning of the heart caused by malformations of the heart structure from birth);  

- deep vein thrombosis and pulmonary embolism (blood clots in the leg veins, which can 

dislodge and move to the heart and lungs); 

Regarding heart attacks and strokes they are usually defined acute events and resulted mainly 

caused by a blockage that prevents blood from flowing to the heart or brain. Fatty deposits 

on the inner walls of the blood vessels that supply the heart or brain represents the most 

common reason for this is a build-up of. Strokes can even be caused by bleeding from a 

blood vessel in the brain or due to the presence of blood clots [12].  

In this perspective, it’s even more interesting to know that MSC-derived sEVs have shown 

beneficial outcomes similar to cell therapy concerning regenerative and neovascular actions 

in addition to their anti-apoptotic, anti-remodeling, and anti-inflammatory actions. In 

addition, sEVs secreted by MSCs have shown cytoprotection, stimulation of angiogenesis, 
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and they can even modulate macrophage infiltration in peripheral arterial diseases, 

atherosclerosis, and myocardial infarct [13-20]. 

In vivo, MSCs are located in niches characterized by low-oxygen conditions, and conversely, 

in vitro culture conditions are often at atmospheric oxygen tensions [21]. However, it has 

been observed that hypoxic culture condition could significantly enhance the secretion of 

angiogenic mediators from MSCs. Culturing MSCs under more physiologically relevant 

conditions of low-oxygen tension may uniquely benefit the expansion, differentiation, 

adhesion, growth factor secretion, and regenerative potential of ASCs (Figure 2) [22,23]. 

 

 

 

Figure 2: Responses of MSCs undergoing hypoxia condition; 

 

 

As well as the cells, even the sEVs derived from MSCs preconditioned by hypoxia promote 

the angiogenesis, proliferation, and migration of endothelial cells in vivo and in vitro [20]. 

Besides, the overexpression of the hypoxia-inducible factor 1α (HIF-1α) in MSCs in general 

and in ASCs in detail, improves angiogenesis in endothelial cells by the release of Jagged1-

carrying sEVs [21]. Iron-chelating deferoxamine mesylate (DFO) can be added to the culture 

medium as a useful substitute to create a hypoxia condition. Several studies have also proved 

that compared with hypoxia, the hypoxia mimetic agent like DFO, could also induce related 
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hypoxic genes. DFO is a prolyl-4 hydroxylase inhibitor that stabilizes HIF-1α under 

normoxic conditions through the inhibition of the prolyl hydroxylases enzyme. This enzyme 

targets the HIF-1 protein through degradation. As previously mentioned, hypoxic 

conditioning enhances the regenerative potential of ASCs through the upregulation of the 

transcription factor HIF-1α, so the iron-chelating DFO can be used in order to mimic the 

increase in HIF-1α expression [22]. DFO-treated ASCs showed an improved regenerative 

potential that has been attributed to the increased release of angiogenic factors [23]. If this 

effect is also mediated by the secreted sEVs has not yet been investigated.   

On the basis of the above premises, the aim of this study was to investigate the biological 

effects of sEVs released from DFO-treated ASCs (DFO-sEVs) on human umbilical vein 

endothelial cells (HUVECs) as cellular model of a tissue involved in CVDs. Transcriptome 

sequencing and miRNA profiling of the sEV cargo (sEV-miRNA) of treated HUVECs have 

shown improvements in mitochondrial oxidative phosphorylation, as well as signaling 

pathways related to cell proliferation and angiogenesis.  
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Results: 

1) ASCs Morphology and Viability Analysis 

The first evaluation was to observe the morphology and test the viability of the cells in order 

to understand if the DFO affects ASCs in a negative way. The ASCs showed a typical 

elongated morphology as reported in Figure 3 and the MTT test performed after 48 h of 

culture, demonstrated that there were no changes in the viability state of the cells with or 

without DFO treatment, showing a comparable absorbance between the samples.  

 

 

   

                                      

(a)                                                             (b) 

 

Figure 3: (a) Optic microscope picture of ASCs (magnification 10X) with elongated shape; (b) Viability test 

after 48 h of DFO treated and untreated cells; viability was measured as absorbance of the samples that was 

1,246 nm and 1,202 nm respectively; data were obtained as the mean ± standard deviation (n = 3 per group).  

 

 

 

2) DFO-sEVs Production and HUVEC Treatment 

To create a right environment to collet sEVs for the following HUVEC treatment, human 

ASCs were treated with 100 µM DFO to stabilize HIF-1 under normoxic conditions [24,25]. 

In detail, commercially available hASCs were used and seeded in a six-well plate at a density 

of 4 x 105 hASCs/well in a complete medium added of FBS. The day after, cells were washed 

two times with phosphate-buffered saline (PBS, EuroClone) and then, incubated with 100 

µM deferoxamine mesylate (DFO; Thermo Fisher Scientific, Waltham, MA, USA) with a 

EV-depleted DMEM overnight. Conditional medium was harvested after the overnight 
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treatment, and the DFO-sEVs were isolated thanks to a Norgen’s technology that exploits 

proprietary resin, which allows the purification of intact extracellular vesicles [2].  

The DFO-sEVs appeared like rounded structures with a typical bilayer membrane, below 

100 nm in the transmission electron microscopy (TEM) (Figure 4a). Using tunable resistive 

pulse sensing (RPS) analysis, it was confirmed the dimension of the vesicles with a mean 

diameter of 90 ± 30.9 nm and mode of 73 nm.  Particle size distribution of D10, D50, and 

D90 was 67 nm, 82 nm, and 121 nm, respectively whereas average concentration resulted to 

be 1.33 x 109 particles/mL (Figure 4b). In addition, superficial membrane markers were 

analyzed using flow cytometry to verify sEVs nature. These DFO-SEVs, resulted positive 

for superficial markers CD81 and CD63, as shown in Figure 4c. 

Speaking about the treatment, purified DFO-sEVs were added to HUVEC cultures for 24 h, 

and sEVs internalization was also detected thanks to the observation under confocal 

microscopy. As reported in Figure 4d, HUVECs incubated with PKH67 green fluorescent 

DFO-sEVs (on the left) are compared with cells incubated with the negative control (on the 

right), probe-labeled PBS. The red areas show a double magnification of the green areas. In 

addition, a double check was carried out in order to verify the internalization of the DFO-

sEVs inside HUVECs. The sEVs were labeled with PKH26 and observed as red dots inside 

the cytoplasm of the cells, previously marked with the Phalloidin (Alexa FluorTM 488) to 

highlight the actine filaments and the Hoechst 33342 to label the nuclei (Figure 4e). 

HUVECs were then left for 72 h in an EV-depleted medium after which total RNA was 

isolated from the cells and conditioned medium was harvested for sEVs (HUVEC-sEVs) 

collection.  

   

              (a)                                                                    (b) 
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(c) 

 

          

                                             (d)                                                                           (e) 

 

Figure 4. DFO-sEVs characterization and internalization by HUVEC observation.  (a) Representative image 

of DFO-sEVs at TEM. The sEVs appear with the typical bilayer cup-shaped membrane structure (white 

arrows); (b) Particle size distribution and concentration of DFO-sEVs analyzed with tunable resistive pulse 

sensing: mean diameter of 90 ± 30.9 nm, mode of 73 nm, and particle size distribution of D10 67, D50 81, and 

D90 121. The average concentration was 1.33 × 109 particles/mL. (c) Flow cytometry of DFO- sEVs showing 

positivity to surface markers: CD81 and CD63 (DFO-sEVs in red, vehicle in gray). (d) Representative pictures 

of the uptake of PKH67-labeled green fluorescent DFO-sEVs (left) and of negative control, i.e., PKH67-labeled 

PBS, (right) after 24 h of incubation. Nuclei labeled with Hoechst 33342 (blue). Red areas are 2× magnification 

of adjacent green area. (e) Confirmation representative image of DFO-sEVs internalization by HUVEC: sEVs 

with PKH26 internalized by HUVEC are visible as red spots inside cytoplasmic region of cells Zeiss Axio-vert 

200M Fluorescence Microscope was used to capture the images (63x oil objective). Nuclei of the cells are 

labeled in blue; Actine filaments are stained in green; 
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3) RNA Sequencing of HUVECs After Treatment with DFO-sEVs and Mitochondria 

Membrane Potential analysis  

The total RNA extracted from DFO-sEVs-treated HUVECs and untreated HUVECs were 

sequenced, and ingenuity pathway analysis (IPA) was performed on differentially ex- 

pressed genes (DEGs). Only fourteen genes were significantly upregulated in HUVECs 

treated with DFO-sEVs as reported in Figure 5a. Most of resulted significant DEGs were 

related to the mitochondria. Among these, there were genes encoding mitochondrially 

encoded NADH dehydrogenase (MT-ND1, MT-ND2, MT-ND4, MT-ND5, and MT-ND4L), 

mitochondrially encoded cytochrome c oxidase (MT-CO1, MT-CO2, and MT-CO3), 

mitochondrially encoded cytochrome b (MT-CYB), mitochondrially encoded ATP synthase 

6 (MT-ATP6, MT-ATP6P1), dynein cytoplasmic 1 heavy chain 1 (DYNC1H1), and heparan 

sulfate proteoglycan 2 (HSPG2). Basing on the gene expression status, IPA is able to predict 

and perform a canonical pathways analysis. This prediction revealed that the deregulated 

genes are associated with three biological pathways: granzyme A signaling, the sirtuin 

signaling pathway, and oxidative phosphorylation (Figure 5b). The granzyme A and sirtuin 

pathways were significantly downregulated in HUVECs treated with DFO-sEVs (with a Z-

score of -2.236; log (p-value) of - 9.43 and 10.1, respectively); meanwhile, oxidative 

phosphorylation pathway resulted significantly upregulated (with a Z-score of +3.162; −log 

(p-value) of 21).  

 

 

 

(a) 
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(b) 

 

Figure 5. Ingenuity pathway analysis (IPA) on HUVECs treated with DFO-sEVs vs untreated HUVEC. (a) 

Gene expression reported as logarithmic ratios (Exp log ratio) of differentially regulated genes for treated 

HUVECs compared to untreated HUVECs. (b) IPA Canonical pathway analysis: predicted state of 

activation/inhibition of the molecular signaling is displayed as Z-Score (black bars), and the significance is 

expressed as −log10 (p-value) (orange line). 

 

 

To further evaluate the molecular status of the treated cells with this gene expression profile, 

a functional enrichment analysis on the 14 significant genes was performed using FunRich 

software, that is able to provide enrichment studies for several categories like cellular 

component, biological pathway, and biological process (Figure 6). As mentioned before, 

significant upregulated genes were mostly mitochondrial components related, as shown in 

the pie chart (Figure 6a). Along the same line, even the biological pathways analysis were 

mitochondria related, resulting enriched with a significant p-value < 0,001. The specific 

resulting pathways enriched were the following: respiratory electron transport, ATP 

synthesis by chemiosmotic coupling, heat production by uncoupling proteins, the citric acid 

(TCA) cycle and respiratory electron transport, the respiratory electron transport, and 
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metabolism (Figure 6b). In addition, three biological processes resulted enriched in cell 

growth and maintenance, metabolism, and energy (Figure 6c).  

 

 

 

 

(a) 

 

 

 

(b) 
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(c) 

 

Figure 6. Functional enrichment analysis with FunRich software version 3. (a) Pie chart of cellular component 

enrichment. (b) Biological pathway enrichment. (c) Biological process enrichment. Percentage of genes 

involved in each function (blue bar), p-value (red bar), and reference (orange bar). 

 

 

Since the mitochondria activation resulted from the RNA sequencing and subsequently 

enrichment analyses performed on treated cells, another mitochondria parameter has been 

investigated. Indeed, HUVECs treated with DFO-sEVs showed amplified mitochondrial 

membrane potential compared to untreated cells, as displayed by the microscopy analysis 

with a fluorescent probe that accumulates in the mitochondria in a membrane-potential-

dependent manner (Figure 4). 
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                 (a)                                   (b)                                                   (c) 

 

Figure 7. Mitochondrial membrane potential of HUVECs treated with DFO-sEVs compared to untreated cells. 

Representative images of (a) treated and (b) untreated HUVECs with confocal microscope. (c) Fluorescence 

intensity quantification with ImageJ software vs8. *** p-value < 0.001. 

 

 

4) sEV-miRNA Expression Profiling of HUVECs Treated with DFO-sEVs 

In order to understand if even the mediators of the HUVECs after DFO-sEVs treatment can 

be affected, a HUVEC-sEVs complete analysis was executed. In details, a study of the size, 

concentration, the content (focusing on miRNAs) and a subsequent enrichment analysis of 

these vesicles compared to the control ones were performed.  

After the HUVEC-sEVs isolation from the cells medium as previously described [26], the 

TEM image and tunable resistive pulse sensing analysis were performed. Resulting outputs 

showed the distinctive features of sEVs with a bilayer cup-shaped membrane structure as a 

result of dehydration during sample preparation (Figure 5a), and particle size dimension 

between 70–130 nm (Figure 5b).   
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   (a)                                                                      (b)        

 

Figure 8. HUVEC-sEVs characterization. (a) Representative TEM image of the sEVs with a typical bilayer 

membrane (white arrows). (b) Size distribution and concentration using tunable resistive pulse sensing 

instrument qNano (iZON Science, Oxford, UK). sEVs show an average hydrodynamic diameter equal to 102 

± 24.9 nm, with a mode of 93 nm, d10 83 nm, d50 97 nm, d90 123 nm. Average concentration was 2.21 × 107 

particles/mL. 

 

To study sEVs content, Illumina sequencing and subsequent IPA analysis were performed 

on sEV-miRNAs of treated HUVECs. A total of 89 miRNAs were identified by the 

sequencing (Figure 6a). Among these miRNAs, a cluster of 18 miRNAs showed a significant 

fold-regulation value (with a cut-off > 2 for upregulation and a cut-off < -2 for down 

regulation). In detail, 11 miRNAs resulted up-regulated (has-let-7d-5p, has-miR-107, has-

miR-143-3p, has-miR-191-5p, has-miR-196b-5p, has-miR-23b-3p, has-miR-27a-3p, has-

miR-34a-5p, has-miR-361-5p, has-miR-423-3p, has-miR-9-5p) and the other remaining 7 

miRNAs resulted down-regulated (has-miR-10a-5p, has-miR-10b-5p, has-miR-148a-3p, 

has-miR-151a-3p, has-miR-196a-5p, has-miR-29c-3p, has-miR-654-3p) (Figure 6b). 
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(a)                                                                     (b) 

 

 

Figure 9. sEV-miRNA sequencing of HUVECs treated with DFO-sEVs. (a) Fold regulation of the totality of 

89 significant identified miRNAs (b) 18 more significant miRNAs histogram: 11 up-regulated miRNAs with 

a fold regulation cut-off > 2 (red bars) and 7 down-regulated miRNAs with a fold regulation cut-off < -2 (green 

bars).  

 

 

To make a prediction of the possible function and influence of the 18 significant miRNAs 

on possible target cells, a functional enrichment analysis on upregulated and downregulated 
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miRNAs was performed using the miRNet software Vs2 with miRTarBase v8.0 as reference 

database. From the analysis related to up-regulated miRNAs cluster, 9 molecular pathways 

resulted significantly enriched as reported in Figure 10b with a p-value < 0,05. Regarding 

the down-regulated cluster instead, 7 molecular pathways resulted significantly enriched 

with a p-value <0,05 as shown in Figure 10d.  

 

 

 

(a) 
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(b) 

 

 

 

(c) 
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(d) 

 

 

Figure 10: Functional enrichment analysis on 18 significant miRNAs; Representative network with the main 

target genes for up-regulated miRNAs (a) and down-regulated miRNAs (c); Significant molecular function 

enriched with a p-value < 0,05 (reported as -Log(p-value) for the 11 up-regulated miRNAs (b) and the 7 down-

regulated miRNAs (d); 

 

 

Subsequent to the enrichment on the miRNAs cluster, a functional enrichment analysis on 

the main target genes of each group was performed. In order to do that, Reactome was 

selected as reference database. In Figure 8a were shown the 10 main target genes of the 11 

upregulated miRNAs, such as MDM4, NOTCH2, VEGFA, CCND1, and TGFBR3. All these 

target genes encoding proteins and receptors resulted related to several biological pathways 

of NOTCH, VEGFR, and HIF (Figure 8b). Speaking of the ten main target genes of the 7 

downregulated miRNAs reported in Figure 8c (CDKN1A, MSL3, NAP1L1, TRA2B, 

PRPF8, RCC2, UBE2Z, PPP1R1SB, CSNK2A1 and NPTX1), they resulted related to cell 

proliferation and cell cycle progression (Figure 8d). 

 

 

 



26 

 

 

 

(a) 

 

 

(b) 
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(c) 

 

 

(d) 

 

 

Figure 11. Functional enrichment analysis of sEV-miRNA target genes of treated HUVECs. (a) The 10 main 

target genes of the upregulated sEV-miRNAs. (b) Biological pathways enriched on these target genes. (c) The 

10 main target genes of the downregulated sEV-miRNAs. (d) Biological pathways enriched on these target 

genes. 
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Discussion 

Small Extracellular Vesicles (sEVs) derived from MSCs grown under hypoxic conditions 

are able to induce desirable biological effects on multiple target cells, such as improvements 

in proliferation, angiogenesis and migration, giving a global regenerative result [20] (Figure 

2). These promising effects seem to be related to hypoxia, which pushes HIF-1α mRNA 

expression through PI3K/AKT pathway and the subsequently activation of NFκB [27]. 

Another research group reported that HIF-1α overexpression in dental-pulp-derived MSCs, 

improves and enhance the angiogenesis in endothelial cells by the release of Jagged1-

carrying exosomes [21]. CVDs represent a major health concern worldwide and the leading 

cause of death globally. For this reason, the research of innovative treatment of CVDs is 

constantly requested. MSC-derived sEVs have been attracting interest as a possible novel 

therapeutic agent being capable to manage different pathological condition like 

cardiovascular diseases.  

On these bases, in the first chapter of the present study, ASCs were treated using the iron-

chelating DFO to induce an increase in the HIF-1 expression. The action of DFO is to 

stabilize HIF-1 under normoxic conditions through the inhibition of the prolyl hydroxylases 

enzyme, which targets HIF-1 protein through degradation [27]. So, the increase of HIF-1α 

expression in the cells was induced by the treatment with a molecule capable to stabilize 

HIF-1 protein through the block of its degradation. The treatment with DFO has been 

performed overnight and after that, the conditioned culture medium was harvested to collect 

and isolate sEVs using precipitation. A complete characterization and quantification of these 

sEVs were performed, with even the imaging by electron microscopy (TEM), particle 

tracking techniques, and flow cytometry for the membrane markers, following the guidelines 

of Minimal Information for Studies of Extracellular Vesicles [28] (Figure 4). In the TEM 

observation, sEVs appeared with a diameter of less than 100 nm and they showed the typical 

bilayer cup-shaped membrane structure, due to dehydration during sample preparation [29]. 

The qNano device was exploited to obtain particle size, particle size distribution, and particle 

concentration, using the tunable resistive pulse sensing (RPS) technique. In detail, particle 

mean diameter was 90 nm and the mode was 73 nm. The particle size distribution of D10, 

D50, and D90 was instead 67 nm, 82 nm, and 121 nm, respectively. Other research group 

like Connor et al., has previously analyzed EVs with a qNano device, defining the particles 

with the average size of 92 nm as small EVs [30]. In addition, the presence of sEVs markers 

was analyzed using the classical flow cytometry of bead-captured EVs [31]. To realize that, 

polystyrene beads (4.5 µm diameter) coated with a primary monoclonal antibody specific 
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for the CD63 or CD81 membrane antigen were incubated overnight with DFO-sEVs. After 

the incubation, the bead-bound sEVs were labeled with a fluorescent-conjugated antibody 

for CD63 or CD81 markers. Taking together all these data allowed to define the particles 

isolated from DFO-treated MSCs as small EVs, because they showed a bilipid membrane 

vesicles and resulted with a mean diameter of 90 nm and positive to sEVs markers CD81 

and CD63 (Figure 4). To investigate the possible effect of these vesicles on the main vessel’s 

cells, with a view to their possible use in the CVDs treatment, DFO-sEVs were used to treat 

the recipient endothelial cells (HUVEC) prior to transcriptome sequencing and sEV-miRNA 

profiling (Figure 4d and 4e). Ingenuity Pathway Analysis software (IPA) of the QIAGEN, 

was used for studying transcriptome of HUVECs treated with DFO-sEVs. Despite the poor 

result of the RNA sequencing performed on HUVEC, fourteen genes resulted significantly 

upregulated. Among these, 12 were mitochondrial genes related to the oxidative 

phosphorylation, including MT-ND2, MT-ND1, MT-RNR2, MT-ND4L, MT-CYB, MT-

ND5, MT-ATP6, MT-ATP6P1, MT-ND4, MT-CO1, MT-CO3, MT-CO2, and MTATP6P1. 

While the last two genes remaining, were DYNC1H1 and HSPG2 (Figure 5a). Specifically, 

DYNC1H1 encodes cytoplasmic dynein that acts as a motor for the intracellular retrograde 

motility of vesicles and organelles along microtubules. It is reported that the loss of function 

of this gene causes a significant decrease in cell viability and cell proliferative ability [32]. 

Speaking of HSPG2 gene, it encodes for “Perlecan”, a proteoglycan key component of the 

vascular extracellular matrix, which is able to maintain the endothelial barrier function [33]. 

Observing the expression profile of DFO-sEV-treated HUVECs, it shown an enhanced 

mitochondrial activity by the overexpression of proactive genes that could improve several 

biological functions such as proliferation, development, and preservation of the extracellular 

matrix integrity. In addition to the RNA sequencing analysis, IPA software provides many 

different predictions, so it was even performed to identify the canonical pathways that result 

significant, basing on the transcriptome sequencing outcome and on categorize upregulated 

genes. Regarding treated HUVEC, three canonical pathways resulted with significant 

predictions: the granzyme A signaling and sirtuin signaling pathway resulted with an 

inactivated profile while oxidative phosphorylation pathway showed an activated profile 

(Figure 5b). Both the inactivated molecular pathways are responsible to induce bad effect on 

the cells. Indeed, Granzyme A signaling induces a caspase-independent cell death pathway 

[34], whereas sirtuin signaling can induce aging [35]. The only one resulted with an 

increased functionality was the oxidative phosphorylation, well known as the metabolic 

process that leads to ATP production inside cells [36]. Basing on these results, it was possible 
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to say that the canonical pathways identified by IPA highlighted a possible positive effect of 

DFO-sEVs on HUVECs, since they resulted increased in the expression of genes involved 

in oxidative phosphorylation and therefore the production of energy. On the contrary, it 

turned out that the treatment with DFO-sEVs reduced the expression of genes connected to 

cell death and aging. All these first data were then further verify performing a functional 

enrichment analysis using FunRich software and through mitochondrial membrane potential 

detection in order to evaluate a real increasing of the mitochondria activity of the treated 

cells. As expected, FunRich enrichment allowed to observe improvement in mitochondrial 

respiratory electron transport and ATP production, cell growth, and maintenance (Figure 6). 

Observing the enrichment analysis results, it was possible to see that IPA canonical pathway 

prediction and FunRich functional enrichment agreed in recognize same activated 

mitochondria related biological processes involved in mitochondria respiration.  

Another way to investigate the activation state of the mitochondria is the evaluation of its 

membrane potential. This was analyzed using a probe (MitoTracker Red CMXRos, Thermo 

Fisher Scientific) that accumulates in the mitochondria in a membrane-potential- dependent 

manner. The microscopy analysis performed on in vivo cells, further confirmed that the 

mitochondrial activation increased for DFO-sEV-treated HUVECs compared to untreated 

cells (Figure 7). It could be interesting to plan another study of the mitochondria as a 3D 

imaging analysis using fluorescence probes in order to observe how the EVs treatment on 

the HUVECs can affect the general mitochondria network and turnover.  

To implement the data about how the HUVEC response to DFO-sEVs treatment, a miRNA 

sequencing analysis of HUVEC-derived sEVs was performed. Again, even for this 

sequencing, IPA software was used to get the analysis and result. The sequencing on sEVs 

miRNAs content revealed 11 upregulated and 7 downregulated miRNAs in the treated 

HUVECs compared to untreated cells (Figure 9b and 10a). As reported in literature, the 

eleven upregulated miRNAs (hsa-let-7d-5p, hsa-mir-107, hsa-mir-143-3p, hsa-mir-191-5p, 

hsa-mir-196b-5p, hsa-mir-23b-3p, hsa-mir-27a-3p, hsa-mir-34a-5p, hsa-mir-361-5p, hsa-

mir-423-3p, and hsa-mir-9-5p) have pro-angiogenesis and pro-proliferative action on cells. 

For instance, mir-9-5p can induce enhancement in angiogenesis, proliferation, and migration 

and prevent apoptosis in endothelial progenitor cells [37]. Whereas up-regulated miRNAs 

such as mir-107, mir-143-3p, mir-23b-3p, and mir-27a-3p are reported to have a pro-

angiogenic function [38–40]. Furthermore, let- 7d-5p and mir-196b-5p miRNAs have 

proliferation-inducing functions [41,42]. To obtain a demonstration of this overall influence 

regulated by this up-regulated cluster of miRNAs, a functional enrichment analysis on them 
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was done. Using miRNet software to perform the analysis, 9 biological functions resulted 

enriched on the 11 up-regulated miRNAs of treated cells with a significant p-value < 0,05: 

lipid metabolism, cell division, DNA damage response, vascular remodeling, cell cycle, 

granulopoiesis, glucose metabolism, response to hypoxia and regulation of ATR pathway 

(Figure 10b). Taking together, all of them seem to be related to a proliferative pattern, with 

a specific biological pathway linked to the genome repair and protection such as DNA 

damage response and regulation of ATR pathway, well known as essential regulator for the 

genome integrity [43]. Moving on the down-regulated miRNAs cluster, seven 

downregulated miRNAs resulted from the sequencing of treated HUVEC derived sEVs 

compared to control: hsa-miR-10a-5p, hsa-miR-10b-5p, hsa-miR-148a-3p, hsa-miR-151a-

3p, hsa-miR-196a-5p, hsa-miR-29c-3p, and hsa-miR-654-3p (Figure 9b and 10c).  

Regarding this group of miRNAs, if expressed, they have an anti-proliferative, anti-

angiogenetic, and pro-inflammatory action [44–48]. Again, miRNet software was exploited 

to perform a functional enrichment analysis on the down-regulated miRNAs of treated 

HUVEC-derived sEVs. Seven biological processes resulted enriched with a significant p-

value < 0,05: megakaryocyte differentiation, brain development, histone modifications, lipid 

metabolism, adipogenesis, neurotoxicity and cell motility (Figure 10d). Showing a different 

pattern of influences on hypothetical target cells, such as pushing for differentiation like 

adipogenesis or even inducing bad effect for the cells like neurotoxicity, this enrichment 

confirmed that, if expressed, these down-regulated miRNAs could induce negative effect on 

target cells. On these data, it can be assumed that the downregulation of these miRNAs in 

HUVEC-sEVs could promote proliferation and prevent inflammation in the recipient cells.  

For another and deeper prediction of the possible influence of the treated-HUVEC-sEVs 

miRNAs content compared to control, a functional enrichment analysis on the ten main 

target genes of each up and down-regulated cluster of significant miRNAs was performed 

using miRNet software. The functional enrichment of the ten main target genes (Figure 11a) 

of upregulated miRNAs using Reactome as reference database, highlighted a link with the 

NOTCH, VEGFR, and HIF signaling pathways (Figure 11b), that are related to proliferation 

and angiogenesis [49]. On the contrary, the functional enrichment on the ten main target 

genes of downregulated miRNAs (Figure 11c) revealed enrichment of the biological 

pathways that control the cell cycle progression and AKT/PI3K signaling (Figure 11d) [50].  

 

In the in vitro study here reported, the effects of DFO on ASCs were investigated, with a 

particular focus on the messages conveyed by the sEVs released after the treatment. 
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Specifically, human endothelial cells (HUVEC) were treated with sEVs derived from DFO-

treated mesenchymal cells in order to evaluate the possible alteration and influence on 

cellular transcriptomes and miRNA cargo in sEVs. Treated HUVEC transcriptomic analysis 

revealed a downregulation of genes connected to cell death and aging and an upregulation 

of mitochondrial genes linked to oxidative phosphorylation. This potentiating effect of the 

treatment with DFO-sEVs ASCs-derived on endothelial cell mitochondria, was also 

highlighted by an increase in the mitochondrial membrane potential as proof of an enhanced 

functionality of mitochondria. In addition, the functional enrichment analysis on the 

significant deregulated sEV-miRNAs of treated HUVEC compared to control, showed a 

connection with the signaling pathways related to cell proliferation and angiogenesis. 

 

In conclusion, all the data reported in this study support that adipose-derived mesenchymal 

cells treated with iron-chelating deferoxamine are able to release small extracellular vesicles 

capable to induce in the hypothetical recipient endothelial cells, important cells components 

of blood vessel, molecular pathways and biological processes strongly linked to energy 

storage, proliferation, and angiogenesis. Taking together, since the potential use of the sEVs 

as treatment for several kind of diseases, this chapter aims to hypothesize a smart modified 

sEVs use for CVDs therapy.  

 

 

 

 

 

 

 

 

 

 

 

 



33 

 

Material and Methods 

Adipose Stem Cell Observation and Viability, DFO Treatment  

Commercial human adipose stem cells (ASCs; purchased from ScienCell Research 

Laboratories, Inc., Carlsbad, CA, USA) were seeded with Dulbecco’s Modified Eagle’s 

Medium (DMEM, EuroClone, Milano, Italy) added with 10% fetal bovine serum (FBS, 

EuroClone, Milano, Italy) and 1% Antibiotic–Antimycotic (Thermo Fisher Scientific, 

Waltham, MA, USA) until the experiments were conducted. In a 6-well plate, 4 x 105 

hASCs/well (passages between 2 and 4) were seeded in the complete medium. All the cells 

were observed during all the experiment using EVOS™ XL Core Imaging System 

(Invitrogen, Waltham, Massachusetts, USA) equipped with a 4x objective. The following 

day, the cells were washed twice with phosphate-buffered saline (PBS, EuroClone) and then 

incubated with 100 µM deferoxamine mesylate (DFO; Thermo Fisher Scientific, Waltham, 

MA, USA) in EV-depleted DMEM overnight. In order to evaluate the viability of the cells 

after the treatment with DFO, an MTT assay was performed.  

 

ASCs derived DFO-sEVs isolation and characterization using Transmission Electron 

Microscopy (TEM), Tunable resistive pulse sensing (RPS) and Flow Cytometry 

The sEVs (DFO-sEVs) were isolated from the conditioned serum free medium of DFO-

treated ASCs using a Cell Culture Media Exosome Purification Kit (Norgen Biotek Corp., 

Thorold, ON, Canada) according to the manufacturer’s instructions. For transmission 

electron microscopy (TEM), the sEVs were fixed in a 2% glutaraldehyde solution in 

phosphate buffer (ratio 1:1).   After that, sEVs were deposited, rinsed, and stained with heavy 

metal compounds onto a gridded slide according to the stan- dard protocols. The slide was 

visualized with a TEM Zeiss EM 910 instrument (Zeiss, Oberkochen, Germany). 

The distribution size and diameter of the sEVs were analyzed with a qNano platform (iZON 

Science, Oxford, UK) that exploits the RPS principle. The analyses were performed with 

NP150 nanopores and CPC200 calibration particles at 20 mbar pressure. The results were 

analyzed with the Izon control suite v3.4. Regarding the flow cytometry analysis, CD81-

positive and CD63-positive sEVs were isolated with Exosome- Human CD81 Flow 

Detection (Thermo Fisher Scientific, Waltham, MA, USA) and Exosome- Human CD63 

Isolation/Detection Reagent (Thermo Fisher Scientific, Waltham, MA, USA), respectively. 

Briefly, 100 µL of an sEV suspension was incubated with 20 µL of CD81 or CD63 magnetic 
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beads at 4 ◦C overnight. Bead-bound sEVs were washed twice with an Assay Buffer (0.1% 

BSA in PBS), and then labeled with 20 µL of mouse anti-human CD81-PE monoclonal 

antibody (BD Pharmingen™, BD Biosciences, San Jose, CA, USA) or 5 µL of mouse anti- 

human CD63-PE monoclonal antibody (eBioscience, San Diego, CA, USA). After 

incubation in an orbital shaker at 1000 rpm for 1 h, the bead-bound sEVs were washed twice 

with an Assay Buffer. Negative control was performed staining PBS (vehicle) instead of the 

sEVs. Flow cytometric detection was performed with an Attune™ N T Acoustic Focusing 

Cytometer (Life Technologies, Carlsbad, CA, USA), and the data were analyzed with the 

Attune N T Software version 2.5 (Life Technologies). 

 

Endothelial Cell Treatment, Observation and Mitochondria Membrane Potential Analysis 

Human umbilical vein endothelial cells (HUVECs; Thermo Fisher Scientific, MA, USA) 

were cultured in an EBMTM-2 basal medium (Lonza, Basel, Switzerland) completed with 

EGMTM-2 SingleQuotsTM Supplements (Lonza). Into 6-well plates, HUVECs (passages 

between 2 and 4) at 2 105 cells/well were seeded.  After 24 h, 500 µL of DFO-sEVs at a 

concentration of 1.33 x 109 particles/mL or an equal volume of PBS was added to the culture 

medium for 24 h. After 72 h of resting, the total RNA was isolated from the HUVECs using 

the Total RNA purification Plus kit (Norgen Biotek, Thorold, ON, Canada) according to the 

manufacturer’s instructions. sEV-miRNA was collected from the conditional medium using 

Cell Culture Media Exosome Purification and an RNA Isolation Mini Kit (Norgen Biotek, 

Thorold, ON, Canada) according to the manufacturer’s instructions.  

For internalization detection and observation, the DFO-sEVs were stained with PKH67 

(PKH67 Green Fluorescent, Sigma-Aldrich) for 20 min at 37 ◦C. An equal volume of PBS 

without sEVs was labeled with the green fluorescent probe and used as the negative control. 

Excess unincorporated dye was removed from the labeled solutions by using Exosome Spin 

Columns (MW 3000) (Thermo Fisher Scientific), following the manufacturer’s instructions. 

Then, HUVECs were incubated with the labeled sEVs for 24 h. After washing with PBS, the 

nuclei were stained with Hoechst 33342 (ThermoFisher Scientific) for 10 min. The cells 

were observed with a laser scanning confocal microscopy system (Nikon A1 confocal 

microscope, Nikon Corporation, Tokyo, Japan) equipped with a 60 objective. The zoomed-

in insets were produced with Fiji Vs4 software. In addition to that, another observation was 

performed using Zeiss Axiovert 200M Fluorescence Microscope (Zeiss, Oberkochen, 

Germany) to capture the images (63x oil objective). Stained sEVs with PKH26 were 
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internalized by HUVECs and resulted visible as red spots inside cytoplasmic region of cells. 

Nuclei of the cells was labeled again with Hoechst 33342 and actine filaments were stained 

with Alexa FluorTM 488 Phalloidin (Thermo Fisher Scientific, Waltham, Massachusetts, 

USA).  

In order to evaluate the mitochondrial membrane potential, the cells were incubated with 

MitoTracker Red CMXRos (Thermo Fisher Scientific) for 30 min at 37 ◦C. After washing, 

the cells were immediately observed on a Nikon LiveScan Swept Field Confocal Microscope 

(SFC) Eclipse Ti equipped with NIS-Elements microscope imaging software and on a 

confocal laser scanning Olympus FV3000 microscope both equipped with a 63X oil 

immersion objective (N.A. 1.4). The red signal colocalization rate was evaluated using the 

JACOP colocalization counter available in the Fiji software (ImageJ). For each condition, 

the signal was also determined by manually counting the fluorescent puncta. For each ROI, 

the Manders’ parameter was calculated. For each condition, five replicates were observed, 

and four measurements were performed on each replicate. 

 

RNA and miRNAs Sequencing, Data and Functional Enrichment Analysis 

Both mRNA sequencing and miRNA profiling were carried out by Area Science Park (ASP, 

Trieste, Italy) with Illumina sequencing technology. The total RNA was evaluated using 

NanoDrop 2000 (Thermo Fisher Scientific, Waltham, MA, USA) and Agilent Bioanalyzer 

2100 (Agilent, Santa Clara, CA, USA). Libraries were created with 1 µg of the total RNA 

with the TruSeq Sample Preparation RNA Kit (Illumina Inc., San Diego, CA, USA) 

according to the manufacturer’s protocol. All libraries were quantified with the Qubit 

dsDNA BR Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA) on a Qubit 2.0 

Fluorometer (Thermo Fisher Scientific, Waltham, MA, USA). RNA sequencing was realized 

on a Novaseq 6000 sequencer (Illumina Inc., San Diego, CA, USA) according to the 

manufacturer’s protocol. FASTQ files were output with the Illumina BCLFASTQ v2.20 

software. All raw files’ quality was verified with FASTQC software V4 

(http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc; accessed on 15 October 2022), and 

low-quality sequences were discarded from the analysis. Selected reads were aligned onto 

the complete human genome using Splices Transcripts Alignment to the Reference algorithm 

STAR version 2.7.3 using hg38 Genome Assembly and Genecode.v35 as the gene definition. 

The resulting mapped reads were included as the input for the feature count functions of the 

R subread packages and were used as gene counts for differential expression analysis using 
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the Deseq2 package. Reads comparison was performed between DFO-sEV-treated HUVECs 

and untreated HUVECs. 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, Germany) and sequenced using Novaseq 6000 (Illumina; San Diego, CA, USA) in 

the 2 150 paired-end mode. Identification of miRNAs in the samples was performed using 

the QIAseq miRNA-NGS data analysis software V5 considering Single Read as the read 

type and Read 1 Cycles 75 as the read cycles. 

All the datasets from RNA sequencing and miRNA sequencing were analyzed with the 

Qiagen Ingenuity Pathway Analysis (IPA) software. For the RNA sequencing analysis, IPA 

categorized all deregulated express genes (DEGs) in canonical pathways. IPA can make a 

prediction on possible diseases and functions, which were ranked based on their significance 

(p-value) and predicted state of activation/inhibition (z-Score).  The Z-score value was set 

with cut-off < - 2 or > +2. RNA sequencing was used to perform functional, biological 

pathway, biological process, and cellular component enrichment with the FunRich software 

[51], while MiRNet was used to analyze functional enrichment for miRNA sequencing. 

miRNet provided miRNA target gene data that were collected from four well-annotated 

miRTareBase v8.0 databases. Functional enrichment with miRNet was performed on the 

Reactome Biological Pathway database [52]. All miRNet enrichment was reported with a 

Prism 8.03 software graphical view (GraphPad Software Inc., Boston, MA, USA). The data 

are expressed as means SEM. Student’s t-test was used for comparing single comparisons. 

For multiple comparisons, one-way analysis of variance (ANOVA) was performed. A value 

of p < 0.05 was used as the benchmark for statistical significance.  
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Chapter 2: Complex Magnetic Fields act to reduce the Inflammation in 

Diabetic Derived Cells 

 

Abstract: 

Wound healing is a complex process that can be compromise by several factors like 

ischemia, infection and skin injury. One common feature of these different phenomena is 

that each of them resulted related to the reactive oxygen species (ROS), whose production 

plays a vital role in wound healing. From this point of view, multiple strategies have been 

developed in order to stimulate the activation of the antioxidative system, with the goal to 

reduce the damage caused by oxidative stress and to improve wound healing.  

In this prospective, in this chapter complex magnetic fields (CMFs) were used on fibroblasts 

and monocyte cultures derived from diabetic patients, with the purpose to evaluate their 

capacity to influence the ROS production and related wound healing properties and 

processes. Different analyses were performed to evaluate biocompatibility, cytotoxicity, 

mitochondrial ROS production and gene expression profile. The results confirmed a 

complete biocompatibility of the treatment and the lack of side effects on cell physiology 

following the ISO standard indication. Furthermore, other outputs confirm that the CMF 

treatment was capable to induce a reduction in the ROS production, an increase in the 

macrophage M2 anti-inflammatory phenotype through the activation of miRNA 5591, a 

reduction in inflammatory cytokines, such as interleukin-1 (IL-1) and IL-6, an increase in 

anti-inflammatory ones, such as IL- 10 and IL-12 and an increase in the markers related to 

improved wound healing such as collagen type I and integrins. As last experiment, an RNA 

sequencing analysis on macrophages and fibroblasts under CMF treatment demonstrated and 

confirm that CMF treatment is able to influence macrophages through an anti-inflammatory 

phenotype and increase fibroblasts capacity to induce regenerative biological processes.   

Taking together, all the data collected in this work highlight the beneficial potential of CMF 

treatment for those diabetic patients that develop diabetic foot. 
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Introduction: 

To date it is well known that Diabetes mellitus (DM) is defined as a chronic metabolic 

disorder, characterized by a persistent hyperglycemia. It occurs due to an impairment insulin 

secretion, resistance to peripheral actions of insulin, or both together. This chronic 

hyperglycemia condition in synergy with other metabolic aberrations in patients with 

diabetes mellitus can induce damage to various organ systems and tissues, promoting the 

development of disabling and life-threatening health complications, most prominent of 

which are microvascular such as retinopathy, nephropathy, and neuropathy and 

macrovascular complications leading to a 2-fold to 4-fold increased risk of cardiovascular 

diseases and even tissue damages like inducing the diabetic foot ulcers (DFU). Specifically, 

Type 1 diabetes mellitus (T1DM) accounts for 5% to 10% of DM and is characterized by 

autoimmune destruction of insulin-producing beta cells in the islets of the pancreas whereas 

Type 2 diabetes mellitus (T2DM) accounts for around 90% of all cases of diabetes [1]. 

Epidemiologic researches have definitively established the existence of an association 

between inflammatory biomarkers and the occurrence of T2DM and complications [2]. 

Focusing on diabetic foot, that is the most diffused cause of morbidity among diabetic 

patients, it is the result of functional and structural alterations such as ulcers often associated 

to osteomyelitis/gangrene resulting from chronic inflammation and endothelial dysfunction 

[3,4]. So far in this view, it is known that many cells result damaged by the global situation 

that occurs in diabetes pathology. In particular, endothelial cells, when under a 

hyperglycemic state, can change the utilization of nitric oxide to metabolize glucose and the 

depletion of which results in the inability to vasodilate [5]. The consequent inability to 

vasodilate of the vessels increases the intravascular pressure, causing injury and 

inflammation to the endothelial cells, which in turn causes the subintimal migration of 

inflammatory cells, thereby inducing the formation of atherogenic foam cells [6]. In addition, 

the inflammatory cells are able to release lytic enzymes that can damage even the 

extracellular matrix (ECM) and the vessels in general. This complex condition can induce 

an imbalance in free radicals and antioxidants, with an overproduction of reactive oxygen 

species (ROS), an enhanced inflammation and a decreased tissue regeneration process [7]. 
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Figure 1: Diabetes main vessel damages; 

 

 

 

The ROS can act as secondary messengers for immune-cells, influencing the recruitment 

and activity of monocytes to the wound site and subsequently regulate the angiogenesis 

process. All these just mentioned events can cause a vasculopathy, able to lead through an 

impaired healing and ulceration [8]. On these bases, ROS production control represents a 

promising strategy to improve wound healing responses, that involve multiple and complex 

processes as a result of distinct, but overlapping phases, like hemostasis, inflammation, 

proliferation and remodeling [9, 10].  

On the base of these premises, to date, several non-invasive technologies have been 

developed [10–15]. In scientific literature, it has been reported that the exposition of 

biological tissues and cell models to a magnetic field, is able to promote anti-inflammatory 

molecular pathways and to decrease the production of the ROS [16]. It even has been 

reported that devices capable to produce electromagnetic fields (EMF) are able to affect 
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numerous biological processes, such as wound and bone healing, inflammation, 

osteoarthritis, post-operative edema, chronic/neuropathy pain and tissue regeneration [9–

25]. This ability of EMF to affect biological processes depends by the complex composition 

of that. Indeed, the electromagnetic waves that are used in magnetic therapy, are the product 

of an electric field and a magnetic field that have a perpendicular direction (Figure 2). Those 

two physical fields can be modulated in wavelength and frequency in order to create a 

Complex Magnetic Field (CMF) basing on the membrane potential knowledges correlated 

to every kind of tissue [26]. 

 

 

 

Figure 2: Electromagnetic wave compositions and elements; 

 

 

To evaluate the safety of the exposition to CMF, exposure guidelines have been regularly 

developed and revised based on the available scientific knowledge such as the “exposure 

guidelines” that are published by the International Commission on Non-Ionizing Radiation 

Protection (ICNIRP). All these guidelines are made and exist for several frequency bands, 

including low-frequency electric and magnetic fields. The essential and unavoidable 

principle of these guidelines, is that EMFs exposition, in the frequency range of interest, 
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does not cause damaging effects to either the patient, the operator or any third party. The 

laboratory behind the work presented in this chapter, has been working on EMF for 10 years 

with different medical devices, studying different models, i.e., skin and bone [30–35], 

becoming able to confirm the safety of EMF and providing both preclinical and clinical data 

represented by the coherent data and useful interpretations capable to provide results and be 

able to replicate them in this fairly “risky” field of research. On these knowledges, a 

technology that exploits EMF can represent an important alternative compared to the 

classical approaches usually considered for all chronic wounds that are as highly invalidating 

for the patients as Diabetic foot ulcers (DFUs). As mentioned before DFU is one the most 

common complications of diabetes mellitus (DM), that can often result in disability and can 

be associated with an increased risk of mortality. All the complications from DFU are even 

associated with serious morbidity and overall reduction in quality of life. A lot of 

epidemiologist analyses confirmed that the annual incidence of DFU varies from 9.1 million 

to 26.1 million around the world. As previously reported, DFU development and 

pathogenesis can involve and induce peripheral nerve lesions and peripheral artery diseases.  

To date, the DFU is a complex situation that is managed using multiple approaches. A 

classical management of that includes standard care such as offloading, debridement, 

moisture-retentive dressings, infection management, tissue-based products, autologous 

platelet-rich gel and ozone therapy. Antibiotic treatment of invasive infection in conjunction 

with tissue debridement or amputation and off-loading foot pressure until healing is achieved 

are the essential management principles. In addition, specific adjunctive therapies have been 

shown to improve the ulcer/wound healing. These further therapies can be topical 

antimicrobial ointments (silver sulfadiazine, murpicin), wound growth factors, biologic 

dressings, negative pressure wound therapy, and hyperbaric oxygen treatments [36-37].  

To date there still is limited evidence to support the effectiveness and safety of using EMF 

as a treatment for DFU. The definition of its mode of action and its influence on 

mitochondrial activity is still unclear and has to be investigated. Due to the previous 

experience on diabetic cells physiology and about mitochondrial indolence on wound 

healing of the laboratory in which this work has been conducted [38–45], the presented 

chapter of the thesis was focused on testing the effect of a novel system based on complex 

magnetic fields (CMFs) which consist of a special symphony of waveforms that have been 

developed for the treatment of several biological alterations. Taking together these 

considerations, the present work aimed to testing the in vitro effects of CMFs on derived 

diabetics cells (macrophages and fibroblasts) and evaluating their effect on the mitochondrial 
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ROS production, its related anti-inflammatory activity and its ability to improve wound 

healing through multiple molecular test such as different ROS production assays, 

mitochondria membrane potential analysis, gene expression profiling of specific 

inflammatory markers and RNA sequencing, enrichment analysis and morphology analysis 

(SEM). 
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Results: 

1) Safety Test following International Standard Indication 

Every time a medical device supposes to stay in contact with the human body and when its 

function can influence cellular behavior, a specific and accurate biocompatibility analysis is 

fundamental with the purpose of preventing any adverse effect. On these bases, the 

biocompatibility was tested and evaluated by studying the viability of fibroblastic cells line 

using a MTT assay, performed after 1, 3 and 5 days of treatments with a CMF (Figure 3). 

Cells cultured on plastic dish without treatment were used as a control. The mean standard 

deviation is the result of triplicates (n=3). The values resulted from the analysis were 

comparable between treated and untreated samples. 

 

 

 

Figure 3: Viability test of fibroblasts after the CMF treatment with MTT assay at 1, 3 and 5 days. Cells on 

plastic dishes were used as control. Data are reported as the mean ± standard deviation (n = 3 per group). 

 

 

After the viability test, a second test was performed, in order to evaluate the blood 

compatibility with CMF treatment, by the hemolysis assay capable to quantify free 

hemoglobin released into the plasma subsequent a damage to the blood cells. No hemoglobin 

was released or detected, as reported in Table 1, confirming the absence of any hemolytic 

activity due to the CMF treatment. 
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Table 1: Hemolysis assay; 

 

Furthermore, a mutagenic potential due to CMF treatment was excluded by performing the 

Ames test. A negative result (Table 2), indicated that the treatment is not able to induce any 

mutagenic event.  

 

 

Table 2: Ames test for mutagenic assay results; 

 

 

2) ROS Production and Mitochondria Membrane Potential Analysis  

Inflammatory condition and the subsequently resulting inflammatory environment, is able 

to induce every kind of cells including fibroblasts and macrophages, to produce the reactive 

oxygen species in a time dependent manner, as it’s possible to observe in Figure 4. The 

OxiSelect ROS Assay Kit by Cell Biolabs Inc. was used to perform a ROS quantification of 

the cells under or not CMF treatment at different time points. When the cells have been 

exposed to CMF, they significantly resulted reduced in the ROS production basically for 

each time point analyzed.  
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                                          (a)                                                               (b) 

 

Figure 4: Effects of inflammation on the mitochondrial physiology evaluated by means of the oxidation process 

activation in inflamed macrophages and fibroblasts, in the presence or not of the CMF treatment (white bars) 

or in absence (untreated, black bars) with the CMF. 

 

 

To further validate the ROS production previous data, another ROS assay was performed on 

macrophages and fibroblasts in normal condition, with or without the CMF treatment to 

analysis the mitochondria ROS production in vivo. The experiment exploited the MitoSox 

reagent, capable to label superoxide anion inside the cytoplasm of the cells. As it’s possible 

to observe in Figure 5, two fields for sample were takes through the fluorescence detection. 

Both comparisons, showed that cells undergo CMF treatment product less superoxide anion 

compared to related controls.  
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                                              (a)                                                        (b) 

Figure 5: valuation of ROS production by mitochondria in vivo inside Macrophages (a) and fibroblasts (b) by 

using the MitoSox reagent capable to mark superoxide anion. *** p-value < 0.001.  

 

 

Even mitochondria membrane potential was detected to deeply understand if the CMF 

treatment is able to induce changing to the mitochondria metabolism. Macrophages and 

fibroblasts treated with CMF resulted with high and amplified mitochondria membrane 

potential compared with their control samples as shown in Figure 6. Beyond the fluorescence 

intensity observed in the representative pictures below (Figure 6c and 6d), it’s interesting to 

note the different shape of the macrophages with or without CMF treatment. Macrophages 

under CMF treatment resulted with an elongated shape compared to the untreated ones.  

 

 

(a) (b) 
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(c) 

 

 

(d) 

 

Figure 6: Fluorescence intensity quantification with ImageJ software vs8 of CMF treated and untreated 

macrophages and fibroblasts (a, b). *** p-value < 0,001. Mitochondrial membrane potential microscopy 

analysis of Macrophages (c) and Fibroblasts (d) representative pictures; all the untreated cells are reported on 

the left compared to treated cells on the right;   

 

 



48 

 

3) Macrophages Polarization Analysis 

In order to evaluate the macrophages polarization in M1 or M2 phenotype under 

inflammatory condition (TNF-α treatmet), when exposed to CMF treatment, a qPCR was 

performed to observe those genes and miRNAs related to the respective phenotypes. It is 

well known that an inflammatory environment is able to induce a commitment of the 

macrophages in M1 polarization, as it’s possible to observe in Figure 7 in which high 

expression level of this M1 pathways related miRNAs and genes are reported: miR-181a, 

miR-155-5p, miR-204-5p, miR-451, miR-125b-5p, miR-21, miR-193b-3p, miR-125a-5p, 

Akt2, p110d, PTEN, TSC1, TSC2 and p85a. To support this observation, it’s even possible 

to see that the gene expression of AKT1, p110a, p110b, p110g, TSC1 and rictor/mTORC2 

related to the M2 phenotype was strongly reduced for untreated cells. On the contrary, it’s 

interesting to observe how the expression profile rates of the respectively polarization 

phenotypes change when (white bars) or not (black bars) the cells were exposed to CMF 

treatment, pushing macrophages through a M2 phenotype.  

 

 

 

Figure 7: Expression profiles of the genes related to macrophages polarization. M2 phenotype genes are 

reported under the black bar on the right. Black bars represent gene expression in absence of the CMF and 

the white bars in the presence of the CMF; 
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To date it is well known that the polarization state of the macrophages is reflected even 

in the morphology of the cells. So, in order to verify that, a morphology analysis of the 

macrophages with or without CMF treatment was performed using electron microscopy 

(SEM). The commitment of the cells in pro-inflammatory phenotype M1 (red circles) 

characterized from a rounded shape or anti-inflammatory phenotype M2 (elongated shape, 

white circles) are reported in representative pictures in in Figure 8. CMF treatment is able to 

increase the commitment of macrophages into the M2 anti-inflammatory polarization shape 

(pictures on the left, different magnitudes) compared to M1 pro-inflammatory polarization 

shape (pictures on the right, different magnitudes). This observation confirmed the previous 

different in macrophages shape detected also in the mitochondria membrane potential 

analysis in vivo through the confocal microscopy observation (Figure 6c).    

 

 

(a) 

 

 

(b) 
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(c) 

 

       

(d) 

 

Figure 8: Scanning Electron Microscopy analyses of the macrophages with the CMF treatment (pictures on the 

left) with M2 anti-inflammatory phenotype characterized by a long fusiform shape (a, b, c, white circles) and 

without CMF treatment that acquires a M1 inflammatory rounded shape phenotype (a, b, c, red circles). 

 

 

4) Specific Inflammatory Markers analysis 

To further confirm the data presented above, gene expression profiling of the main 

inflammatory cytokines such as IL1b, TNF-α, iNOS, IL6 and IL8, for a pro-inflammatory 

and IL-10 and IL-12 for an anti-inflammatory pattern, were detected on the macrophage 

cultures subjected to inflammatory condition (Figure 9). Cells involved in this situation 

without CMF treatment confirmed to have an increased level of the pro-inflammatory 
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cytokines (black bars Figure 9) compared to the cells under treatment that showed a 

decreased level of the pro-inflammatory cytokines and an increased level of the anti-

inflammatory kind (white bars Figure 9).  

 

 

Figure 9: Macrophages inflammatory marker expression profiling. Untreated cells (black bars) and CMF 

treated cells (white bars); 

 

 

5) Extracellular Matrix Genes Expression Profiling 

In the same way with which macrophages-specific inflammatory markers were verified, the 

ability of fibroblasts to act on the wound healing process was evaluated in vitro making a 

gene expression profiling of some main extracellular matrix (ECM) was performed (Figure 

10). The gene expression of the collagen fibers confirmed that, in the presence of an 

inflammation process, the fibroblasts resulted not able to produce a good ECM, showing a 

low level of important ECM components such as collagen fibers type I, III, IV, V, XIV and 

vitronectin (black bars). On the contrary, under the same inflammatory condition when in 

the presence of the CMF, the fibroblasts induced an increased amount of the ECM 

components (white bars).  

 

 



52 

 

 

 

Figure 10: Extracellular matrix main components gene expression profiling. Untreated cells (black bars), CMF 

treated cells (white bar); 

 

 

6) Macrophages RNA sequencing analysis with IPA software and Enrichment analysis  

Basing on the above results in a second time, it was decided to performed an RNA 

sequencing analysis both on macrophages and fibroblasts derived from diabetes patients to 

confirm the pattern of gene expression observed under CMF treatment and evaluate the 

effect of an exposure to CMF for an extended time of 21 days. In order to do this, both the 

cellular population in normal culture condition were treated in parallel with related control.  

Starting from macrophages RNA sequencing output, 1921 significant genes resulted from 

the analysis (Figure 11a). Of these genes, 1071 were down-regulated and 850 were up-

regulated as shown in the volcano plot in Figure 11b. Using IPA software, it’s possible to 

obtain the PCA plot of the analyzed samples. As shown in Figure 11c, it’s possible to observe 

the distribution of the samples considering the intrinsic variance inside the analyzed group. 

Macrophages without CMF treatment showed a major intrinsic variance compared to the 

treated sample.  
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(a) 

 

 

 

(b) 
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(c) 

 

Figure 11: Dispersion distribution plot of normalized counts from RNA sequencing of macrophages (a); Volcano 

plot of significant up (red dots) and down-regulated (blue dots) genes resulted from RNA sequencing of 

macrophages with CMF treatment compared to control analyzed with IPA software (b); PCA plot showing 

samples grouped on internal variance (c); macrophage minus CMF are reported in red, macrophages plus CMF 

are reported in blue;  

 

 

Basing on the interest of the study about all genes resulting from the sequencing, the focus was 

on the most differentially regulated genes related to inflammation.  From the resulted list, 53 

genes were selected known to be involved in the inflammation mechanism. About these genes, 

15 resulted down regulated and 38 resulted up regulated (Figure 12a) Among the up regulated 

genes were found 8 genes (EGR2, IL4R, STAT6, ILI41, PPARD, MRC1, IL10RA and FN1) 

related to M2 polarization while amore the down regulated genes were found 5 genes (IRAK3, 

IRF8, DNMT1, TNFAIP2 and IL6R) related to M1 polarization (Figure 12b) 
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                       (a)                                                                             (b) 

 

Figure 12: 53 differentially expressed genes selected related to the inflammation (up regulated genes in purple, 

down regulated genes in yellow) (a); Macrophage polarization related genes (b); 5 down regulated M1 

polarization related genes (in green) and 8 up regulated M2 polarization related genes (in red); All reported 

genes was selected basing on an Expr. Log. Ratio -1 < or > 1; 

 

 

To further evaluate if the selected significant genes involved in inflammation with this 

expression status, are able to favor an anti-inflammatory phenotype of the treated 

macrophages compared with control sample, a biological pathway enrichment on up and 

down-regulated gene of the cells was performed using FunRich software (Figure 13). The 

software provides the most significant pathways basing on the percentage of the genes 

involved and p-value. Six pathways were selected for each group under analysis. On the up-
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regulated genes the signaling enriched were: immune system, IL 12-mediated signaling 

events and signaling mediated by STAT4, signaling mediated by TCPTP and IL-4 mediated 

signaling events (Figure 13a). Whereas, the pathways enriched for the down-regulated genes 

were: canonical Wnt signaling pathways, interleukin 6 signaling, signaling by interleukin, 

immune system and cytokine signaling (Figure 13b). 

 

 

 

(a) 
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(b) 

 

Figure 13: FunRich Biological pathways enrichment on up (a) and down-regulated (b) genes belonging to 

selected inflammation cluster genes from the RNA sequencing analysis of CMF treated macrophages compared 

to control; Percentage of genes involved in each function (blue bar), p-value (red bar), and reference (orange 

bar). 

 

 

With IPA software it was even possible to obtain a prediction about increased or decreased 

biological functions, basing on the expression status of the significant genes from the 

sequencing (Figure 14). This activation or inactivation, is expressed by a Z-Score. Two 

significant biological function (Z-score > 2) turned out to be increased (vasculogenesis and 

survival of organism) while three on them, resulted decreased with a Z-score < -2 

(chemotaxis of leukocytes, inflammatory response and killing of bacteria).  
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Figure 14: Significant Biological Function analysis by IPA software for CMF treated macrophages compared 

to untreated samples; 

 

 

 

7) Fibroblasts RNA sequencing analysis with IPA software and Enrichment analysis  

Moving on fibroblasts RNA sequencing results, a total of 8211 genes were significantly 

differentially expressed with a logFC < -1 or >1 after the normalization (Figure 15a). Of 

these genes, 4203 resulted down-regulated and 4008 resulted up-regulated (Figure 15b). 

Again, in the PCA plot provided from IPA software, it’s reported the distribution of the 

samples considering the intrinsic variance inside the analyzed group. (Figure 15c). Even for 

fibroblasts sample there is a major variance among the untreated sample compared to treated 

one with CMF.  
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(a) 

 

 

(b) 
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(c) 

 

Figure 15: Dispersion distribution plot of normalized counts from RNA sequencing of fibroblasts (a); (b) Volcano 

plot of significant up (red dots) and down-regulated (blue dots) genes resulted from RNA sequencing of 

macrophages with CMF treatment compared to control, analyzed with IPA software; PCA plot showing samples 

grouped on internal variance (c); untreated fibroblasts are reported in red, while treated fibroblasts with CMF are 

reported in blue; 

 

 

 

About the fibroblasts list of significant genes resulted from RNA sequencing, the focus was on 

the genes related to the extracellular matrix (ECM) components in order to verify if the 

fibroblasts under CMF treatment resulted more capable to induce regenerative mechanism by 

expressing ECM genes compared to untreated control. After the selection, 94 significant genes 

involved in the regulation of ECM turned out (Figure 16). Of these genes, 34 resulted up 

regulated and 60 were down regulated in the CMF treated fibroblasts compared to the control 

(untreated).  
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Figure 16: 94 differentially expressed genes selected related to the ECM regulation (up regulated genes in purple, 

down regulated genes in yellow). All reported genes were selected basing on an Expr. Log. Ratio -1 < or > 1; 

 

 

To evaluate how the resulting expression profiling of the selected genes related to the ECM, 

can influence the capacity of the cells under treatment compared to the untreated ones, to 

induce regenerative processes, a cellular component enrichment was performed exploiting 

FunRich software. First of all, a comparison analysis between up-regulated and down-

regulated genes was done in order to verify which group were more enriched for ECM 

components (Figure 17a). The up-regulated cluster genes resulted enriched compared to the 

down-regulated cluster of genes. Subsequently, a specific cellular component analysis basing 

on the fold change of the genes, was performed (Figure 17b). Placing up-regulated vs down-
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regulated cluster genes in the software, up-regulated group of genes resulted enriched for 

specific ECM components like, collagen type VII and VIII, and plasma membrane fraction, 

and depleted for intracellular fractions and functions.  

 

 

(a) 

 

 

(b) 
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Figure 17: FunRich cellular components enrichment on up and down-regulated genes related to ECM; (a) 

cellular component comparison; up-regulated genes (yellow bars), down-regulated genes (blue bars) (b) 

cellular component types and fold-change analysis of up-regulated vs down-regulated cluster genes; 

 

 

Thanks to IPA software a list of Canonical pathways was predicted basing on the significant 

genes resulted from the sequencing. The most significant functions were selected basing on 

a Z-score < -2 or > 2 (Figure 18). Among the increased biological pathways, it’s possible to 

observe many functions related to the tissue regeneration as activation of cells, proliferation 

of epithelial cells, chemotaxis, development of connective tissue cells, activation of blood 

cells, vascularization, growth of muscle tissue, proliferation of muscle cells and migration 

of vascular cells. Regarding instead the decreased canonical pathways, they resulted to be 

mostly correlated to cancer pathway as pelvic cancer, genital tract cancer, malignant 

neoplasm of male genital organ and prostate cancer. 

 

 

Figure 18: Significant Biological Function analysis by IPA software for treated with CMF fibroblasts compared 

to untreated samples; 
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Discussion:  

When we speak about a non-invasive therapy capable to promote healing approved by the 

U.S. FDA, Electromagnetic Fields (EMF), in this work called Complex Magnetic Field 

(CMFs), are inserted as a non-thermal treatment that uses an active electromagnetic 

waveform in order to treat damaged tissues. The emission of electromagnetic waveforms is 

able to penetrate completely any kind of tissues as previously reported by Dr. Mattsson 

M.O.et al. [46-51]. Due to this capacity, the CMF treatment can be performed and recognize 

as a non-invasive way therapy. The CMFs that work basing on biophysical energy of the 

specific tissue target of the treatment, was here used to be test using in vitro models, as 

therapy for diabetic foot ulcers with the goal to accelerate the healing process, evaluating the 

ROS production and correlated biological event during an inflammatory condition. When in 

presence of a chronic inflammation situation, the main associated factors with the failure of 

the healing of the diabetic foot ulcers are the high expression of the matrix metalloprotease 

instead of pro-ECM production factors, the ROS production in the wound tissue and a 

promotion of pro-inflammatory immune system cells and mediators. [52–57]. Indeed, the 

presence of the ROS is able to induce damage and to disrupt proteins, DNA and membrane 

phospholipids, and to induce the diabetic wound impairment, whether in the prolonged 

presence of the pro-inflammatory (M1) macrophages phenotype or the related failure of their 

transition to the regenerative (M2) macrophage phenotype [58–65]. Together to this, even 

the fibroblasts resulted no longer able to produce good ECM components for tissue 

regeneration when involved in an inflammatory process [66]. 

In this view, first resulted reported in second chapter of the thesis, is the set of the tests 

performed to verify the CMF treatment safety, by in vitro analysis, following the ISO 

requirements. Multiple tests were performed such as a cells viability with MTT, AMES test 

in order to observe the mutagenic effect of CMF using bacterial and the hemolysis assay. 

All the obtained results confirmed the total safety of the system used in this study. After this 

first evaluation, the second step was to look at the ability of CMF to contrast the ROS 

production, to induce an anti-inflammatory activity on biological models and enhance tissue 

regeneration making fibroblast more able to produce regenerative mediators and positive 

ECM factors. In order to verify the influence on the cell ROS production, several 

experiments were performed like: a ROS quantification using OxiSelect ROS Assay Kit 

performed at different time points (3, 5, and 7 days), a superoxide anion quantification inside 

the cytoplasm using MitoSox reagent and at last, a mitochondria membrane potential 

analysis in vivo, to detect how the mitochondria activation can be affected by CMF. Taking 
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together, all these data about ROS tests, confirmed that the CMF induced a reduction in these 

molecules, and an increased mitochondria activity as an improved metabolic activity of the 

cells. [67]. To investigate the impact of CMF on inflammatory cells like macrophages, a real 

time PCR in order to detect miRNAs and cytokines involved in the inflammatory and anti-

inflammatory events was performed. The dysregulation of this macrophage plasticity was 

influenced by microRNAs (miRNAs) that are fundamental regulators of the transcriptome 

output. During wound healing, proinflammatory mediators such as lipopolysaccharide 

(LPS), TNF-α or IFN-γ induced the polarization of the monocytes on the M1 macrophages 

phenotype. [68 PMID: 31178859] When in presence of a pathological condition, the 

polarization of macrophages in M1 and the subsequent inflammatory situations generated, 

are able to increase the expression of specific genes that favor extracellular matrix damage 

and the subsequent formation of ulcers such as in the DFU situation. In detail, all the pro-

inflammatory mediators detected with the qPCR, miR-21, miR-155-5p, miR-204-5p, miR-

451, miR-125b-5p, miR-181a-5p, miR-193b-3p, miR-125a-5p, Akt2, p110d, PTEN, TSC1, 

TSC2 and p85a resulted increased under inflammation. They play an essential role in the 

inflammatory immune response and as a support for this, the expression of the genes related 

to the M2 phenotype (AKT1, p110a, p110b, p110g, TSC1 and RICTOR/mTORC2) were 

strongly reduced during the inflammation. It was interesting to observe, that the CMF 

treatment in an inflamed tissue was able to strongly reduce the expression related to the M1 

commitment and to increase the genes related to the M2 phenotype, with a general anti-

inflammatory effect. Furthermore, inflammatory markers were analyzed to confirm previous 

data. The expression of these marker resulted higher under inflammatory environment, but 

decreased in the presence of a CMF. In particular, the cells (M1 polarized macrophages and 

fibroblasts) exhibited an upregulation of pro-inflammatory markers such as TNFa, IL-6, IL-

1b, iNOS and IL-8 and a downregulation of anti-inflammatory marker as IL-10 well and IL-

12, [69-73] in the presence of inflammation, but with opposite expression in the presence of 

an CMF.  

To date it is even well known that the polarization of the macrophages can be observed 

in the morphology of the cells, recognizing the typical polarization-related shape of the 

these cells as reported in literature [74]. Since this awareness, a morphology analysis of 

the macrophages with or without CMF treatment was performed using electron 

microscopy (SEM). As shown in Figure 6, under CMF treatment the cells showed pro-

inflammatory phenotype M1 characterized from a rounded shape and anti-inflammatory 

phenotype M2 whit an elongated shape. Even for the fibroblast main extracellular matrix 
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components were analysis in order to verify the ability of the fibroblasts to induce 

regeneration of a damaged tissue. Such as macrophages results a same trend occurred when 

analyzed the extracellular matrix (ECM) components in the presence of the CMF in an 

inflammatory environment.  

To confirm all the data above, an RNA sequencing analysis and multiple enrichment analysis 

were performed on macrophages and fibroblasts diabetic patients-derived. Looking for the 

inflammatory genes inside the macrophages RNA sequencing result, a commitment in up-

regulation of M2 polarization genes was observed in the CMF treated cells with a down-

regulation for M1 polarization genes when compared to the untreated cells (Figure 10). In 

order to obtain further demonstrations of this genome expression pattern and subsequently 

biological functions related, an enrichment analysis on the up and down regulated genes that 

belong to the inflammatory process was performed using FunRich software. From this 

analysis, regarding the up-regulated genes, the resulted signaling enriched were related to 

immune system with an increased commitment in anti-inflammatory signaling like IL12-

mediated signaling events and IL-12 signaling mediated by STAT4 as previously reported 

as anti-inflammatory pathways, signaling mediated by TCPTP, that plays an anti-

inflammatory role in the inflammation process when activated  [75] and IL-4 mediated 

signaling events, knowing that IL-4 as an important anti-inflammatory mediator. [76] On the 

other hand, speaking about down-regulated genes among the resulting pathways enriched 

there were: canonical Wnt signaling pathways, which is a pathway mainly associated with 

oxidative stress, inflammation [77] and interleukin 6 signaling, that is one of the main pro-

inflammatory mediators, belonging to pro-inflammatory cytokine family [78]. 

With the same mental approach, fibroblasts significant ECM-related genes from the RNA 

sequencing were used to make a prediction of the biological function that could be activated 

with this genome expression profile as a result of the CMF treatment. Thanks to IPA software 

biological function prediction, many signaling related to the tissue regeneration such as 

activation of cells, proliferation of epithelial cells, chemotaxis, development of connective 

tissue cells, activation of blood cells, vascularization, growth of muscle tissue, proliferation 

of muscle cells and migration of vascular cells has been predicted as activated function in 

those fibroblasts under CMF treatment compared to the untreated ones. To further confirm 

these patterns of activation/inactivation in the cells, a cellular component enrichment 

analysis was performed putting up-regulated versus down-regulated genes in FunRich 

software. The obtained output, confirmed that the cells subjected to CMF have an increased 
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commitment in multiple ECM factors like collagen type VII and VIII, able to contribute to 

the tissue regeneration and regenerative processes [79].  

In light of these findings, it’s possible to conclude that CMF are able to decrease ROS 

production both in macrophages and fibroblasts when exposed to an inflammatory 

environment, to increase the commitment in M2 polarized macrophages with an anti-

inflammatory action, and to promote an enhanced ability of the fibroblasts to produce good 

extracellular matrix factors involved in tissue regeneration. Taking together, these data allow 

to say that in the presence of an acute inflammation situation, CMF can decrease the 

inflammatory process acting on the inflammation-related cells, and in the same time, they 

are able to improve the tissue regeneration process increasing the fibroblasts capacity to 

produce renewed ECM (Figure 19). In this view, CMF could strongly be considered as a 

non-invasive therapy able to support tissue regeneration of chronic and difficult wounds as 

those present in diabetic foot condition.   

 

 

 

 

 

 

 

Figure 19. Potential effect of the CMF treatment on the wound healing process in diabetic foot condition; 

 

Treatment with CMF 
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Materials and Methods: 

 

Patients Recruitment and Samples Collection 

All the patients recruitment occurred thanks to the ECAD-CLI (NCT03636867) is an 

investigator-driven, single-center, prospective, single-arm study enrolling patients who are 

admitted to the Diabetic Foot Unit of the Maria Cecilia Hospital (Cotignola, Italy) with a 

diagnosis of diabetes mellitus and critical limb ischemia (CLI) with Diabetic Foot Ulcers 

(DFU) (consistent with the Rutherford classes 5 or 6). For the present work an overall of 

forty patients were recruited at Maria Cecilia Hospital (Cotignola, Ravenna, Italy). The 

entire study was conducted following the ethical principles for medical research involving 

human subjects from the World Medical Association Declaration of Helsinki. All the 

patients were involved inside the study after signing the consent form. All of them were 

included following these inclusion criteria: they suffered from type 2 diabetes for at least 5 

years, the presence of a distal neuropathic ulcer on the foot larger than 1 cm2 and appeared 

at least 6 weeks before, they had two palpable pulses at the ankle with a triphasic Doppler 

waveform and they were older than 18 years. Whereas, the exclusion criteria were chronic 

renal failure in dialytic treatment, local ischemia with an ankle-brachial pressure index 

(ABPI) < 0.9; infection according to the Infective Diseases Societies of the Americas (IDSA) 

guidelines, active or chronic Charcot’s disease, HIV or any other systemic disease interfering 

with the immune system, steroid or cytostatic therapy, known or suspected cancer diagnosis 

and life expectancy of less than 1 year. 

 

Cell Isolation and Characterization 

In order to collect the fibroblasts from the patients tissue samples, firstly the dermis was 

removed from biopsy, then washed in a phosphate-buffered saline (PBS, Euro- Clone, 

Milano, Italy) added with 1% antibiotic–antimycotic (AA, Thermo Fisher Scientific, 

Waltham, MA, USA), minced and digested with 200 U/mL collagenase type II (Gibco, 

Thermo Fisher Scientific) in Hanks’ balanced salts solution (HBSS, Euroclone, Rome, Italy) 

at 37 ◦C for 16 h. The isolated cells were seeded at a density of 5x104 cells/cm2 in Dulbecco’s 

modified eagle medium (DMEM, EuroClone, Rome, Italy) added with 10% fetal bovine 

serum (FBS, EuroClone, Rome, Italy). Whereas, the isolation of the peripheral blood 

mononuclear cells (PBMCs) was performed using a Ficoll–Paque gradient method. Briefly, 
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the peripheral blood, freshly extracted from the patients, was carefully poured into a tube 

with the Ficoll at the blood/Ficoll 1:4 proportion, centrifuged at 591 g for 30 min at room 

temperature in order not to induce coagulation process. After that, the supernatant was 

discarded and the pellet containing the PBMCs was resuspended in 1 mL of PBS 1X for cell 

counting and viability tests. The cell cultures were maintained at 37 °C and 5% CO2 and the 

medium was changed twice a week. PBMCs were then induced in Macrophages 

differentiation using 100 ng/mL of Phorbol 12-myristate 13-acetate (PMA) for a period of 

24 h. To create and mimick an in vitro inflammatory condition, fibroblasts and macrophages 

were treated for 24 h with 0.1 mg/mL−1 of the tumor necrosis factor-alpha (TNF-α, Celbio, 

Berlin, Germany). The TNF-α concentration used in the study was higher than in the 

physiologic conditions. 

 

Cell Treatment 

The instrument used to create CMFs was Next sx version (M.F.I. Medicina Fisica Integrata, 

Rome, Italy), that is an electronic device able to emits innovative pulsed multi-frequency 

electromagnetic fields between 1 and 250 microT variable in intensity, frequency, complex 

wave form and time stimulation (Figure 17).  

 

 

 

Figure 20: Next sx version (M.F.I. Medicina Fisica Integrata, Rome, Italy) electronic device used in the present 

work; 
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The generator of CMF provides different programs that work for and in relation to the 

configuration of the specific sector of the application. Every program is composed of several 

different steps with different intensities (from 1 to 250 microT), frequencies (1–250 Hz), 

interval times (1–4 min each steps) and forms of the complex multi-frequency waves with 

harmonic enrichments. All these four parameters, frequency, induction of intensity, wave 

form and time stimulation represent one of the steps of the machine program. A normal 

program is generally composed by 6 to 10 steps. The parameters used in this work were a 

frequency from 1 to 112 Hz, an induction intensity from 1 to 195 µT, a time duration of the 

steps from 1 to 4 min each and impulsive waveforms with odd multiple harmonics. The 

treatment was performed on the cells once per day, for a total of three weeks after which 

every experiment has been realized. The position of every step inserted in the program 

followed for this study was chosen basing on physiological priority of the biological process 

that we wanted to induce promoting the wound healing. In the Table 3 below there are all 

the steps biological-process related used in the treatment in correlation with the articles that 

explain the choice of the order. For instance, if the goal is to treat wound healing, it’s 

necessary to consider several biological conditions, including the inflammation status, the 

excess of free radicals in the ROS, the fungal and bacterial conditions, the lack of 

vascularization and the lack of free energy through which the body could recreate the 

conditions for regeneration.  

 

 

Table 3: Steps and bibliography. 
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Cells Viability Test 

All the cytotoxicity of the treatment was evaluated in vitro using a mouse-derived established 

cell line of L929 fibroblasts (Cell bank Interlab Cell Line Collection, Genova, Italy) 

following the ISO 10993-5:2009 directions. The cells were seeded with a density of 

4x104/well in 24-well plates for 24 h in the completed DMEM (cDMEM) medium. The 

cDMEM was created from Dulbecco’s modified eagle medium (DMEM) (Lonza S.r.l., 

Milano, Italy), supplemented with 10% fetal bovine serum (FBS) (Bidachem S.p.A., Milano, 

Italy) and 1% P/S. Control sample consisted of fibroblasts seeded at the same concentration 

in absence of the treatment. Three samples were prepared for each group. All the cytotoxicity 

test was assessed after a 24 h, 72 h and 5 day of cells exposure. Briefly, after removing the 

medium, 1 mL of a 0.5 mg mL-1 MTT solution was placed in each well. The MTT assay 

was then performed as previously explained. To determine the presence of viable cells, the 

MTT-based proliferation assay was performed according to the method of Denizot and Lang 

with minor modifications. The tissue samples were incubated for 3 h at 37 °C in 1 mL of a 

0.5 mg mL−1 MTT solution prepared in PBS. After the removal of the MTT solution by a 

pipette, 0.5 mL of 10% DMSO in isopropanol was added to extract the formazan in the 

samples for 30 min at 37 ◦C [16]. For each sample, the absorbance values was detected at 

570 nm and recorded in duplicate on 200 µL aliquots deposited in the microwell plates using 

a multilabel plate reader (Victor 3, Perkin Elmer, Milano, Italy). 

 

Hemolysis Assay 

The hemolysis assay was performed following the standard practices set forth in the ASTM 

F756 (Standard Practice for Assessment of Hemolytic Properties of Materials) for evaluating 

the blood compatibility of the cells after a treatment of the CMF and without treatment [34]. 

Thanks to the collaboration with another research group, the blood of three healthy New 

Zealand rabbits was pooled and diluted in a phosphate buffer saline (PBS; Lonza S.r.l., 

Milano, Italy) to achieve a total hemoglobin concentration of 10 1 mg/mL. While the samples 

were incubated with diluted blood, the blood cells could release hemoglobin into the plasma. 

The product of this reaction was quantified by measuring the OD at 540 nm with a 

spectrophotometer. The extraction conditions were 50 °C for 72 h. Each sample was 

incubated for 3 h at 37 °C, then centrifuged for 15 min at 800 g. One mL of the resulting 

supernatant from all the samples was added to 1 mL of Drabkin’s reagent (Sigma-Aldrich, 
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St. Louis, MO, USA) and incubated at room temperature for 15 min. The reaction product 

was quantified with a multilabel plate reader (Victor 3, Perkin Elmer, Milano, Italy) by 

measuring the optical density (OD) at 540 nm. The hemolysis index (HI) was then calculated 

using the mean OD for each group as follows. HI(%) = OD (test material)  x OD (negative 

control)/OD (positive control)  x  OD (nega- tive control) 100. With a HI 2%, the sample 

was considered nonhemolytic whereas with a HI > 2%, the sample was considered 

hemolytic. 

 

Mutagenic Analysis with Ames Test 

Mutagenic potential of the CMF treatment was evaluated exploiting the Ames test by using 

the Salmonella mutagenicity complete test kit (Moltox, Molecular toxicology Inc., Boone, 

NC, USA), as described in Ferroni et al. [36]. Four different strains of Salmonella were 

incubated for 48 h at 37 °C with the different extracts, then the number of the revertant 

colonies per plate was counted. Three replicates were performed for each sample. If the 

number of the reverted colonies was equivalent to those observed with the blank and negative 

control, the sample was considered not mutagenic. If the number of the reverted colonies 

was equivalent to those observed with positive controls, the sample was considered 

mutagenic. 

 

Scanning Electron Microscopy (SEM) 

Macrophages and fibroblasts samples were preserved in a 2.5% glutaraldehyde/0.1 M 

sodium cacodylate buffer overnight at 4 ◦C, treated with a 1% Osmio O4/0.1 M sodium 

cacodylate buffer and dehydrated using ethanol solutions of increasing concentrations. The 

samples have been analyzed using SEM (Electronic Microscopy Service, Department of 

Biology, University of Ferrara, Ferrara, Italy) with a SEM Zeiss EVO 40. The image 

acquisition system consisted of a Tietz video camera (Tietz Video and Image Processing 

Systems GmbH, Gauting, Germany) and the TIA FEI imaging software 6 (FEI Company). 

 

RNA Extraction and Real-Time PCR Array 

Cells total RNA was extracted using the RNeasy Mini Kit (Qiagen, Hilden, Germany). For 

every sample, 500 ng of the total RNA was reverse-transcribed with the RT2 First Strand 
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Kit (Qiagen) in a SimpliAmpTM Thermal Cycler (Applied BiosystemsTM, Rome, Italy) 

Thermo Fisher Scientific, Berlin, Germany) following the manufacture indications. The 

resulting cDNA was stored at -20 °C until the next step.  A human wound healing RT2 

Profiler PCR Array (Qiagen) was performed in accordance with the manufacture protocol. 

Shortly, cDNA samples were mixed with RT2 SYBR Green Mastermix (Qiagen) and then 

aliquoted into the wells of the RT2 Profiler PCR Array. The real-time PCR system (Applied 

BiosystemsTM) was set up with the following thermal cycling conditions: denaturation at 

95 °C for 10 min followed by 40 cycles of denaturation at 95 °C for 15 s and annealing and 

elongation at 60 °C for 1 min. A dissociation curve for each well was performed by running 

the following program: 95 °C for 1 min, 65 °C for 2 min and 65 °C to 95 °C at 2 °C/min. 

The relative expression was determined using the 2−∆∆CT method. All the Ct values of the 

target genes were then normalized to the geometric mean Ct values of the housekeeping gene 

(ACTB). The results were reported as a fold regulation of the target genes in the test group 

(treated with CMF) compared with the control group (untreated). The statistical significance 

was set at p < 0.05. 

 

Reactive Oxygen Species (ROS) Analysis 

OxiSelect ROS Assay Kit (Cell Biolabs Inc., San Diego, CA, USA) is a cell-based assay for 

measuring the intracellular activity of hydroxyls, peroxyls and other ROSs employing the 

cell-permeable fluorogenic probe DCFHDA. This probe diffuses into the cells and is 

deacetylated by the cellular esterase into a non-fluorescent DCFH. When in presence of the 

ROS, the DCFH is rapidly oxidized generating highly fluorescent DCF. Fluorescence signal 

was detected using a standard fluorometric plate reader. In addition to this previous 

detection, even the production of superoxide anion inside mitochondria was evaluated. This 

superoxide anion can be visualized using a fluorescence microscopy that works on using 

MitoSOX™ Red Mitochondrial Superoxide Indicatorsis label (Invitrogen, TermoFisher, cat 

number M36008) that can be detected in live cells. The obtained output from this assay is 

related to fluorescence, higher is the production of superoxide anion, higher is the 

fluorescence.  
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Mitochondria membrane potential analysis  

To measure mitochondrial membrane potential, the cells were incubated with MitoTracker 

Red CMXRos (Thermo Fisher Scientific) for 30 min at 37 °C and after one washing phase 

they were immediately observed with a Nikon LiveScan Swept Field Confocal Microscope 

(SFC) Eclipse Ti equipped with NIS-Elements microscope imaging software and on a 

confocal laser scanning Olympus FV3000 microscope both equipped with a 63X oil 

immersion objective (N.A. 1.4). The red signal colocalization rate was evaluated using the 

JACOP colocalization counter available in the Fiji software (ImageJ). For each condition, 

the signal was also determined by manually counting the fluorescent puncta. For every ROI 

obtained, the Manders’ parameter was calculated. For each condition, five replicates were 

observed, and four measurements were performed on each replicate. 

 

RNA sequencing and Analysis 

Again, the mRNA sequencing was performed by Area Science Park (ASP, Trieste, Italy) 

using Illumina sequencing technique. Total RNA was quantified using NanoDrop 2000 

(Thermo Fisher Scientific, Waltham, MA, USA) and also Agilent Bioanalyzer 2100 

(Agilent, Santa Clara, CA, USA). All the libraries were created with 1 µg of the total RNA 

using the TruSeq Sample Preparation RNA Kit (Illumina Inc., San Diego, CA, USA) 

according to the manufacturer’s protocol. They were then quantified with the Qubit dsDNA 

BR Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA) on a Qubit 2.0 Fluorometer 

(Thermo Fisher Scientific, Waltham, MA, USA). RNA sequencing was realized on a 

Novaseq 6000 sequencer (Illumina Inc., San Diego, CA, USA) according to the 

manufacturer’s protocol. The final output from Illumina BCLFASTQ v2.20 software was 

given in FASTQ files. Raw files’ quality was checked using FASTQC software V4 

(http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc; accessed on 15 October 2022), and 

all the low-quality sequences were discarded from the analysis. After this, all the selected 

reads were aligned onto the complete human genome using Splices Transcripts Alignment 

to the Reference algorithm STAR version 2.7.3 using hg38 Genome Assembly and 

Genecode.v35 as the gene definition. The resulting mapped reads were included as the input 

for the feature count functions of the R subread packages and were used as gene counts for 

differential expression analysis using the Deseq2 package. Reads comparison was performed 
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between DFO-sEV-treated HUVECs and untreated HUVECs. Differentially expressed 

genes (DEGs) were selected for log 2 (FR) < 1 or >1 and p-value < 0.05. 

 

Statistics 

The datasets from RNA sequencing were analyzed with the Qiagen Ingenuity Pathway 

Analysis (IPA) software. This provides a list of significant genes and is able to categorize 

all differentially expressed genes (DEGs) in canonical pathways. Doing this IPA can make 

a prediction on possible diseases and functions, which were ranked based on their 

significance (p-value) and predicted state of activation/inhibition expressed in Z-Score.  The 

Z-score value used in this study was set with cut-off <-2 or >+2. RNA sequencing was used 

to perform functional, biological pathway, biological process, and cellular component 

enrichment with the FunRich software. Multiple results are reported using a Prism 8.03 

software graphical view (GraphPad Software Inc., Boston, MA, USA). The data are 

expressed as means SEM. Student’s t-test was used for comparing single comparisons. For 

multiple comparisons, one-way analysis of variance (ANOVA) was performed. A value of 

p < 0.05 was used as the benchmark for statistical significance. The repeatability was 

calculated as the standard deviation of the difference between the measurements. All the 

testing was performed in the SPSS 16.0 software (SPSS Inc., Chicago, IL, USA; license of 

the University of Ferrara, Ferrara, Italy). 
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