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ABSTRACT 

Therapeutic options available in the clinical practice to restore severe loss of 

muscle mass after trauma or tumor excision offer limited functional and aesthetic 

results and they are limited by several drawbacks, such as donor site morbidities and 

increased risk of complication. 

Thus, tissue engineering is focusing on the development of alternative 

strategies to induce and favor tissue regeneration limiting scar formation and fibrosis. 

Among those, the creation of 3-D scaffold has shown favorable results thanks to its 

tissue-specificity and ability to stimulate cell differentiation toward the tissue of origin. 

In this project, we aimed to create a decellularized human-derived scaffold 

from diaphragm muscle. Four different detergent-enzymatic protocols were 

compared to identify the ideal treatment to remove immunogenic signals maintaining 

structural and functional properties to allow scaffold implantation and cell seeding. 

Together with DNase I and Trypsin, four different detergents (sodium dodecyl sulfate, 

SDS + TergitolTM, sodium deoxycholate and TergitolTM) were compared. 

All protocols were able to remove nuclei, DNA and muscle fibers preserving 

collagen, elastin and glycosaminoglycans. In addition while HLA-DR was no more 

detectable, Collagen I and IV, Laminin (key components of the ECM) were 

expressed. Macroscopic evaluation and tensile strength confirmed the preservation 

of functionality and structure without differences among protocols. 

Adipose-derived mesenchymal stem cells co-culture and seeding showed absence of 

cytotoxicity and ability of the graft to support cell proliferation after all 

decellularization. 

Protocol n. 2 (SDS + TergitolTM) exhibited the higher preservation of collagen 

structure and fibers orientation. For this reason scaffolds treated with this protocol 

were implanted in mice for 14 days during the in vivo biocompatibility test, which 

demonstrated favorable integration with VEGF positivity and without signs of severe 

immunological response from the host. 
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INTRODUCTION 

Reconstruction of extensive area of the body represents the constant 

challenge of plastic surgeons influencing the patient's quality of life and preventing 

the normal performance of daily activities. 

Nowadays, the concept of reconstructive ladder has been outdated by the 

reconstructive elevator and clockwork 1.  

Autologous-based flap reconstruction is considered the gold standard 

reconstructive method in main area of the body 2. However, it is affected by donor 

site morbidity. In addition, not all reconstructive options are available or adequate 

such as in case of previous surgeries or failure of previous autologous 

reconstruction. Acellular dermal matrixes (ADMs) are proposed to restore dermal 

layers after extensive tissue loss as in abdominal wall reconstruction and breast 

reconstruction 3,4.  

Volumetric muscle loss (VML), a condition characterized by the loss of at 

least 20% of a given muscle 5. It can be developed after severe trauma, such as car 

accidents, battle wounds or tumour excision 6-8, and it is associated with significant 

functional impairment and aesthetic damage 9.  

The alteration of the quality of life with the impairment of daily activities and 

rehabilitation affects patient’s recovery 10,11. Corona et al. reported that VML 

contributed 65 percent to the permanent disability in the type III open tibia fracture 

cohort 12. 

Even though skeletal muscle presents a high regenerative potential thanks to 

its reservoir of muscle satellite stem cells (MuSCs), aforementioned conditions can 

cause damages that overcome its ability to regenerate, in particular when the 

extracellular matrix (ECM) is compromised extensively 13. 

Available clinical treatment options are aimed in the optimization of the 

remaining functional activity after injury, but there are currently no therapies available 

to regenerate these extensive soft-tissue injuries to restore original form and 
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function. In fact, rehabilitative protocol showed limited benefit. While surgical 

approach offers inadequate restoration of muscle function and persistence of limb 

functioning deficit frequently aimed only in wound/bone coverage with autologous 

local or free tissue transfer after debridement. 

Autologous free functional muscle transfers to the extremities have shown 

good results in terms of function restoration with several different donor-site options 

(i.e. gracilis, latissimus dorsi, rectus femoris, and vastus lateralis). However, surgical 

complications such as donor site morbidity, infection and failure of reconstruction 

must be considered 14-19. 

For these reasons, alternative therapies are needed to restore the loss of 

volume of skeletal muscle tissue, possibly stimulating its regeneration for functional 

recover. 

Tissue Engineering (TE) has been proposed to support and induce muscle 

regeneration. Traditionally, the triad including progenitor cells, scaffold and growth 

factors has been considered the pillars of tissue regeneration. Different types of 

scaffold have been developed to support cell growth and cultures. In vitro formation 

of muscle graft has shown limitations due to its easy degradation, risk of foreign body 

response and functional deficits. In addition, a parallel disposition of muscle fibers, 

vascularization and innervation are needed to form functional skeletal muscles 20,21.  

On the other hand, biological scaffolds derived from decellularized tissue that 

maintain the original ECM structure have been suggested to promote cell 

differentiation in myogenic progenitors or inducing the recruitment of tissue resident 

or circulating progenitor cells in situ 5,22-24.  

The first decellularization protocol was developed by Carlson and Carlson in 

1991, who proposed a method involving several steps based on chelants, detergent 

and enzymatic digestion with DNAse 25. Subsequently, the role of physical treatment, 

additional enzymatic reaction, and chemicals was confirmed, thus protocols based 

on a combination of these different methods were preferred 26. The process usually 
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starts with lysis of the cell membrane induced by physical treatments or ionic 

solutions, then cells are separated from ECM with enzymatic treatments, and 

detergents are used to solubilize cytoplasmic and nuclear content. Lavages and final 

removal of cellular debris is performed. Mechanical agitation can be used to increase 

their effectiveness 27.  

The majority of allogenic and xenogenic matrixes developed and available in 

the clinical settings are derived from thin tissues such as dermis, bladder and 

mucosa (e.g. human dermis = Alloderms®, porcine dermis = Braxon®/Strattice®, 

SurgiMend® = bovine dermis, porcine SIS = SurgiSISs®, porcine urinary bladder = 

ACell, porcine heart valves = Synergrafts®) 28-31.  

Muscle-derived xenogenic scaffolds have been studied in preclinical studies 

in mouse, rat, rabbit, pig and dog in animal models of wound treatment, muscle 

reconstruction and VML. They have been shown to improve muscle regeneration in 

animal models alone and in association with stem cells 6,13,30. Main components of 

muscle ECM (laminin, fibronectin, collagens, proteoglycans) together with growth 

factors were able to recruit muscle progenitors cells guiding the differentiation in 

myoblast muscle fiber 32-34. 

However, biologic scaffold materials of xenogenic origin may elicit a stronger 

foreign-body reaction when implanted. On the other hand, scaffold derived from 

human skeletal muscle has not been extensively investigated 35.  

Thanks to its anatomy, availability and structure human diaphragm can be 

considered a valid option for human muscle restoration. Favorable results were 

obtained with orthotopic diaphragm reconstruction with animal derived scaffold in 

mice, rats, bovines and pigs 36-41. 

 In addition, the same scaffold was applied for the treatment of chronic wounds and 

abdominal wall defects animal models 42,43.  A limited number of reports regarding 

human-diaphragm decellularization protocol are available in the literature 44. 
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1.1 AIM OF THE STUDY 

The project aimed in developing a valid decellularization protocol of human 

diaphragm. In vitro characterization of tissue samples was performed analyzing 

immunogenicity, ECM preservation and tissue properties. In addition, scaffold 

biocompatibility was verified in vivo. 
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2.3 CHARACTERIZATION OF DECELLULARIZED DIAPHRAGMATIC PATCHES 

2.3.1 Histological Investigations 

All samples were fixed with 10% formalin, paraffin-embedded and cut into 5 

µm sections, which were de-waxed and rehydrated with cycles in ethanol (99%, 95% 

and 70%) and distilled water. Histological staining was performed in order to evaluate 

cell nuclei, muscle fibers (Hematoxylin&Eosin), myofibrillar component and collagen 

(Azan-Mallory), elastic fibers (Weigert Van Gieson) and collagen (Masson’s 

trichrome). 

 

2.3.2 Immunohistochemical Study 

Anti-Collagen I (polyclonal rabbit anti-COL1A1, sc-28657, Santa Cruz 

Biotechnology, Dallas, TX, USA) (1:500), anti-Collagen IV (monoclonal mouse anti- 

COL4A3, sc-52317, Santa Cruz Biotechnology) (1:100), anti-Laminin (polyclonal 

rabbit anti-LAM, L9393, Merck Life Science) (1:200), anti-HLA-DR (monoclonal 

mouse anti-HLA- DR antigens, M0746, Dako) (1:50) antibodies were used to 

evaluate the preservation of ECM proteins and removal of immunologic signals after 

decellularization protocols.  

Immunohistochemical reactions were carried out with Dako 

Autostainer/Autostainer Plus (Dako, Milan, Italy) using antibodies diluted in PBS both 

in native and decellularized samples. Epitope retrieval was performed with 10 mM of 

sodium citrate buffer at 90°C for ten minutes at pH 6.0 for Collagen I and HLA-DR 

and pH 9.0 for Collagen IV. Five minutes incubation with peroxidase-blocking serum 

(EnVision FLEX Peroxidase-Blocking Reagent; Dako) was performed to prevent 

unspecific binding before one-hour incubation of primary antibody at room 

temperature.  

Secondary antibodies (EnVision FLEX Mouse-Linker and EnVision FLEX 

Rabbit- Linker; Dako) were then incubated for 15 minutes followed by EnVision 

FLEX/HRP polymer for 20 min. Positive reaction was highlighted with 3,3′-



	 8 

diaminobenzidine (EnVision FLEX Substrate Buffer + DAB + Chromogen; Dako). 

Sections were then counterstained with haematoxylin.  

 

2.3.3 Morphometric Analysis 

The content of connective tissue was quantified with Image J as percentage 

of color areas on Azan-Mallory-stained (blue collagen) and Weigert Van Gieson-

stained (purplish elastin) sections and compared between treated and native 

samples. Pictures were taken considering 8 different fields/section for each 

experimental group and they were acquired at 10x magnification in bright field with 

Image J 48-50.  

The colors of each picture were analyzed, displaying histograms of the 

distribution of hue, saturation and brightness. The interval of hue, saturation and 

brightness of blue (128–200, 0–255, and 0–224) and purplish (127–225, 0–255, and 

0–185) areas was selected manually and maintained for all the morphometric 

analyses. 

The selected interval of colors was converted into black and all other colors 

into white. To facilitate the process of evaluation, the white and black colors were 

inverted. On the processed images, the white areas corresponding to collagen and 

elastic fibers elaborated from Azan-Mallory-stained sections and Weigert Van 

Gieson-stained sections respectively, were measured as percentage of area stained 

out of the total acquisition field. 

 

2.3.4 Quantification of residual DNA 

Evaluation of DNA remnants after each protocol was performed as a measure 

of ability to remove immunogenic materials of cells and nuclei. The DNeasy Blood 

and Tissue Kit was used. Proteinase K (Merck Life Science) was used to lysate 10 

mg of sample at 56 °C overnight. DNeasy Mini spin columns allowed selective 

purification of total DNA from lysates. Fluorometric quantification of DNA was 
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obtained with Qubit 4 fluorometer and kit (ThermoFisher Scientific, Waltham, MA, 

USA). 

 

2.3.5 Glycosaminoglycans Quantification 

Chondrex Inc. Glycosaminoglycans Assay Kit (DBA Italia S.r.l., Milan, Italy) 

was used to quantify residual GAGs based on GAG solubilization and 

dimethylmethylene blue (DMB) colorimetric reaction. Papain solution at 56°C 

overnight was used for the digestion of 10 mg of tissue sample (10 mg) and GAGs 

solubilization. The cationic dye 1,9 dimethylmethylene blue (DMB) was used to label 

solubilized GAGs and colorimetric reaction was read at 530 nm by using the 

Microplate auto reader VICTOR3TM (PerkinElmer, Waltham, MA, USA). Results 

were compared between decellularized and native samples. 

 

2.4 SECOND HARMONIC GENERATION MICROSCOPY 

Second Harmonic Generation (SHG) imaging was performed on paraffin 

embedded samples to define and compare the amount and the orientation of 

collagen fibers.  

An incident wavelength of 800 nm was adopted to detect the collagen’s SHG 

signal at 400 nm and the AutoF signal at 525 nm on two different photodetectors 

(GaAsP PMT with 395/25 nm bandpass filter and GaAsP PMT with 525/40 nm 

bandpass filter, respectively). Image-J software was used to analyze 70 consecutive 

frames, with a pixel dwell time of 0.14 µs and a pixel width of 0.8 µm obtained with a 

water immersion objective Olympus 25X with 1.05 numerical aperture (1024 × 1024 

pixels). 

Coherency (C), a parameter indicating the presence (value 1 = anisotropy) or 

absence (value 0 = isotropy) of a dominant orientation of collagen and elstic fiber, 

was estimated with OrientationJ, an ImageJ plugin. 
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The Fast Fourier Transform (FFT) analysis of the coherency allowed a 

specific representation of fibers orientation: highly oriented fiber in a single direction 

shows an elliptic shape; differently, a circular shape is associated to fibers spread in 

all directions 51-54. 

 

2.5 TENSILE TESTING 

Rectangles of 5 mm x 15 mm both longitudinal and transverse to muscle 

fibers were prepared (i.e. 3 per each group). Bose ElectroForce® Planar Biaxial Test 

Bench instrument was used to evaluate the stress response to five cycles of 22N 

strain. Strain (a measure of tissue stiffness) was defined by the ratio between 

displacement and initial length Stress was calculated as the ratio between the force 

applied and the initial transverse area of the sample. The secant elastic module was 

calculated as the slope of the straight line drawn from the origin of the stress-strain 

and intersecting experimental data at 20% of strain during the fifth cycle 55. 

 

2.6 IN VITRO CYTOTOXICITY 

Indirect co-culture test was performed to evaluate a possible persistence of 

cytotoxic molecules after decellularization processes. 

Discoidal samples of diaphragm (8 x 2 mm) were sterilized with 72 h 

incubation of 2% penicillin/streptomycin solution (Merck Life Science). Subsequent 

sterile water washing was performed for 72 h to remove antibiotic. 

24-well plates (5000 cells/cm2) of proliferating human adipose-derive mesenchymal 

stem cells (Ad-MSCs) (Cell Line Service, Eppelheim, Germany) on Mesenchymal 

Stem Cells Expansion Medium (Cellular Engineering Technologies, Coralville, IA, 

USA) + 10% Foetal Bovine Serum (Merck Life Science) and 1% 

penicillin/streptomycin solution (Merck Life Science) were co-cultured with previously 

sterilized samples by mean of a porous membrane with 8 µm pore size for 72 h at 
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37°C and 95% of humidity. The co-culture with native sample was the negative 

control while Ad-MSCs cultures with 50% DMSO were used as positive control. 

Cell viability was confirmed with MTT assay. Cultured cells were incubated 

with 0.5 mg/ml of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide for 4 

hours. The formazan formed was solubilized with 0.04 M HCl in 2-propanol and the 

optical density was calculated with the Microplate auto reader with a 570 nm wave 

light. The percentage of metabolically active cells in samples compared to native 

diaphragm was calculated. 

 

2.7 CELL SEEDING ON ACELLULAR DIAPHRAGMATIC SCAFFOLD 

Ad-MSCs were seeded in sterilized diaphragm patches to evaluate the ability 

of cell to proliferate and adhere on treated scaffold. 4 mm discoidal samples of 

diaphragm were sterilized with 72 h incubation of 2% penicillin/streptomycin solution 

(Merck Life Science). Subsequent sterile water washing was performed for 72 h to 

remove antibiotic. A culture in basal medium with 10% fetal bovine serum at 37 °C, 

5% CO2 and 95% humidity was used to perform a microbiologic test and to select 

diaphragmatic disks free from microbiological contamination (fungal or bacterial). 

The selected disks placed over a 96-well plate were treated with Ad-MSC 

proliferation medium at 37 °C overnight and then they were seeded with 10,000 Ad-

MSCs/scaffold in 200 µL of proliferation medium for 7 days. 

Subsequently, MTT assay was used to evaluate cell viability: the number of 

cell detected on scaffold was used to create an MTT standard curve. Different 

number of Ad-MSCs per well (1000, 5000, 10,000, 20,000, and 100,000) were 

seeded in 96-well plates and let adhere for 12 h. The MTT assay was used to 

calculate cell viability with different number of cells per well obtaining different optical 

density values corresponding to different point of the curve. Optical density values 

measured for each sample were plotted on the standard curve to quantify cell growth 

on seeded scaffolds. 
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In addition, tissue samples with cultured cells were fixed with 2.5% 

glutaraldehyde in 0.2 M phosphate buffer, washed, dehydrated and coated with 8 nm 

gold layer for ultrastructural evaluation with tungsten thermionic emission SEM 

system JSM-6490 to analyze the superficial ultrastructure of cultured cells. 

 

2.8. IN VIVO BIOCOMPATIBILITY 

8 x 2 mm sections of decellularized diaphragm treated with Protocol n. 2 were 

sterilized and implanted subcutaneously in the dorsum of six twelve years old female 

mice. The patches were sutured to the latissimus dorsi (LD) muscle and the skin was 

closed. Antibiotic and anti-inflammatory therapies were administered for the first 5 

days and the animals were sacrificed after 14 days. 

Macroscopic and microscopic (histologic, immunohistochemical, scanning 

microscopy) analyses were performed. In addition to standard haematoxylin and 

eosin staining, antibodies anti- CD3 (polyclonal rabbit anti-CD3, A0452, Dako) 

(1:500) and anti-F4/80 (polyclonal rabbit anti-F4/80 (M-17)-R, sc-26643-R, Santa 

Cruz Biotechnology) (1:1000) were used to evaluate the amount and the localization 

of lymphocytes and monocytes/macrophages, respectively. Furthermore, anti-VEGF 

antibodies (monoclonal mouse anti-VEGF, C-1, sc-7269, Santa Cruz Biotechnology) 

(1:300) and anti-myosin antibody (monoclonal mouse anti-slow muscle myosin, 

MAB1628, Merck) (1:1500) were used to evaluate the amount of angiogenic 

infiltration and myogenic stimulation. Secondary antibodies and diaminobenzidine 

were used to detect a positive reaction. 

 

2.9. STATISTICAL ANALYSIS  

Data are presented as mean ± standard deviation (SD) of at least three 

replicates. The ANOVA test followed by the Tukey post-hoc test for multiple 

comparisons were used for statistical significance (p ≤ 0.05).  

 



















	 21 

DISCUSSION 

The triad of tissue engineering (i.e. cells cultures, scaffolds and growth 

factors) is a concept commonly used to describe the strategies available in 

regenerative medicine. The importance of scaffolds and extracellular matrix (ECM) is 

well known: they not only act as structural support for cell attachment, growth, 

migration and proliferation but also induce tissue-specific differentiation. In fact, the 

ECM provides bioactive signals for cell regulation and it is a reservoir of growth factor 

itself 59-62. 

Over the last two decades, four major scaffolding approaches for tissue 

engineering have evolved: pre-made porous scaffold, decellularized ECM, cell sheet 

with secreted ECM, cells encapsulated in self-assembled hydrogels 56,63.  

Decellularized tissues have shown promising results in both preclinical and 

clinical applications. Allogenic tissues obtained from human cadavers represent ideal 

sources for scaffold development thanks to the higher similarity in the 

histomorphology and biomolecular composition with limited immunogenic reaction 

induced after appropriate decellularization 35. 

Xenogeneic samples require additional treatment to remove alpha-gal 

epitopes on the graft, typical of non-old-World-monkeys and non-humans tissues 

64,65.  

Scaffolds derived from human skeletal muscles have been previously 

developed 49. They demonstrated to improve muscle regeneration alone or in 

association with stem cells 6,13.  

However, only limited studies dealing with human diaphragmatic muscle 

decellularization process are available in the literature with a paucity of detailed 

descriptions of microscopic, mechanical and biocompatibility characteristics 36-42,44,66-

68. 

Detergent-enzymatic decellularization processes have been applied 

successfully to human and non-human derived tissues. Depending on different tissue 
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to be treated, different combination of physical, enzymatic, and chemical treatments 

can be used. Ideally, researchers should aim to develop the mildest protocol to 

obtain acellular material without disruption of the structural and functional component 

of the ECM 69. 

The assessment of appropriate removal of immunogenic elements with the 

preservation of muscle-specific ECM is a fundamental step to evaluate the efficacy of 

the decellularization process 70. 

The project, aimed to define the best detergent-enzymatic protocol for the 

decellularization of human diaphragmatic patches, compared four different 

combinations of detergent-enzymatic processes modifying a previous successful 

protocol 49. Triton X-100, the detergent previously used, has been recently 

considered cytotoxic to endocrine system and it is not usable for the development of 

human implantable devices. 

Detergents are used in decellularization protocols to solubilize cell 

membranes and break protein/DNA relations.  Non-ionic detergents (e.g. TergitolTM) 

are used to disrupt DNA-protein/lipid-lipid/lipid-protein interactions while ionic 

detergents cause cell solubilization through protein denaturation (e.g. SDS, SDC) 

57,71.  

In this study, both types and a combination of them (SDS+ TergitolTM) were 

used to substitute Triton X-100 after tissue immersion in deionized water and 

enzymatic treatment with DNase-I, trypsin and EDTA 72.  

DNase-I allowed the interruption of nucleic acid sequences. Trypsin, in 

combination with EDTA, allowed the cleavage of cell-cell/cell-ECM adhesion limiting 

the damage to ECM proteins 73. 

All protocols were completed in 6 days, limiting the overall time required for 

scaffold preparation. 

Macroscopically the reduced intensity of the colors of treated muscle patches 

compared with native tissue can be explained by the disruption of muscle fibers. 



	 23 

Histological sections showed effective nuclei, cells (including muscle fibers) and DNA 

removal with all four protocols reducing significantly the immunogenic potential of the 

graft according to the literature 40,74. Correspondingly, the absence of HLA-DR 

receptors confirms the low immunogenic potentials of decellularized grafts 37,67. 

On the other hand, the presence and location of Collagen I and Laminin were 

preserved after all detergent-enzymatic protocols. Thus, ECM organization 

fundamental for cell adhesion, proliferation and migration appeared to be preserved 

after each treatment 75,76. The disruption of the collagen network can change the 

mechanical behavior of the scaffold, affecting its the load bearing capacity and 

mechanical signals the are exposed to. In addition, a significant destruction of ECM 

components favors an enzymatic digestion of the scaffold in vivo with further 

degradation27. 

The quantification of GAGs component has been used as a parameter of 

preservation of original ECM structure, given the roles of these molecules in 

promoting muscle cell differentiation. In fact, removal of adhesive proteins and GAGs 

from the scaffold could impair cell migration and the bioactivity of the scaffold itself. 

All protocol showed a satisfactory preservation of GAGs without significant 

differences. The higher preservation after Protocol n. 4 can be explained by high 

sensitivity of GAGs to ionic detergent used in Protocol n. 1,2,3 70. 

SHG imaging has been used to compare collagen quantification and 

organization between treated and native samples. The similar intensity of signals 

from SHG imaging confirmed the preservation of collagen fibers previously quantified 

with morphometric analysis. On the contrary, alternative decellularization protocol 

showed higher disruption of collagen fibers 77-79. However, only Protocol n. 2 allowed 

a significant preservation the orientation of collagen fibers probably thanks to the 

combination of ionic and non-ionic detergents. 
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In addition to visualization of structural preservation of 3-D structure, the 

strain-stress response allowed a direct evaluation of mechanical properties of native 

and treated tissue samples. 

The loss of anisotropy in decellularized samples, with similar response after 

longitudinal and transverse application of strain can be related with the alteration of 

collagen fibers orientation revealed with SHG imaging. Each different protocol 

impacted tissue stiffness differently. The reduction of stiffness measured in samples 

treated with Protocol n. 1, 2, 3 could be related to a slight reduction of collagen I 

fibers. 

On the contrary, the increase of stiffness evident after the treatment with 

Protocol n. 4 appears to be related to the alteration of macroscopic aspect of muscle 

patches. TergitolTM alone could determine a disruption of normal collagen crimping 

with compactness reduction. 

An essential phase to allow translational application from the basic research 

to the clinical setting is the confirmation of the safety of bio-engineered scaffolds. 

Ad-MSCs have been shown to support muscle repair reducing scaffold 

reabsorption and scarring. Their capacity to differentiate into tissues of mesodermal 

lineage, together with their abundance and easiness to harvest make them promising 

cells in tissue engineering 13,80,81. 

For these reasons, Ad-MSCs were chosen to plan future cell seeding and to 

evaluate scaffold cytotoxicity in this study. The indirect co-culture test, which can be 

considered as an indirect indication of adequate removal of toxic detergent, enzymes 

and reagents used, excluded any significant cytotoxic effect of treated diaphragm 

samples. Additionally, the presence of proliferating monolayers of seeded cells over 

muscle scaffold after each protocol confirmed the preservation of structural and 

molecular component of ECM required for cell adhesion and proliferation. 

In vivo implantation of improperly decellularized scaffold can cause severe 

immunologic response with formation of seroma, abscess and graft rejection or 
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reabsorption. In addition, host reaction can be triggered by the persistence of toxic 

molecules used by the decellularization process itself 82.  

Protocol n. 2 based on the association of both ionic and non-ionic detergents 

showed a favorable in vivo compatibility of the scaffold (because of the higher 

preservation of collagen fibers orientation collected with SHG). 

The presence of a moderate lympho-monocytic infiltrate at the contact 

surface between the scaffold and the host displayed two weeks after implantation is 

compatible with the physiologic formation of a soft capsule around a foreign body. No 

massive infiltration of monocytes and microphages or signs of graft degradation were 

recognized 83-85. 

The presence of VEGF-positive cells seems to be related to an early 

angiogenic process stimulated by the graft. On the contrary, the absence of 

myogenic process could explain the lack of myosin expression. 

The results support further study evaluating the integration of the scaffold with 

its innervation/vascularization and Ad-MSC in vivo seeding 6,66.  

 One of the limits of our project for the creation of a scaffold aimed in the 

treatment of VML is the muscle chosen. In fact, due to the anatomy of the diaphragm 

muscle only relative thin muscles of the trunk (i.e. abdominal wall, back or 

diaphragm) could be regenerated with the implantation of the diaphragm muscle. 

Other strategies are needed for muscle regeneration in the extremities. The use of 

small patches applied as muscle graft instead of the use of the entire muscle as a 

scaffold have been proposed for muscle regeneration 49. Alternatively, different 

muscles such as gracilis or latissimus dorsi muscles could be decellularized in their 

entirety. 

In addition, the lack of vascularization of a scaffold, particularly in the 

presence of severely scarred recipient tissue, might reduce the chance of success of 

graft take increasing the risk of fibrosis, failure or complication, in particular when Ad-

MSC are implanted at the same time. The lack of innervation could limit the 
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functional regeneration of the muscle. One of the vascular pedicles and the primary 

innervation of the diaphragm muscle could be harvested and decellularize to improve 

implantation in vivo. 
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CONCLUSIONS 

The ideal scaffold derived from human cadaveric muscle still needs to be 

developed. Our project showed that human diaphragm is a valid source of muscle 

scaffold, which can be efficiently decellularized with detergent-enzymatic 

decellularization protocols using ionic and non-ionic detergents. All four protocols 

evaluated were able to remove immunogenic molecules maintaining biological 

activity, mechanical integrity and 3D structure of the native tissue. Protocol n. 2 

based on the combination of SDS and TergitolTM was associated with the utmost 

preservation of collagen amount and orientation. No toxicity was reported both in 

vitro and in vivo. 

Further studies based on animal model of VML injury should be performed to 

evaluate both tissue integration and functional performance of the scaffolds. In 

addition, in vivo cell seeding with Ad-MSC will allow to study the ability of muscle 

graft to stimulate cell differentiation towards muscle fibers. 
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