
 

 

UNIVERSITAô DEGLI STUDI DI VERONA 

 

DEPARTMENT OF  

NEUROSCIENCES, BIOMEDICINE AND MOVIMENT SCIENCES 

 

PHD SCHOOL 

DIAGNOSTICS AND PUBLIC HEALTH 

 

 

DOCTORAL PROGRAM IN 

NANOSCIENCE AND ADVANCED TECHNOLOGIES 

 

 

Cycle / year: XXXVI / 2020 

THE REGENERATIVE POTENTIAL OF STROMAL 

VASCULAR FRACTION DELIVERY VIA HYALURONIC ACID 

IN AN  

ISCHEMIA-REPERFUSION INJURY MODEL 

 

 

S.S.D. BIO /16 

 

 

Coordinator:  Prof. Adolfo Speghini 

 

Tutor:   Prof. Andrea Sbarbati 

   

 

   

PhD candidate: Dott. Anita Conti 

  



 

 

 



3 

 

ABSTRACT ............................................................................................................ 7 

1 INTRODUCTION .......................................................................................... 8 

1.1 ADIPOSE-DERIVED MESENCHYMAL STEM CELLS AND 

STROMAL VASCULAR FRACTION ............................................................... 8 

1.1.1 Differences between SVF and AD-MSC ........................................ 8 

1.1.2 SVF formulations and extraction .................................................... 9 

1.1.3 Mechanisms of action of SVF ....................................................... 10 

1.2 HYALURONIC ACID .......................................................................... 15 

1.2.1 Structure, functions, and degradation............................................ 16 

1.2.2 Biological functions ...................................................................... 16 

1.2.3 Modification of hyaluronic acid for biomedical applications ....... 19 

1.2.4 Applications of hyaluronic acid .................................................... 20 

1.3 SKELETAL MUSCLE .......................................................................... 21 

1.3.1 Anatomical and histological characterization of posterior 

compartment of the hindlimb ........................................................................ 22 

1.4 SKELETAL MUSCLE REGENERATION .......................................... 24 

1.5 MUSCLE INJURY ............................................................................... 25 

1.5.1 Ischemic reperfusion injury........................................................... 26 

1.6 ACUTE LIMB ISCHEMIA .................................................................. 31 

1.6.1 Etiology ......................................................................................... 31 

1.6.2 Risk factors ................................................................................... 32 

1.6.3 Symptoms ...................................................................................... 32 

1.6.4 Diagnostic test ............................................................................... 33 

1.6.5 Vascular imaging ........................................................................... 33 

1.6.6 Therapy ......................................................................................... 34 

1.6.7 Reperfusion injury ......................................................................... 35 

1.6.8 Systemic inflammation and remote organ injury .......................... 35 

1.6.9 Post procedure and follow-up care ................................................ 35 

2 AIM OF THE PROJECT .............................................................................. 36 

3 MATERIALS AND METHODS................................................................... 37 

3.1 Characterization of the Stromal Vascular Fraction ............................... 37 

3.1.1 Adipose tissue collection............................................................... 37 

3.1.2 Mechanical treatment of adipose tissue ........................................ 37 

3.1.3 Enzymatic treatment of adipose tissue .......................................... 38 



4 

 

3.1.4 Enzymatic treatment of stromal vascular fraction ........................ 38 

3.1.5 Cellular yield viability................................................................... 39 

3.1.6 Cellular proliferation capacity....................................................... 39 

3.1.7 Colony forming unit assay ............................................................ 39 

3.1.8 Morphological and ultrastructural evaluation ............................... 40 

3.1.9 Immunophenotyping ..................................................................... 40 

3.1.10 In vitro differentiation assay.......................................................... 41 

3.2 Hyaluronic acids.................................................................................... 42 

3.3 Hyaluronic Acid in vitro response ......................................................... 42 

3.3.1 MMT assay .................................................................................... 42 

3.3.2 In vitro adipogenic stimulation ..................................................... 43 

3.4 In vivo regenerative potential of Hyaluronic Acids and Stromal Vascular 

Fraction ............................................................................................................. 44 

3.4.1 Therapeutic/treatment preparation/therapeutic strategy 

development .................................................................................................. 44 

3.4.2 Animals ......................................................................................... 44 

3.4.3 MRI analysis ................................................................................. 44 

3.4.4 Histological analysis ..................................................................... 45 

3.4.5 Immunofluorescent ....................................................................... 45 

3.5 Metabolic activity, DNA content, and migration evaluation of Stomal 

Vascular Fraction and Hyaluronic Acid 3 ......................................................... 46 

3.5.1 Cellular metabolic-activity assay .................................................. 46 

3.5.2 DNA quantification ....................................................................... 46 

3.5.3 Scratch assay ï cell migration ....................................................... 47 

3.6 In vivo pathological regenerative potential in a muscle ischemic 

reperfusion model.............................................................................................. 47 

3.6.1 Animals ......................................................................................... 47 

3.6.2 Rotarod Accelerod ......................................................................... 48 

3.6.3 MRI ............................................................................................... 48 

3.6.4 Histology and immunohistochemistry .......................................... 49 

3.7 Characterization of human adipose tissue supernatant obtained by 

Stromal Vascular Fraction ................................................................................. 52 

3.7.1 NTA measurement ......................................................................... 52 

3.7.2 Transmission electron microscopy (TEM) .................................... 53 

3.7.3 Cellular transmission electron microscopy ................................... 53 



5 

 

3.7.4 Purification .................................................................................... 53 

3.7.5 Western blot .................................................................................. 54 

3.8 Statistical analysis ................................................................................. 55 

4 RESULTS ...................................................................................................... 56 

4.1 Characterization of the Stromal Vascular Fraction ............................... 56 

4.1.1 Morphological and ultrastructure analysis .................................... 56 

4.1.2 Quantitative assessment of cellular yield, CFU-F population and 

cellular proliferative capacity ........................................................................ 58 

4.1.3 Immunophenotyping ..................................................................... 60 

4.1.4 In vitro differentiation assay.......................................................... 62 

4.2 Hyaluronic Acid in vitro response ......................................................... 63 

4.2.1 Metabolic activity of SVF ............................................................. 63 

4.2.2 In vitro adipogenic stimulation ..................................................... 64 

4.3 In vivo regenerative potential of Hyaluronic Acids and Stromal Vascular 

Fraction ............................................................................................................. 65 

4.3.1 In vivo adipose stimulation of SVF and HyMovis (HyA1)........... 66 

4.3.2 In vivo adipose stimulation of SVF and HYAlubrix (HyA2) ........ 68 

4.3.3 In vivo adipose stimulation of SVF and Ial-System ACP (HyA3) 70 

4.3.4 Immunofluorescence analysis ....................................................... 72 

4.4 Metabolic activity, DNA content, and migration evaluation of Stomal 

Vascular Fraction and Hyaluronic Acid 3 ......................................................... 73 

4.4.1 Cellular metabolic activity and DNA quantification ..................... 73 

4.4.2 Scratch test .................................................................................... 74 

4.5 In vivo pathological regenerative potential in a muscle ischemic 

reperfusion model.............................................................................................. 77 

4.5.1 Motor Behavioral Experiment....................................................... 77 

4.5.2 MRI ............................................................................................... 79 

4.5.3 Histological and morphological evaluation .................................. 84 

4.5.4 Morphometric analysis .................................................................. 88 

4.5.5 Oil Red O ...................................................................................... 89 

4.5.6 Immunohistochemistry evaluation ................................................ 91 

4.6 Characterization of human adipose tissue supernatant obtained by 

Stromal Vascular Fraction ............................................................................... 105 

4.6.1 NTA analysis ............................................................................... 105 

4.6.2 Western blot ................................................................................ 106 



6 

 

4.6.3 Transmission electron microscopy of SVF pellet ....................... 108 

5 DISCUSSION .............................................................................................. 111 

5.1 Characterization of the Stromal Vascular Fraction .............................. 111 

5.2 Hyaluronic Acid in vitro response ........................................................ 113 

5.3 In vivo regenerative potential of Hyaluronic Acids and Stromal Vascular 

Fraction ............................................................................................................ 114 

5.4 Metabolic activity, DNA content, and migration evaluation of Stomal 

Vascular Fraction and Hyaluronic Acid 3 ........................................................ 116 

5.5 In vivo pathological regenerative potential in a muscle ischemic 

reperfusion model............................................................................................. 118 

5.6 Characterization of human adipose tissue supernatant obtained by 

Stromal Vascular Fraction ............................................................................... 125 

6 CONCLUSION ........................................................................................... 127 

7 FUTURE PROSPECTIVE .......................................................................... 127 

8 REFERENCES ............................................................................................ 129 

 

  



7 

 

ABSTRACT  

Tissue engineering, in recent years, has shown interesting applications, particularly 

in regenerative medicine with the aim of improving the renewal and repair of 

damaged tissues. In this context, the use of stromal vascular fraction (SVF) from 

adipose tissue, combined with biomaterials has demonstrated remarkable potential 

in promoting tissue recovery. SVF, due to its multipotency and immunomodulatory 

properties, provides interesting evidences of high therapeutic potential. In addition, 

hyaluronic acid (HyA) has emerged as a versatile biomaterial renowned for its 

biodegradable, biocompatible, and bioactive properties.  

The aim of this study was to assess the regenerative potential of SVF with an HyA 

in a model of muscular ischemia-reperfusion (I/R) injury. The first part of the study 

focused on in vitro and in vivo characterization of SVF obtained through mechanical 

fragmentation of adipose tissue and its with HyA. Subsequently, the regenerative 

potential of SVF combined with HyA was assessed in a model of skeletal muscle 

I/R injury. Multiparametric MRI evaluations, motor function tests, quantitative 

analyses, and immunohistochemical examinations demonstrated that the SVF 

combined with HyA treatment induced significant improvements in the 

experimental model. In particular, we observed a reduction of edema, a positive 

impact on motor function impairment, and myofibril organization compared to 

individual SVF or HyA treatments. Overall, the results showed that the synergistic 

effect of SVF and HyA could represent an efficient treatment for skeletal muscle 

ischemia-reperfusion injury with high translational potential for future clinical 

studies. 
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1 INTRODUCTION  

1.1 ADIPOSE-DERIVED MESENCHYMAL STEM 

CELLS AND STROMAL VASCULAR FRACTION  

Mesenchymal stem cells (MSCs) are multipotent stem cells with properties of 

multilineage differentiation, high proliferation potential, and self-renewal, with 

a secretion of paracrine factors1, 2. Thanks to their proprieties, MSCs have 

increasingly been used as a therapeutic regenerative therapy.  

Different tissues can serve as a source of adult MSCs, but bone marrow (BM-

MSC) and adipose tissue (AD-MSC) are the most common. 

Immunophenotypization and differentiation capability assay have established 

differences and similarities between BM-MSC and AD-MSC. Nevertheless, the 

significant differences in regenerative potential between BM-MSC and AD-

MSC remain uncertain.  

The extraction of MSCs from adipose tissue compared to bone marrow presents 

numerous advantages. First, it has been demonstrated that adipose tissue 

contains 100-1000-fold more MSCs than bone marrow3, 4. Additionally, the 

extraction procedure is less invasive, less painful, and with fewer risks of 

complications compared to a bone marrow harvest5. 

Stromal vascular fraction (SVF) represents a freshly isolated heterogeneous cell 

mixture present in the adipose tissue. It comprises smooth muscle cells, 

preadipocytes, endothelial cells, and several multipotent stem cell6. All the cell 

subtypes are linked together with stromal connective tissue. With all the 

components, the SVF contributes to the regulation of the stemness of MSCs 

within the perivascular niche6, 7.  

1.1.1  Differences between SVF and AD-MSC 

Key differences can be identified between SVF and expanded AD-MSC, as the 

former encompasses the niche where AD-MSC live and maintain their 

stemness7.  Firstly, the SVF has a short time preparation, unlike the stem cells 
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extracted from it, which may require a long expansion time. Otherwise, to 

obtain a large initial quantity of AD-MSCs, it would be necessary to harvest a 

large amount of adipose tissue, which could cause difficulties during the 

surgical procedure. Differently, SVF can be prepared at the point of care from a 

relatively small volume of lipoaspirate, with minimal training, using manual 

protocols or automatic devices. Furthermore, compared to the use of AD-MSCs, 

SVF offers more benefits, reducing the risks and inconveniences associated 

with cell cultures and multiple passages.  

For these reasons, SVF can be a potential regenerative candidate to bypass the 

issues associated with using AD-MSCs.  

1.1.2  SVF formulations and extraction  

SVF composition varies depending on the processing protocol8, 9. SVF 

represents a freshly isolated cell mixture present in the adipose tissue. Itôs 

composed of smooth muscle cells, preadipocytes, endothelial cells, immune 

system cells (like anti-inflammatory M2 macrophages and regulatory T cells), 

fibroblasts, and several multipotent stem cells, such as hematopoietic progenitor 

cells, pericytes, and AD-MSC. All these cell components are kept together by 

ECM elements, such as collagen, elastin, and glycoprotein, and form the stromal 

connective tissue. 

There are two methodologies to obtain the SVF from lipoaspirates or excised 

fat: chemical or physical methodologies. The chemical is based on enzymatic 

digestion of the adipose tissue and is commonly performed with collagenase. 

SVF was traditionally isolated with this enzymatic methodology, but from 2007, 

this procedure was forbidden for clinical use because the product obtained is 

considered substantially manipulated (disagreement with Good Manufacturing 

Practice regulations of the European Parliament and Council, EC regulation no. 

13394/2007). For this reason, in recent years was developed physical 

methodologies based on the mechanical treatment of adipose tissue 

(microfragmentation, shaking, vortexing, and sonification etc.) have been 

developed10, 11. The two techniques have essential differences: the physical 
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methodologies are faster, easier, and cheaper than the enzymatic digestion, but 

the efficiency of cell extraction is lower than collagenase. Indeed, also the 

products obtained from the two methodologies have some differences6. SVF 

extracted with enzymatic digestion is a suspension of different stromal cell 

phenotypes, while the SVF extracted with physical methodology preserves cell-

matrix and cell-cell interaction inside of the fragments of the extracellular 

matrix12. Regardless of the procedure for SVF preparation, the goal is to 

maintain the viability of the stem cells along with the stromal cell niche, all of 

which account for the potential therapeutic benefits of distinct SVF products7. 

 

Figure 1. Pros and Cons of chemical and physical treatment of adipose tissue.  

1.1.3 Mechanisms of action of SVF 

The regenerative capacity of SVF is likely derived from the heterogeneity of its 

constituents that provide numerous mechanisms for regeneration to occur13. The 

mechanism of the therapeutic effect of SVF is poorly understood, and potential 

tissue or organ-specific action.  

The SVF interacts and triggers a range of pro-regenerative pathways. The main 

SVF biological actions are proangiogenetic, antiapoptotic, antifibrotic, immune 

regulatory, anti-inflammatory, and trophic.  

Some of these effects may be attributable to the presence of AD-MSC (2-10%), 

while others are associated with the vascular niche and, alternatively, to the 

interaction and crosstalk between cell subtypes present in SVF.  
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1.1.3.1 Angiogenesis 

The pro-angiogenic activity can be attributed to the crosstalk between 

endothelial progenitor cells (EPCs) and AD-MSC14. Indeed, coculture between 

AD-MSC and EPC results in the formation of an enhanced vascular network 

during 14 days of incubation15. The growth factors released by ECPs, such as 

vascular endothelial factor (VEGF) and insulin-like growth factor-1 (IGF-1), 

have the capacity to induce angiogenesis16. Its in vivo application has 

successfully resulted in neovascular formation when applied to acute 

myocardial infarction, cosmetic procedures, burn wounds, diabetic foot ulcers, 

and ischemic muscle17. 

1.1.3.2 Immunomodulatory effects 

The immunological and anti-inflammatory properties are due to the diverse cell 

components. AD-MSC have anti-inflammatory and anti-apoptotic proprieties, 

and in the health adipose tissue are present anti-inflammatory M2 

macrophages18. SVF also contains T regulatory cells (Treg) that express high 

levels of immune suppressive cytokines, that maintain macrophages in the M2 

phenotype18. 

Several therapeutic investigations have reported an initial reduction in 

inflammation and immune response following SVF injection19. This 

immunomodulatory effect of SVF is attributed to its varied cellular components. 

AD-MSC and progenitors are recognized for their anti-inflammatory and anti-

apoptotic characteristics, that contribute to regeneration of host tissue. For 

example, in an experimental autoimmune encephalitis model for multiple 

sclerosis, SVF demonstrated greater efficacy than AD-MSCs in reducing 

inflammation and delaying the onset of disease with a lower clinical disease 

score19.  

1.1.3.3 Extracellular  matrix (ECM) components 

The ECM is composed of structural proteins such as collagen, laminin, 

fibronectin, and elastin, which are commonly secreted by fibroblasts. ECM is 

an essential component to ensure cross-talking interactions among all cellular 

https://www.sciencedirect.com/topics/medicine-and-dentistry/acute-heart-infarction
https://www.sciencedirect.com/topics/medicine-and-dentistry/acute-heart-infarction
https://www.sciencedirect.com/topics/medicine-and-dentistry/diabetic-foot-ulcer
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components. Additionally, it recreates the autologous microenvironment as 

similar as possible to an original tissue. The ability of the ECM to act as a robust 

scaffold, keeping nearby cellular elements close and dynamically interacting 

with them, initiates a series of pathways that accelerate regenerative functions20. 

The ECM also facilitates cellular recruitment and migration, as the cell uses 

integrin-cytoskeleton attachments to put itself forward21 . Furthermore, ECM 

contributes to the angiogenetic process, mediating the growth and formation of 

vascular networks22. 

1.1.3.4 Paracrine activities 

While SVF cells contribute to tissue formation by differentiation of their 

individual components, there is also evidence of regeneration occurring through 

paracrine signaling involving cross-talking between the different cell 

population of SVF and their host environment23. SVF cell components secrete 

factors such as growth factors, cytokines, and extracellular vesicles (EVs) that 

are responsible for chemoattraction, angiogenic, anti-inflammatory, and 

prosurvival effects required for tissue regeneration24.  

1.1.3.5  Extracellular vesicles 

The extracellular vesicles (EVs) are a heterogeneous group of cell-derived 

membranous structures produced for intracellular communication. They are 

located in different types of tissues or biological fluids, including blood, urine, 

saliva, cerebrospinal fluid, breast milk, lymph, synovial, and seminal fluid25, 26. 

EVs expressed in physiological and pathological conditions exchange 

components between cells, such as proteins, nucleic acids, lipids, and 

enzymes27.  

Based on their size, morphology, and biogenesis, EVs can be divided into two 

main categories: exosomes and microvesicles.   

The exosomes refer to membrane vesicles with a size ranging from 30 to 

100/150 nm realized by reticulocytes during differentiation28. Exosomes are 

intraluminal vesicles (ILVs) formed by the inward budding of the endosomal 

membrane during the maturation of multivesicular body (MVBs), which are 
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intermediates within the endosomal system, and secreted upon fusion with 

exocytosis with the cell surface29.  

Microvesicles or ectosomes range in size from 50nm to 1000nm, assembled and 

realized from the plasma membrane. Indeed, they are generated by the outward 

budding and fission of the plasma membrane and the subsequent release of 

vesicles into the extracellular space, taking within some of the cytosolic content 

and membrane receptors of the paternal cell30. 

Although both exosomes and microvesicles have the function of intercellular 

communication and signaling, they differ in the expression of specific 

biomarkers due to their distinct origin, and molecular content due to their 

biological function. Exoxoses display several cell membrane proteins on their 

surfaces, and the most common biomarkers are tetraspanins (CD63, CD81, 

CD82, CD9, and CD37), heat-shock proteins (Hsp60, Hsp70, Hsp90, and 

Hsp20), tumor susceptibility gene (TSG101), annexin, flotillin, and apoptosis-

linked gene 2-interacting protein X (ALIX)31. In addition, specific 

transmembrane proteins are present on the surface, such as epithelial cell 

adhesion molecule (EpCAM), epidermal growth factor receptors (EGFRs), 

lymphocyte function-associated antigen 1 (LFA-1), and endoglin (CD105). 

Exosomes may contain and transport DNA, mRNAs, pre-mRNAs, and other 

noncoding RNAs that are transferred to the recipient cells or tissue32 after the 

interaction and attachment with the above molecules26. 

Microvesicles (MVs) express numerous features of the donor cell including 

specific surface antigens and receptors33. MVs express the specific protein 

CD144 on their external leaflet, platelet-derived microvesicles (PMVs) released 

from activated platelets express specific protein CD41, and leukocyte-derived 

microvesicles (LMVs) express as a specific marker CD1834. All MVs have 

phosphatidylserine (PS) on the outer face of plasmalemma, a common specific 

marker. MVs are also in the surface marker CD40, as well as cholesterol, 

sphingomyelin, and ceramides35. Furthermore, MVs carry the origin cell-

specific membrane proteins on the surface, such as macrophage integrin-1 

(Mac-1), tissue factor (TF), P-selectin, E-selectin, CCL5 (chemokine CC-motif 
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ligand 5), stromal cell-derived factor (vWF), monocytes chemoattractant 

protein-1 (MCP-1), matrix metallopeptidases (MMP2, MMP9), vascular 

endothelial growth factor (VEGF), DNA, mRNAs, miRNAs, non-coding 

RNAs, and peroxisome proliferator-activated receptor gamma36.  

The EVs derived from the SVF and the cells within it can have a paracrine role 

in repairing and regenerating damaged tissue.  

 

Figure 2. Diagram represent the classification, biogenesis, molecular content and 

interactions with target cells of EVs. Exosomes originate from the early sorting 

endosome (ESE), which turn sequentially into late sorting endosome (LSE), and 

multivesicular bodies (MVBs), whose intraluminal vesicles (ILVs) are exocytosed 

upon fusion and inward invagination of the plasmalemma. Ectosomes, also named 

microvesicles (MVs) are formed upon plasma membrane budding with phosphatidyl 

serine (PS) on the outer membrane surface. Apoptotic bodies (ApoBDs) are membrane-

derived large vesicles originating form apoptotic cells with PS as surface marker. Image 

form Georgescu and Simionescu, Extracellular vesicles: versatile nanomediators, 

potential biomarkers and therapeutic agent in atherosclerosis and COVID-19-related 

thrombosis, 2021.  
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1.2 HYALURONIC ACID   

Hyaluronic acid (HyA), or hyaluronan, is a natural linear polysaccharide composed 

of alternating units of repeating disaccharide of N-acetyl-D-glucosamine and D-

glucuronic acid linked by ɓ (1,4) and ɓ( 1,3) glycosidic bonds37, 38 (Figure 5). HyA 

is a non-sulfated glycosaminoglycan (GAG) present in all tissues and fluids of the 

body. HyA is most abundant in the skin (50% of the total body HyA),  the vitreous 

of the eye, the extracellular matrix (ECM) of cartilage tissues, the umbilical cord, 

and synovial fluid, but it is also present in other parts of the body, such as skeletal 

tissues, heart valves, the lung, the aorta, the prostate, tunica albuginea, corpora 

cavernosa and corpus spongiosum of the penis39. HyA is an essential component of 

the ECM, in which its structural and biological properties mediate its activity in 

cellular signaling, wound repair, morphogenesis, and matrix organization40.  

It has good biocompatibility, biodegradability, and non-immunogenicity, with anti-

inflammatory and bio-stimulated effects41. These characteristics make HyA a 

promising candidate for the tissue regeneration process42, 43.  
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Figure 3. Chemical structure of HyA. (A) Chemical structure of Hya disaccharide unit, (B) 

and HyA tetrasaccharide unit when the hydrophobic functional groups and the hydrophobic 

moieties are respectably evidenced in blue and yellow, while the hydrogen bonds are 

represented by green dashed lines. Image form Fallacara et al., Hyaluronic acid in the third 

millennium, 2018.  

1.2.1  Structure, functions, and degradation  

The simple molecular unit repeated thousands of times form a structure of long 

linear polymer, with a molecular weight (MW) reaching very high molecular 

weight, up to 20,000 kDa37, 44. HyA is synthesized by HyA synthetases on the inner 

surface of the cellular membrane and translocate into extracellular space for 

elongation45, 46. The different types of hyaluronidase generate HyA with different 

molecular weights, that exhibit different biological effects47. For instance, high 

molecular weight HyA displays anti-inflammatory and immunosuppressive 

properties, controlling the recruitment of inflammatory cells. In contrast, low 

molecular weight HyA is a potent proinflammatory molecule and promotes 

angiogenesis and tissue remodelling in the wound healing process. It is also able to 

inform the cells about stress conditions48. 

Two mechanisms carry out the degradation of HyA in the human body. The first 

one is specific, mediated by enzymes, the hyaluronidases (HYALs), that can cleave 

the ɓð1,4 glycosidic bonds. The second is non-specific, determined by oxidative 

damage due to reactive oxygen species (ROS)49. According to these degradation 

mechanisms, it is estimated that the half-life of HyA varies from 12-24 hours in the 

skin to a few minutes in the bloodstream50.  

The balance between the synthesis and degradation process, and the MW 

disposition plays an essential regulatory role in the containment of human 

homeostasis.  

1.2.2  Biological functions  

HyA participates in multiple biological functions, such as lubrification, hydration, 

matrix structure, and steric interactions, and is involved in several cellular 

interactions that are important for proliferation, differentiation, development, and 
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recognition41, 51, 52. HyA is the most abundant component of ECM, which performs 

its biological function according to two mechanisms: 

¶ passive structure molecule, that is related to their physiochemistry 

propriety53. The unique structure of HyA, a long, negatively charged, 

randomly coiled with its macromolecular size, hydrogroscopy, and 

viscoelasticity, modulates the tissue hydration, osmotic balance, and 

physical proprieties of ECM. HyA maintains all the components of ECM 

(cells, collagen, and elastic fiber) and determines the cell migration rate 

according to the matrix porosity it forms54.  

¶ Signalling molecules interacting with molecules of ECM and cell surface 

receptors, the hyaladherins55, 56. These interactions are essential in 

developing cells and organs in response to tissue damage, inflammation, cell 

migration, formation, and resistance to cancer.  

Hyaladherins are divided into three main classes: 

π CD44: is a cell surface glycoprotein adhesion receptor that can 

interact with HyA51, 53. It is expressed in many isoforms and spread 

in many cell types53. When the CD44 extracellular domain interacts 

with HyA, the CD44 intracellular domain interacts with the 

cytoskeleton, forming a cytoskeleton-biopolymer link53. The CD44 

cellular receptor can interact with HyA with different MW or small 

fragments of HyA, activating different pathways and functions, such 

as cell adhesion, migration, inflammation, and tumour metastasis57.  

π RHAMM: is a receptor for HyA-mediated cell mobility, or CD168. 

It is expressed in several isoforms, and the location is not only in the 

cell membrane but also in the cytoplasm and nucleus50. RHAMM 

regulates cellular response to growth factors and plays a role in cell 

migration, particularly for fibroblasts and smooth cells. The HyA-

RHAMM interactions have roles in inflammation and tissue repair, 

triggering various signaling pathways (cell migration, adhesion, and 

proliferation) and controlling cells such as macrophages and 

fibroblasts. The RHAMM is expressed on the cell surface, interacts 

with CD44, and modulates cell mobility, wound healing, and signal 
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transduction. At the intracellular level, RHAMM binds to actin 

filaments, podosomes, centromeres, microtubules, and mitotic 

spindle, affecting crucial cellular processes58.   

π ICAM-1: the intercellular adhesion molecule 1 or CD45 is a cell 

surface glycoprotein typically expressed on endothelial cells and 

cells of the immune system. This molecule may also release HyA 

from the body fluid and plasma, responsible for most of its turnover.  

The interaction between HyA and ICAM-1 also regulates the 

inflammatory reaction59.  

π HARE: the HyA receptor for endocytosis is expressed in the inner 

surface of endothelial cells in vascular and lymphatic vessels. This 

receptor mediates the systemic clearance of HyA from the 

circulatory and lymphatic systems60, 61.  

π LYVE-1: the lymphatic vessel endothelial receptor-1 is expressed in 

the vascular lymph endothelium and macrophages. It controls the 

renewal of HyA meditating its absorption from the tissues into the 

lymph53, 56.  

π TLRs: toll-like receptors are usually expressed on sentinel cells, 

such as macrophages and dendritic cells. The interaction between 

HyA and TLRs in the surfaces of immune system cells switches on 

a pro-inflammatory response56, 62. 
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Figure 4. HyA cell surface receptors and their functions. Image form Fallacara et al., 

Hyaluronic acid in the third millennium, 2018. 

1.2.3  Modification of hyaluronic acid for biomedical applications  

The HyA can be considered an essential building block for creating new 

biomaterials with utility in tissue engineering, regenerative medicine, and drug 

delivery41-43, 63. There are several modifications and functionalizations in the 

structure of HyA that can be customized for specific applications. During the 

modification process, itôs important particular attention in maintaining the native 

HyA properties, such as biocompatibility, biodegradability, and mucoadhesive64  

1.2.3.1 Chemical addition of pendant groups/conjugation  

Conjugation is the chemical addition of a monofunctional compounds into an HyA 

chain by single covalent bound53. In general, chemical modification occurs in the 

liquid phase, with water or other organic solvents, such as dimethyl sulfoxide 

(DMSO), dimethylformamide (DMF), and hexafluoroisopropanol53. A final 

purification step is necessary to remove any unreacted reagents that could cause 

toxicity. The chemical modifications target three functional groups: the glucuronic 

acid carboxylic acid, the primary and secondary hydroxyl groups, and the N-acetyl 

group. The most common modifications are the carbodiimide-mediated reactions, 

esterification, and amidation on the carboxylates, etherification, divinyl sulfone 

crosslinking, esterification, and bis-epoxide crosslinking on the hydroxyls. The 

chemical-modified HyA is divided into two categories:  

¶ monolithic HyA derivates are terminally modified forms of Hya that can not 

form new chemical bonds in the presence of cells or tissues and must be 

processed and fabricated into different forms; 

¶ living HyA derivates can form new covalent bonds in the presence of cells, 

tissue, and therapeutic agents. These compounds are usually required to 

create 3D cell cultures and in vivo cell delivery.  
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1.2.3.2 Crosslinking 

A polyfunctional compound is linked to more than one original or modified HyA 

by two or more covalent bonds. Crosslinking is mainly used in the preparation of 

HyA hydrogel65. Crosslinking can be induced in two ways, chemical or physical. 

The most common chemical compounds that produce crosslinking are dithiothreitol 

(DTT), sodium tetrathionate, polyethylene glycol (PEG)-dithiol, and peptide-

linked. The benefits of this methodology are to form derivates with high molecular 

weight, a high degree of substitution, and require a short activation time. 

Differently, physical crosslinking can be produced using pH, temperature, ionic 

strength, photo-induction, and enzymatic-induction. The advantage is that it 

endured minimal toxicity due to no other crosslinking agents being used66.  

1.2.4  Applications of hyaluronic acid   

Thanks to its numerous proprietaries (Fig 5), the incorporation of HyA in wound 

healing improves tissue regeneration. HyA finds numerous applications, including:  

¶ Drug delivery: HyA-based nanoparticles and hydrogel are used as drug 

delivery vehicles to improve the solubility, stability, and targeted delivery 

of pharmaceutical compounds67. 

¶ Molecules delivery: ECMs hydrogel control the spatiotemporal release of 

grow-factors, to induce a regenerative action.  

¶ Tissue engineering: HyA scaffolds are used in tissue engineering 

applications to support cell growth and tissue regeneration. Indeed, HyA has 

the ability to mimic the microenvironment provided by the ECM and 

accelerate cell proliferation in the injured site. For example, HyA sustains 

wound healing and re-epithelialization process, thanks to ability to increase 

cell proliferation, migration, and adhesion in the wound site68.  

¶ Cell delivery: HyA scaffolds have the capacity for cell retention, thereby 

enhancing the natural biological repair processes mediated by endogenous 

cells43, 69. The encapsulation of cell types inside an HyA scaffold allows the 

recreation of different microenvironments, reducing inflammation and 

stimulating the regeneration process70.   
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¶ Orthopaedics: HyA injections are used to treat osteoarthritis by lubricating 

and cushioning the joints, reducing inflammation, and improving 

mobility69.   

¶ Ophthalmology: HyA is used in eye drops and ointments to lubricate the 

eyes and provide relief from dryness and irritation69, 71.  

¶ Dermal fillers: HyA is injected beneath the skinôs surface to add volume, 

smooth wrinkles, and enhance facial contours72. 

 

Figure 5. Medical, pharmaceutical, cosmetic, and dietary applications of HyA and its 

derivates. Image form Fallacara et al., Hyaluronic acid in the third millennium, 2018. 

1.3 SKELETAL MUSCLE  

Skeletal muscle consists of hierarchically organized muscle fibers, also known as 

myofibers, blood vessels, nerves, and connective tissue. Myofibers, the functional 

muscle unit, are formed by the fusion of myoblasts into elongated, cylindrical, 

multi-nucleated fibers named myotubes, which are 10-100 Õm in diameter73. The 

plasma membrane of the muscle fibers is called the sarcolemma, and the cytoplasm 

is referred to as sarcoplasm. As myofibers mature, their nuclei are located along the 

periphery below the sarcolemma. The parallel myofibers are bundled into fascicles 

enclosed by the perimysium. Somatic motor neurons innerve the skeletal muscle 

for the contraction.  
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Each muscle fiber is composed of many myofibrils, which contain sarcomeres 

identified between two cytoskeletal structures called Z-bands, the contractile unit 

of the skeletal muscle. The sarcomeres contain contractile proteins, thin filament 

actin, and thin filament myosin74.  

 

Figure 6. Skeletal muscle anatomy. 

1.3.1  Anatomical and histological characterization of posterior 

compartment of the hindlimb  

Skeletal muscle tissue is composed of thousands of muscle fibres, that differ for the 

contractile and metabolic properties. There are two main fibre types75:  

-type 1 fibres, slow-twitch oxidative, red muscle, that contain more mitochondria, 

possess a high oxidative capacity, and are resistant to fatigue. 

-type 2 fibres, fast-twitch glycolytic, white muscle, possess a high glycolytic 

capacity, and fatigue easily. 

It is known that the fibre typer composition can be vary depending on exercise 

performance, fatigue resistance, and metabolic activity76. Furthermore, animal 

model studies demonstrated a strong relationship between muscle fibre types and 

pathological conditions or clinical manifestation, such as diabetes and obesity77.  

Myosin is a predominant and the kye component of skeletal muscle proteins, that 

have the ability to generate contractile force through the consumption of ATP 

(Figure 7A). The myosin molecule is composed of hexamer consisting of two 
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identical myosin heavy chain (MyCH) subunits and four light-chain subunits. The 

catalytic domain is located within the MyCH subunits, and its function is to 

hydrolysed ATP and interact with actin78. To date, four predominant MyHC 

isoforms have been identified in adult rodent skeletal muscles: MyHC1, 2A, 2X, 

and 2B79. MyHC1 is expressed in slow-type 1 muscle fibres. Meanwhile, fast-type 

2 fibres are subdivided into 2A, 2X, and 2B muscle fibres, which preferentially 

express MyHC2A, 2X, and 2B, respectively. Type 2A and 2X fibres exhibit 

intermediate contractile characteristics of type 1 and type 2B fibres.  

The main mammalôs posterior compartment of the leg is formed by 3 types of 

muscles: soleus, plantaris, and gastrocnemius (medial: MG and lateral: LG)80 

(Figure 7B, C). They extend behind the knee and into the sural region (calf) of the 

posterior leg with the flexion function of the foot at the ankle joint and of the knee 

ate the knee joint. The immunostaining figure shows that soleus is characterized by 

mixed fibre composition, with an hight presence of slow-type 1 muscle fibres that 

express MyHC1, and fast-type 2 fibres that express MyHC2A and MyHC2X. The 

plantaris mainly express fast-type 2 fibres, with an hight quantity of MyHC2B, but 

also My2A and 2X. Lastly, gastrocnemius is predominantly marked with fast-type 

2 muscle fibres with MyHC2B expression, but in the plantaris and soleus proximal 

regions its express also some MyHC2X and 2B80.  
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Figure 7. (A) Myosin structure, that consists in two heavy chains (yellow and green), each 

bound to an essential light chain (ELC, dark pink), and a regulatory light chain (RLC, light 

pink). The myosin heads (S1 region) contain the sites of ATP and actin binding. The tails 

(LMM) are coiled coils that assemble into the thick filaments. Image form Barrick et al., 

Cardiac myosin contraction and mechanotransduction in health and disease, 2021. (B) 

Mouse cross-section immuno-stained. Cross-section are obtained from calf muscle 

including gastrocnemius, plantaris, and soleus muscle, and immunopositive MyHC 

isoforms are visually classified as MyHC1 (white), MyHC2A (blue), MyHC2X (green), 

and MyHC2B (red). 10x magnification. Image form Sawano et al., A one-step 

immunostaining method to visualize rodent muscle fiber type within a single specimen, 

2016. (C) Manual segmentation of high-resolution MRI of mouse calf muscles, formed by 

lateral gastrocnemius (LG), medial gastrocnemius (MG), plantaris (PL), soleus (S), and 

tibial (TA). Image form Zhang et al., Magnetic resonance imaging of mouse skeletal muscle 

to measure denervation atrophy, 2007.  

1.4 SKELETAL MUSCLE REGENERATION  

Satellite cells (SCs) are the muscle-resident stem cells that are located between the 

sarcolemma and basal lamina of myofibers and also close to the blood capillaries81. 

They are responsible for skeletal muscle growth and regeneration. SCs reside in a 

specialized microenvironment known as the niche, which contains stem cells, 

soluble factors, ECM, vascular networks, and cell adhesion molecules 82-84. The 

satellite niche is responsible for maintaining the physiological quiescent stem cells 

population from diminishing and also for regulating the response to different stress, 

such as excise, injury, or disease82. SCs express the transcription factors Pax7 and 

Pax3, as well as myogenic factor 5 (Myf5)85. Pax7 is the most important marker for 

the maintenance of SC function and can be expressed in particularly in quiescent 

and proliferating SCs81, 85, 86. 

The maintaining of a small number of SCs in a quiescent state is fundamental for 

the replenishment of the stem cell pool (self-renewal ability). In the case of stress 

signaling, the SCs, once activated, migrate to the injury site and differentiate into 

skeletal myoblast to regulate muscle regeneration87. Upon activation, SCs move out 

of the basal lamina, upregulate the expression of MyoD, Pax7, and Myf5, and then 

undergo a cell cycle to generate myoblasts. After cell divisions, myoblasts exit this 
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cycle and fuse directly with the existing injured myofibers, or they fuse to generate 

multi-nucleated myotubes following the increased expression of myogenin (Myof4) 

in the terminal differentiation process. The myotubes express desmin, myosin heavy 

chain (MyoH), and Ŭ-actinin, and can form mature myofibers 88.  

 

Figure 8. Skeletal muscle resident stem cells. SCs (Pax7 +) reside in the space between the 

sarcolemma and the basal lamina and are required for repair and regeneration of the 

myofiber following injury. SCs activation in response to injury includes upregulation of the 

myogenic regulatory factors Myf5 and MyoD and asymmetric cell division. Newly formed 

myoblasts or myocytes can fuse with damaged fibers or fuse together to form new fibers in 

the muscle environment. Pax7 (nonsatellite) stem cells (interstitial cells) and pericytes are 

located outside the basal lamina in close proximity to vessels. The majority of nonsatellite 

stem cells in muscle contribute to repair via secretion of factors that allow for satellite cell 

activation. Image form Marni Boppart et al, Exrcise and Stem cells, 2015. 

1.5 MUSCLE INJURY  

Common causes of skeletal muscle injuries include high-energy traffic accidents, 

blast trauma, combat injuries, surgical and orthopaedic procedures (such as after-

compartment syndrome or tumour removal), and sports-related contusions leading 

to acute muscle tissue loss89. Progressive muscle loss can occur due to metabolic 

disorders or inherited genetic diseases like Duchenne muscular dystrophy, 

Amyotrophic Lateral Sclerosis, and pediatric Charcot-Marie-Tooth disease90-92. 
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Another common cause of muscle damage leading to subsequent functional 

impairment is the phenomenon of ischemia-reperfusion. Indeed, physiological and 

anatomical studies show that irreversible muscle cell damage starts after 3 hours of 

ischemia and is nearly complete at 6 houses 93. 

A muscle injury is typically quantified as decreases in force production, disruptions 

in the normal structure of myofibrils, or loss of volume94. 

The most rigorous assessment of injury involves quantifying the loss of muscle 

contractile function, such as reductions in force production relative to muscle cross-

section (specific tension or specific force), increases in time-to-peak force 

production, loss of peak tetanic force, or increases in fatigability94. The skeletal 

muscle tissue has the ability to self-repair. However, severe injuries involving 

volumetric muscle loss (VML), or disruption of myofibrils result in permanent 

functional limitation. It can substantially impact the quality of life of patients by 

significantly reducing the functionality of the locomotion system.  

1.5.1  Ischemic reperfusion injury 

1.5.1.1 Pathophysiology  

Ischemia is a deficient blood supply to tissue resulting from a blockage in 

arterial inflow. Tissue injury and death occur as a result of the initial ischemic 

insult, which is determined primarily by the magnitude and duration of the 

interruption in the blood supply, and then subsequent damage induced by 

reperfusion. The total tissue injury is attributable to an ischemic component 

followed by the blood supply reestablishment95. The first are tissue injury 

processes due to ischemia per se.  

 Ischemia leads to three fundamental mechanisms/events: 

a) triggering of anaerobic metabolism, which decreases cellular pH. The 

accumulation of hydrogen ions activates the Na+/H+ exchanger to excrete 

excess hydrogen ions, which causes a large influx of sodium ions; 
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b) depletion of cellular ATP, which inactivates the ATPase pump, reduces 

active Ca2+ efflux, and limits calcium reuptake by the endoplasmic 

reticulum (ER), thereby producing calcium overload in the cell; 

c) opening of the mitochondrial permeability transition (MPT) pore, which 

dissipates mitochondrial membrane potential and further impairs ATP 

production96. 

Although the delivery of oxygen, substrates required for aerobic ATP generation, 

and normalization of extracellular pH are restored by reperfusion. This phase 

triggers multifactorial complex mechanisms and involves: 

d) generation of reactive oxygen species (ROS) caused by the reintroduction 

of molecular oxygen when the blood flow is re-established; 

e) calcium overload; 

f) opening of MPD pore; 

g) endothelial dysfunction; 

h) appearance of a prothromobogenic phenotype; 

i) pronounced inflammatory response97.  

 

 

Figure 9. Ischemic reperfusion injury. (A) Major pathological events contributing 

to ischemic (upper panel) and reperfusion (lower panel) components of tissue 

injury. (B) Overall integrated responses to I/R injury summer. Image from 

Kalogeris et al., Cell biology of ischemia/reperfusion injury, 2012.  



28 

 

1.5.1.2 Molecular and biological mechanisms in ischemic/reperfusion injury  

Interconnecting multifactorial outcomes are caused in response to the 

ischemic perturbation followed by reperfusion when the blood supply is re-

established.  

1.5.1.2.1 Calcium overload 

During ischemia, an anaerobic metabolism is triggered. This leads to the 

accumulation of hydrogen irons with the activation of Na+/H+ exchanger to 

excrete excess hydrogen ions. The Na+ ions are, in turn, exchanged for Ca2+ 

by the Na+/H+ poms98. In addition, the endoplasmic/sarcoplasmic reticulum 

Ca2+ reuptake is impaired during I/R injury99. These mechanisms cause the 

alteration in intracellular Ca2+  concentration, which can contribute to cell 

death.   

The mitochondrial increase of Ca2+  can induce the opening of the MPT pore, 

which dissipates mitochondrial membrane potential and further impairs ATP 

synthesis. In addition, water enters the mitochondria, causing sweat and 

rupture. The high concentration of intracellular Ca2+ leads to the 

pathological activation of Ca2+ / calmodulin-dependent protein kinase 

(CaMKs), contributing to cell death100. Increased Ca2+ can also activate 

calpains, some cysteine proteases that degrade cytoskeletal, ER, and 

mitochondrial proteins. Generation of calcium pyrophosphate complexes 

and formation of uric acid followed by high levels of Ca2+ can induce the 

activation of inflammasomes complex that mediates increase of production 

of inflammatory cytokines (e.g., IL-1ɓ and TNFŬ), which in turn, activate 

transcriptional factors (e.g., NFkB).  

1.5.1.2.2  Reactive oxygen species 

Re-entry of oxygenation blood into ischemic tissue results in the production 

of toxic ROS, such as superoxide anions (O2-), hydroxyl radical (OH-), 

hypochlorous acid (HOCl), hydrogen peroxide (H2O2), and nitric oxide-

derived peroxynitrite101 by mitochondrial enzymes. The ROS productions 

induce the destruction of cell and organelle membrane and DNA single-
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stand breakage with resultant enzyme inactivation, as well as activation of 

nuclear enzyme poly (ADP-ribose) synthetase, leading to cell death102. ROS 

are potent oxidizing and reducing agents that directly damage cellular 

membranes by lipid peroxidation103, creating toxic metabolites such as 

malondialdehyde104. In addition, ROS stimulates leukocyte chemotaxis and 

activation by activating plasma membrane phospholipase A2  to form 

arachidonic acid103. These toxic compounds can increase leukocyte 

activation, chemotaxis, leukocyte-endothelial adherence, and expression of 

pro-inflammatory mediators by various cell types105. 

1.5.1.2.3  Endoplasmic reticulum stress 

The function of ER can be compromised by stress stimuli, which cause an 

accumulation of misfolding and unfolding proteins. The ER stress can be 

captured by some membrane receptors, which activate the unfolded protein 

response (UPR) and act by increasing the expression of ER-resident 

chaperones, increasing protein transduction, and accelerating the 

degradation of unfolded proteins106. However, an I/R stress can compromise 

the UPR system and trigger cell death.  

1.5.1.2.4  Mitochondrial dysfunction  

Mitochondria have a significant role in the progression of I/R injury and 

contribute to cell death. Due to the activation of anaerobic metabolism 

during ischemia, electron flow through the respiratory chain is inhibited, 

and ATP production is blocked107. In addition, blocking oxidative 

phosphorylation also inhibits the breakdown of fatty acids, which 

accumulate in the cells108.  

During the reperfusion, the huge increases in mitochondrial Ca2+, coupled 

with the ROS burst, induced the opening of the MPT pore, which caused 

mitochondria to swell and rupture109.  
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1.5.1.2.5  Activation of mechanism of cell death  

Four different types of cell death pathways are initiated by I/R injury.  

¶ Apoptosis: is a regulated cell death that causes cell shrinkage and 

condensation of the cytosol and nucleus, eventually forming apoptotic 

bodies. Phagocytes can engulf the apoptotic bodies without evoking an 

inflammatory response. Apoptosis is divided into the ñextrinsicò and 

ñintrinsic pathways110.  

¶ Autophagy: is the cellôs primary mechanism to remove damaged or 

senescent protein aggregates and organelles. These obsolete components are 

enclosed in membrane-lined vesicles called phagosomes, which fuse with 

lysosomes, contacting enzymes that degrade the ingested materials without 

an inflammatory response. Thus, autophagy is a cell survival mechanism, 

but I/R injury may contribute to triggering uncontrolled autophagy111. 

¶ Necrosis: occurs due to a dysfunctional ion transport mechanism, which 

causes cell and organelle swelling, mitochondrial dysfunction, lack of 

nuclear fragmentation, plasma membrane rupture, and leakage of 

intracellular contents. In contrast to programmed cell death, such as 

apoptosis and autophagy, necrosis is believed to occur by a random, 

uncontrolled process in response to stress112. Necrosis causes the release of 

pro-inflammatory, cell disintegration, and fibrosis.  

¶ Necroptosis: is a programmed necrosis. Cell stress activates the receptor-

interacting proteins (RIPs), leading to increased ROS production either 

through activation of NADPH oxidase or increased mitochondrial oxidant 

production113. The MPT pore is one potential mitochondrial target for RIP-

mediated necrosis, leading to ATP depletion, ROS production, and swelling 

and rupture of the organelle98, 114.  

1.5.1.2.6  Inflammation  

Sterile inflammation caused by I/R injury is characterized by the marked 

recruitment of neutrophils and the production of cytokines, chemokines, and 

other pro-inflammatory stimuli114. Pro-inflammatory responses generated by 

necrotic cells and mediators formatted by attract neutrophil infiltration, ROS 
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production by XO and other enzymes promote leukocyte adhesive interaction 

with endothelium postcapillary venules and subsequent transmigration into the 

tissue. The activation and transmigration of leukocytes induce microvascular 

barrier dysfunction via release of oxidants and hydrolytic enzymes114. 

Neutrophils secrete pore-forming molecules to parenchymal cells, that increase 

cell damage and death. Coincident with these phenomena, perivascular cells 

(e.g. macrophages, mast cells) become activated and release inflammatory 

mediators115.  

1.6  ACUTE LIMB ISCHEMIA  

Peripheral artery disease (PAD) is responsible for 12 to 15% of deaths in Europe116. 

The Spectrum ranges from asymptomatic or intermittent claudication to necrosis 

and limb loss117. The primary clinical emergency is represented by acute limb 

ischemia (ALI), a sudden decrease in limb perfusion. The clinical presentation is 

considered acute if it occurs within 14 days after symptom onset118, 119. The 

insufficient time for new blood vessels reformation to compensate for the loss of 

perfusion makes a dangerous condition for limb viability. In contrast with critical 

limb ischemia (CLI) or chronic limb-threatening ischemia (CLTI), in which 

collateral blood supply is often present118.  

The incidence of ALI is approximately 1.5 cases out of 10,000 people per year, and 

high compliance risks, such as mortality and amputation, are between 10 and 

15%119-121.  

Urgent recognition and intervention are requested to preserve limb viability as soon 

as possible. Many patients can also suffer from skeletal muscle necrosis, 

compartment syndrome, and multi-organ failures and loss of muscular function due 

to the reperfusion of the ischemic skeletal muscle.  

1.6.1  Etiology  

ALI can result from a range of causes, such as arterial embolism (30%), arterial 

thrombosis due to plaque progression and compliance (40%), thrombosis of a 

popliteal aneurysm (5%), trauma (5%), or graft thrombosis (20%)117, 122.  The acute 
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decrease in limb perfusion is correlated to potential embolic causes, such as cardiac 

and aortic embolization, thrombosed graft, ergotism, hypercoagulative states, 

paradoxical venous-to-arterial embolism, and iatrogenic complications related to 

endovascular procedures118. 

1.6.2  Risk factors 

Several risk factors can contribute developing or exacerbating limb I/R injury. The 

most critical comorbidities are coronary artery disease, a history of stroke, diabetes, 

and chronic renal failure123. Advancing age, male gender, and genetic factors are 

significant factors that cannot be preventatively addressed123, 124. Nevertheless, 

other important risk factors can be modified or controlled, such as obesity, 

metabolic syndrome, diabetes mellitus, hypertension, hyperlipaemia, physical 

inactivity, and tobacco smoking123. Disorders of collagen formation and vascular 

inflammation (vasculitis) may also lead to PAD by causing loss of structural 

integrity and dilatation of the arteries125. Coagulation disorders caused by 

abnormalities in the blood clotting system may contribute to thrombosis and 

increase the risk of reperfusion injury126. Also, medications that affect blood 

clotting or inflammation could increase the risk of I/R injury.  

1.6.3  Symptoms  

Symptoms range from the onset or worsening intermittent claudication to severe 

rest pain, paraesthesia, muscle weakness, paralysis, and in severe cases, gangrene. 

Symptoms manifest in several minutes, to hours or days. The clinical features of 

ALI are grouped into 6 points, ñ 6 Psò: pain, pallor, paralysis, pulse deficit, 

paraesthesia, and poikilothermia127. However, the diagnosis cannot be excluded if 

all of these features are absent. Differentiation of thrombotic versus embolic causes 

can be difficult128. In general, sudden-onset development of ischemic symptoms 

(due to the absence of collateral vessels) in a patient who was previously 

asymptomatic is most considered with an embolus, and sudden worsening 

symptoms in a patient with a history of CLTI with limb revasculation and 

claudication is more indicative of arterial thrombosis129. The severity of ALI is 

grated according to the Rutherford classification (Figure 4), and it is important 
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because evaluation, treatment, and prognosis depend on the degree of ischemic 

tissue damage130. The degree of severity is based on physical examination: skin 

colour, venous filling, and motor, and sensory function130. It also includes the 

evaluation of arterial and venous flow signals using a Dopper device.  

 

Figure 10. Rutherford classification use to describe lower extremity ischemia.  

1.6.4  Diagnostic test  

For the high amputation and mortality rates, patients with suspicion of ALI must go 

imminently in Emergency. Immediately, anticoagulant treatment with heparin 

prevents thrombus progression and preserves microessels131.  Analgesic treatment 

is often necessary. Coagulative tests, electrolyte panels, and total creatine kinase 

(CK) should be performed. Auscultation of the heart, chest X-ray, and 

electrocardiography are mandatory in every patient to identify intracardiac 

thrombus or cardiac diseases. Non-invasive images are performed in patients with 

viable (stage I) or marginally threatened (stage IIa) limbs to determine the location 

and extent of the obstruction. 

1.6.5  Vascular imaging  

Vascular imaging is important to evaluate the severity and disposition of ischemic 

injury. Different techniques can be used:  
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¶ Duplex ultrasound (DUS): is widely available and non-invasive for the 

patient, takes a relatively short time to take the images, and has a low cost. 

DUS is useful for assessing anatomic location, obstruction degree, and 

hemodynamic information132.  

¶ Computed tomography angiography (CTA) and magnetic resonance 

angiography (MRA): are high-resolution imaging tools. CTA and MRA 

have excellent sensitivity and specificity, and the monitoring of blood 

vessels could be investigated with a contrast medium injection (e.g. 

Gadolinium)133.  

¶ Invasive angiogram (DSA): is an invasive procedure with a potential risk of 

complications134. 

1.6.6  Therapy  

Different types of intervention can be applied to an ischemic injury, either 

endovascular or surgical (thrombectomy, bypass, and arterial repair). The 

therapeutic strategy will depend on different parameters, such as type of 

occlusion (thrombus or embolus), location, Rutherford class, duration of 

ischemia, co-morbidities, therapy-related risk and outcomes135.  

1.6.6.1 Endovascular techniques  

The endovascular approach is based on the usage of a catheter to restore the 

blood flow, as quickly as possible, to the ischemic limb, with the use of drugs, 

medical devices, or both.  

1.6.6.2 Open surgery  

The surgical approach is preferred in patients with ischemic symptoms for over 

2 weeks or with a nonviable limb, bypass graft with suspected infection, or 

contraindication to thrombosis. The most used surgical technique includes 

thrombectomy with a balloon catheter, bypass, surgery, and adjuncts such as 

endarterectomy, patch angioplasty, and intra-operative thrombolysis. The 

combination of these approaches is frequent136.  
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1.6.7  Reperfusion injury 

The tissue injury response after reperfusion is directly correlated with the 

duration of the ischemia. Indeed, prolonged and severe ischemia induces 

inflammation, tissue dysfunction, and cell death that is exacerbated by 

reperfusion. However, short cycles of ischemia events are protective, rendering 

tissues resistant to the effects of prolonged ischemia followed by reperfusion 

via activation of intrinsic cell survival program (adaptive response)96. 

Nevertheless, restoration of blood flow to the affected organ at the earliest time 

possible is obviously of prime importance. Reperfusion results in the release of 

products of cell death, including potassium, phosphate, and myoglobin. Kidney 

injury could be associated with the production of toxic metabolites. Prefund 

limb swelling, with a high increase in compartmental pressure, is the trademark 

of this phenomenon93. Thrombosis could be complicated with compartment 

syndrome, and surgical fasciectomy is indicated to prevent irreversible 

neurological and soft-tissue damage.  

1.6.8  Systemic inflammation and remote organ injury  

Ischemic and reperfusion injurie occurs primarily locally, but with the post-

revascularization the mediators can infiltrate in the systemic circulation and 

influence other remote non-ischemic organ system. This event is called distant 

or remote organ injury (ROI), and can be caused by ROS, leukocytes, and 

inflammatory mediators137.   

1.6.9  Post procedure and follow-up care 

A successful treatment is suggested with the restoration of palpable pulse, 

audible arterial Dropper signals, and observable enhancement of perfusion 

level. Following the revascularization procedure, it is important to evaluate 

dorsiflexion of the foot and sensory function to identify potential signs of 

compartment syndrome. If the perfusion is incomplete, monitoring is important. 

Anticoagulative and vitamin K antagonist drug could be prescribed to prevent 

future events138.   
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2 AIM OF THE PROJECT  

In this thesis project was evaluated the regenerative potential of the human vascular 

fraction combined with 2% auto-crosslinked hyaluronic acid in a pathological 

model of skeletal mouse ischemic reperfusion injury. 

The in vitro characterization of SVF was performed to elucidate its potential 

mechanism of action. Furthermore, both in vitro and in vivo assessments of SVF 

with three different hyaluronic acids enabled the identification of the formulation 

with the highest regenerative potential. 
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3 MATERIALS  AND METHODS 

3.1 Characterization of the Stromal Vascular Fraction 

3.1.1  Adipose tissue collection 

Adipose tissue was obtained from 27 women undergoing liposuction for 

aesthetic purposes, aged between 41 and 69 years. Prior to adipose tissue 

collection, informed consent was obtained in adherence to the ethical guidelines 

set by the review committee for human studies at AOU "Ospedali Riuniti," 

Ancona, Italy (Micro-adipose graft_01, May 18, 2017). In summary, Klein 

tumescence solution (2% Lidocaine solution: 0.08% w/v; Adrenaline 1mg/mL 

solution: 0.1% v/v in 0.9% saline) was administered, and liposuction 

commenced after a 10-minute interval. A cannula with 11 G, 6 holes, and a 20 

ml Vac-Lock syringe provided with the Hy-Tissue SVF kit was used to 

lipoaspirate approximately 30 ml of fat from each donor's abdominal area. The 

collected fat was transported to the laboratory in an adiabatic container and 

processed within 18 hours of harvest. 

3.1.2  Mechanical treatment of adipose tissue 

Each adipose tissue sample (approximately 30 ml Ñ 5 ml) was decanted to 

remove excess oil and divided into two portions. The first portion of the 

lipoaspirate samples was mechanically processed using the Hy-Tissue SVF kit 

(Fidia Farmaceutici, Abano Terme, Italy) and the second one was enzymatic 

treated (see details in the paragraph 3.1.3). The kit consists of a sterile, single-

use, double bag, including an inner filter bag with a mesh size of 120 Õm. A 

volume of 25-30 ml of lipoaspirate was introduced into the inner porous bag 

using an upper syringe. After placing the kit vertically to remove excess Klein 

solution, the adipose tissue was manually processed for 5 minutes with the 

plastic rod located within the microporous bag. The micro-fragmented tissue 

was then collected through a syringe in the lower part of the outer bag and 

centrifuged at 1200 x g for 10 minutes. The cellular pellet obtained, called 

stromal vascular fraction (SVF), was resuspended in a complete culture medium 
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consisting of Dulbeccoôs modified Eagleôs Medium (DMEM), 10% health-

inactivated fetal bovine serum (FBS), 100 U/ml penicillin, 100 Õg/ml 

streptomycin and 0,3% amphotericin B (all from GibcoBRL/Life Technologies, 

Milan, Italy). The product obtained through this method was referred to as "Hy-

Tissue Stromal Vascular Fraction (SVF)". 

3.1.3  Enzymatic treatment of adipose tissue 

The second portion of lipoaspirate (5 ml) was processed with the following 

standard enzymatic procedure as reported in Dai Pre et al.139: the extracellular 

matrix was digested at 37ÁC in Hank's balanced salt solution (HBSS) with 1 

mg/ml collagenase type I and 2% w/v of bovine serum albumin (BSA) (all from 

GibcoBRL/Life Technologies, Milan, Italy). After 45 minutes of incubation, 

enzymatic activity was neutralized with complete culture medium and 

centrifuged 1200 x g for 10 minutes. The pellet was incubated at room 

temperature for 10 minutes to lysate contaminating red blood cells with red 

blood lysing solution (Miltenyi Biotec, Germany), centrifugated then 

resuspended in complete culture medium as reported in 3.1.2. The product 

obtained through this method was designated as "Fat-enzymatic digestion (FAT-

ED)ò. 

3.1.4  Enzymatic treatment of stromal vascular fraction 

Adipose tissue from N = 5 patients was only mechanically treated with Hy-

Tissue SVF kit as reported in 3.1.1. A portion of each SVF product was reserved 

for proliferation capacity and CFU-F evaluation of SVF fraction, while the 

remaining was centrifugated at 1200 x g for 10 minutes. The resulting cellular 

pellet was digested at 37ÁC in HBSS with 1 mg/ml collagenase type I and 2% 

w/v BSA, as previously described. After 45 minutes, enzymatic activity was 

neutralized with complete culture medium and centrifuged. The product 

obtained through this process was designated as "Stromal Vascular Fraction-

Enzymatic Digestion (SVF-ED)". 
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3.1.5  Cellular yield viability  

Cellular viability was calculated by dividing the total amount of free cells 

obtained following each treatment (SVF, SVF-ED or FAT-ED) by the volume 

of processed fat, excluding the Klein solution. Free cells number was 

determined with trypan blue dye exclusion assay using CytoSMART counter 

(Automated Image-Based Cell Counter, version 1.5.0.16380, CytoSMART 

Technologies B.V, Eindhoven, The Netherlands). 

3.1.6  Cellular proliferation capacity  

The cellular proliferative capacity was determined by counting the number of 

days required to achieve cellular confluence. Briefly, 2 x 105 free cells for each 

treatment (SVF, SVF-ED, or FAT-ED) were cultured in T-25 cm2 flasks (in 

triplicate) with complete cell medium and incubated at 37ÁC with 5% CO2 until 

reaching 95% confluence. Additionally, the cellular growth capacity was 

estimated through the population doubling time assay: 5 x 104 free cells for each 

treatment (SVF, SVF-ED, or FAT-ED) were plated in T-25 cm2 flasks (in 

triplicate) with complete culture medium and incubated at 37ÁC with 5% CO2. 

After 24, 72, and 96 hours of incubation, the cells were trypsinized (0.05% 

trypsin at 37 ÁC for 5 min, GibcoBRL/Life Technologies), harvested and 

counted using the CytoSMART counter (Automated Image-Based Cell Counter, 

version 1.5.0.16380, CytoSMART Technologies B.V, Eindhoven, The 

Netherlands). The population doubling time (PDT) was calculated using the 

following equation: PDT = [t(h) * log2] / log (Nf/Ni), where Ni and Nf represent 

the initial and final cell numbers, respectively. 

3.1.7  Colony forming unit assay 

The Colony Forming Unit (CFU) assay was performed to assess the colony-

forming capacity of cells. Three aliquots of 1 Ĭ 103 and 5 Ĭ 103 SVF, SVF-ED, 

or FAT-ED cells for each patient were seeded in 6-wells plate, and after 14 days 

of culture the number of adherent cells was estimated by colony forming unit 

fibroblast (CFU-F) count. The colonies were stained with Toluidine Blue 

(Sigma-Aldrich, Milan, Italy) and only the colonies macroscopically visible as 
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blue spot were counted. The number of CFU-F within SVF, SVF-ED, or FAT-

ED cells was expressed as a percentage of total seeded cells. 

3.1.8  Morphological and ultrastructural evaluation  

Pellets obtained from Hy-Tissue SVF kit (N = 8) were morphologically 

analysed with whole-mount method (Larsen PL 1989) and hematoxylin and 

eosin paraffin embedding. 

One set of pellets (N = 4) were stained with toluidine blue (Bio-Optica, Milan, 

Italy), and directly mounted on slides without dissection. 

Another set of SVF pellets (N = 4) were fixed in 10% formalin (Sigma-Aldrich, 

Milan, Italy) for 4 hours, dehydrated to xylene, and embedded in paraffin. 

Sections of 7 Õm thickness were cut with a microtome (Leitz 1512, Wetzlar, 

Germany) and stained with hematoxylin and eosin (Bio-Optica, Milan, Italy). 

All samples were examined using an Olympus BX51 microscope (Olympus, 

Tokyo, Japan) equipped with a digital camera (DKY-F58 CCD JVC, Yokohama, 

Japan). Digital images were analysed using Image-ProPlus 7.0 software (Media 

Cybernetics, Silver Spring, MD, USA). 

For ultrastructure evaluation, scanning electron microscopy (SEM) analysis 

was used. Briefly, SVF pellets (N = 4) were fixed with glutaraldehyde 2% in 

0.1 M phosphate buffer (Sigma-Aldrich, Milan, Italy), postfixed in 1% osmium 

tetroxide (Sigma-Aldrich, Milan, Italy), and dehydrated in graduated acetone 

concentrations (Sigma-Aldrich, Milan, Italy). The samples were treated with a 

critical-point dryer (CPD 030, Balzers Vaduz, Liechtenstein), fixed to stubs with 

colloidal silver, sputtered with gold by a MED 010 coater (Balzers), and 

examined with an XL30 ESEM scanning electron microscope (FEI Company, 

Eindhoven, Netherlands). 

3.1.9  Immunophenotyping 

Expanded cells from SVF and FAT-ED products at passage 4th were 

characterized by flow cytometry. For this purpose, SVF and FAT-ED products 

were passed through a 45 Õm cell strainer to remove cellular aggregates. Twenty 
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thousand cells were washed with PBS and incubated with the specific 

monoclonal antibody at 4ÁC for 30 min. After incubation, the cells were 

centrifuged and resuspended in PBS. CD29 (APC conjugate, 1:5 dilution), 

CD34 (PE conjugate, 1:5 dilution), CD44 (BV785 conjugate, 1:20 dilution), 

CD45 (FITC conjugate, 1:20 dilution), CD68 (FITC conjugate, 1:20 dilution), 

CD73 (BV421 conjugate, 1:20 dilution), CD90 (APC conjugate, 1:5 dilution), 

CD105 (PerCP-Cyt5.5 conjugate, 1:20 dilution), CD116 (FITC conjugate, 1:20 

dilution), and CD146 (APC conjugate, 1:20 dilution) monoclonal antibodies 

were used (all from BD Biosciences, Becton Dickinson Italy S.P.A., Milano, 

Italy). Cell viability was also evaluated with propidium Iodide (PI). At least 

10,000 events were analysed by flow cytometry (FACScalibur, Becton 

Dickinson) using the Cell Quest software. Moreover, a white blood cell 

differential (WBC diff) count was performed with ADVIA 120 haematology 

analyser (Bayer Diagnostics, Berkshire, Newbury, UK). The WBC were divided 

into four main cell subpopulations, corresponding to neutrophils (NEUT), 

lymphocytes (LYMPH), monocytes (MONO), eosinophils (EO), basophils 

(BASO), were counted in a separate channel. 

3.1.10  In vitro  differentiation assay 

Adipose derived stem cells at passage 4th from SVF and SVF-ED were used for 

the evaluation of the differentiation potential. Adipogenic differentiation was 

induced by exposing 7000 cells on a 6-well plate to adipogenic differentiation 

medium (Sigma-Aldrich, Milan, Italy) for 16 days. Then, cells were fixed with 

4% paraformaldehyde for 30 min at 4 ÁC and then stained with Oil Red O (Bio-

Optica, Milan, Italy) and hematoxylin (Bio-Optica, Milan, Italy). For 

chondrogenic differentiation, 1 Ĭ 106 cells resuspended in 5 Õl of complete 

culture media were seeded in a 24-well plate, and after 2 hours, the 

chondrogenic media was added (StemPro chondrogenic differentiation Kit -

GIBCO Life Technology, Monza, Italy). Fourteen days later, chondrocyteï

specific markers and extracellular matrix production were evaluated using 

Alcian Blue and Fast Red staining (Sigma-Aldrich, Milan, Italy). For osteogenic 

differentiation, 5Ĭ 103 cells were seeded on a 12-well plate and were treated 
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with osteogenic media (StemPro osteogenesis differentiation KitïGIBCO Life 

Technology, Monza, Italy). After 21 days, osteoblastïspecific marker and 

mineralization were assessed using Alizarin Red staining. Images were obtained 

using optical Olympus BX51 microscope (Olympus, Tokyo, Japan) equipped 

with a digital camera (DKY-F58 CCD JVC, Yokohama, Japan). 

3.2  Hyaluronic acids 

Hyaluronic acids of three different chemical characteristic were used: 

HyA1: HyMovis, modified (derivatized)-HyA (500-730 kDa). The hydrogel 

HymovisÈ consists of an 8 mg/ml formulation in phosphate buffer solution 

(PBS) of HYADDÈ4, the novel HyA derivative where 2ï3% of the disaccharide 

repeating units have been modified by introducing hexadecylamine as a side-

chain on the CDI-activated carboxyl group of the glucuronic unit140, 141. 

HyA2: Hyalubrix, linear unmodified HyA (1500-3200 kDa). The hydrogel 

HyalubrixÈ is a 1.5% solution of non-modified Hya (15 mg/ml) obtained by 

biofermentation with molecular weight in the range 1500-2000 kDa141, 142. 

HyA3: Ial-System ACP, 2 % self-crosslinked HyA (200 kDa). Ial-System ACP 

hydrogel is inter- and intra-molecular esters of hyaluronan in which the 

carboxyl group is estrificated with hydroxyl groups of the same and or different 

molecules of the polysaccharides143. Briefly, 200kDA tetrabutyl ammonium salt 

of HA (HATBA) was dissolved in N-Metyl-2-Pyrrolidone (NMP) with 2-

chloro-1-methylpyrinium iodide (CMMPI), which promotes the formation of 

intra- and intermolecular ester bounds between the carboxyl and the hydroxyl 

groups of the HA chains143. 

3.3  Hyaluronic Acid in vitro response 

3.3.1  MMT assay  

1 x 104 Adipose DerivedïMesenchymal Stem Cells (AD-MSCs, passage 4th) 

were seeded in 96 well plates and incubated for 24 hours at 37ÁC in humidified 

air with 5% CO2. The complete culture medium was then replaced after 24 hours 
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with fresh medium (DMEM with 10% FBS) containing different concentrations 

(0-7-15-25% v/v) of each hyaluronic acid (HyA1, HyA2, HyA3). Cytotoxicity 

was assessed through the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide) assay after 72 hours of incubation. Then, 100 Õl 

of MTT solution (5 mg/ml, Sigma-Aldrich, St Louis, USA) was added to each 

well and incubated for 4 hours. The MTT solution was removed, and 100 Õl of 

DMSO was added to each well to dissolve the formazan crystal. Absorbance 

was read using an HTX microplate reader (BioTek Instruments, Winooski, VT, 

USA) at a wavelength of 570 nm. Eight measurements of optical density (OD) 

were recorded for each sample, and percentage of cell viability (CV) was 

calculated with the following equation: CV = (ODsample/ODcontrol) Ĭ 100. 

3.3.2  In vitro  adipogenic stimulation 

The highest non-toxic concentration of each hyaluronic acid was used to 

perform an adipogenic stimulation assay. AD-MSCs (passage 4th) were seeded 

on a 12-well plate and incubated with a complete culture medium for 24 hours 

at 37ÁC and 5% CO2. After verifying that the cells were adherent, the highest 

non-toxic concentration of each hyaluronic acids were added to the medium, 

and the AD-MSCs were left in culture for 7, 14, 21 and 28 days. Two types of 

controls were used: positive control with adipogenic differentiation medium and 

negative control with standard complete culture medium. At the end of each 

time point, the cells were stained with Oil-Red-O (Bio-Optica, Milan, Italy). 

The degree of adipocytic differentiation achieved with the different hyaluronic 

acids was assessed through a semi-quantitative analysis of the absolute number 

and average area of formed lipid droplets within the cytoplasm of AD-MSCs. 

Each condition was measured in triplicate and five images per well were 

acquired, for a total of fifteen Regions of Interest (ROI) per experimental group. 

The images were acquired with an optical Olympus BX51 microscope 

(Olympus, Tokyo, Japan) equipped with a digital camera (DKY-F58 CCD JVC, 

Yokohama, Japan) with a 20x magnification (200 times magnification). Each 

image was quantified and analysed using Photoshop and ImageJ software. 
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3.4 In vivo regenerative potential of Hyaluronic Acids and 

Stromal Vascular Fraction 

3.4.1  Therapeutic/treatment preparation/therapeutic strategy 

development 

The harvested lipoaspirate (n = 5) was collected and transported as previously 

described (chapter 3.1.1). A volume of 60 ml of adipose tissue was divided into 

4 fractions of 15 ml each. Every portion was individually mechanically treated 

with Hy Tissue SVF kit for 5 minutes, and after centrifugation (1200 x g for 10 

minutes), each cellular pellet obtained was resuspended in 50 Õl PBS. Three 

cellular pellets were mixed with 200 Õl of the different types of hyaluronic acids 

(HyA1, HyA2, HyA3) at passage 0 (P0).  

3.4.2  Animals 

For in vivo regenerative evaluation, 25 Balb/c nu/nu male mice 

(BALB/cOlaHsd-Foxn1nu, Envigo, Bresso, Italy), 6-8 weeks old, were used. 

Mice were maintained under standard environmental conditions (temperature, 

humidity, 12h/12h light/dark cycle, with water and food ad libitum) and 

veterinarian assistance in the University of Verona facility. Animal handling was 

performed following a protocol approved by the Animal Care and Use 

Committee of the University of Verona (Centro Interdipartimentale di Servizio 

alla Ricerca Sperimentale, CIRSAL) and by the Italian Ministry of Health, in 

strict adherence to the European Communities Council (86/609/EEC) 

directives, minimizing the number of animals used and avoiding their suffering. 

Animals were anesthetized by 1.5% isoflurane inhalation in a mixture of O2 and 

air and received a subcutaneous injection on the right flank of the SVF in PBS 

with one of the three hyaluronic acids. The contralateral flank was used as a 

control, receiving injection of the corresponding hyaluronic acid without cells. 

3.4.3  MRI analysis 

Animals were monitored with a Bruker Biospin 7T scanner (Bruker Biospin, 

Ettlingen, Germany) MRI at 3, 7, 14, and 30 days post-injection. Animals were 
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placed in a prone position over a heated animal bed and inserted in a 3.5 cm 

internal diameter bird-cage coil under anesthesia (1.5% isofluorane in a mixture 

of O2 and air). To perform in vivo MRI, T2-weighted (T2w) fat suppression on 

and off images were acquired with TR = 5777 ms, TEeff = 39 ms, FOV = 

3.40Ĭ3.05 cm2, MTX = 256, slice thickness = 0.5 mm, and N slice = 45. A 

quantitative H-NMR spectroscopy was used to understand the chemical 

composition in the injected area. 

3.4.4  Histological analysis 

Animals were sacrificed at 3, 7, 14, and 30 days post-injection; their flanks were 

removed and fixed in 10% formaldehyde. After rinsing in 0.1 M phosphate 

buffer, specimens were dehydrated through an ascending series of ethanol, 

transferred to xylene, and embedded in paraffin wax. Serial 7 Õm thick sections 

were cut on a rotative microtome (Leitz 1512, Germany), collected on 

polylysine-coated slides, and dried overnight at 37ÁC. The sections were stained 

with hematoxylin and eosin for the morphological evaluation and alcian blue 

fast red for glycosaminoglycans and mucopolysaccharides detection. 

3.4.5  Immunofluorescent  

Sections were deparaffinized, rehydrated with xylene, and a descending ethanol 

series. The sections were placed in a microwave oven at 600 W for three 5-

minute cycles in antigen unmasking solution (Vector Laboratories, Burlingame, 

USA). After PBS washing, slices were blocked for 1 hour in 0,3% Triton X-

100, 1% bovine serum albumin (BSA) in PBS; the same solution was used to 

dilute the antibody. Subsequently, sections were incubated overnight at 4ÁC 

with PE-anti-human HLA-DR (1:200, Sony Biotechnology, CA, USA). Finally, 

the sections were washed, reacted with Hoechst nuclei staining with 1:1000 

PBS dilution, mounted with PPT aqueous mounting medium, and observed with 

a confocal laser scanning microscope (Leica TCS SP5 AOBS, Germany). 
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3.5 Metabolic activity, DNA content, and migration 

evaluation of Stomal Vascular Fraction and 

Hyaluronic Acid 3 

3.5.1  Cellular metabolic-activity assay 

To determine the metabolic activity of the expanded SVF cells with the HyA3 

an alamar blue assay (ThermoFisher Scientific, Dublin, Ireland) was performed. 

The adherent SVF cells (n = 3 per group) were seeded in 48-well plates with 

complete growth medium and incubated at 37 ÁC in a humidified environment 

with 5% CO2. After 24 hours, the cells were exposed to a concentration of 50% 

HyA3 and 50% complete growth medium. At 3, 7, and 14 days, 10% alamar 

blue viability reagent was added at 37ÁC for 1 h. A spectrophotometer (Victor2 

D, Wallac, Boston, MA, USA) with an excitation wavelength of 550 nm and an 

emission wavelength of 590 nm was used to read the resulting fluorescence 

level. Half complete culture media and half HyA3 containing 10% alamar blue 

were used as a blank sample and subtracted to eliminate background 

fluorescence. The cellular metabolic activity of was evaluated at day 3, 7 and 

14 was measured. 

3.5.2  DNA quantification  

To assess the DNA content of the expanded SVF cells in contact with HyA3, a 

Quant-iTÊ PicoGreenÈ dsDNA assay kit (Invitrogen, Loughborough, UK) 

was used. Expanded SVF cells (n = 3 per group) were seeded in 48-well plates 

with complete growth medium and incubated at 37ÁC in a humidified 

environment with 5% CO2. After 24 hours, the cells were exposed to a 

concentration of 50% HyA3 and 50% complete growth medium. At 3,7 and 14 

days, adherent SVF cells were digested in a lysis buffer solution prepared with 

0.2 M sodium carbonate and 1% triton X-100. A spectrophotometer (Victor2 D, 

Wallac, Boston, MA, USA) with an excitation wavelength of 485 nm and an 

emission wavelength of 538 nm was used to read the resulting fluorescence 

level. The DNA of cells grown in contact with HyA3, pretested for cellular 

metabolic activity, was quantified. 
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3.5.3  Scratch assay ï cell migration 

The spreading and migration capabilities of adherent SVF cells in contact with 

HyA3 were assessed using a scratch wound assay. SVFôs adherent cells were 

seeded on a 24-well plate and fed with complete culture medium until a 

confluent monolayer of cells was present in the plate. Forty-eight hours before 

performing the scratch, all cells were FBS-deprived. Then, a linear wound was 

generated in the monolayer with a sterile 200 ɛl plastic pipette tip.  Each of the 

wells was washed three times with PBS to remove the detached cells. Half 

HyA3 and half complete culture medium (n = 3 per group) was added and 

incubated at 37ÁC with 5% CO2. The cells treated with only complete culture 

medium were used as a control. To evaluate cell migration, images at 20Ĭ 

magnification were taken at 0, 1, 2, 4, 8, 24, 36 h post-stretch using an inverted 

microscope (Leica DMIL, Leica Microsystems S.r.l., Buccinasco, MI, Italy) 

equipped with a camera (Optika Microscopes, Ponteranica, BG, Italy). The 

scratched area free of cells was measured in three randomly chosen fields, in 

three independent experiments, for a total of 6 fields per sample by ImageJ 

software. The value of the cell-free area was expressed as a percentage of the 

value at time 0 (considered as 100%). 

3.6 In vivo pathological regenerative potential in a muscle 

ischemic reperfusion model 

3.6.1  Animals 

Animal handling was performed following a protocol approved by the Animal 

Care and Use Committee of the University of Verona (CIRSAL) and by the 

Italian Ministry of Health, in strict adherence to the European Communities 

Council (86/609/EEC) directives, minimizing the number of animals used and 

avoiding their suffering. 25 Balb/c nu/nu male mice (BALB/cOlaHsd-Foxn1nu, 

Envigo, Bresso, Italy), 6-8 weeks old were used. Mice were maintained under 

standard environmental conditions (temperature, humidity, 12h/12h light/dark 

cycle, with water and food ad libitum) and veterinarian assistance in the 

University of Verona facility. All mice were included in the following ischemia-
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reperfusion (I/R) experiments. Isoflurane was delivered by face mask at a 

concentration of 2% for induction and then 1% for maintenance, along with 

continuous oxygen while the mice were kept on a heating pad to maintain the 

body temperature at 37ÁC. Ischemia was induced on the quadricipital level with 

a tourniquet application for 3 hours. Twenty-four hours post-ischemia-

reperfusion (I/R) injury, mice were randomly divided in four groups and they 

received an intramuscular (quadricipital level) injection. The first experimental 

group received saline injection, the second HyA3, the third SVF, and the fourth 

SVF+HyA3, with a final treatment volume of 100 Õl. 

3.6.2  Rotarod Accelerod 

A rotarod test was used to evaluate the motor coordinator of I/R injured mice. 

A rotarod machine with automatic timers and falling sensor (RotaRod, Ugo 

Basile s.r.l.) was used. A training rotarod test before accelerod test was 

performed to exclude differences in motivation and motor learning. During the 

training phase for 3 consecutive days each animal was placed on the rotarod at 

a constant speed (12 rpm) for a maximum of 120 sec, and the latency and 

frequency to fall off the rotarod within this time period was recorded. 

Subsequently, a horizontally suspended motorized rod that revolves around its 

axis at an increasing rotation speed from 4 rpm to 40 rpm for 5 minutes was 

used. The animals were tested in 3 trials per day with an interval of 30 minutes. 

Accelerod test was carried out at different time points: pre-I/R injury induction 

(baseline), 4, 7, and 15 days post-I/R injury (dpi). Latency and rotation speed at 

which the animals fell off the rod were recorded. 

3.6.3  MRI  

MR images were acquired using a Bruker Biospin 7T scanner (Bruker Biospin, 

Ettlingen, Germany). Animals were anesthetized using 1.5-2% isoflurane 

inhalation in a mixture of oxygen and air, placed in a heated animal bed, and 

inserted in a 3.5 cm internal diameter bird-cage coil. During the 

experimentation, breathing rate, and body temperature were monitored. T2-
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weighted (T2w), T2-mapping, and Diffusion-weighted images (DWIs) were 

performed 4, 7, 14, and 18 days post-IRI.  

Briefly, T2w were acquired using the following parameters: repetition time 

(TR) = 2653.998 ms, echo time (TE) = 33 ms, field of view (FOV) = 40 x 35 

mm, matrix size (MTX) = 128 x 128, slice thickness = 1 mm, nÁ of slice = 25, 

number of averages = 2, for a total acquisition time of 1 min 24 sec.  

T2-mapping images were acquired using a multislice multi-echo sequence with 

TR = 3000 ms, TE = 8 ms, FOV = 40 Ĭ 35 mm, MTX = 128 x 128, slice 

thickness = 1.5 mm, nÁ of slice = 15, number of averages = 2, number of echoes 

= 12, echo time = 8 ms, for a total acquisition time of 12 min 48 sec.  

DWIs were acquired with an echo planar imaging (EPI) sequence with the 

following parameters: TR = 3000 ms, TE = 24.68 ms, FOV = 40 x 20 mm, 

MTX= 256 x 128, slice thickness = 1 mm, nÁ of slice = 15, number of averages 

= 4, segments = 25, b value = 900 s/mm2 for a total acquisition time of 10 min. 

Furthermore, a dynamic contrast-enhanced (DCE) MRI was performed at 3, 14, 

and 18 days post I/R injury. The DCE-MRIs were acquired with a rare 

acquisition with relaxation enhancement (RARE) sequences and the protocol 

consisted of the continuous acquisition of more dynamic multiple repetitions 

including 7 initial dynamic repetitions followed by the intravenous injection of 

Gadolinium-diethylenetriamine pentaacetic acid (Gd-DTPA,Magnevist, 0.1 

mmol/kg) and the acquisition of 143 other dynamic repetitions. DCE-MRI 

sequences were acquired with the following parameters:  TR = 120.715 ms, TE 

= 4.99 ms, FOV = 30 Ĭ 40 mm, MTX = 96 x 128, slice thickness = 1.5 mm, nÁ 

of slice = 5, number of averages = 2, echo spacing = 4.992 ms, rare factor = 4, 

for a total acquisition time of 14 min 50 sec.  

3.6.4  Histology and immunohistochemistry 

Animals were perfused with 4% paraformaldehyde in phosphate buffer solution 

at 18 days post-injection; their peripheral muscle (gastrocnemius and 

quadricipital) were removed, and transversal divided into two sections: one for 

histology and immunohistochemistry and the other one for transmission 
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electron microscopy. After rinsing in 0.1 M phosphate buffer, specimens were 

dehydrated through an ascending series of ethanol, transferred to xylene, and 

embedded in paraffin wax. Serial 7 Õm thick sections were cut on a rotative 

microtome (Leitz 1512, Wetzlar, Germany), collected on polylysine-coated 

slides, and dried overnight at 37ÁC. The sections were processed for peroxidase 

immunohistochemistry, immunofluorescent, and hematoxylin and eosin 

staining for morphological evaluation. 

3.6.4.1 Immunohistochemistry 

The sections were deparaffinized, rehydrated with xylene and a descending 

ethanol series, and then stained using immunoperoxidase, using the avidinï

biotin complex (ABC, Vector Laboratories, Burlingame, CA, USA) technique. 

Briefly, the sections were placed in a microwave oven at 600 W for three 5-

minutes cycles in antigen unmasking solution (Vector Laboratories, 

Burlingame, USA). Endogenous peroxidase activity was inhibited by 

immersion in a solution of 0,3% hydrogen peroxide in methanol for 30 minutes. 

After washing in PBS, the slices were incubated for 45 minutes with Boxall 

blocking solution (Vector Laboratories, Burlingame, USA). Primary antibodies 

were applied on the slice overnight at 4ÁC, as indicated in Table 1. Processed 

sections void of primary antibodies were used as negative controls.  

Antibody Dilution Source 

Fast myosin (MyoF) 1:8000 Mouse source, Sigma-

Aldrich 

Slow myosin (MyoS) 1:1000 Mouse source, Sigma-

Aldrich 

Desmin 1:80 Mouse source, 

GeneTex, USA 

Pax7 1:200 Rabbit source, 

Abcam, UK 

CCL5 1:1000 Rabbit source, Bioss 

antibodies 

Table 1. Primary antibodies dilution and source. 
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After washing, the sections were then reacted with biotinylated secondary 

antibody (anti-rabbit and anti-mouse antibody diluted 1:200) for 1 hour at room 

temperature. The immunoreaction was identified using a VECTASTAIN Elite 

ABC kit (Vector Laboratories, Burlingame, CA, USA) and then marked with 

3,3ǋ-diaminobenzidine tetrahydrochloride (Dako, Milan, Italy) for 3 minutes. 

Finally, the sections were dehydrated, coverslipped with Entellan (Merck, 

Kenilworth, NJ, USA), and observed in an Olympus BX51 microscope 

equipped with a KY-F58 CCD camera (JVC). 

3.6.4.2 Morphological evaluation 

The slices were incubated with a hematoxylin solution for 30 seconds. After 

washing with tap water, the sections were stained with eosin (all Bio-Optica, 

Milan, Italy) for 10 seconds and washed with distilled water. The sections were 

dehydrated, coversipped with Entelan, and observed using an Olympus BX51 

photomicroscope equipped with a KY-F58 CCD camera (JVC). 

3.6.4.3 Oil Red O staining 

Oil Red O (ORO) staining was used to evaluate the presence of lipids in skeletal 

muscle tissue. Slices were deparaffinized, rehydrated with xylene and a 

descending ethanol series, and stained in Oil Red O solution (Bio-Optica, 

Milan, Italy) for 20 minutes. After washing in tap water, muscles were 

counterstained with Mayerôs hematoxylin, washed in tap water and mounted 

with an aqueous medium (Bio-Optica, Milan, Italy). Quantification of area 

covered by Oil Red O staining was performed on digital images acquired with 

the same objective (40x) of the optical Olympus BX51 microscope equipped 

with a KY-F58 CCD camera (JVC). 3 digital images per zones (superior medial 

gastrocnemius, inferior medial gastrocnemius, superior lateral gastrocnemius, 

inferior lateral gastrocnemius, plantaris) were randomly selected in both control 

and treated grouped. Post-processing of the images was carried out using a 

custom MATLAB script (Matlab R2023a, MathWorks, MA, USA). In brief, 

images underwent deconvolution, and a threshold was applied to the channel of 
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interest. The area occupied by positive pixels was quantified and converted into 

ɛm2. 

3.6.4.4 Analysis of fiber area 

The post-processing evaluation of the images was conducted utilizing a custom 

script developed in MATLAB software (MATLAB R2023a, MathWorks, MA, 

USA). In summary, RGB histological images of muscles were first converted 

into Lab* colour space. Subsequently, a threshold was established based on the 

histogram settings for each channel, followed by the creation of a corresponding 

mask. Background noise was eliminated from the resultant black and white 

(BW) image. To mitigate over-segmentation, a common issue with raw 

watershed transforms, a "minima imposition" technique was employed to filter 

out small local minima. A distance transform was subsequently applied to 

generate an image capable of identifying catchment basins, followed by the 

application of a watershed transform. The Area property was then extracted and 

converted into square micrometers (ÕmĮ) for each independent region. 

3.7 Characterization of human adipose tissue supernatant 

obtained by Stromal Vascular Fraction 

The supernatant phase of human adipose tissue after mechanical fragmentation 

with Hy-tissue SVF kit was used for analysing the content of extracellular 

vescicles (EVs). After centrifugation (3500 rpm for 7 min), the supernatant 

phases were filtered through a 0,22 Õm nylon mesh to remove cell debris. All 

the samples were aliquoted and frozen at -20 ÁC for the characterization. 

3.7.1  NTA measurement 

The EVs size distribution and concentrations were measured by nanoparticles 

tracking analysis (NTA) system (Nanosight NS300). All HT-SVF supernatant 

samples were correctly diluted in PBS to a final volume of 800 Õl.  For each 

measurement, three 1-min videos were captured under the following conditions: 

25ÁC cell temperature, 20 Õl/s syringe speed, 488 nm laser wavelength, and the 

setting acquisition parameters were set according to the manufacturerôs 
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software (NanoSight NS300) in order to obtain the validation of the 

measurement. NTA 3.4 software (Malvern Panalytic) was used to acquire and 

analyse the sample videos. The results are reported as mean Ñ standard deviation 

of the mean of three measurements. For size determination, the data are reported 

as statistical mode Ñ standard deviation of the mean of three measurements.  

3.7.2  Transmission electron microscopy (TEM) 

For TEM analysis, 10 Õl SVF supernatants were fixed in 2% glutaraldehyde in 

DNase/RNase-Free Distilled Water for 10 min on 150 mesh formvar carbon-

coated copper grids (Societa Italiana Chimici, Rome, Italy) and dried under a 

hood. Samples were stained with lead citrate and the images were acquired with 

a Philips Morgagni 268 D electron microscope (Fei Company, Eindhoven, The 

Netherlands), equipped with a Megaview II camera for acquisition of digital 

images. 

3.7.3  Cellular transmission electron microscopy  

SVF cellular pellet were fixed in 2% glutaraldehyde in Sorensen buffer pH 7.4 

for 2 h, post-fixed in 1% osmium tetraoxide (OsO4) in aqueous solution for 2 

h, dehydratated in graded concentrations of acetone and embedded in Eponï

Araldite mixture (Electron Microscopy Sciences, Fort Washington, PA, USA). 

The semi-thin sections (1 mm thickness) were examined by light microscopy 

and stained with toluidine blue. The ultra-thin sections were cut at 70 nm 

thickness and placed on Cu/Rh grids with Ultracut E (Reichert, Wien, Austria), 

stained with lead citrate and observed using Philips Morgagni 268 D electron 

microscope (Fei Company, Eindhoven, The Netherlands), equipped with a 

Megaview II camera for acquisition of digital images. 

3.7.4  Purification  

Exosomes were isolated from 2 ml SVF supernatant by PureExoÈ Exosome 

isolation kit (101Bio, CA, USA), following the manufacturerôs protocol. 

Exosomes were directly stored at 4ÁC for up to 1 week or at 80 ÁC for 3 months. 

The protein content of the exosomes was determined by Bicinchoninic Protein 
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Assay (BCA method) using the manufacturerôs protocol (Thermo ScientificÊ 

PierceÊ BCAÊ Protein Assay). 

3.7.5  Western blot 

Analysis of exosomes or microvesicles by immunoblotting was performed 

using the following protocol. Proteins are denatured, separated into 4-20 % 

polyacrylamide gels, transferred onto a polyvinylidene difluoride (PVDF) 

membrane, and probed with primary antibody, as indicated in Table 2. Human 

AD-MSCs lysates were used as a positive control. 

  

Antibody Dilution Source 

Alix 1:1000 Rabbit source, Abcam, 

UK, Cambridge 

GM130 1:1000 Rabbit source, Abcam, 

UK, Cambridge 

CD9 1:1000 Rabbit source, Abcam, 

UK, Cambridge 

Calnexin 1:1000 Rabbit source, Abcam, 

UK, Cambridge 

CD63 1:1000 Rabbit source, Abcam, 

UK, Cambridge 

CD81 1:700 Rabbit source, Abcam, 

UK, Cambridge 

HSP70 1:1000 Rabbit source, Abcam, 

UK, Cambridge 

TSG101 1:1000 Rabbit source, Abcam, 

UK, Cambridge 

CD40 1:1000 Mouse source, Abcam, 

UK, Cambridge 

CD62L 1:1000 Rabbit source, Abcam, 

UK, Cambridge 

Table 2. Primary antibodies dilution and source 

After washing, the membranes were incubated with the appropriate horseradish 

peroxidase (HRP) conjugated secondary antibodies. The blots were then 
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incubated with a chemiluminescent HRP substrate and detected with G: BLOX 

F3 GeneSys (Syngene, UK). 

3.8 Statistical analysis  

Statistical analysis was conducted with Prism software (8, GraphPad Inc., La 

Jolla, CA, USA). All data reported were expressed as mean Ñ standard error of 

the mean (mean Ñ SEM/SD). A One or Two-way ANOVA test was applied to 

evaluate statistically significant differences The statistical significance level 

was placed at p < 0.05. 

Muscle relaxation time (T2-rt), apparent diffusion coefficient (ADC), and signal 

intensity of Gd-DTPA over time were obtained from images using the 

ParaVision 6.0.1 software (Bruker Biospin, Ettlingen, Germany) compared 

treated I/R injury paw with the contralateral.   

For DCE-MRI all the Gd-DTPA signal intensity points (143 total) over time 

were normalized to the average baseline values. Subsequently, the area under 

the curve (AUC) was calculated with MATLAB software. 

T2-rt, ADC, and AUC of DCE-MRI were analyzed with GraphPad Prism 8.0.2 

software.  
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4 RESULTS  

4.1 Characterization of the Stromal Vascular Fraction  

4.1.1  Morphological and ultrastructure analysis  

Microscopic analysis of the stromal vascular fraction (SVF) pellet (Figure 11A) 

obtained after the mechanical fragmentation of adipose tissue with Hy-Tissue SVF 

kit detected the presence of free cells (Figure 11B) and micro-fragments of stromal 

connective tissue (Figure 11C). Heterogeneous cellular components with different 

morphology, size, and shape (Figure 11B black stars) were observed. The micro-

fragments exhibited an elongated cylindrical morphology, with an average diameter 

of 30 to 70 Õm and variable lengths. These fragments displayed a fibrinoid 

arrangement with tubular structures (stained in deep purple), indicating the presence 

of preserved microvascular elements consistent with capillaries of varying lengths 

containing endothelial and perivascular cells (Figure 11D, E). The composition of 

the SVF pellet was also supported by the scanner electron microscopy (SEM) 

images (Figure 11F, G, H), in which the dense connective tissue formed by isolated 

and coarse bands of collagen fibers (Figure 11F, G) containing adherent cells was 

observed. Furthermore, SEM images depicted the existence of adipocytes (Figure 

11H) characterized by their small size (10ï20 ɛm), indicative of adipocytes that 

have either lost their lipid content or have not undergone complete differentiation. 
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Figure 11. Morphological and ultrastructural analysis of Hy-Tissue SVF product. (A, B, 

C) Light microscopy of a pellet single-layer section stained with hematoxylin and eosin. 

The black stars indicated cellular heterogeneity. The square indicated the location of the 

higher magnification images. Scale bar, 100 Õm (A) and 10 Õm (B, C). (D, E) Light 

microscopy of a SVF pellet stained with toluidine blue relieved the presence of preserved 

microvascular elements that appeared as tubular structures. The square indicates the 

location of the higher-magnification image. Scale bar, 10 Õm (D) and 5 Õm (E). (F, G) SEM 

evaluation of SVF pellet revealed the presence of connective tissue micro-fragments. The 

arrows indicated collagen fibers, and asterisks adherent cells. Scale bar, 10 Õm. (H) Small 

adipocytes were identified in the SVF pellet. Scale bar, 20 Õm.  
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4.1.2  Quantitative assessment of cellular yield, CFU-F population 

and cellular proliferative capacity 

A quantitative evaluation was conducted to assess the different mechanical and 

enzymatic methods for obtaining SVF. The cell yield of free nucleated cells in the 

SVF product was 4.1 x 104 ± 2.0 x 104 cells/ml fat (Figure 12A). When the SVF 

pellet underwent to collagenase enzymatic digestion, the resultant product (stromal 

vascular fraction-enzymatic digest, SVF-ED) demonstrated a notable increase, 

showing a 3.2-fold rise in the yield of free nucleated cells (1.3 x 105 ± 4.7 x 104 

cells/ml fat, SVF vs SVF-ED p<0.001). On the other hand, the enzymatic treatment 

of adipose tissue (FAT-ED), used as the gold standard methodology, revealed a 12-

fold increase in cell yield compared to mechanical treatment (5 x 105 ± 2 x 105 

cells/ml fat, SVF vs FAT-ED p<0.001).  

To assess the colony-forming ability of the SVF pellet, colony-forming unit 

fibroblast (CFU-F) assays were conducted (Figure 12C). The results indicated that 

the SVF CFU-F yield was 178 Ñ 49 CFU/ml fat, and after the enzymatic digestion, 

the CFU yield increased by over 2.4 times (424 Ñ 181 CFU/mL fat, p=0.048). FAT-

ED CFU-F capacity was increased 27 times (4877 Ñ 2477 CFU/ml fat) with a 

statistically significant in comparison to the SVF pellet (SVF vs FAT-ED p<0.001). 

Furthermore, the frequency of CFU-F in FAT-ED was 5.6 times higher than that in 

the SVF product (FAT-ED: 1.7 Ñ 1.9%; SVF: 0.3 Ñ 0.2%; SVF-ED: 0.3Ñ 0.1%, 

Figure 12D). 

Finally, the days required to achieve cell confluence from SVF, SVF-ED, and FAT-

ED was analysed to evaluate the cellular proliferative capacity (Figure 12E). There 

were no statistically significant differences between SVF and SVF-ED cells in 

reaching confluence (respectively 8 Ñ 2 days and 8 Ñ 1 day, respectively); instead, 

FAT-ED cells required less time (5 Ñ 2 days). The histograms illustrate that the 

doubling time of SVF and SVF-ED cells was comparable (59.35 Ñ 2.8 h and 57.38 

Ñ 3.9 h, respectively), while cells from FAT-ED required less time to double their 

number (45.31 Ñ 3.95 h, SVF vs FAT-ED p=0.014, SVF-ED vs FAT-ED p=0.037; 

Figure 12F). 
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Figure 12. Cellular yield, CFU-F, and cellular proliferation capacity of SVF, SVF-ED, and 

FAT-ED. (A) Nucleated cellular yield showed a significant increase in FAT-ED and SVF-

ED compared to SVF (SVF vs SVF-ED p<0.0001, SVF vs FAT-ED p<0.0001, SVF-ED vs 

FAT-ED p<0.0001).  (B) Representative CFU-F assay in a cell culture dish stained with 

toluidine blue. The square indicated the location of the higher magnification images. 4x 

magnification. (C) CFU-F yields significant increase in the FAT-ED and SVF-ED 

compared to SVF (SVF vs SVF-ED p=0.048, SVF vs FAT-ED p<0.001, SVF-ED vs FAT-

ED p<0.0001). (D) Percentage of CFU-F significant increase in the FAT-ED compared to 

SVF (SVF vs SVF-ED p=0.773, SVF vs FAT-ED p=0.015, SVF-ED vs FAT-ED p=0.017). 

Results were presented as the mean and error bar one standard deviation. (E) Proliferation 

capacity of cells in T-25 flasks with no differences between SVF, SVF-ED, and FAT-ED. 

Box and whisker plots represented the median, the lower and upper quartile, and the 

minimum and maximum. (F) Population doubling time of SVF significantly increased 

compared to FAT-ED (SVF vs SVF-ED p=0.0014, SVF-ED vs FAT-ED p=0.037). Mann-

Whitney test was used to analyse the data, n=27. 
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4.1.3  Immunophenotyping   

SVF composition was characterized by flow cytometry and compared with the 

enzymatic gold standard treatment (FAT-ED). The death cells positive for 

propidium iodide were excluded (Figure 13A). The CD34-positive cell population 

(endothelial, pericytes, and potential adipose-derived mesenchymal stem cells, AD-

MSC) in SVF and FAT-ED was 9.9% Ñ 1.5% and 3.7 Ñ 1.3%, respectively (Figure 

13B). Additionally, the frequency of cells positive for CD73 and CD105 

(mesenchymal stem cells) was analysed (Figure 13C, D). The percentage of 

expression in SVF was 7.61 Ñ 2.59% and 6.28 Ñ 2.40% for CD73 and CD105, 

respectively, not thus far from the percentage of expression obtained for the same 

antibody with FAT-ED (10.14 Ñ 2.91% and 9.98 Ñ 1.49%, respectively).   

To characterize the cellular SVF composition in terms of endothelial cells, 

monocytes, macrophages, and leukocytes, the percentage of CD146 (2.6 Ñ 0.2%), 

CD116 (0.7 Ñ 0.1%), CD68 (3.5 Ñ 1.5%), and CD45 (5.5 Ñ 1.34%) was evaluated 

(Figure 3E). Within the white blood cell (WBC) fraction, four main cell 

subpopulations were identified, and the percentage of expression for neutrophils, 

lymphocytes, monocytes, eosinophils, and basophils is depicted in Figure 13F.  

SVF and FAT-ED expression of surface markers after cellular expansion of the 

adherent population were similar. As expected, most cells exhibited low CD45 

expression while displaying positivity for MSC-associated markers such as CD105, 

CD90, CD73, CD29, and CD44 (Figure 13G). 
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Figure 13. Expression of surface markers detected by flow cytometric analysis. (A) 

Positive cells marked with propidium iodide (FAT-ED= 0.8 Ñ 0.2%, SVF= 1.1 Ñ 0.4%). (B) 

Positive cells marked with CD34, were used for hematopoietic progenitor cells and small 

vessel endothelium. (C) Positive cells marked with CD105, were used for mesenchymal 
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stem cells. (D) Positive cells marked with CD73, were used for endothelial cells and 

stromal cells. (E) Positive SVF cells marked with CD146, CD68, CD45, CD116, were 

respectively used for endothelial cells, macrophages, lymphocytes, and monocytes. (F) 

Positive SVF cells were identified using white blood cells differential (WBC diff) to 

characterize neutrophils (NEUT), lymphocytes (LYMPH), monocytes (MONO), 

eosinophils (EO), and basophils (BASO). (G) The average number of positive SVF and 

FAT-ED cells after in vitro cellular expansion was marked with CD34, CD45, CD44, CD90, 

CD105, CD73, and CD29. Results were represented as the mean and error bars one 

standard deviation (* p<0.05).  

4.1.4  In vitro  differentiation assay 

The multilineage differentiation potential of the SVF obtained with Hy-Tissue SVF 

was assessed by examining the capacity of SVF-expanded cells at passage 4th to 

differentiate into adipocytes, chondrocytes, and osteocytes (Figure 14). To 

eliminate peripheral blood contaminants and other non-adherent stromal cells in the 

SVF, cells were replated until passage 4th, retaining only adherent cells with a 

fibroblastoid morphology. The results of the multipotency assessment of the SVF 

product are shown in Figure 4. The expanded cells from FAT-ED were used as a 

control. Adherent cells obtained with Hy-Tissue SVF demonstrated the ability to 

differentiate into the three mesodermal lineages, similar to cells enzymatically 

extracted (FAT-ED). Positive staining for Oil Red O, Alizarin Red, and Alcian Blue 

compared to the control confirmed adipogenic, osteogenic, and chondrogenic 

differentiation, respectively. 
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Figure 14. Multiage differentiation assay of SVF and FAT-ED passage 4th. (A, E) Light 

microscopy images of control SVF and FAT-ED cells (CTR). Scale bar, 100 Õm. (B, F) 

Light microscopy images of SVF and FAT-ED cells induced to undergo adipogenic 

differentiation. Adipogenesis was indicated by the accumulation of cytoplasmatic lipid 

droplets stained with Oil Red O. Scale bar, 100 Õm. (C, G) Light microscopy images of 

SVF and FAT-ED cells stimulated to differentiate into the chondrogenic lineage. 

Chondrogenesis was indicated by the formation of sulphated proteoglycan-rich matrix 

stained with Alcina Blue. Scale bar, 100 Õm. (D, H) Light microscopy images of SVF and 

FAT-ED cells directed to differentiate into the osteogenic lineage. Osteogenesis was 

indicated by the formation of extracellular matrix calcification stained with Alzarin Red. 

Scale bar, 100 Õm. 

4.2 Hyaluronic Acid in vitro response 

4.2.1  Metabolic activity of SVF 

To assess the optimal hyaluronic acid concentration, MTT assay was performed. 

The MTT cytotoxicity assay was performed by incubating AD-MSC for SVF 

expansion for 72 hours with different concentrations (7, 15, and 25 % v/v of HyA 

in complete culture medium, DMEM with 10% FBS) of HyA1, HyA2, and HyA3. 

No significant differences between the concentrations for each hyaluronic acid were 

observed (Figure 15). No toxicity was observed at all according to figure below.  

 

Figure 15. MMT cytotoxicity assay of AD-MSC for SVF expansion (passage 4th) tested 

with different concentrations: 0, 7, 15, 25% v/v of HyA in complete culture medium for 72 

hours. There was no notable variance in cell viability when AD-MSCs were exposed to 

HyA1 (A), HyA2 (B) and HyA3 (C). 
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4.2.2  In vitro  adipogenic stimulation 

To investigate the possible role of hyaluronic acid (HyA) to inducing adipogenic 

stimulation, SVF expanded cells (passage 4th) were cultured separately with 25% 

v/v hyaluronic acid (HyA1, HyA2, and or HyA3) in complete culture medium for 

7, 14, 21, and 28 days when differentiated cells displayed cell rounding and lipid 

droplet formation. The lipid droplet absolute number and average area were 

quantified at each time point (7, 14, 21, and 28 days, as reported in Figure 16). From 

14 days post-injection, all groups exhibited a significant increase in lipid droplet 

numbers compared to untreated cells with HyA (CTRL - 9.2 Ñ 5.7, CTRL + 74.7 Ñ 

25, HyA1 31.3 Ñ 4, HyA2 108.5 Ñ 20.6, HyA3 86.7 Ñ 17.5; Figure 16A). The results 

confirmed HyAôs adipogenic induction over time. Furthermore, the SVF expended 

cells exposed with HyA2 and HyA3 at 21 days showed a statistically significant 

increase in lipid droplet number compared to cells induced with adipogenic medium 

(CTRL + 57.7 Ñ 16.6, HyA2 216.8 Ñ 21.1, HyA3 289.3 Ñ 32.4; p<0.0001). The 

statistical difference was also maintained at 28 days for HyA3 cells compared to 

CNTR + (CTRL + 32.2 Ñ 5.7, HyA3 121.5 Ñ 16.8; p=0.0015). At 28 days, HyA3 

exhibited a statistical increase in lipid droplet number compared to HyA1 (HyA3 

121.53 Ñ 16.8, HyA1 57.53 Ñ 11.6; p=0.0324). SVF cells treated with each HyA 

showed a maximum peak of lipid droplet production at 21 days, followed by a 

subsequent decrease at the last time point (28 days, as depicted in Figure 16A). 

The average area of the droplets decreased in all experimental groups from 7 to 21 

days, followed by a substantially significant increase from 21 to 28 days (Figure 

16B). At 21 and 28 days, all the SVF expended cells exposed with each HyA 

showed a statistical increase in the lipid droplet area (p<0.0001), except for HyA1 

at 28 days. Furthermore, HyA3 induced higher lipid droplet areas than HyA2 at 28 

days (HyA3 11.2 ± 0.9, HyA2 4.24 ± 0.4; p<0.0001).   
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Figure 16. Lipid droplet numbers and area in SVF expanded cells (passage 4th) with 

HyA1, HyA2, and HyA3 for 7, 14, 21, 28 days. Control groups were treated with complete 

cultured medium (DMEM + 10% FBS) or with adipogenic induction medium (respectively 

CTRL ï and CTRL +). (A) From 14 days, quantification of lipid droplets number showed 

a statistically significant increase of SVF expended cells exposed with HyA1, 2, 3 

compared to CNTR -. At 21 days, HyA2 and HyA3 treated cells showed an increase of 

lipid drop numbers compared to CNTR + (****p<0.0001). At 28 days, HyA3 exhibited a 

statistical increment of lipid droplet numbers compared to CNTR + and HyA1. (B) 

Quantification of lipid droplet area showed a statistically significant increase in SVF 

expended cells exposed with HyA1, 2, 3 and compared to CNTR -. At 28 days SVF 

expended cells exposed with HyA3 had an increase in lipid droplet area compared with 

cells exposed to HyA2 (****p<0.0001). For each condition was analysed 5 random fields 

in 3 technical replicates. The data was analysed with Two-way ANOVA test. The values 

were represented as mean ± SEM.  

4.3 In vivo regenerative potential of Hyaluronic Acids and 

Stromal Vascular Fraction 

The capacity for adipose tissue neoformation following subcutaneous injection of 

SVF with HyA1, HyA2, and HyA3 was assessed to identify their regenerative 

potential. Balb/c nu/nu male mice received a right flank subcutaneous injection of 

micro-fragmented human adipose tissue mixed with HyA1, HyA2, or HyA3. The 

contralateral flank was injected with the correspondent HyA as a control. All 

animals were examined with magnetic resonance imaging (MRI) and histological 

analysis at 3, 7, 14, and 30 days post-injection were performed.  
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Figure 17. Experimental plan of regenerative potential. 

4.3.1 In vivo adipose stimulation of SVF and HyMovis (HyA1)  

The MRI T2-werighted (T2-w) analysis revealed that all the animals receiving the 

subcutaneous injection of SVF and HyA1 started a neoformation of adipose tissue 

14 days post-injection (Figure 18A). This evidence was also confirmed by the MRI 

T2-w fat suppression, in which the possible newly formed adipose tissue signal was 

completely saturated (Figure 18B). Placing a voxel in the area of interest enabled 

localized Hydrogen-nuclear magnetic resonance (H-NMR) spectroscopy analysis, 

which revealed a complete correspondence between the spectrum of fat and the 

newly potential adipose tissue (Figure 18C).  

Additionally, T2-w sequences revealed that HyA1 persisted in the subcutaneous 

tissue for 14 days after injection before undergoing complete reabsorption (Figure 

18A). 

The hematoxylin and eosin histological evaluation also confirmed MRI data. 

Tissues extracted from the SVF and HyA1 injected flank were characterized for the 

production of adipose tissue beneath the erector pili muscle (Figure 18E). Some 

small blood vessels were observed (Figure 18F). Tissue extracted from the 

contralateral side, treated only with HyA1, exhibited an unchanged subcutaneous 

morphology. (Figure 18D). 
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Figure 18. Adipose neoformation after subcutaneous injection of SVF and HyA1. (A) 

Axial MRI T2-w analysis showed the neoformation of adipose tissue after 14 days from 

the injection of SVF+HyA1, as highlighted by the red circle. The HyA1 was reabsorbed 

entirely after 14 days. (B) Axial MRI T2-w fat suppression images confirmed the formation 

of adipose tissue. (C) Fat spectrum from H-NMR spectroscopy analysis confirmed the 

formation of adipose tissue. (D, E, F) Representative light microscopy images of mice SVF 
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and HyA1 subcutaneous injected site stained with hematoxylin and eosin. (D) Mice after 

subcutaneous HyA1 injection showed normal tissue morphology after 14 days. (E, F) Mice 

injected with SVF+HyA1 showed the newly formed adipose tissue from 14 days, 

characterized by small blood vessels (indicated with black arrows). 

4.3.2 In vivo adipose stimulation of SVF and HYA lubrix ( HyA2) 

The MRI T2-w analysis showed that SVF and HyA2 injected animals exhibited an 

adipogenic neoformation form 30 days post-injection (Figure 19A), while after 14 

days post-injected, the HyA2 was completely reabsorbed from the contralateral 

control flank (data not shown). MRI T2-w fat suppression and localized H-NMR 

spectroscopy analysis confirmed these data (Figure 19B, C).  

Also, these observations were corroborated by subsequent histological and 

ultrastructural analyses with scanning electron microscopy (SEM), illustrating the 

formation of newly developed adipose tissue interspersed with collagen matrix and 

micro-vessels in the underlying region of the erector pili muscle (Figure 19D, F-

M). Newly adipose tissue was characterized by large diameters of adipocytes 

interposed by fibrotic and inflamed connective tissue, as shown by optical and 

ultrastructure analysis (Figure 19F-M).  

Tissue injected with HyA2 alone showed an unaltered subcutaneous morphology 

(Figure 19D). 
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Figure 19. Adipose neoformation after subcutaneous injection of SVF and HyA2. (A) 

Axial MRI T2-w analysis showed the neoformation of adipose tissue after 30 days from 

the injection of SVF+HyA2, as highlighted by the red circle. (B) Representative picture of 

HyA2 subcutaneous injected site stained with hematoxylin and eosin showed no formation 

of adipose tissue at 30 dpi. (C) Representative picture of SVF and HyA2 subcutaneous 

injected site stained with hematoxylin and eosin showed the formation of adipose tissue 

form (30 days). (D) Coronal MRI T2-w fat suppression images confirmed the formation of 

adipose tissue. (E) Fat spectrum from H-NMR spectroscopy analysis confirmed the 

formation of adipose tissue. (F) Representative picture of SVF and HyA2 subcutaneous 

injected site stained with hematoxylin and eosin showed the formation of adipose tissue 

characterized by inflammatory and fibrotic extracellular matrix (ECM) surrounding 

(indicated with black arrow). (G, H) Alcian Blue staining confirmed the presence of fibrotic 

ECM that embedded the adipose tissue. (I, L) Scansion electron microscopy showed the 

large diameters of adipose tissue embedded in a fibrotic ECM. (M) SEM blood vessels 

image inside the fibrotic ECM (indicated with red asterisk).  

4.3.3 In vivo adipose stimulation of SVF and Ial -System ACP 

(HyA3)  

Concerning the third tested HyA, the best result was obtained after the subcutaneous 

injection of SVF with HyA3. The MRI T2-w analysis revealed that all the animals 

receiving treatment started a neoformation of adipose tissue 7 days post-injection 

(Figure 20), one or two time points before the other two scaffolds (HyA1 and 

HyA2). This evidence was also confirmed by MRI T2-w fat suppression and 

localized H-NMR spectroscopy analysis. The MRI analyses also showed that HyA3 

was reabsorbed 7 days after the subcutaneous injection.  

The subsequent histological analysis confirmed the in vivo MRI results (Figure 

20B-G). In the tissue extracted from the SVF and HyA3 injected flank, the newly 

formed adipose tissue was characterized by a well-established structure with 

adipocytes organized in lobules separated by well-defined collagen septa (Figure 

20C, D, F, G). Microvessels were present internally to facilitate the supply of 

essential nutrients.  

Tissue injected with HyA3 displayed an unaltered morphology (Figure 20B, E). 
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Taking together the in vivo results from the subcutaneous injection of SVF with 

HyA1, HyA2, and HyA3, the best result was obtained after the injection of SVF 

with HyA3, showed a neoformation of adipose tissue from 7 days.  

 

Figure 20. Adipose neoformation after subcutaneous injection of SVF and HyA3. (A) 

Axial MRI T2-w analysis showed the neoformation of adipose tissue after 7 days from the 

injection of SVF+HyA3, as highlighted by the red circle. The HyA3 was reabsorbed 

entirely after 7 days. (B, C, D) Representative light microscopy images stained with 
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hematoxylin and eosin. (B) Representative picture of HyA3 subcutaneous injected site 

showed no formation of adipose tissue at 7 days. (C, D) Representative picture of 

SVF+HyA3 showed formation of adipose tissue embedded in collagen saepta from 7 days. 

(E, F, G) Representative histological pictures stained with alcian blue and fast red (alcian 

blue). (E) Representative picture of HyA3 subcutaneous injected site showed no formation 

of adipose tissue at 7 days. (F, G) Representative picture of SVF+HyA3 showed formation 

of adipose tissue from 7 days. 

4.3.4 Immunofluorescence analysis  

To determine the origin of the newly formed tissue, the explanted tissues were 

examined using a human leukocyte antigen HLA antibody (HLA). This aimed to 

ascertain whether it resulted from the differentiation of MSCs within the SVF 

(human origin) or from paracrine stimulation of the SVF mixed with scaffolds 

(mouse origin). 

Positivity was observed 14 days post-injection in animals receiving SVF mixed 

with HyA3 (Figure 21C), but at 30 days post-injection, HLA positive signal was 

absent in all animals (Figure 21F, I).  

No positive signal was observed in animals injected with SVF with HyA1 or HyA2 

after 14 and 30 days post-injection (Figure 21A, B, D-H).  
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Figure 21. HLA immunofluorescent staining in the subcutaneously injected side receiving 

SVF+HyA1, SVF+HyA2, and SVF+HyA3 at 14 and 30 days post-injection. The HLA was 

stained with FITC fluorophore, and nuclei were stained in blue with dapi. (A, D, G) 

Animals treated with SVF+HyA1 showed negative HLA signals at 14 and 30 days. (B, E, 

H) Animals treated with SVF+HyA2 showed negative HLA signals at 14 and 30 days. (C, 

F, I) Animals treated with SVF+HyA3 showed positive HLA signals at 14, and negative 

signals at 30 days. 10x and 20x objective magnification, scale bar 500 Õm and 100 Õm. 

4.4 Metabolic activity, DNA content, and migration 

evaluation of Stomal Vascular Fraction and 

Hyaluronic Acid 3 

4.4.1 Cellular metabolic activity and DNA quantification  

To assess biocompatibility, the capacity of HyA3 to support cellular viability and 

sustain growth in culture was investigated. Biochemical assays evaluated the 

cellular metabolic activity and DNA content in expanded SVF cells with half HyA3 
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and half complete culture medium. The results were compared with cells untreated 

with HyA3, but with only the complete culture medium. 

HyA3 with SVF expanded cells induced a statistically significant increase in 

metabolic activity compared to the control cells (Figure 22A) at all time points (3 

days HyA3 289.8 ± 22.2% vs medium 100% ± 5.4, 7 days HyA3 485.3 ± 17.8% vs 

medium 186.6 ± 3.5%, and 14 days HyA3 388.4 ± 33.9% vs medium 217 ± 21.3%, 

p < 0.001). Furthermore, no significant difference was observed in DNA content 

expression between the two experimental groups during the testing time (Figure 

22B). These results confirm the biocompatibility of the HyA3 product. 

 

Figure 22. Metabolic activity and DNA content of SVF expanded cells at 3, 7, 14 days. 

(A) Metabolic activity of cells treated with HyA3 (HYA + MEDIUM) compared with 

untreated cells (MEDIUM). The treated condition showed a statistical increment of 

metabolic activity compared to control at each timepoint (***p<0.001). (B) No significant 

differences in DNA contact between the groups were found. In metabolic activity assay, 

for each condition was analysed 9 technical replicates at 3 days, 6 technical replicates at 7 

days, and 3 technical replicates at 14 days. In the DNA content assay for each condition 

was analysed, 3 technical replicates at all time points. The data was analysed with Two-

way ANOVA test. The values were represented as mean ± SEM.  

4.4.2 Scratch test 

The migration capacity of the SVF expanded cells (passage 4th) cultured with half 

HyA3 and half complete medium was evaluated with a scratch assay (Figure 23A, 

B). The results were compared with the same cells cultured with complete culture 

medium as a control. Gap distance was measured at 0, 1, 2, 4, 8, 24, and 36 hours 



75 

 

post scratch. A reduction in gap distance was observed for both groups over time 

from 8 hours (HyA3 8h 77.8 Ñ 3.3% vs HyA3 24h 22.7 Ñ 8.4%, p<0.0001; medium 

8h 86.7 Ñ 6.5% vs medium 24h 42.9 Ñ 12.1%, p=0.0013). At 24 and 36 hours, the 

mixture of HyA3 with complete medium induced a significant reduction in the 

scranched areas compared to the complete medium (HyA3 24h 22.7 Ñ 8.4%, 

medium 24h 42.9 Ñ 12.1%; HyA3 36h 12 Ñ 6.6%, medium 36h 24.8 Ñ 10.6%; 

p<0.0001, Figure 23B). 
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Figure 23. SVF expanded cells scratch test for cell migration assay. (A) Representative 

images of migration assay at 1, 4, 24, and 36 hours after scratch, comparing the two 

experimental conditions (control and cell treated with HyA3). 10x magnification, scale bar 

100 µm. (B)At 24 and 36 hours, stanched areas of SVF-expended cells treated with HyA3 

showed a significant reduction compared to cells with complete medium. (***p<0.001). 
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For each condition was analysed 4 conservative fields in 3 technical replicates. The data 

was analysed with Two-way ANOVA test. The values were represented as mean ± SEM.  

4.5 In vivo pathological regenerative potential in a muscle 

ischemic reperfusion model 

After the in vivo evaluation of the regenerative potential of the SVF with HyA, the 

product composition with a better outcome was tested in a muscle ischemic 

reperfusion mouse model. The combination of the SVF and Ial-System ACP 

(HyA3), through MRI and histological analysis, exhibited an early and superior 

capacity to stimulate adipose tissue neoformation compared to SVF with the other 

two hyaluronic acids (HyA1 and HyA2). The muscle ischemic reperfusion (I/R) 

injury was induced with a tourniquet model. Twenty-four hours post-I/R injury, 

mice received intramuscular treatment injection in the quadriceps. The animals 

were monitored for 18 days with MRI protocol acquisitions and motor behavioral 

experiments. Post-mortem histological and immunohistochemistry evaluations 

were performed.  

 

Figure 24. Experimental plan of muscle I/R injury.  

4.5.1 Motor Behavioral Experiment  

After three consecutive training days, an accelerod test was conducted to evaluate 

motor coordination. Accelerod test was performed at different time points: 4, 7, and 

15 dpi (Figure 25).  Latency and rotation speed were recorded, indicating the time 

taken for animals to fall off the rod. A progressive improvement in motor 
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performance was observed over time in the SVF and SVF+HyA groups (SVF 7 dpi 

13.8 ± 0.5, SVF 15 dpi 15.5 ± 0.5; SVF+HyA 7 dpi 15.6 ± 3.4, SVF+HyA 15 dpi 

18.7 ± 3.7). By 7 dpi, motor performance was comparable to baseline. Conversely, 

the group receiving HyA injection showed a linear performance trend between 4 

and 7 days post-I/R injury and a slight decrease from 7 to 15 days (HyA 7 dpi 14.6 

± 3.9, HyA 15 dpi 13 ± 1.5). No alterations in motor performance were observed in 

saline-injected animals (saline 0 dpi 11.7 ± 3, saline 4 dpi 12.3 ± 1.7, saline 7 dpi 

12 ± 1.8, saline 15 dpi 11.7 ± 2.1).  

 

 

Figure 25. Rotarod test performed 4 dpi, 7dpi, and 15 dpi to saline, HyA, SVF, and 

SVF+HyA treated animals. The performance was expressed in rpm. No significant 

differences were observed, but a progressive improvement in motor performance was 

observed from 4 to 15 dpi in the SVF and SVF+HyA groups. The data was analysed with 

Two-way ANOVA test. The values were represented as mean ± SEM, n=25. 
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4.5.2 MRI   

Structural and functional changes after intramuscular injection of saline, HyA, SVF, 

and SVF+HyA were investigated with multi-parametric MRI analysis. T2-weighted 

(T2-w), T2-mapping, and DWI acquisitions were performed at 4, 7, 14, and 18 days 

post-I/R injury. The ischemic reperfusion-treated limb of each animal was 

compared with the contralateral control limb (CTRL).  

4.5.2.1 T2-weighted  

T2-w MRI acquisitions at 4 dpi revealed hyperintense contrast in all injured right 

hindlimbs, associable with increased tissue water content resulting from edematous 

and inflammatory responses following I/R injury (Figure 26). Starting from 7 dpi, 

SVF+HyA-treated animals exhibited a T2-weighted contrast similar to CTRL over 

time. Differently, at 7 and 14 dpi, animals treated with saline and SVF maintained 

a marked hyperintense contrast compared to CTRL hindlimbs, while those treated 

with HyA showed slight improvement. At 18 dpi only the animals treated with 

saline retained the hyperintense contrast. 
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Figure 26. Representative images of T2-weighted MRI acquisitions at 4, 7, 14, and 18 dpi 

for saline, HyA, SVF, and SVF+HyA-treated animals. As CTRL was used the contralateral 

hindlimbs. N=25. 

4.5.2.2 T2-mapping  

The results from T2-mapping acquisitions confirmed T2-w imaging. T2-multi-

sclice multi echoes (MSME) analysis revealed that the muscle relaxation time (T2-

rt) of the CTRL was approximately 30 ms (Figure 27).  

At 4 dpi, all treated hindlimbs exhibited a significant increment of the T2-rt 

compared to CTRL (CNTR 32.5 ± 0.5 ms, saline 63.8 ± 6.4 ms, HyA 132.4 ± 11.8 

ms, SVF 50 ± 3.1 ms, SVF+HyA 87.1 ± 6.4 ms; CTRL vs saline p=0.0364, CTRL 

vs HyA p=0.005, CTRL vs SVF p=0.0075, CTRL vs SVF+HyA p=0.0004). From 

7 dpi, the SVF+HyA treaded limbs showed a reduction of T2-rt value (close to 35 

± 1.3 ms) without significant difference compared to the CTRL T2-rt value. I/R 

injured animals treated with saline, HyA, and SVF maintained a significant 

increment of T2-rt at 7 and 14 dpi compared to CTRL and SVF+HyA treatment 

(saline 7 dpi 47.2 ± 2 ms, saline 14 dpi 41.7 ± 1.1 ms, HyA 7 dpi 68.5 ± 8.2 ms, 
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HyA 14 dpi 39.1 ± 0.9, SVF 7 dpi 44 ± 1.3 ms, SVF 14 dpi 37 ± 0.3; CTRL vs 

saline 7 dpi p=0.0068, CTRL vs HyA 7 dpi p=0.01, CTRL vs SVF 7 dpi p=0.0002, 

CTRL vs saline 14 dpi p=0.0022, CTRL vs HyA 14 dpi p=0.0044, CTRL vs SVF 

14 dpi p<0.0001). The T2-rt values of HyA and SVF-treated animals decreased at 

18 days post-I/R injury, without significant difference compared with CTRL and 

SVF+HyA injected hindlimb. 

Only the saline-received animals maintained a significant increase in T2-rt values 

compared to the other groups (38.04 ± 0.8 ms; saline vs CTRL p=0.0039, saline vs 

SVF p=0.0428, saline vs SVF+HyA p=0.0015).  

 

Figure 27. Muscle relaxation time was evaluated at 4, 7, 14, and 18 dpi for CNTR, saline, 

HyA, SVF, and SVF+HyA-treated animals. At 4 dpi all I/R injured groups showed a 

significant increase in T2-rt compared to CTRL (* CTRL vs saline p=0.0364, ** CTRL vs 

HyA p=0.005, ** CTRL vs SVF p=0.0075, *** CTRL vs SVF+HyA p=0.0004). At 7 dpi 

saline, HyA, and SVF maintained a significant increase in T2-rt compared to CNTR (** 

CTRL vs saline p=0.0068, * CTRL vs HyA p=0.05, *** CTRL vs SVF p=0.0002). No 

significant difference was observed between CTRL and SVF+HyA-treated animals. At 14 

dpi saline, HyA, and SVF showed significantly increased in T2-rt compared to CNTR (** 

CTRL vs saline p=0.0022, ** CTRL vs HyA p=0.0044, *** CTRL vs SVF p<0.0001). At 

18 dpi, only the saline-treated animals maintained a significant increase of T2-rt compared 
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to CTRL (** p=0.0039). The data was analysed with Two-way ANOVA test. The values 

were represented as mean ± SEM, n=25. 

4.5.2.3 Diffusion-weighted imaging  

The analysis of the DWI acquisition revealed no significant differences in the 

apparent diffusion coefficient (ADC) among all treatment groups at each time point. 

 

 

Figure 28. Diffusion-weighted imaging was performed at 4, 7, 14, and 18 dpi. The ADC 

was calculated for each time point in the saline, HyA, SVF, and SVF+HyA-treated groups 

and compared with the contralateral hindlimbs as a CTRL. No significant differences were 

observed. The data was analysed with Two-way ANOVA test. The values were represented 

as mean ± SEM, n=25. 

4.5.2.4 Dynamic contrast-enhanced MRI  

The vessel perfusion was assessed with a dynamic contrast-enhanced MRI (DCE-

MRI) using a gadolinium-based contrast agent (Gd, Figure 29). All the gadolinium-

diethylenetriamine pentaacetic acid (Gd-DTPA) signal intensity points (143 points 

in total) over time were normalized to the average baseline values. Subsequently, 

the area under the curve (AUC) was calculated. The AUC of each treatment was 

subtracted from the CTRL AUC.  
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At 4 dpi all I/R injured treated hindlimbs exhibited a nearly twofold higher contrast 

agent signal over time than CTRL (saline 272.1 ± 106, HyA 222.7 ± 162, SVF 141.8 

± 39, SVF+HyA 166.9 ± 80.7). At 18 dpi, salina, SVF, and SVF+HyA showed a 

similar Gd-DTPA intensity to the CTRL, while HyA-treated hindlimbs maintained 

a slight increase in Gd-DTA intensity.  

 

Figure 29. Dynamic contrast-enhanced MRI with the injection of Gd-DPTA contrast agent. 

The AUC for salina, HyA, SVF, and SVF+HyA was normalized to the average of the 

baseline values and then subtracted from the CTRL AUC at 4, 14, and 18 dpi. At 4 dpi all 

the I/R injured hindlimbs showed a higher Gd-DPTA than CTRL. At 18 dpi saline, SVF, 

and SVF+HyA groups showed a similar Gd-DTPA intensity to the CTRL, while HyA-

treated hindlimbs maintained a slight increase in Gd-DTA intensity. The data was analysed 

with Two-way ANOVA test. The values were represented as mean ± SEM, n=25. 
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4.5.3 Histological and morphological evaluation  

As described in the introduction, the gastrocnemius can be divided into two parts: 

medial (MG), adjacent to the plantar muscle, and lateral (LG) part, adjacent to the 

soleus. Since previous studies report differential impact on gastrocnemius fibers 

following I/R injury, the muscle has been subdivided into four principal areas, 

delineating regions where qualitative and quantitative assessments of histological 

and immunohistochemistry (IHC) parameters were conducted: superior MG, 

inferior MG, superior LG, and inferior LG (Figure 30). 

 

Figure 30. Graphical representation of posterior muscle division, formed by superior 

lateral gastrocnemius (LGsup), inferior lateral gastrocnemius (LGinf), superior medial 

gastrocnemius (MGsup), inferior medial gastrocnemius (MGinf), plantar (P), and soleus 

(S). 

Hematoxylin and eosin staining were used for the histological evaluation of the 

cross-sectioned gastrocnemius muscle (Figure 31, 32). In sections from the CTRL 

group, standard histological staining with hematoxylin and eosin revealed 

myofibers of polygonal shape, uniform size, and laterally positioned nuclei both in 

LG (Figure 31A) and in MG (Figure 31B). No inflammatory infiltration was 

observed. 

In sections from the saline-treated animal group, round-shaped fibers with size 

variability and centrally located nuclei indicative of muscle regeneration were 

mainly present in the superior and inferior regions of the LG (Figure 31C) and MG 

(Figure 31D-F). In addition, numerous necrotic fibers were visible in the superior 
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region of the MG, identified by pale eosin cytoplasmic staining (Figure 31D, G). A 

large infiltrate of immune cells surrounded them. Clear spaces surrounded by cells 

were evident in this area, most likely resulting from phagocytosis of necrotic fibers 

(Figure 31D, G, H). Numerous blood vessels were observed in the areas adjacent 

to the necrotic fibers, suggesting possible vascular compensation for muscle loss. 

The sections also revealed the presence of increased collagen deposition and 

inflammatory cell infiltrates, particularly evident in the regenerative areas. 

Sections from animals treated with SVF or HyA displayed fibers in the superior LG 

and MG regions similar to those observed in uninjured control tissue (Figure 32I, 

O). However, in the inferior region of the muscle, some fibers with heterogeneous 

size and shape and a central nucleus surrounded by inflammatory infiltration were 

still detectable (Figure 32L, P). Increased collagen deposition was obvious between 

the altered myofibers. In the section from animals that received SVF treatment, 

large areas of the MG were composed of clear, rounded spaces surrounded by 

massive cellular infiltration (Figure 32M, N).  

Sections from SVF+HyA-treated animals showed morphologically normal 

myofibers with the characteristic polygonal shape and a laterally positioned nucleus 

(Figure 32Q, R). No inflammatory infiltration between the individual muscle fibers 

was observed.  
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Figure 31. Histological evaluations of the gastrocnemius muscle 18 dpi of CNTR and 

saline groups. The muscle cross-sections were stained with hematoxylin and eosin. (A, B, 

C, D, E, G) 10x magnification, scale bar 100 Õm. (F, H) 20x magnification, scale bar 100 

Õm. 
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Figure 32. Histological evaluations of the gastrocnemius muscle 18 dpi of SVF, HyA, and 

SVF+HyA. The muscle cross-sections were stained with hematoxylin and eosin. (I, L, M, 

O, P, Q, R) 10x magnification, scale bar 100 Õm. (N) 20x magnification, scale bar 100 Õm. 

 






















































































