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 Treatment of ventral hernias frequently employs use of synthetic and biological meshes, 

which often results in scar tissue formation and incomplete muscle regeneration, leading to high 

recurrence rates. A new generation of mesh or scaffold that promotes muscle tissue ingrowth and 

reduces fibrosis is needed. Chitosan, a co-polymer of N-acetyl glucosamine and N-glucosamine 

units, has been previously shown to elicit a regenerative response instead of a fibrotic response. 

In this dissertation, the effects of chitosan on skeletal muscle regeneration, fibrosis formation, 

and inflammatory response was characterized. The underlying mechanisms were also examined.  

 We found that chitosan coating preferentially promoted murine myoblast adhesion with 

higher expression of integrin β3 and inhibited murine fibroblast adhesion with reorganization of 

actin and integrin β1 network. We demonstrated that chitosan may be a promising biomaterial for 

ventral hernia repair as it reduced mechanisms of fibrosis with increased expression of MMP1 

(matrix metalloproteinase 1, a collagenase that also functions as a myokine), reduced expression 

of vimentin (an intermediate filament that provides mechanical support to cells), and reduced 

fibroblast adhesion and viability in human fibroblasts, while not affecting human myoblast 

adhesion and viability in an in-vitro model of acute inflammation. Reduced inflammatory 

response was observed with chitosan coating on polypropylene meshes at 2 weeks after 

implantation in a partial thickness defect in rat abdominal wall compared to uncoated 

polypropylene meshes, with reduced expression of cytokine, TWEAK (tumor necrosis factor-like 



 

weak inducer of apoptosis) and its receptor, Fn-14. Chitosan impaired fibroblast adhesion, which 

was possibly due to reduced expression of integrins, promotion of cell-cell adhesion and 

reorganization of extracellular matrix and cytoskeletal proteins in human fibroblasts. Human 

myoblast adhesion was not negatively impacted by chitosan coating. However, myotube 

formation was impaired with chitosan coating, due to the possible changes in surface bound 

calcium ions, integrin expression and loss of serum proteins in differentiation media. By 

characterizing the attachment of myoblasts and fibroblasts to chitosan, and the inflammatory 

response, I hope to provide insights into developing a new generation of biomaterials for 

functional wound healing. 
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CHAPTER 1 

Introduction 

  

  Volumetric muscle loss is defined as a condition where more than 20% of the native 

skeletal muscle tissue is lost due to trauma, tumor ablation or degenerative disease1. One 

example of volumetric loss is ventral hernia, characterized by degeneration or damage of the 

abdominal skeletal muscle wall. The total cost of ventral hernia repair was estimated to be $3.2 

billion in 2006 in the United States2. However, hernia recurrence often occurs, despite surgical 

intervention, due to improper integration into native muscle tissue, excessive scar tissue 

formation, adhesion formation and infection3,4.  It is estimated that $32 million will be saved 

with just a one percent reduction in ventral hernia recurrence. Unfortunately, today there are no 

effective therapeutic treatments to combat volumetric muscle loss.  

1.2 Wound Healing in Skeletal Muscle 

 Skeletal muscle has the innate ability to repair damage through satellite cells that are 

present between the basal lamina and the sarcolemma of muscle fibers5 (Figure 1.1). Satellite 

cells, which are skeletal muscle precursors, are a heterogenous population, with some having the 

ability for hematopoietic differentiation6. For an ideal skeletal muscle wound healing, when 

muscle is injured, satellite cells are  activated, proliferate, and migrate to the injury site. The 

satellite cells then differentiate into myoblasts, and fuse into myotubes.   
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Figure 1.1. Satellite cells activation following injury leading to muscle repair. Image adapted 
from Clever et al., 20107. 
  
 However, with volumetric muscle loss, this innate ability of skeletal to repair itself is not 

present, even with surgical intervention, and failure of regeneration of functional tissue and 

dense scar tissue formation is seen8. In volumetric muscle loss, it could be possible that satellite 

cells are not sufficiently recruited or proliferated to adequately facilitate repair1. Satellite cell 

dysfunction has been attributed to this improper wound healing, with these precursor cells 

differentiating into myofibroblasts following injury, and contributing to fibrosis and scar tissue 

formation, instead of skeletal muscle formation9. 

1.3  Current Treatment Options 

 Current treatment options for volumetric muscle loss include the use of muscle flaps, in 

which an allograft from one region is placed over the injured site. While muscle flaps provide 

coverage of the wound area, it results in incomplete muscle regeneration, with most patients 

facing physical handicaps10.  
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 The use of acellular, extra cellular matrix (ECM) scaffolds has been tested and proposed 

as a potential treatment option as well11-14. In this method, cells are removed enzymatically or 

with the use of a detergent from a porcine bladder or small intestine. The remaining ECM 

scaffold is cut into the desired shape and placed in the wound. While this has been shown to 

promote functional regeneration of skeletal muscle, it is typically less functional than native 

tissue and highly variable, with some reporting success, no change and deterioration in 

regeneration. The material itself can have large batch to batch variation due to the variability in 

the animals used to derive the ECM. While small ventral hernia defects can be healed with 

acellular scaffolds, it is typically not used for large ventral hernia defects, as more mechanical 

strength is needed to support the internal organs. 

 Ventral hernia repair typically utilizes either suture repair or reconstruction using 

synthetic, biologic or composite mesh3,4. A high recurrence rate of approximately 63% is often 

associated with suture repair.  Although reconstruction with mesh improves the repair results, 

recurrence still remains an issue due to improper integration into native muscle tissue, excessive 

scar tissue formation leading to stiff, inflexible tissue, adhesion formation, contraction and/or 

infection3,4,11,15. Synthetic meshes, such as polypropylene (a hydrophobic polymer) meshes 

provide sufficient mechanical strength, but result in minimal functional muscle, and excessive 

scar tissue formation11,16. Composite meshes, such as collagen coated polypropylene meshes, 

have fewer complication of ventral hernia repair with reduced risk of mesh adhesions and some 

functional response11,16,17. However, lower mechanical strength and high variability have been 

reported with these composite meshes16-18.   
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Figure 1.2. Some of the ideal parameters for successful ventral hernia repair with mesh 
implantation to potentially reduce recurrence rates 

 Studies on ventral hernia with mesh repair have identified several parameters that must 

be met for ideal repair (Figure 1.2). Very few studies have analyzed the role of myoblasts, the 

precursor cells for skeletal muscle, in conjunction with fibroblasts, the precursor cells for scar 

tissue formation, in ventral hernia repair. It is apparent that a new generation of mesh or scaffold 

that promotes skeletal muscle tissue ingrowth with functional response, and reduces scar tissue 

formation is needed. 

1.4 Introduction to Chitosan 

 Chitosan, a co-polymer of N-acetyl glucosamine and N-glucosamine units, was 

previously seen to be biocompatible, with antibacterial and anti-fungal properties19,20 (Figure 

1.3).  Chitin is derived from the exoskeleton of crustaceans. When the deactylation degree of 

chitin is greater than fifty percent, in which more than 50% of monomer is composed of the N-

glucosamine unit, it is called chitosan.  
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Figure 1.3. Chemical structure of chitin/chitosan monomer. Image adapted from Hamilton et al., 
200621.  

 Chitosan has been shown to induce a regenerative response of the host tissue instead of a 

fibrotic response, promoting wound healing with hemostatic properties19-22. Chitosan also 

promotes vascularization, increased growth factor production and faster re-epitheliazation19,21,23. 

 Previously, we have seen that chitosan increases the myoblast: fibroblast ratio on 

chitosan-coated polypropylene meshes compared to uncoated polypropylene meshes16. Chitosan 

coating on polypropylene meshes was also found to generate a functional response when 

embedded in partial thickness defects in rat abdominal wall. However, the mechanism of the 

increased ratio and the improved functional response remains unknown. While several studies 

have analyzed the effect of chitosan on fibroblast adhesion and proliferation, there is no 

consensus on how chitosan affects fibroblasts, with some studies reporting increased growth, 

some reporting decreased growth and others reporting no change24-27.  While chitosan coating on 

polypropylene meshes was shown to qualitatively increase expression of M2 macrophages, an 

anti-inflammatory macrophage that is positively associated with regenerative response16, the 

effect of chitosan on the inflammatory response remains unclear. Outcome of ventral hernia 
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repair is dependent on the inflammatory and wound healing response following implantation of 

mesh28. Acute inflammation or inflammation immediately following injury is associated with an 

increased expression of pro-inflammatory cytokines, which have been shown to promote 

myoblast proliferation. Prolonged and elevated expression of pro-inflammatory cytokines is 

associated with chronic inflammation. Chronic inflammation has been associated with impaired 

myogenesis and excessive scar tissue formation29-31.  

1.5 Overview and Study Objectives 

 The overarching objective of this thesis is to determine the effects and the mechanisms of 

chitosan on fibroblast and myoblast adhesion and viability, and on inflammatory response.  

 In the second chapter, we hypothesized that chitosan coating impairs adhesion of 

fibroblasts and improves adhesion of myoblasts, allowing for a preferential growth of myoblasts 

over fibroblasts. We determined the mechanisms of selective adhesion and proliferation of 

myoblasts over fibroblasts with chitosan coating.  

 In the third chapter, we hypothesized that chitosan further reduces fibrosis in-vitro 

through reduced fibroblast viability, even with the addition of inflammatory cytokines. We 

further hypothesized that chitosan improves myogenesis and reduces fibrosis by reducing 

inflammation in-vivo after implantation. We determined the effects of chitosan on fibroblast and 

myoblast adhesion and viability when co-cultured with select inflammatory cytokines, and the 

effects of chitosan on inflammation. 

 In the fourth chapter, we hypothesized that chitosan improves myoblast adhesion force 

and reduces fibroblast adhesion force through increased expression of integrins and extracellular 

matrix proteins, allowing for selective adhesion of myoblasts and fibrosis reduction. We 
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determined how chitosan as a substrate affects cell adhesion, specifically that of improved 

myoblast adhesion and impaired fibroblast adhesion.  

 By characterizing the attachment of myoblasts and fibroblasts to chitosan, and the 

inflammatory response, I hope to provide insights into developing a new generation of 

biomaterials for functional wound healing for hernia repair. 
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CHAPTER 2 

Chitosan selectively promotes adhesion of myoblasts over fibroblasts1  

2.1 Introduction 

 Ventral hernia is associated with damage to the skeletal muscle of the abdominal wall. 

Rates of ventral hernia repair have been steadily increasing from 2001 to 2006, with 

approximately 348,000 surgeries performed in 20061.  A common procedure for ventral hernia 

repair is insertion of synthetic or biological scaffold (mesh) into the wound site. However, high 

recurrence rates between 24 and 43% are reported with insertion of scaffolds. It is estimated that 

just a 1% reduction in hernia recurrence would result in yearly cost savings $32 million dollars1.  

An ideal mesh for ventral hernia repair would therefore promote skeletal muscle regeneration to 

replace the damaged native tissue. Although commonly used meshes provide adequate strength, 

excessive scar tissue accumulations and incomplete integration into muscle tissue are often 

observed after implantation2-4. Scar tissue formation leads to stiff and inflexible tissue with 

mismatched mechanical properties that does not adapt to native host tissue. This often causes 

pain or discomfort with daily activities. Therefore, a new generation of mesh or scaffold that 

promotes muscle tissue ingrowth and reduces scar tissue formation is needed.  

 Chitosan has been shown to promote a regenerative response of the host tissue instead of 

a fibrotic response, with improved vascularization, growth factor production and faster re-

epitheliazation5-7. It is a biocompatible co-polymer of N-acetyl glucosamine and N-glucosamine  

______________________________ 

1. 1Iyer S.R., Udpa N., Gao Y. “Chitosan selectively promotes adhesion of myoblasts over 
fibroblasts”, J Biomed Mater Res Part A 2015:103A:1899–1906. 
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units, which has been used for faster wound healing because of its antibacterial, anti-fungal and 

hemostatic properties8-10. Although many studies have analyzed the effect of chitosan on 

fibroblast adhesion and proliferation, currently there is no consensus on the effects of chitosan on 

fibroblast adhesion and proliferation. For example, Hamilton et al. showed that chitosan had no 

effect on fibroblast cell proliferation11, but other studies have reported either reduced or 

increased adhesion and proliferation of fibroblast cells with chitosan12-14. Several studies have 

used chitosan as a scaffolding material for skeletal muscle and have performed surface 

modifications to the scaffold surface for improved skeletal muscle proliferation15-17. However, 

given that myoblasts, fibroblasts and other cell types co-exist in the physiological environment, it 

is necessary to know the effect of chitosan on co-culture of myoblasts and fibroblasts. 

 In order to understand how chitosan affects adhesion of fibroblasts and myoblasts, it is 

important to understand how chitosan affects cell surface receptors. Cell surface receptors, such 

as integrins are crucial for adhesion of cells to a substrate as they recognize adsorbed ECM 

proteins leading to adhesion and reorganization of actin and cellular cytoskeleton18.  Integrin β3 is 

an important factor for initiation of regeneration of skeletal muscle.  Knock down of integrin β3 

results in disruption of myogenesis and muscle regeneration19.  For fibroblasts, loss of integrin β1 

in conditional integrin β1 knockout mice resulted in impaired migration, spreading, adhesion and 

proliferation20. 

 The objective of the study is to determine the effects of chitosan on attachment and 

proliferation of myoblasts and fibroblasts. We hypothesize that chitosan inhibits adhesion of 

fibroblasts and promotes adhesion of myoblasts by affecting the actin and integrin network, 

allowing for a preferential growth of myoblasts over fibroblasts.  
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2.2 Materials and Methods 

 Cells were seeded on chitosan coated and uncoated tissue culture plates. Three cultures 

were analyzed after 5, 24, 48 and 72 hours: myoblasts only, fibroblasts only and 1:1 co-culture of 

myoblasts and fibroblasts. Number of myoblasts, fibroblasts, ratio of myoblasts to fibroblasts 

and F-actin fraction of fibroblasts were determined. Integrin β1 network in fibroblasts, integrin β3 

network in myoblasts, and actin network in both cells were analyzed.  

2.2.1 Isolation of Myoblasts 

 Myoblasts were collected from the hindlimb muscles of neonatal CD-1 mice. All 

procedures were performed with approval by the Institutional Animal Care and Use Committee 

(IACUC) and the Cornell Center for Animal Resources and Education (CARE) at Cornell 

University, and NIH guidelines for care and use of laboratory animals (NIH Publication #85-23 

Rev. 1985) were observed.  

 After the mice were sacrificed, the gastrocnemius and quadriceps muscles of both legs 

were rinsed with 70% ethanol, and removed with sterile scissors. Samples were placed in a 15 ml 

tube, washed once with 10 ml PBS (Phosphate Buffered Saline, pH 7.2) and placed in sterile 

Petri dish and mined with sterile scalpels. The minced sample was transferred to a 15 ml tube, 

with 3-4 wash and rinse cycles using 10 ml PBS. 1.6 ml of Dispase II (Boehringer Mannheim/

Roche, Indianapolis, IN), 2 ml of Collagenase IV (Worthington Biochemical, Freehold, NJ). 40 

µl of 0.25 M CaCl2 was added to the sample and incubated in a 37 °C water bath for one hour, 

with trituration of the sample every 15 minutes during the incubation period. Sample was then 

passed through a PBS pre-wet 100 µm nylon cell strainer to a 50 ml tube with 5 ml of additional 
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PBS added, and pelleted at 1500 rpm for five minutes.  The supernatant was discarded and re-

suspended in 10 ml of Primary Culture Media: Ham’s F-10 nutrient mixture (Invitrogen, 

Carlsbad, CA), 20% Fetal Bovine Serum (Gibco, Grand Island, NY), 0.04% recombinant human 

fibroblast growth factor (Promega, Madison, WI), 0.1% dexamethasone (APP Fresenius Kabi 

USA, Schaumburg, IL), 1% penicillin/streptomycin (10,000 Units/ml, Invitrogen). The sample 

was pre-plated for 90 minutes on a non-tissue culture treated Petri dish and then transferred to a 

T75 flask.  Myoblasts were split when 70% confluent and passaged for a minimum of four 

generations and a maximum of six generations.  

 Mouse Primary Embryonic Fibroblasts (Lonza, Switzerland) dissociated from CD-1 

mouse embryos were passaged independently between 4-6 generations with Fibroblast Culture 

Media composed of Dulbecco’s modified eagle medium (Lonza, Switzerland), 10% Fetal Bovine 

Serum (Gibco) and 0.1% penicillin/streptomycin (10,000 Units/ml, Invitrogen).  

2.2.2 Purity Determination  

 Prior to seeding, to determine purity of samples, myoblasts and fibroblasts were seeded at 

various seeding densities and grown separately on glass slides until confluent for approximately 

2-3 days and rinsed with PBS.  The samples were fixed in 4% paraformaldehyde for 15 minutes 

at room temperature and rinsed twice with ice-cold PBS. Samples were then incubated in 0.25% 

Triton X-100 for 10 minutes and rinsed in PBS three times for 5 minutes. The cells were 

incubated in 1% BSA (Bovine Serum Albumin) in PBST (Phosphate Buffered Saline with 0.05% 

Tween 20) for 30 minutes and then in the respective primary antibody in 1% BSA in PBST 

overnight at 4 °C. The cells were washed three times in PBS for 5 minutes and then incubated 

with the secondary antibody for 1 hour and washed three times in PBS for 5 minutes again, and 
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were incubated in DAPI and rinsed again. The primary antibodies used for labeling were: rabbit 

polyclonal anti-desmin (Abcam, Cambridge, UK) at 1:80 dilution for identification of myoblasts, 

rabbit polyclonal anti-fibroblast-specific-protein-1 (Abcam) at 1: 200 for identification of 

fibroblast. The secondary antibody used was goat polyclonal secondary antibody to rabbit (FITC) 

at dilution 1: 1000. Cells were viewed with an inverted microscope (Olympus IX-71, Tokyo, 

Japan) and images were analyzed using ImageJ. Ratio of Desmin+/DAPI+ and FSP1+/DAPI+ 

was determined in three random quadrants of the plate from the overlaid images. If the ratio was 

found to be greater than >95%, cells remaining in the culture were seeded.  

2.2.3 Preparation of Chitosan Coating  

 To prepare the chitosan coating, 15 mg/ml of high molecular weight chitosan 

(Deacytlation (DA)% 77, Molecular Weight (MW) 310-375 KDa, Sigma) was dissolved in 1 M 

acetic acid21. 0.5ml of chitosan solution was added to each well of 24 well tissue culture plates 

and dried at 50 °C for 2 days. The wells were then neutralized with 0.1N Sodium Hydroxide 

(NaOH, Sigma) for 15 minutes and washed thoroughly with double distilled water. Before cells 

were seeded, wells were sterilized with 70% ethanol overnight, followed by thorough rinsing 

with PBS, and UV overnight.  Uncoated tissue culture plates were used as controls and 

underwent the same treatment as chitosan coated plates. Chitosan is insoluble in aqueous 

solutions with pH above 7, and chitosan films with DA greater than 60% had mass losses less 

than 10% after 28 days in PBS at 37 °C 22, 23. Moreover, chitosan dissolution, which is seen with 

rehydration in neutral pH, can be prevented with rehydration in dilute NaOH21.  
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 Fourier transformation infrared spectroscopy (FTIR, Bruker Vertex 80v, Billerica, MA) 

with Opus 6.0 Software was performed on the following groups for characterization of chitosan 

coating on tissue culture plates: (1) uncoated plates; (2) chitosan coated plates without UV (3) 

chitosan coated plates with UV (4) chitosan coated plates without UV cross-linked with 

glutaraldehyde and (5) chitosan coated plates with UV and incubated for 3 days in PBS at 37 °C. 

Chitosan coating was cross-linked with 0.3% glutaraldehyde for 2 hours24 for determining the 

effects of crosslinking on the FTIR spectra of chitosan coating. The effects of UV on chitosan 

coating were analyzed by comparing the spectra of chitosan coating with and without UV 

treatment. The presence of chitosan for the duration of the experiment was determined by 

analyzing the spectra of chitosan -coated plates with UV treatment, which were incubated at 37 

°C for 3 days in PBS.  

2.2.4 Cell Seeding 

 At passage 4, 2x104 fibroblasts per well were seeded for both chitosan and uncoated 

plates for time points of 5, 24, 48 and 72 hours with n=5 for both groups. Myoblasts were seeded 

similarly for both chitosan and uncoated plates with n=5 for 5, 48 and 72 hours and n=4 for 24 

hours. Live/Dead staining was performed on myoblasts and fibroblasts cells after 72 hours after 

seeding for chitosan and uncoated cells with similar cell density. Briefly, samples were rinsed 

with PBS, and 2 µM of calcein AM (Invitrogen) and 4 µM of ethidium homodimer-1 (Biotium, 

Hayward, CA) in PBS was added and incubated for 30 minutes at 37 °C before being imaged 

with an inverted microscope (Olympus IX-71, Tokyo, Japan). The percentage of live cells was 

measured using Image J by calculating number of live cells expressing fluorescence with calcein 

and dead cells expressing fluorescence with ethidium homodimer-1.    
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 For the co-culture, primary myoblast cells and fibroblasts cells, both at passage 6, were 

seeded at 1x104 for each cell type for 5, 24, 48 and 72 hours with n=5 for both groups. For wells 

with only myoblasts and fibroblasts cells, cells were incubated with 40 µL of MTT (Invitrogen) 

in 400 µL of respective media and incubated for 3 hours at 37 °C. 0.4 ml of isopropanol was 

added to dissolve the formazan crystals in the cells. The absorbance of formazan was measured 

using a spectrophotometer (SpectraMax Plus384) by measuring the absorbance at 570 nm and 

subtracting the reference absorbance at 630 nm.   For wells with co-culture, the cells were 

stained with DAPI and phalloidin, and further immunostained in the procedure described above 

against desmin to determine the Desmin+/DAPI+ ratio, which indicates the myoblasts: 

fibroblasts ratio. Cells were viewed with an inverted microscope (Olympus IX-71) by imaging 

the center and two random peripheral regions of the wells. Images were analyzed using ImageJ. 

Number of cells was determined by counting cell number, in a 2x2 section with the highest 

density of cells. Cell spreading of fibroblasts F-actin was defined in this study as the F-actin area 

fraction, by measuring the percent area of fluorescence of F-actin stained with phalloidin in a 

2x2 section with the highest density of cells.  

2.2.5 Western Blot 

 Myoblasts at passage 6 were seeded onto chitosan coated plates and uncoated plates for 5 

hours before being lysed with NP-40 (Invitrogen).  Western blot analysis was performed as 

described previously25. Primary antibodies against integrin β3 (1:500), integrin β1 (1:500) and 

mitochondrial Cox IV (1:1000) (Abcam) were used with anti mitochondrial Cox-IV antibody 

being used as a loading control.  
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2.2.6 Immunostaining 

 Integrin structure and organization were analyzed using glass bottom dishes (glass 

thickness no. 1.5) coated with the same technique described above. Cells were imaged for 

analysis of integrin structure and organization under confocal microscopy. Myoblasts and 

fibroblasts at passage 4 were seeded in separate dishes and immunostained with primary 

antibodies against integrin β3 (1: 100) and integrin β1 (1:1000) at 5 hours after seeding.  The 

cells were also stained for the nucleus (DAPI) and F-actin (phalloidin). The cells were imaged 

with Zeiss 710 confocal microscope (Zeiss, Jena, Germany) and analyzed using ImageJ.  

2.2.7 Statistical Analysis 

 All data are reported as means ± standard deviation, and were analyzed with statistical 

software, JMP (version 10, 2012) 26. Data was checked using Goodness of Fit test to check for 

normality. If data sets were not normal, Wilcoxon Signed Rank Sum test was used to analyze the 

data. Data was checked using Levene’s Test to check for equal variances. If data sets were 

determined to have unequal variances, t-test with unequal variances was used to determine 

differences between uncoated plates and chitosan coated plates. T-tests with equal variance was 

used to analyze differences between uncoated and chitosan coated plates for data sets determined 

to have equal variances. A difference between uncoated and chitosan coated plates was 

determined to be statistically significant for p-value <0.05.  

2.3 Results 

 FTIR spectra results indicate peaks at 1630-1650 cm-1, 1525-1560 cm-1 and 3240-3330 

cm-1 for chitosan coated plates representative of amide groups and stretching vibration of NH2 
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and OH groups (Figure 2.1). Furthermore, chitosan coated plates cross-linked with 

glutaraldehyde indicated a shift in the location of the amide peaks from 1574 cm-1 in chitosan 

coated plates without UV treatment to 1564 cm-1 in glutaraldehyde cross linked chitosan coating 

and from 1644 cm-1 in chitosan coated plates without UV treatment to 1660 cm-1 in 

glutaraldehyde cross-linked chitosan coating. This shift in peaks was not observed in chitosan 

coated plates with UV treatment and no deviation in location of peaks was observed in chitosan 

coated plates treated with UV and chitosan coated plates treated without UV. Furthermore, after 

3 days of incubation at 37 °C with PBS, the coating was confirmed with similar spectra.  

Figure 2.1. FTIR spectra of chitosan coated plates with and without UV treatment and cross-
linked with glutaraldehyde, uncoated plates, and chitosan powder. 

 A significantly higher number of myoblasts were observed on chitosan coated plates at 5 

hours after seeding (Figure 2.2). No cytotoxicity was noted for fibroblasts and myoblasts after 72 

hours with live/dead staining, as no significant differences were seen in the percent of live cells 

between chitosan and tissue culture plates. Uncoated plates had a significantly higher number of 

fibroblasts than chitosan coated plates at 24, 48 and 72 hours after seeding (Figure 2.3). In the 

co-culture group, chitosan coating resulted in a significantly higher myoblast: fibroblast ratio at 
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5, 48 and 72 hours after seeding, and at 48 and 72 hours after seeding, chitosan coated plates had 

an average ratio higher than 1, indicating higher myoblast number compared to fibroblast 

number (Figure 2.4). At 24 hours, no significant differences were seen.  

Figure 2.2. Formazan absorbance of  myoblast cells in chitosan coated (C –diamonds) and 
uncoated plates (T -squares). A significant difference p<0.05 is indicated by *. 

Figure 2.3. Formazan absorbance of fibroblast cells in chitosan coated (C –diamonds) and 
uncoated plates (T –squares). A significant difference p<0.05 is indicated by *.  
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Figure 2.4. Ratio of myoblast (myo): fibroblast (fb) cells in chitosan coated (C –diamonds) and 
uncoated plates (T –squares). A significant difference p<0.05 is indicated by *. 

Figure 2.5. Cell spreading of fibroblasts in chitosan coated (C –diamonds) and uncoated plates 
(T –squares). A significant difference p<0.05 is present for all time points. 
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Figure 2.6. Total number of cells in 1:1 co-culture of myoblasts and fibroblasts on chitosan 
coated (C –diamonds) and uncoated plates (T –squares). 

 Uncoated plates had a significantly higher F-actin fraction than chitosan coated plates for 

all time points (Figure 2.5). For myoblasts, an improved network of actin fibers surrounding the 

cells was seen surrounding the cells on chitosan coated plates  

compared to uncoated plates (Figure 2.7). More fibers, indicated by arrows in Figure 7, 

protruded away from the nucleus of myoblast cells in chitosan-coated plates compared to 

uncoated plates. The myoblasts in the uncoated plates had an actin network that appears more 

rounded than the actin network in the chitosan coated plates.  
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Figure 2.7. Actin network of myoblasts on chitosan-coated plates and on uncoated plates at 
depth closest to adherent surface. Scale bars represent 5µm. The  arrows indicate F-actin 
filaments spreading away from the nucleus in myoblasts in chitosan-coated plates 

 In myoblasts, an up-regulation of integrin β3 was present in the lysate with chitosan-

coated plates with western blots (Figure 2.8). Lysates did not indicate presence of integrin β1 in 

myoblasts for both coated and uncoated plates.  Structural organization of integrin β3 was seen in 

Figure 2.9.  A clear organization of integrin β3 surrounding the nucleus was seen in cells on 

chitosan coated plates (Figure 2.9C). Less presence of integrin network is noted in the region of 

the nucleus. On the other hand, on the uncoated plates (Figure 2.9G), this organization of integrin 

network is not seen in myoblasts.  
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Figure 2.8. Western Blot of myoblasts for integrin β3 (around 105 kDa), mitochondrial Cox IV 
loading control (around 17 kDa), and integrin β1 (around 140 kDa). For all three blots, the 
leftmost lane represents the protein ladder, middle lane represents myoblasts grown on chitosan 
coated plates at 5 hours after seeding and right lane represents myoblasts grown on uncoated 
plates at 5 hours after seeding. Lysates did not indicate presence of integrin β1 for both uncoated 
and coated plates. 

Figure 2.9. Myoblasts (top) in chitosan-coated plates (A-D) and uncoated plates (E-G) stained 
for nucleus, actin, immunostained for integrin β3 and composite image. Scale bars represent 
20µm. E1-H1, E2-H2 are two different myoblast cells on uncoated plates. 

 Fibroblasts on uncoated plates had an organized network of actin and integrin β1 network 

(Figure 2.10). More pronounced actin fibers were present in fibroblasts in uncoated plates 

compared to chitosan-coated plates. The structure organization of integrin and actin networks 

was different between uncoated and chitosan coated plates (Figure 2.10). Integrin β1 network in 

uncoated plates connected with the actin network. Moreover, compared to the elongated 

morphology seen in uncoated plates (Figure 2.11 A), chitosan coated plates have a spheroid 

morphology (Figure 2.11 B). 
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Figure 2.10. Fibroblasts near the substrate surface in chitosan coated plates (A-D) and uncoated 
plates (E-H) stained for nucleus, actin, integrin β1 and composite image. Scale bars represent 
20µm. 

Figure 2.11. Fibroblasts after 24 hours of seeding on uncoated plates (A) and chitosan-coated 
plates (B), with fibroblasts on chitosan-coated plates displaying spheroid morphology instead of 
elongated morphology. 
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2.4 Discussion 

 The goal of this study was to determine the effect of chitosan on adhesion and 

proliferation of myoblasts and fibroblasts. Here, we show that chitosan substrate supports 

myoblast attachment and growth over that of fibroblasts in-vitro. Chitosan increases myoblast 

adhesion, correlated with up-regulation of integrin β3 and improved actin structure organization 

in myoblasts, and decreases adhesion of fibroblasts with reorganization of the integrin β1 and 

actin cytoskeleton network in fibroblasts. 

 Chitosan coating was proven to be successful on tissue culture plates with characteristics 

peaks being present after 3 days of incubation. Furthermore, UV treatment did not degrade or 

crosslink the chitosan coating (Figure 2.1), indicating that the cell behavior was not affected by 

the treatments to the chitosan coating and was directly affected by chitosan. The shift in peaks 

between chitosan powder and the chitosan coating is due to the use of acetic acid in dissolving 

chitosan. The acetic acid was neutralized with the use of NaOH before cells were seeded, to 

remove the effects of acetic acid on cell behavior.  

  Our results suggest that chitosan could be a substrate for skeletal muscle generation due 

to its ability of inhibiting fibroblast growth while promoting myoblast growth. We found that 

chitosan coating increases myoblast attachment, reduces fibroblast attachment, and increases 

myoblast to fibroblast ratio in 1:1 co-culture. Scaffolds with aligned chitosan and 

polycaprolactone have been shown to induce myogenin, troponin T and myosin heavy chain 

gene expression for myoblast C2C12 cell lines, also suggesting chitosan as a material for 

promoting muscle tissue regeneration15. However, although, chitosan can be seen to clearly 

improve adhesion of myoblasts and reduce adhesion of fibroblasts, no differences have been 
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observed with our results regarding proliferation of myoblasts with chitosan. However, a trend 

towards lower proliferation of fibroblasts with chitosan was observed.  

 Actin network is a key component for cell motility27 and its organization plays an 

important role in myoblast fusion28. Meanwhile, F-actin bundle formation has been previously 

shown to precede wound contraction, which is an indicator of fibrotic response29. Our results 

showed that chitosan improves actin organization in myoblasts, but reduces actin cytoskeleton 

area in fibroblasts. Therefore, the observations further support the ability of chitosan on 

promoting myoblasts over fibroblasts. This is consistent with observations that chitosan 

promoted less scar tissue and improved wound healing by reducing fibroblast-induced 

contraction in-vivo30. Moreover, the reorganization of the actin network and focal adhesion 

kinase observed by Huang et al., also indicate that chitosan can be used to curb fibrotic response 

after muscle loss31.  

 Our results indicate that increased myoblast attachment by chitosan could be potentially 

due to the up-regulation and improved organization of integrin β3. Integrin β3 is a mediator for 

satellite cell differentiation, a critical process for muscle regeneration. Up regulation of integrin 

β3 promotes the infiltration and polarization of macrophages, with suppressed TGF- β1 

production to promote a regenerative response instead of fibrotic response32, and therefore, 

furthers promotion of efficient wound healing and skeletal muscle regeneration.  Conversely, 

knockdown of integrin β3 results in impaired wound healing due to impaired myoblast migration 

and myotube formation19. Lack of integrin β3 has also been shown to disrupt focal adhesion and 

actin organization, leading to improper skeletal muscle regeneration19. With chitosan, we believe 

that the coating allows for formation of initial adhesion clusters, although some clusters might 

!27



not be as strong to tolerate detachment forces33, leading to the drop in cell number seen after 24 

hours.  

 Chitosan has the potential to further improve wound healing with the reorganization of 

integrin β1 in fibroblasts. Integrin β1 is a significant factor towards wound contraction34. Loss of 

integrin β1 in fibroblasts has been seen to reduce the ability of these cells to adhere, spread and 

contract on ECM20. Reorganization of integrin β1 network in fibroblasts as seen with chitosan 

will therefore lead to improved wound healing. We also observed spheroid formation on 

chitosan-coated plates with fibroblast cells aggregating (Figure 11). The formation of spheroids 

could indicate a lower viability in the central portion due to limited nutrient intake. It is also 

associated with weaker cell-substrate adhesion due to the reduced contact area as seen previously 

with hepatocytes, suggesting that chitosan could be promoting weak fibroblast adhesion35. 

Spheroid formation was previously observed on chitosan with melanocytes on chitosan-coated 

surfaces21. Therefore, we believe that lower number of fibroblasts observed could be due to weak 

cell adhesion to the chitosan substrate induced by formation of spheroids.  

 Various materials have been investigated for skeletal muscle regeneration in vitro, such as 

electrospun chitosan based nanofibers, alginate hydrogels, electrospun polyesterurethane 

membranes15-17. However, these studies used only myoblast cells for cell culture and therefore, 

effects of presence of fibroblasts on myoblast growth cannot be determined in vitro.  

Incorporation of 1:1 co-culture of myoblast and fibroblast allows us to simulate the in-vivo 

environment in which both myoblasts and fibroblasts are present. Although 1:1 co-cultured does 

not exactly simulate the physiological in-vivo environment, effects of co-existence of myoblasts 
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and fibroblasts on myoblast adhesion could be qualitatively analyzed. Additional analysis of 

other cell ratios and co-culture with other cell types in vitro will be performed.  

 Future studies will be performed to elucidate the molecular role of substrate and cell 

adhesion molecules. The substrate has previously been observed to play an important role in 

protein adsorption and cell adhesion36.  The interaction between chitosan, adsorption of ECM 

proteins and integrin β3 and integrin β1 can be further analyzed to determine the molecular 

mechanisms behind the selective adhesion of myoblasts over fibroblasts.  

 In conclusion, with chitosan, up-regulated production of integrin β3 in myoblasts and 

reorganization of integrin β1 in fibroblasts has been seen, likely allowing for optimal adhesion of 

myoblasts and poor adhesion of fibroblasts. Our study demonstrates that chitosan could be an 

ideal substrate for skeletal muscle tissue generation that may minimize scar tissue for hernia 

repair. 
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CHAPTER 3 

Chitosan promotes skeletal muscle regeneration and reduces fibrosis with regulation of 

inflammatory responses2  

3.1 Introduction 

 Ventral hernia is characterized by damage to the abdominal wall skeletal muscle. Rate of 

hernia repair have been increasing from 2001 to 2006, and it has resulted in 384,000 surgeries in 

2006 in the United States alone1. Ventral hernia repair typically utilizes either suture repair or 

repair using synthetic, biologic or composite mesh2,3. Although recurrence rates have been 

reported to approximately decrease from 63% with suture repair to 32% with mesh repair, 

recurrence remains an issue due to improper integration into native muscle tissue, excessive scar 

tissue formation leading to stiff, inflexible tissue, adhesion formation, contraction and 

infection2,3,4,5. While skeletal muscle has the innate ability to regenerate, this ability is severely 

damaged with scar tissue formation that occurs due to fibroblast deposition of extracellular 

matrix6. Therefore, a new generation of mesh that promotes native skeletal muscle tissue growth 

and inhibits scar tissue formation is needed. 

 Chitosan, a co-polymer of N-acetyl glucosamine and N-glucosamine units, has  

been previously shown to elicit a regenerative response instead of a fibrotic response in skin 

wound-healing and hernia repair7-10. It is biocompatible, anti-bacterial and anti-fungal, with 

faster re-epitiliazation, improved vascularization, and increased growth factor production7-10.   

______________________________ 

1. 2Manuscript under preparation for submission. 
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Chitosan has been used as a potential scaffolding material for many applications of tissue 

engineering including myogenesis11. It has been reported that with chitosan, fibroblast viability 

was reduced, but myoblast adhesion in-vitro was improved12. Chitosan coating, also, increased 

myoblast: fibroblast ratio in a 1:1 co-culture model in-vitro, further suggesting that chitosan 

decreased adhesion for fibroblasts, increased adhesion for myoblasts or both12. Chitosan coated 

polypropylene meshes had improved contractile function compared to collagen coated 

polypropylene (PP) mesh and uncoated PP mesh when used in partial thickness defects in rat 

abdominal wall13. However, the wound healing response with chitosan in skeletal muscle repair 

is unknown.  

 Outcome of ventral hernia repair is dependent on the inflammatory and wound healing 

responses following implantation of mesh, such as PP meshes commonly used in ventral hernia 

repair14. Acute inflammation after injury, which is characterized by increased pro-inflammatory 

cytokines, such as tumor necrosis factor-like weak inducer of apoptosis (TWEAK) and tumor 

necrosis factor-� (TNF-�), is required for proper muscle regeneration. However, impaired 

myogenesis and excessive scar tissue formation are associated with chronic inflammation 

demonstrated by elevated and prolonged expression of these pro-inflammatory genes15-17. 

Inflammatory cytokines have variable responses with fibroblast and myoblast proliferation, with 

some cytokines eliciting no effect in proliferation and others enhancing proliferation18-21. Further, 

inflammatory cytokines have been shown to up-regulate expression of surface adhesion 

molecules, such as integrins, which can affect cell adhesion22. The interactive effect of chitosan 

and inflammatory cytokines, such as TWEAK and TNF-� on myoblast and fibroblast adhesion 

and viability is unknown. Chitosan coated PP meshes were shown to not only have improved 
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abdominal skeletal muscle contractile function, but also qualitatively increased M2 macrophage 

expression, which is associated with regenerative response, compared to uncoated PP meshes13.  

Also, chitosan coated PP meshes were shown to have qualitatively reduced M1 macrophage 

expression, which is associated with fibrotic response, compared to uncoated PP meshes. 

However, it is unknown how the expressions of TWEAK and TWEAK receptor (Fn-14) are 

affected by PP meshes and chitosan coating. 

 The objectives of this study are two-fold. The first objective is to determine the effect of 

chitosan and its interaction with inflammatory cytokines on fibroblast and myoblast adhesion and 

viability, in-vitro. The second objective is to determine the in-vivo effect of chitosan coated PP 

meshes on the expression of TWEAK and Fn-14. We hypothesize that despite the addition of 

inflammatory cytokines, chitosan allows for increased myoblast adhesion and viability, and 

reduced fibroblast adhesion and viability. We further hypothesize that the expression of TWEAK 

and Fn-14 is reduced with chitosan coating, leading to improved myogenesis and reduced 

fibrotic growth seen in previous studies.   

3.2 Materials and Methods 

 Both in-vitro and in-vivo studies were performed in this study to determine the effects of 

chitosan on acute and chronic inflammations, respectively, and on fibrosis and myogenesis. The 

in-vitro experiments were conducted to determine the effects of chitosan on myoblasts and 

fibroblasts co-cultured with cytokines to simulate acute inflammation. The in-vivo experiments 

were performed to determine the effects of chitosan on inflammatory gene expression in a partial 

thickness defect model in rat abdominal wall embedded with uncoated and chitosan coated PP 

mesh at 2 weeks after implantation.  
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3.2.1 In-vitro Study 

 Primary human adult dermal fibroblasts (Lonza Group, Basel, Switzerland) and primary 

human skeletal myoblasts (Life Technologies, Thermo Fisher Scientific, Waltham, 

Massachusetts, USA) were passaged independently between 4-6 generations with fibroblast 

growth media and skeletal muscle growth media (Lonza), respectively. Three separate cultures 

(myoblasts only, fibroblasts only and 1:1 co-culture of myoblasts and fibroblasts) were analyzed 

after 4, 24, 48 and 72 hours of seeding on uncoated tissue culture treated plates and chitosan 

coated tissue culture treated plates (Table 3.1). Chitosan (Sigma-Aldrich, St. Louis, Missouri, 

USA) was coated on tissue culture treated plates using previously developed techniques 12,23.  

TNF-� (10 ng/ml, Cell Signaling Technology, Danvers, Massachusetts, USA) or TWEAK (10 

ng/ml, R&D Systems, Minneapolis, Minnesota, USA) were added to the media for the full 

duration of the experiment (4, 24, 48 or 72 hours) to simulate acute inflammation.   

Table 3.1. Schematic of in-vitro experiments with plates, cultures, cytokines and time points 
analyzed. 

 To determine the purity of the samples, myoblasts at generation 2 were seeded at various 

seeding densities on 96 well plates for approximately 2-3 days until confluent, and rinsed with 

phosphate buffered saline (PBS). Samples were then fixed with 4% paraformaldehyde for 15 
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Plates Cultures Time points 
analyzed after 

seeding 
(hours)

Cytokines 
added

Uncoated Tissue 
Culture Treated 

Plates

Myoblast 4 TNF-� (10ng/ml)

Fibroblast 24 TWEAK (10ng/ml)

Chitosan Coated 
Tissue Culture 
Treated Plates

1:1 Co-culture of 
Myoblasts & 
Fibroblasts

48 Control - No 
cytokines added

72



minutes at room temperature and rinsed twice with ice-cold PBS, which was followed by 

incubation in 0.25% Triton X-100 (Sigma) for 10 minutes, and three rinses with PBS.  Then, 1% 

BSA (Bovine Serum Albumin, Sigma) in PBST (Phosphate Buffered Saline with 0.05% Tween 

20) was added to wells for 30 minutes, followed by the addition of  rabbit polyclonal anti-desmin 

(Abcam, Cambridge, UK) at 1:80 dilution in 1% BSA in PBST to the wells and incubated 

overnight at 4 °C.  After three rinses with PBS, the secondary antibody (goat polyclonal 

secondary antibody to rabbit (FITC); 1:1000 dilution, Abcam) was added for 1 hour. Again, after 

three rinses with PBS, cells were stained with DAPI, and rinsed again. Cells were viewed with 

an inverted microscope (Olympus IX-71, Tokyo, Japan), and images were analyzed using ImageJ 

24. Percent of Desmin+/DAPI+ was calculated to be greater than 80% for the myoblasts used in 

this study.  

 At passage 4, approximately 5x103 fibroblasts were seeded per well in 96-well chitosan 

coated and uncoated plates for 4, 24, 48 and 72 hours (Table 3.1). TNF-� or TWEAK were 

added to the media of chitosan coated and uncoated plates (n=5 each). One set of chitosan coated 

and uncoated plates had no addition of cytokines (n=5 for both chitosan and uncoated plates 

without cytokines). Myoblasts and co-culture of myoblasts and fibroblasts were similarly seeded 

(n=4 for all groups, Table 3.1). For co-culture, 2.5x103 fibroblasts and 2.5x103  myoblasts were 

simultaneously seeded onto chitosan coated and uncoated plates.  

 To determine the mitochondrial metabolic activity of cells, which is an indicator of cell 

viability, cells were incubated with 10 µL of methyl-thiazole-tetrazolium (MTT, Life 

Technologies) in 100 µL of respective media at 4, 24, 48 and 72 hours after seeded, and 

incubated for 4 hours at 37 °C, for cultures with only myoblasts and only fibroblasts. 
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Mitochondrial enzymes in viable cells reduce the tetrazolium dye to formazan. 100 µL of 

isopropanol was added to dissolve the formazan crystals in the cells. The formazan absorbance 

was measured using a spectrophotometer (SpectraMax Plus384, Molecular Devices, Sunnyvale, 

California, USA) by measuring the absorbance at 570 nm.  

 Cells in co-culture wells were stained with DAPI and immunostained in the procedure 

described above against desmin to determine the Desmin+/DAPI+ ratio. Cells were viewed with 

an inverted microscope (Olympus IX-71) and images were analyzed using ImageJ.  

 To determine the cell aspect ratio at 24 hours after seeding, myoblasts and fibroblasts 

were stained with DAPI and phalloidin, which stains cellular nucleus and F-actin, respectively, 

and viewed with an inverted microscope. The ratio was calculated using ImageJ. Cell aspect ratio 

is a measure of cell roundedness, with 1 indicating a circle, and infinity indicating a line. This 

ratio (greater than approximately 1.2) has also been shown to be an indicator of fibroblast 

contraction activity in-vitro25.  

 To determine the effect of chitosan and cytokines on Fn-14, TWEAK, vimentin (a type III 

intermediate filament that provides mechanical support to fibroblasts26) and MMP1 (matrix 

metalloproteinase I, a collagenase that also functions as a myokine27) gene expression, 

fibroblasts were seeded on chitosan coated and uncoated 6-well tissue culture treated plates for 

24 hours with 10 ng/ml TNF-�, 10 ng/ml TWEAK and no-cytokines. After 24 hours, RNA was 

extracted following manufacturer instructions using the RNeasy Mini Kit (Qiagen, Hilden, 

Germany) with homogenization using QIAshredder (Qiagen) and DNase digestion (Qiagen). 

260/280 ratio and yield were determined using Beckman DU-600 Spectrophotometer (Beckman 

Coulter Inc., Brea, California, USA). cDNA was synthesized from the resulting RNA using the 
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high capacity cDNA reverse transcription kit (Life Technologies). The resulting cDNA was 

subjected to real-time PCR (Roche Lightcycler® 480, Basel, Switzerland) against optimized 

primer pair concentrations for determining expression of Fn-14 (FWD: 

GACCGCACAGCGACTTCT; REV: CACGAAGGTCAGGCTCAGA), VIM (FWD: 

TGGTCTAACGGTTTCCCCTA; REV: GACCTCGGAGCGAGAGTG), MMP1 (FWD: 

GCTAACCTTTGATGCTATAACTACGA;  REV: TTTGTGCGCATGTAGAATCTG) AND 

glyceraldehyde-3-phosphatase dehydrogenase (GAPDH, FWD: AGCCACATCGCTCAGACAC;  

REV: GCCCAATACGACCAAATCC).  PCR reaction was performed with optimized specific 

primer pair (designed by Universal Probe Library, Roche; synthesized by Integrated DNA 

Technologies, Inc., Coralville, Iowa) and SYBR® Green PCR Master Mix (Life Technologies) 

according to manufacturer’s instructions. Gene expression was normalized to expression of 

GAPDH and was compared to the average expression of cells on uncoated plates with co-

cytokines added in the media.  

3.2.2 In-vivo Study 

 All procedures were performed with approval from the Institutional Animal Care and Use 

Committee at Cornell University, and NIH guidelines for care and use of laboratory animals 

were observed. 

 Uncoated PP meshes (Avaulta Solo®; C.R. Bard Inc., Murray Hill, New Jersey, USA), 

and chitosan coated PP (Ch-PP) meshes were used in this study. Chitosan was coated on PP 

meshes using the technique developed previously13.  

 Male wistar rats (weight range: 250-450g, Charles River Laboratories International, Inc., 

Wilmington, Massachusetts, USA) were subjected to two partial thickness excisions of 1.2 x 1.2 
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cm sections of the ventrolateral abdominal wall on either side of the linea alba, as described in a 

previous study13 (Figure 3.2). The defects were repaired with either Ch-PP or PP meshes, which 

were randomly placed in the defect (n=8). After two weeks, the tissues were harvested and stored 

at -80 ºC. Sections were cut from the harvested tissue (weight range: 23.6-164.4mg) and snap 

frozen in liquid nitrogen, and stored at -80 ºC for gene expression analysis. Samples were 

pulverized in a Biopulverizer (BioSpec Products, Inc., Barlesville, Oklahoma, USA) which was 

precooled in liquid nitrogen and stored at -80 ºC before RNA extraction, using cetyltrimethyl 

ammonium buffer (CTAB). CTAB buffer was used for RNA extraction for higher RNA yields 

from 3D polysacchride-rich matrices such as the chitosan coated polypropylene mesh23.  

Figure 3.1. Schematic of in-vivo experiments with placement of meshes in a partial thickness 
defect model in rat abdominal wall.  

 The CTAB extraction buffer was composed of 2% polyvinylpyrrolidine (PVP 40, Sigma), 

1.4 M sodium chloride (NaCl, 5M stock solution sterilized using a 0.2µm filter, Sigma), 100mM 

Tris-HCl (pH 8.0, 1M stock solution sterilized using a 0.2µm filter, Sigma), 20mM 

ehylenediaminetetraacetic acid (EDTA, pH 8.0, 0.5M stock solution sterilized using a 0.2µm 

filter, Sigma), 2% CTAB (10% CTAB  stock solution sterilized using a 0.2µm filter and stored at 

37C, Sigma) and 1.0% beta-mercaptoethanol (Sigma) in ultrapure water. The CTAB extraction 

buffer was then warmed to 55 ºC in a dry bath28, 29. Proteinase K (New England Biolabs, 
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Ipswich, Massachusetts, USA) was added to the warmed CTAB extraction buffer for a final 

concentration of 80µg/ml30. 

 Pulverized samples (less than 74mg) were placed in 600µl warmed extraction buffer. 

Samples were then vortexed and triturated for approximately 20 minutes, until they were 

thoroughly disassociated in the extraction buffer. An equal volume (600µl) of chloroform-

isoamyl alcohol (24:1) (Acros Organics, Thermo Fisher Scientific, Waltham, Massachusetts, 

USA) was added, mixed and centrifuged at 13,000g at room temperature for 5 minutes. After 

centrifugation, the clear upper phase was removed and extracted again with equal volume 

(600µl) of chloroform-isoamyl alcohol. The clear upper phase was removed and loaded in a 

QIAshredder (Qiagen) and centrifuged at 13,000 g for 15 second. The lysate was collected and 

used for RNA purification using the Qiagen RNeasy Mini kit (Qiagen) following the 

manufacturer’s procedure. DNase digestion (RNase-free DNase set, Qiagen) was also performed 

on the column according to manufacturer’s instructions. 260/280 ratio and yield was determined 

using Beckman DU-600 Spectrophotometer (Beckman Coulter Inc.). cDNA was synthesized 

from the extracted RNA using the high capacity cDNA reverse transcription kit (Applied 

Biosystems).  

 The resulting cDNA was subjected to real time PCR (Roche Lightcycler® 480) against 

optimized primer pair concentrations for determining expression of TWEAK (FWD: 

GCCCATTATGAGGTTCATCC; REV: TCACTGTCCCATCCACACC), Fn-14(FWD: 

TCGGGTTGGTGTTGATACG; REV: CCATGCACTTGTCGAGGTC) and GAPDH (FWD: 

TGGGAAGCTGGTCATCAAC; REV: GCATCACCCCATTTGATGTT). PCR reaction was 

performed with optimized specific primer pair (designed by Universal Probe Library, Roche; 
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synthesized by IDT) and SYBR® Green PCR Master Mix (Applied Biosystems) according to 

manufacturer’s instructions. Gene expression was normalized to expression of GAPDH and were 

compared to the average gene expression in PP mesh for fold changes.  

3.2.3 Statistical Analysis:  

 All statistical comparison was performed with JMP31. Data for in-vitro study are reported 

as means ± standard deviation. Three way ANOVA was performed with fixed effects of coating 

(chitosan or uncoated), time (4, 24, 48 and 72 hours) and cytokines (TNF-�, TWEAK and no 

cytokines), and their interactions. Effects were removed from the model if they were not 

statistically significant. If the interactive effect of coating, time and cytokines were found to not 

be statistically significant, the model was re-run for each time-point, eliminating the interaction 

of time. The assumptions of normal distribution and constant variances for performing ANOVA 

were checked with the residual and the predicted values of the model. Tukey HSD was 

performed to determine differences between groups.  When constant variances and normal 

distribution assumption were not met, nonparametric comparisons between groups were 

analyzed using Wilcoxon test. 

 Gene expression of TWEAK and Fn-14 in the in-vivo study are reported as mean ± 

standard deviation. Normality of the data was checked using a normal quantile plot. The 

distributions of fold change in gene expression for all groups were compared to value of 1 (no 

fold change compared to PP mesh) and tested for statistical significance. If the distribution was 

normally distributed, t-tests were used, or Wilcoxon Signed Rank Test was used for non-normal 

distributed data. 

3.3 Results 
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 Fibroblast mitochondrial metabolism, a surrogate marker of cell viability, was reduced on 

chitosan coated plates at 4 and 24 hours after seeding, independent of exogenous cytokines. In 

the presence of inflammatory cytokines, TNF-� and TWEAK, fibroblast mitochondrial 

metabolism was increased at 4 and 24 hours after seeding, independent of plate coating. TNF-� 

treatment had the largest increase in fibroblast viability. However, at 48 and 72 hours after 

seeding, regardless of the treatment with inflammatory cytokines, chitosan reduced fibroblast 

metabolism. At 48 hours after seeding, only the uncoated plates incubated with TNF-� and 

TWEAK had increased fibroblast metabolism. The interaction between coating and 

inflammatory cytokines was not statistically significant on fibroblast metabolic activity at 4, 24 

and 72 hours after seeding (Figure 3.2).   

Figure 3.2. Viability of fibroblasts with chitosan and uncoated plates with the addition of 10 ng/
ml of TWEAK, TNF-� and no cytokines. Significant difference (*, p<0.05) was seen with the 
fixed effect of chitosan for fibroblast metabolic activity at 4, 24 and 72 hours after seeding.  
Significant difference (#, ^, $, p<0.05) was seen with the fixed effect of treatment of TWEAK, 
TNF-� and no cytokines for fibroblast metabolic activity at 4 and 24 hours after seeding. 
Different letters (A, B, C, D) indicate significant differences in fibroblast mitochondrial 
metabolism activity between groups with  p<0.05, n=5 for all groups. 
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 Chitosan reorganized the fibroblast F-actin network at 72 hours after seeding (Figure 

3.3). Independent of exogenous cytokines, fibroblasts on uncoated plates were characterized by 

elongated morphology, while fibroblasts on chitosan coated plates displayed a rounded 

morphology with aggregation of cells. These observations were further confirmed with the 

smaller aspect ratio seen in fibroblasts on chitosan-coated plates, regardless of the incubation 

with cytokines (Figure 3.4). 

Figure 3.3. F-actin of fibroblasts on chitosan coated and uncoated plates with the addition of 10 
ng/ml of TWEAK, TNF-� and no cytokines. F-actin(red) and nucleus (blue) of fibroblasts were 
stained with phalloidin and DAPI respectively. Scale bars represent 20 µm. 
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Figure 3.4. Aspect ratio of fibroblasts at 24 hours after seeding on chitosan (grey) and uncoated 
(black) plates, with the addition of no cytokines, and 10 ng/ml of TWEAK, TNF-�. Different 
letters (A, B) indicate significant differences in cell aspect ratio between groups with p<0.05, 
n=10. 

 No effect of chitosan coating was seen in myoblast viability at 4, 24 and 72 hours after 

seeding, regardless of the addition of inflammatory cytokines. Furthermore, no differences were 

seen in the aspect ratio of cells on chitosan-coated plates.  

 Chitosan coating increased the myoblast: fibroblast ratio compared to uncoated plates at 

48 and 72 hours after seeding, independent of the addition of inflammatory cytokines. There 

were no significant differences between groups at 4 and 24 hours after seeding (Figure 3.5).  
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Figure 3.5. Myoblast: Fibroblasts ratio with 1:1 co-culture of myoblasts and fibroblasts on 
chitosan and uncoated plates with the addition of 10 ng/ml of TWEAK, TNF-� and no cytokines. 
Significant difference (*, p<0.05) was seen with the fixed effect of chitosan for myoblast: 
fibroblast ratio at 48 and 72 hours after seeding. No significant differences were seen between 
chitosan (all treatments) and uncoated (all treatments), n=4 for all groups at 4 and 24 hours.  
  

 Fibroblasts on chitosan-coated plates had greater expression of Fn-14 in the presence of 

TNF-� at 24 hours after seeding compared to fibroblasts seeded on uncoated plates in the 

presence or absence of cytokines and fibroblasts seeded on chitosan coated plates in the absence 

of cytokines. The addition of TWEAK did not lead to any significant changes in expression of 

Fn-14 in fibroblasts on chitosan or uncoated plates (Figure 3.6). In the in-vivo study, at 2 weeks 

after implantation, Fn-14 and TWEAK expression were significantly lower with chitosan (Figure 

3.7) compared to uncoated polypropylene meshes. 
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Figure 3.6. Expression of Fn-14 in fibroblasts at 24 hours after seeding on chitosan (grey) and 
uncoated (black) plates, with the addition of no cytokines, and 10 ng/ml of TWEAK, TNF-�. 
Different letters (A, B) indicate significant differences in expression of Fn-14 between groups 
with p<0.05, n=3. 

Figure 3.7. Expression of TWEAK and its receptor, Fn-14 in meshes implanted in a partial 
thickness defect in rat abdominal wall after 2 weeks of implantation.* indicates significant 
difference (p< 0.05) from average expression in PPM meshes. 

 At 24 hours after seeding, fibroblasts seeded on chitosan-coated plates had decreased 

expression of vimentin (VIM), an intermediate filament that provides structural support to 

fibroblasts. There was a trend of reduced expression of VIM in fibroblasts grown on chitosan 

with the addition of TNF-�, compared to fibroblasts grown on uncoated plates with no cytokines. 
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A trend of reduced expression of VIM was also seen in fibroblasts grown on chitosan with no 

cytokines compared to fibroblasts grown on uncoated plates with the addition of TNF-�. No 

other significant differences were observed in the expression of VIM in fibroblasts (Figure 3.8).  

Figure 3.8. Expression of vimentin in fibroblasts at 24 hours after seeding on chitosan (grey) and 
uncoated (black) plates, with the addition of no cytokines, and 10 ng/ml of TWEAK, TNF-�. 
Different letters (A, B) indicate significant differences in expression of vimentin between groups 
with p<0.05, n=3;* indicates p = 0.0504 between chitosan with no cytokines and uncoated with 
TNF-�; + indicates p = 0.0624 between chitosan coating with TNF-� and uncoated with no 
cytokines.  

 In the presence of cytokines, MMP1 expression increased in fibroblasts seeded on 

chitosan-coated plates at 24 hours after seeding with the addition of cytokines compared to 

fibroblasts seeded on uncoated plates. Without the addition of cytokines, a trend of increased 

expression of MMP1 in fibroblasts grown on chitosan was observed, compared to that on 

uncoated plates. No other significant differences were observed in the expression of MMP1 in 

fibroblasts (Figure 3.9).  
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Figure 3.9. Expression of MMP1 in fibroblasts at 24 hours after seeding on chitosan (grey) and 
uncoated (black) plates, with the addition of no cytokines, and 10 ng/ml of TWEAK, TNF-�. 
Different letters (A, B, C) indicate significant differences in expression of MMP1 between groups 
with p<0.05, n=3;* indicates p = 0.0536 between chitosan with no cytokines and uncoated with 
no cytokines. 

3.4 Discussion 

 The primary goals of this study were to determine the effect of chitosan-coating on 

fibroblast and myoblast inflammatory gene expression and regenerative biology in an in-vitro 

model of acute inflammation, and the effect of chitosan on inflammatory gene expression 

following implantation in a ventral hernia model. We show that chitosan appears to be anti-

fibrotic with greater expression of MMP1, reduced expression of VIM, reduced viability and 

altered morphology of fibroblasts independent of the addition of cytokines. Chitosan does not 

affect myoblast adhesion or viability. We also show that chitosan coating likely reduces 

inflammation, which is supported by reduced expression of TWEAK and its receptor, Fn-14 in 

newly generated tissue.  
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 Our results suggest that chitosan reduces fibroblast viability, despite the addition of 

inflammatory cytokines, indicating that chitosan is a biomaterial that elicits a strong anti-fibrotic 

response. Moreover, cell aspect ratio, which is an indicator of fibroblast contraction activity in-

vitro25, was found in our study to be smaller in fibroblasts seeded on chitosan-coated plates.  We, 

therefore, believe that chitosan can limit fibroblast contraction ability and reduce mesh 

contraction, which is a common complication after ventral hernia repair5. In addition to reducing 

fibroblast cell aspect ratio, the anti-fibrotic capability of chitosan is also demonstrated in this 

study by not affecting myoblast adhesion and viability. Chitosan further promotes skeletal 

muscle generation by increasing the ratio of myoblasts to fibroblasts in a co-culture, which is 

consistent with results from previous studies12,13.  

 Chitosan, in conjunction with TNF-� promotes greater expression of Fn-14 in fibroblasts, 

allowing for necessary tissue repair mechanisms. While TWEAK/Fn-14 system has been seen 

with increased cardiac fibroblast proliferation and collagen synthesis32, the effect of over 

expression of Fn-14 is different on fibroblasts33. Constitutive expression of Fn-14 in fibroblasts 

was seen with reduced proliferation, migration and adhesion33. Chitosan, with the greater 

expression of Fn-14, in conjunction with TNF-�, can thereby further reduce fibrosis, potentially 

due to reduced fibroblast proliferation, migration and adhesion.  

 We found that chitosan coating results in reduced fibrotic cell mitochondrial metabolism 

and viability. With ventral hernia repair, excess fibrosis typically replaces the native skeletal 

muscle tissue, resulting in improper wound healing, which could lead to the high recurrence rates 

seen clinically2,3,4. Decreased fibrotic tissue formation is therefore key to functional regeneration 

of ventral hernia repair. Aggregation of fibroblasts is observed in cultures with chitosan coating, 
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regardless of the addition of inflammatory cytokines, which is consistent with previous studies 

that demonstrate spheroid formation of fibroblasts with chitosan 12,23,34. With limited nutrient 

intake in the center of the spheroid, spheroids typically have lowered metabolism and viability as 

seen in our study with fibroblasts plated on chitosan. Chitosan also promotes weak fibroblast-

substrate adhesion with spheroid formation due to the reduced contact area. The aggregation of 

cells leading to spheroid formation with chitosan, lends the material to reduce fibrosis with 

weaker adhesion and decreased viability.  

 Chitosan’s function as a strong anti-fibrotic agent is further confirmed with the reduced 

gene expression of vimentin. Vimentin deficient fibroblasts have impaired mechanical stability, 

migration and contraction capacity, which has been shown to not necessarily decrease cellular 

function, but reduce mechanical stability35. Conversely, increased expression of vimentin in oral 

sub mucous fibroblasts increases fibrosis36. The reduced mechanical stability, migration and 

wound contraction capacity in fibroblasts grown on chitosan can therefore greatly reduce fibrosis 

seen previously in ventral hernia repair with the reduced expression of vimentin.  

 Chitosan further shows promise for ventral hernia repair with improved myogenesis with 

the increased expression of MMP1 in fibroblasts. MMP1 is a collagenase, which not only 

reduces fibrosis, but also enhances myoblast migration and differentiation22. MMP1 has been 

added to some tissue engineering applications directly to scaffolds to improve soft tissue 

regeneration37. With typical ventral hernia repair, scar tissue formation limits the ability of 

myoblasts to migrate to the injury site, yielding in poor skeletal muscle regeneration38. Chitosan 

successfully solves this problem by not only reducing fibrosis with a collagenase, but also by 

enhancing myogenesis as a myokine with the increased expression of MMP1.  
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 Modulation of inflammatory response is a key step in proper skeletal muscle regeneration 

and mitigating damage to the underlying healthy skeletal muscle. We show that with chitosan, 

the gene expression of TWEAK and Fn-14, are significantly lower than the average expression 

on PP meshes at two weeks after implantation, suggesting that chitosan could potentially reduce 

the inflammatory response, compared to PP. Chitosan could lead to functional repair seen 

previously with improved contractile function when embedded in a partial thickness defect in rat 

abdominal wall13.  Corona et al. demonstrated the ability of muscle derived extracellular matrix 

to reduce degradation of the underlying healthy skeletal muscle, following volumetric skeletal 

muscle loss39. With the reduced inflammatory response seen with chitosan at 2 weeks after 

implantation, it is possible that the underlying skeletal muscle is being protected from further 

damage while functional fibrosis is being formed at the site of injury. Moreover, as we 

documented earlier, in preliminary H&E analysis of abdominal skeletal muscle with PP meshes, 

the underlying skeletal muscle architecture is severely affected with presence of adipocytes, 

while the underlying skeletal muscle is protected from adipocyte infiltration with Ch-PP 

meshes13. 

 While gene expression was analyzed at two weeks after implantation, future work should 

elucidate gene expression at earlier time points to understand the modulation of different genes 

and their role in skeletal muscle regeneration. The interaction of chitosan on the pathways 

affected by TWEAK in skeletal muscle must be further elucidated. The effect of chitosan on 

skeletal muscle differentiation, and additional testing for myofibroblast markers must be further 

determined to understand the role of this biomaterial in skeletal muscle regeneration.  
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 The typical treatment of ventral hernia today through abdominal reconstruction with 

meshes such as polypropylene do not restore the native functional properties of the abdominal 

skeletal muscle wall2-4. The inflammatory response that follows injury can lead to entire tissue 

repair with acute inflammation or pathological remodeling, with prolonged, elevated expression 

of inflammatory cytokines15-17.    

 In conclusion, chitosan is a promising biomaterial for ventral hernia repair as it reduces 

mechanisms of fibrosis with increased expression of MMP1, reduced expression of vimentin and 

reduced fibroblast adhesion and viability, while not affecting myoblast adhesion and viability in 

an in-vitro model of acute inflammation. Chitosan also reduces the chronic inflammatory 

response with reduced gene expression of TWEAK and Fn-14 at two weeks after implantation, 

helping to promote proper regeneration following ventral hernia repair.  
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CHAPTER 4 

Chitosan reduces fibroblast adhesion without impact on myoblast adhesion3 

4.1 Introduction 

  Volumetric muscle loss is defined as a condition where more than 20% of the native 

skeletal muscle tissue is lost due to trauma, tumor ablation or degenerative disease. Volumetric 

muscle loss is associated with the loss of the regenerative capacity of skeletal muscle and 

excessive fibrosis1,2. One example of volumetric loss is ventral hernia, characterized by 

degeneration or damage of the abdominal skeletal muscle wall. The most common approach to 

treat ventral hernia is abdominal reconstruction, in which a mesh is inserted into the abdominal 

area to provide mechanical support. The total cost of ventral hernia repair was estimated to be 

$3.2 billion in 2006 in the United States3. However, recurrence often occurs due to improper 

integration into native muscle tissue, excessive scar tissue formation, adhesion formation and 

infection3,4,5.  It is estimated that $32 million will be saved with just a one percent reduction in 

ventral hernia recurrence. A biomaterial that can preferentially allow for skeletal muscle growth 

while limiting fibrosis is greatly desired, as it can restore functionality to the tissue and reduce 

the risk of recurrence.  

 Chitosan, a co-polymer of N-acetyl glucosamine and N-glucosamine units, was 

previously seen to be biocompatible, with antibacterial and anti-fungal properties6,7.  Previously, 

we have seen that chitosan selectively adheres myoblasts over fibroblasts9,10. We have also 

_____________________________ 

1. 3Manuscript under preparation for submission. 
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demonstrated that chitosan increases contractile activity of the regenerated tissue when 

embedded in a rat abdominal partial thickness defect. 

 The molecular mechanisms with which myoblasts selectively bind to chitosan over 

fibroblasts are not consistent. Cell-substrate adhesion is mediated through cell adhesion 

molecules such as integrins, which bind to ligands such as fibronectin, vitronectin, collagen, and 

laminin. These ligands are present in the extracellular matrix (ECM), and are usually adsorbed 

on the substrate surface11. Previously, changes in integrin expression were seen on primary 

murine fibroblasts and myoblasts grown on chitosan-coated tissue culture treated plates, 

suggesting that cell-substrate adhesion is altered with chitosan9. Small peptide sequences can be 

used to inhibit binding of cells to specific ECM proteins, such as arginine-glycine-aspartic acid 

(RGD) peptide for fibronectin12, or glycine-arginine-glycine-aspartic acid-threonine-proline 

(GRGDTP) peptide for fibronectin, vitronectin and collagen I13. Huang et al and Iyer, P et al 

have suggested that the lack of cell binding domains in chitosan impairs fibroblast adhesion14,15. 

Chitosan has also been theorized to impair fibroblast adhesion due to its higher mechanical 

stiffness, as fibroblasts do need to perform its function of producing ECM to increase material 

stiffness14,15. However, Chen et al have argued that the cationic chitosan can better adsorb ECM 

proteins like fibronectin, providing an optimal substrate for HaCaT, 3T3, H1299, HeLa and 

primary corneal fibroblast cell adhesion and growth16. 

 We have shown previously that fibroblasts form spheroids on chitosan films, which have 

poor adhesion to the substrate due to the limited contact area9. This spheroid formation has been 

attributed to increased surface bound calcium present on chitosan17. EGTA (ethylene glycol 

tetraacetic acid), a calcium chelator, has been seen before to reduce spheroid diameters with 
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adipose derived stem cells grown on chitosan films. The interaction of surface bound calcium on 

chitosan can also affect the adhesion of cells, as some cell adhesion molecules are dependent 

calcium18. However, it is not known if EGTA improves cellular adhesion of cells to chitosan. 

  The objective of this study is to determine how chitosan, as a substrate, affects cell 

adhesion, which will allow us to more specifically understand the selective adhesion of 

myoblasts over fibroblasts. We hypothesize that chitosan improves myoblast adhesion force and 

reduces fibroblast adhesion force through increased expression of integrins and extracellular 

matrix proteins, allowing for selective adhesion of myoblasts and fibrosis reduction. 

4.2 Materials and Methods 

 Primary human skeletal myoblasts (Life Technologies, Thermo Fisher Scientific, 

Waltham, Massachusetts, USA) and dermal fibroblasts (Lonza Group, Basel, Switzerland) were 

passaged independently between 4-5 generations with skeletal muscle growth media and 

fibroblast growth media, respectively (Lonza). 

4.2.1 Myoblasts and Fibroblast Centrifugal Adhesion Assay 

 Chitosan (Sigma-Aldrich, St. Louis, Missouri, USA) was coated on 96 well tissue culture 

treated plates using previously developed techniques 9,19. Centrifugal cell adhesion assay was 

performed for both myoblasts and fibroblasts using previously developed techniques20. Briefly, 

near confluent myoblasts and fibroblasts were stained with Calcein-AM (Life Technologies) and 

trypsinized. Myoblasts and fibroblasts were then seeded on chitosan-coated and uncoated plates 

at a seeding density of 10,000 cells per well with skeletal muscle growth media (Lonza) and 

fibroblast growth media (Lonza), respectively. RGD, GRGDTP and EGTA were directly to the 

samples seeded on the wells, and were incorporated by gently pipetting the sample up and down 
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a few times (Table 4.1). The final concentrations of cell adhesion inhibitors and EGTA in the 

wells are listed in the table below.  

Table 4.1. Materials added to samples with their final concentrations in the media and its effects 
to determine myoblast and fibroblast adhesion and detachment.  

 Wells were incubated for approximated 2 hours, and cells imaged with an inverted 

microscope (Olympus IX-71, Tokyo, Japan). Following imaging, the wells were inverted and 

centrifuged for 5 minutes at 500 rpm, with the cells experiencing approximately 33g centrifugal 

force. The cells were then imaged with an inverted microscope. Images were analyzed with 

Image J to calculate the percent area spread of the cells on the wells21. The initial attachment of 

cells to chitosan coated and uncoated wells, and the percent detachment of cells following the 

centrifugal assay was calculated.   

4.2.3 Immunostaining of Myoblasts and Fibroblasts 

 Myoblasts and fibroblasts at approximately 10,000 cells per well were seeded on chitosan 

coated and uncoated plates with skeletal muscle growth media and fibroblast growth media, 

respectively (Lonza). EGTA was added directly to the samples for a final concentration of 0 or 

1.0mM, and incorporated by gently pipetting the samples up and down a few times.  At 2 hours 

of incubation after seeding, samples were rinsed with phosphate buffered saline (PBS) and then 
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Materials Added Effect Final Concentration in 
Growth Media (mM)

RGD (arginine-glycine-
aspartic acid)

Inhibits cell attachment to 
fibronectin

0, 0.125, 0.25, 0.5

GRGDTP (glycine-
arginine-glycine-aspartic 
acid-threonine-proline)

Inhibits cell attachment to 
fibronectin, vitronectin, 
collagen I

0, 0.125, 0.25, 0.5

EGTA (ethylene glycol 
tetraacetic acid)

Calcium chelator 0, 0.25, 0.5, 1.0



fixed with 4% paraformaldehyde for 15 minutes at room temperature. Wells were then washed 

twice with ice-cold PBS, followed by incubation in 0.25% Triton-X (Sigma) in PBS for 10 

minutes. This was followed by three rinses with PBS. Wells were then blocked by incubation in 

1% BSA (Bovine Serum Albumin, Sigma) in PBST (Phosphate Buffered Saline with 0.05% 

Tween 20) for 30 minutes. Primary antibodies in PBST were added to the wells and incubated at 

room temperature for one hour. The wells were then rinsed three times in PBS, and the secondary 

antibody was added to the wells for 1 hour. The wells were then rinsed with PBS, and stained 

with DAPI. Following another rinse with PBS, the cells were imaged with an inverted 

microscope (Olympus IX-71, Tokyo, Japan) and analyzed with Image J. The primary antibodies 

used were against fibronectin (P1H11, 1:10 dilution, Developmental Studies Hybridoma Bank, 

DSHB, Iowa City, Iowa), �-tubulin (12G10, 1:10 dilution, DSHB) and collagen I (ab138492, 

1:500 dilution, Abcam, Cambridge, Massachusetts, USA). The secondary antibodies, goat anti-

mouse IgG H&L (FITC) (ab6785, 1:500 dilution, Abcam) and goat anti-rabbit IgG H&L (FITC) 

(ab6717, 1:1000 dilution, Abcam), were then applied.  

4.2.2 Surface Expression Assay of �, β Integrins in Myoblasts and Fibroblasts 

 Surface expression of �1, �2, �3, �4, �5, �V, �Vβ3, β1, β2, β3, β4, β6 and �Vβ5 were 

measured for both myoblasts and fibroblasts using the �/β Integrin-Mediated Cell Adhesion 

Array Combo Kit (ECM 532, EMD Millipore, Billerica, Massachusetts, USA). 50,000 cells were 

added to each well. Myoblasts and fibroblasts were seeded with skeletal muscle growth media 

and fibroblast growth media, respectively (Lonza). 15 mg/ml chitosan (Sigma-Aldrich, St. Louis, 

Missouri, USA) was dissolved in 1M acetic acid, and was diluted with endotoxin free water (GE 

Healthcare Life Sciences, Logan, Utah, USA) to 17mM acetic acid, and was added directly to the 
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samples to obtain a final concentration of approximately 25 µg/ml chitosan. Chitosan was 

incorporated into the samples by gently pipetting the sample up and down a few times. 

Manufacturer’s instructions were followed after approximately 2 hours of incubation for 

colorimetric determination of surface expression. The absorbance was measured using a 

spectrophotometer (SpectraMax Plus384, Molecular Devices, Sunnyvale, California, USA) at 

570 nm. 

4.2.4 Myoblast Differentiation with Chitosan 

 Myoblast purity was determined by seeding myoblasts at generation 2 at various seeding 

densities on 96 well plates for approximately 2-3 days until confluent.  The cells were then fixed 

and stained against desmin (1:80 dilution, Abcam) and DAPI, and imaged using an inverted 

microscope (Olympus IX-71, Tokyo, Japan). Images were analyzed using Image J to calculate 

the percent of desmin+/DAPI+ cells. Percent of desmin+/DAPI+ was found to be greater than 

80% for the myoblasts used for myoblast differentiation experiments.  

 Myoblasts between passage 4-5 were seeded on chitosan coated and uncoated plates at a 

seeding density of 10,000 cells per well in 96 well plates and incubated in skeletal muscle 

growth media (Lonza) for more than 12 hours in order for cells to attach to the substrate. 

Myoblasts were differentiated into myotubes by incubation in differentiation media for greater 

than 72 hours (Differentiation media: DMEM-F12 with 2% horse serum, Life Technologies). 

Myotubes were then fixed and stained against desmin (1:80 dilution, Abcam), imaged using an 

inverted microscope (Olympus IX-71, Tokyo, Japan).  

4.2.5 Statistical Analysis 
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 Statistical comparisons were performed with JMP22. Data are reported as means ± 

standard deviation. For the centrifugal cell adhesion assays, two way ANOVA was performed 

with the fixed effects of coating (chitosan or uncoated) and concentration of either RGD, 

GRGDTP and EGTA (0mM, 0.125mM, 0.25mM, 0.5mM for RGD and GRGDTP, and 0mM, 

0.25mM, 0.5mM, 1.0mM for EGTA), and their interactions. Constant variances were checked 

using the predicted values and the residuals of the model, and normality of the data was also 

checked. For the surface expression assays, t-tests were performed for myoblasts to determine 

differences between control and chitosan groups. If unequal variances or normal distribution was 

not met, nonparametric comparisons were made using the Wilcoxon test.  For fibroblasts, either 

t-tests or Wilcoxon tests (for non-parametric data) were used for β integrin surface expression, 

and the distribution of control wells were compared to the average surface expression in wells 

with chitosan for � integrin surface expression.  

4.3 Results 

4.3.1 Myoblasts 

 There was no change of initial myoblast attachment between chitosan-coated and 

uncoated wells in the absence of RGD, GRGDTP or EGTA. In the absence of RGD,GRGDTP or 

EGTA there were no significant differences in myoblast detachment on chitosan and uncoated 

plates (Table 4.2, 4.3, 4.4).   

 RGD, an inhibitor of cell attachment to fibronectin, reduced myoblast adhesion to 

chitosan-coated plates compared to uncoated plates. 0.5mM RGD reduced initial myoblast 

adhesion to chitosan-coated plates compared to uncoated plates. 0.25mM RGD increased 

myoblast detachment from chitosan-coated plates compared to uncoated plates  (Table 4.2).  
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Table 4.2. Percent spread of myoblasts on chitosan and uncoated plates with 0mM, 0.125mM, 
0.25mM, 0.5mM RGD at 2 hours after seeding, and percent detachment of myoblasts on chitosan 
and uncoated plates with 0mM, 0.125mM, 0.25mM, 0.5mM RGD after 500rpm detachment force 
for 5 minutes following incubation of 2 hours after seeding. * indicates significant differences 
between myoblasts on uncoated plates with 0.5mM RGD and myoblasts on chitosan-coated 
plates with 0.5mM RGD. # indicates significant differences between myoblasts on uncoated 
plates with 0.25mM RGD and myoblasts on chitosan-coated plates with 0.25mM RGD, p < 0.05, 
n=5 all groups. 

 Initial myoblast attachment was lower for both chitosan-coated and uncoated wells with 

GRGDTP. However, no significant differences were seen in myoblast detachment with GRGDTP 

for both chitosan-coated and uncoated plates (Table 4.3).  

Table 4.3. Percent spread of myoblasts on chitosan and uncoated plates with 0mM, 0.125mM, 
0.25mM, 0.5mM GRGDTP at 2 hours after seeding and percent detachment of myoblasts on 
chitosan and uncoated plates with 0mM, 0.125mM, 0.25mM, 0.5mM GRGDTP after 500rpm 
detachment force for 5 minutes following incubation of 2 hours after seeding.  * indicates 
significant differences between myoblasts on uncoated plates with 0mM GRGDTP and myoblasts 
on uncoated plates with 0.125mM, 0.25mM,0.5mM GRGDTP. # indicates significant differences 
between myoblasts on chitosan coated plates with 0mM GRGDTP and myoblasts on chitosan 
coated plates with 0.5mM GRGDTP.  p < 0.05, n=5 all groups except n=4 for myoblasts on 
chitosan coated plates with 0.5mM GRGDTP. 
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Table 4.4. Percent spread of myoblasts on chitosan and uncoated plates with 0mM, 0.25mM, 
0.5mM, 1.0mM EGTA at 2 hours after seeding, and percent detachment of myoblasts on chitosan 
and uncoated plates with 0mM, 0.25mM, 0.5mM, 1.0mM EGTA after 500rpm detachment force 
for 5 minutes following incubation of 2 hours after seeding. * indicates significant differences 
between myoblasts on uncoated plates with 1.0mM EGTA and all groups, p < 0.05, n=5 all 
groups. % indicates significant differences between myoblasts on uncoated plates with 0.25mM 
EGTA and those on chitosan coated plates with 0.25mM EGTA, myoblasts on uncoated plates 
with 0.5mM EGTA and those on chitosan coated plates with 0.5mM EGTA, and myoblasts on 
uncoated plates with 1.0mM EGTA and those on chitosan coated plates with 1.0mM EGTA. # 
represents significant difference between myoblasts on chitosan coated plates with 0mM EGTA 
and myoblasts on chitosan coated plates with 0.5mM EGTA and 1.0mM EGTA. $ represents 
significant difference between myoblasts on chitosan coated plates with 0.25mM EGTA and 
myoblasts on chitosan coated plates with 0.5mM EGTA and 1.0mM EGTA. p < 0.05, n=5 all 
groups except n=4 for myoblasts on chitosan coated plates with 1.0mM EGTA 

 The calcium chelator, EGTA, had no effect on initial myoblast adhesion to chitosan. 

However, 1mM EGTA increased initial myoblast adhesion to uncoated plates. EGTA, moreover, 

resulted in more myoblast detachment from chitosan coated wells than that on uncoated plates 

after centrifuge (Table 4.4). No differences were observed in the organization of collagen I, 

fibronectin and �- tubulin in myoblasts on chitosan-coated wells, chitosan-coated wells with 

1.0mM EGTA or uncoated wells (Figure 4.1). Chitosan reduced expression of integrin β3 and β4, 

and increased expression of integrin �3 in myoblasts (Figure 4.2). Instead of myotube formation, 

myoblasts on chitosan formed spheroids (Figure 4.3).  
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Figure 4.1. Organization of collagen I, fibronectin and �- tubulin in myoblasts on chitosan 
coated wells, chitosan coated wells with 1.0mM EGTA and uncoated wells after incubator for 2 
hours after seeding. Scale Bar = 20µm. 

Figure 4.2. Expression of integrins in myoblasts with and without the addition of chitosan in the 
media. * indicates significant difference in expression of integrin between myoblasts with no 
chitosan and myoblasts with chitosan in media. �2, �5, β6 and �Vβ3 expression were also 
measured, and were found to be less than the negative control for myoblasts with both control 
and chitosan. n=3 for both myoblasts with and without the addition of chitosan in media for all 
integrin expressions measured.   
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Figure 4.3. Myotube formation in chitosan coated and uncoated wells. Scale Bar = 20µm. 

4.3.2 Fibroblasts 

 In the absence of RGD, GRGDTP or EGTA fibroblasts have reduced initial attachment on 

chitosan-coated wells compared to uncoated wells. In the absence of RGD, GRGDTP or EGTA, 

there were no significant differences in fibroblast detachment on both plates (Table 4.5, 4.6, 4.7). 

No significant differences were seen in initial fibroblast attachment and detachment with RGD 

on both chitosan-coated and uncoated plates (Table 4.5). 

Table 4.5. Percent spread of fibroblasts on chitosan and uncoated plates with 0mM, 0.125mM, 
0.25mM, 0.5mM RGD at 2 hours after seeding, and percent detachment of fibroblasts on 
chitosan and uncoated plates with 0mM, 0.125mM, 0.25mM, 0.5mM RGD after 500rpm 
detachment force for 5 minutes following incubation of 2 hours after seeding. * indicates 
significant differences between fibroblasts on uncoated plates with 0mM, 0.125mM, 0.25mM, 
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0.5mM RGD and fibroblasts on chitosan coated plates with 0mM, 0.125mM, 0.25mM, 0.5mM 
RGD respectively. p < 0.05, n=5 all groups 

 GRGDTP reduced initial fibroblast attachment on uncoated plates. However, no 

differences were seen in initial fibroblast attachment on chitosan-coated plates with GRGDTP. 

No significant differences were seen in fibroblast detachment with GRGDTP for both chitosan 

and uncoated wells (Table 4.6). 

Table 4.6. Percent spread of fibroblasts on chitosan and uncoated plates with 0mM, 0.125mM, 
0.25mM, 0.5mM GRGDTP at 2 hours after seeding, and percent detachment of fibroblasts on 
chitosan and uncoated plates with 0mM, 0.125mM, 0.25mM, 0.5mM GRGDTP after 500rpm 
detachment force for 5 minutes following incubation of 2 hours after seeding. * indicates 
significant differences between fibroblasts on uncoated plates with 0mM GRGDTP and 
fibroblasts on uncoated plates with 0.125mM, 0.25mM, 0.5mM GRGDTP, fibroblasts on 
chitosan-coated plates with 0mM, 0.125mM, 0.25mM, 0.5mM GRGDTP. p < 0.05, n=5 all 
groups. 

 EGTA decreased initial fibroblast adhesion to chitosan-coated plates and uncoated plates. 

Fibroblast detachment was increased on chitosan-coated plates with 0.25mM EGTA compared to 

uncoated plates with 0.25mM EGTA. However, with 1mM EGTA, fibroblast detachment was 

decreased on chitosan-coated plates compared to chitosan-coated plates with 0.25mM EGTA 

(Table 4.7) 
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Table 4.7. Percent spread of fibroblasts on chitosan and uncoated plates with 0mM, 0.25mM, 
0.5mM, 1.0mM EGTA at 2 hours after seeding, and percent detachment of fibroblasts on chitosan 
and uncoated plates with 0mM, 0.25mM, 0.5mM, 1.0mM EGTA after 500rpm detachment force 
for 5 minutes following incubation of 2 hours after seeding. * indicates significant differences 
between fibroblasts on uncoated plates with 0mM, 0.25mM, 0.5mM, 1.0mM EGTA and 
fibroblasts on chitosan coated plates with 0mM, 0.25mM, 0.5mM, 1.0mM EGTA respectively. $ 
indicates significant differences between fibroblasts on uncoated plates with 0mM EGTA and 
fibroblasts on uncoated plates with 0.25mM EGTA, 0.5mM EGTA and 1.0mM EGTA. # indicates 
significant differences between fibroblasts on chitosan coated plates with 0mM EGTA and 
1.0mM EGTA. ^ indicates significant differences between fibroblasts on uncoated plates with 
0.25mM EGTA and those on chitosan coated plates with 0.25mM EGTA. % represents significant 
difference between fibroblasts on chitosan coated plates with 0.25mM EGTA and fibroblasts on 
chitosan coated plates with 1.0mM EGTA. p < 0.05, n=5 all groups. 

 Collagen I, fibronectin and �- tubulin networks in fibroblasts on chitosan wells were 

reorganized compared to the organization of collagen I, fibronectin and �- tubulin in fibroblasts 

on control (uncoated) wells (Figure 4.4). While no differences were seen with the addition of 

EGTA in the organization of fibronectin and collagen I in fibroblasts on chitosan-coated plates, 

more spindle-like fibers of �-tubulin were visible in fibroblasts on chitosan-coated plates with 

EGTA compared to fibroblasts on chitosan-coated plates in the absence of EGTA. Chitosan 

reduced expression of integrin �1, �2, β3 and β4 in fibroblasts (Figure 4.5). 
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Figure 4.4. Organization of collagen I, fibronectin and �- tubulin in fibroblasts on chitosan 
coated wells, chitosan coated wells with 1.0mM EGTA and uncoated wells after incubator for 2 
hours after seeding.  Scale Bar = 20µm.  

Figure 4.5. Expression of integrins in fibroblasts with and without the addition of chitosan in the 
media. * indicates significant difference in expression of integrin between fibroblasts with no 
chitosan and fibroblasts with chitosan in media. β1, β2 and β6 expression were also measured, 
and were found to be less than the negative control for fibroblasts with both control and 
chitosan. n = 3 for fibroblasts with and without the addition of chitosan in the media for all 
integrin β expressions measured. n =2 for fibroblasts with chitosan in the reorganizationmedia, n 
= 3 for fibroblasts without chitosan in the media for all integrin � expressions measured.  
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4.4 Discussion 

 The goal of this study was to determine how chitosan, as a substrate, promotes selective 

adhesion of myoblasts over fibroblasts. We show here that while human myoblast adhesion was 

not negatively impacted by chitosan, small peptide sequences for inhibiting cellular attachment 

to fibronectin and changes in surface bound calcium ions, reduced the detachment force for 

myoblasts on chitosan. We also found that chitosan is anti-fibrotic with reduced fibroblast 

adhesion, due to reduced expression of integrins, and reorganization of extracellular matrix and 

cytoskeletal proteins in human fibroblasts. 

 Our results suggest that chitosan alters the adhesion mechanism of myoblasts with 

increased role of ECM proteins for adhesion other than collagen I and vitronectin. Cellular 

binding to fibronectin can be inhibited by the addition of RGD, the main region of cell adhesion 

to fibronectin12. While inhibition of fibroblast attachment or detachment from fibronectin was 

not seen in either chitosan-coated or uncoated plates, initial adhesion of myoblasts on chitosan-

coated plates was inhibited at the highest concentration of RGD. The increased detachment of 

myoblasts on chitosan with RGD, although not at the highest and lowest concentrations of RGD, 

also indicates an inhibitory role. 

 We found that myoblasts adhere to collagen I, vitronectin and fibronectin on both 

chitosan and uncoated plates. GRGDTP, a peptide that inhibits cell attachment to fibronectin, 

vitronectin and collagen I13, resulted in decreased myoblast initial attachment on both chitosan 

and uncoated wells. With GRGDTP, decreased initial fibroblast attachment was observed only on 

uncoated plates. No change was observed with GRGDTP in initial fibroblast attachment on 

chitosan coated plates, suggesting fibroblast attachment to fibronectin, vitronectin and collagen I 
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on chitosan was not inhibited. However, the initial attachment of fibroblasts on chitosan could be 

too weak for GRGDTP to make an impact. 

 The change in surface and bulk calcium concentration can greatly impact initial cellular 

adhesion and detachment force, due to the dependence of calcium in adhesion molecules18. The 

relationship between chitosan, the surface bound calcium on chitosan-coating, adsorption of 

ECM proteins and cell adhesion is schematically shown in Figure 4.6 (Figure 4.5 A, B, C). With 

chitosan, the surface bound calcium was found to be significantly higher than uncoated plates, 

resulting in changes to calcium dependent adhesion molecules and increased intracellular 

calcium concentration23. This surface bound calcium on chitosan has been implicating in 

promoting cell-cell adhesion that leads to aggregation and spheroid formation, resulting in 

weakened cell adhesion (Figure 4.6B). EGTA is a calcium chelator, which has been used on 

mesenchymal stem cells grown on chitosan to limit spheroid formation. With the addition of 

EGTA, the surface bound calcium on chitosan  was reported to be decreased23. The difference in 

the organization of �-tubulin in fibroblasts with the addition of EGTA indicates the impact of 

surface bound calcium on cell shape with increased spindle like �-tubulin fibers. The change in 

surface bound calcium on chitosan reduced initial adhesion and decreased detachment of 

fibroblasts from chitosan (Figure 4.6B). On the other hand, the change in surface bound calcium 

increased attachment of myoblasts on uncoated plates and increased myoblast detachment from 

chitosan (Figure 4.6A). 
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Figure 4.6. Schematic of cell adhesion to chitosan. (A) Chitosan coating allowed for myoblast 
cell adhesion, possibly due to increased surface bound calcium ions (positively charged), which 
can adsorb negatively charged ECM proteins such as fibronectin, vitronectin and collagen I. (B) 
However, chitosan coating impaired fibroblast adhesion, possibly due to the increased 
intracellular calcium ions and decreased expression of integrins (indicated by dashed integrins 
in the fibroblasts), causing cell-cell adhesion and weakened cell-substrate adhesion. (C) In 
serum starved condition (differentiation media for myotube formation), cell aggregation was 
seen on chitosan coating. This could be due to the possible loss of ECM proteins indicated by 
"?". 

 The reduction of the initial attachment of fibroblasts on chitosan could be attributed to 

not only the reduction in surface expression of integrins �1, �2, β3 and β4, but also the altered 

organization of �-tubulin, fibronectin and collagen I (Figure 4.6B). No differences in initial 

attachment of myoblasts were observed with chitosan coating, which can be attributed to the 

increase in integrin �3(Figure 4.6A). This integrin has been seen to contribute to satellite cell 

activation and myoblast fusion24.  However, the decrease in expression of integrins β3 and β4 is 

concerning with chitosan. Reduced expression of integrins β3 impairs myoblast fusion25. 

Myotube formation was impaired with chitosan, although myoblast attachment was not impaired. 

To induce myotube formation, myoblasts were serum starved. This could have potentially 

resulted in cell-cell adhesion, aggregation and spheroid formation due to the lack of serum 

proteins, several of which are ECM proteins (Figure 4.6C), instead of cell-substrate adhesion 
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(Figure 4.6 A). While the formation of spheroids, instead of differentiated cells, is desired for 

various tissue engineering applications, it is important to consider the degradation of chitosan to 

ensure proper wound healing. Typically, high deacetylation degree and high molecular weight 

chitosan is used for its improved regenerative and wound healing capacity. However, less than 

10% loss in weight was seen in chitosan films (deacetylation degrees >70%) after 28 days of 

incubation with lysozymes26. Chitosan has been reported to remain in vivo, with the presence of 

enzymes, for up to six months without significant degradation27. Thus, for long term applications 

of skeletal muscle repair, future studies must examine the degradation of chitosan.  

 In this study, myoblast and fibroblast attachment force on chitosan was estimated through 

the use of centrifugal force with a centrifuge. In future studies, the attachment force of the cell  

and the attachment force of specific adhesion molecules will be further determined using 

techniques such as atomic force microscopy (AFM) 28,29. Moreover, cellular adhesion to laminin, 

tenascin and other extracellular matrix proteins were not examined in this study, and will be 

determined in future studies.  

 In conclusion, chitosan is a promising biomaterial for skeletal muscle repair as it reduces 

fibrosis with decreased adhesion, but does not negatively impact myoblast adhesion. Fibroblasts 

have weakened adhesion with reduced surface expression of integrins, and reorganization of 

extracellular matrix and cytoskeletal proteins. On the other hand, while integrins β3 and β4 

expression were reduced in myoblasts with chitosan, potentially impairing myoblast fusion, 

integrin �3 was increased, resulting in similar adhesion and detachment of cells on chitosan 

coating.   
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CHAPTER 5 

Conclusion and Future Work 

5.1 Conclusion  

 Skeletal muscle, despite its innate ability to regenerate, presents unique challenges with 

volumetric muscle loss, in which the regenerative capacity is lost. The functionality of skeletal 

muscle in the abdominal wall to provide mechanical support against intra-abdominal pressure 

presents further complications in ventral hernia repair. Muscle contractility and mechanical 

strength are desired in ventral hernia to prevent recurrence. Pathological remodeling due to 

chronically elevated inflammation results in excess fibrosis and improper skeletal muscle 

regeneration1. The ideal treatment for ventral hernia repair, therefore, should promote 

myogenesis and inhibit fibrosis. Our laboratory has previously shown that chitosan coated 

polypropylene mesh results in functional contractile response in abdominal skeletal muscle wall; 

however, the underlying mechanisms were still not well understood2. In this thesis, the effects 

and the mechanisms of chitosan on fibroblasts and myoblast adhesion and viability, and on 

inflammatory response were determined. 

 In the second chapter, we found that chitosan improved primary murine myoblast 

adhesion and reduced primary murine fibroblast adhesion. Up-regulated production of integrin β3 

in murine myoblasts, and reorganization of integrin β1 in murine fibroblasts were seen in 

chitosan-coated tissue culture treated plates. While studies on skeletal muscle repair have 

typically only analyzed myoblast adhesion and viability, this study is one of a handful that has 

looked at the role of fibroblasts in a co-culture with myoblasts to understand the effect of the 
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biomaterial on skeletal muscle repair and scar tissue formation. Clinically, the results of this 

study indicate that chitosan could be used to reduce fibrosis and increase myogenesis in ventral 

hernia repair as a coating on synthetic meshes.  

 In the third chapter, we found that chitosan reduced fibrosis formation with increased 

expression of MMP1, reduced expression of vimentin and reduced fibroblast viability, while 

having no effect on myoblast viability in an in-vitro model of acute inflammation. Chitosan 

coating on PP mesh also reduced the chronic inflammatory response with reduced gene 

expression of TWEAK and Fn-14 at 2 weeks after implantation compared to uncoated PP mesh. 

To our best knowledge, this study is the first to determine the effect of chitosan and 

polypropylene on the expression of TWEAK and Fn-14. Moreover, the approach of assessing the 

efficacy of a biomaterial by determining the effect of cytokines on co-culture of fibroblasts and 

myoblasts, myogenesis and fibrosis is unique to this study. It also shows the role of chitosan as a 

potential anti-fibrotic agent, with targeted reduction of fibrosis, while maintaining myoblast 

viability.  

 In the fourth chapter, we found that chitosan reduced fibrosis with decreased adhesion of 

human fibroblasts and impaired myotube formation, but does not negatively impact human 

myoblast adhesion. Fibroblasts have weakened adhesion with reduced expression of integrins, 

and reorganized structure of extracellular matrix and cytoskeletal proteins. On the other hand, 

while integrins β3 and β4 expression are reduced in human myoblasts with chitosan, impairing 

myotube fusion, integrin �3 is increased, resulting in similar adhesion and detachment of cells on 

chitosan coating. The difference in chitosan delivery, whether it is added directly to the media or 

as a substrate coating, in integrin expression warrants a thorough understanding. Also, 
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differences in integrin expression between murine myoblasts and human myoblasts must be 

determined. The force of cell attachment, the role of surface expression of integrins and surface 

bound calcium concentration on fibrosis and myogenesis allowed us to further test chitosan as a 

therapeutic biomaterial for reduction of fibrosis.  

 Improved treatment of volumetric muscle loss, especially ventral hernia, can greatly 

reduce recurrence rates with reduced complications resulting from excess scar tissue formation 

and impaired myogenesis. Chitosan, as seen in chapters 2, 3 and 4, is promising as an anti-

fibrotic agent that further reduces the inflammatory response to improve outcomes following 

repair. The ease of functionalization of chitosan for use as a coating or as a three-dimensional 

scaffold furthers the use of chitosan as an agent that can be repeatedly used clinically to improve 

skeletal muscle repair.  

5.2 Future Work 

 The potential of chitosan as a therapeutic agent for volumetric skeletal muscle loss, 

especially ventral hernia repair, was explored in this thesis.  

 Before clinical use in skeletal muscle repair, the degradation of chitosan must be 

analyzed to ensure that myogenesis is not impaired. The limitation of myotube formation on 

chitosan is an area of study that must be explored further. MyoD and myogenin expression must 

be further tested with myotube formation on chitosan. Typically, spheroid formation arrests cells 

from further differentiation. Having this states of arrested differentiation for progenitor cells are 

desired in various tissue engineering applications, for which chitosan can be easily applied. 

However, for skeletal muscle repair, it is necessary for myotube formation to occur. Myoblasts 

removed from chitosan readily fused, indicating that chitosan degradation with time needs to be 
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understood. Typically, high deacetylation degree and high molecular weight chitosan is used for 

improved regeneration and wound healing. However, increased deacetylation and molecular 

weights lead to lengthened degradation times with lysozymes3. Chitosan has been reported to 

remain in vivo for up to six months without significant degradation, even with the presence of 

enzymes that degrade chitosan4. 

 In this thesis, only fibroblast and myoblast adhesion and viability were analyzed with 

chitosan. Proliferation and migration of fibroblast and myoblast must be further analyzed with 

chitosan. In a typical injury with volumetric skeletal muscle loss, inflammatory cells, 

vascularization and other factors are also present in proper wound healing along with fibrosis and 

myogenesis. Previously, we had shown that chitosan coating on PP meshes qualitatively 

increased expression of M2 macrophages in-vivo at 2 weeks after implantation, which are 

associated with a regenerative response2. Furthermore, we found that chitosan coating on PP 

meshes had qualitatively decreased expression of M1 macrophages in-vivo at 2 weeks after 

implantation compared to uncoated PP meshes, which are associated with a fibrotic response. 

The effect of chitosan on inflammatory cells, and the effect of chitosan on co-culture of 

myoblasts with inflammatory cells is an avenue that must be explored for successful repair.  

Moreover, gene expression of other inflammatory markers, myogenesis markers and 

vascularization markers in an in-vivo model of volumetric muscle loss must be explored to 

evaluate the effect of chitosan, polypropylene, acellular matrices and other biomaterials on 

skeletal muscle repair. 

 In chapter 3, the effect of chitosan on myoblast and fibroblast adhesion and viability with 

incubation of cytokines TWEAK and Fn-14 was explored in-vitro. However, in order to fully 
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understand the effect of TWEAK, Fn-14 and chitosan on myogenesis and fibrosis, the in-vivo 

response must be further explored. While inflammatory response at 2 weeks after implantation in 

a rat abdominal muscle wall was explored, further analysis at other time points must be 

determined as well. Further, proteins and genes downstream of Fn-14 must be examined further.  

 In chapter 4, myoblast and fibroblast attachment force on chitosan was estimated through 

the use of centrifugal force with a centrifuge. The attachment force of the cell  and the 

attachment force of specific adhesion molecules can be more accurately determined using 

techniques such as atomic force microscopy (AFM) in future studies5,6. Moreover, cellular 

adhesion to laminin, tenascin and other extracellular matrix proteins were not examined in this 

study, and must be determined in future studies. 

 Aging has been shown before to impair skeletal muscle regeneration with increased 

inflammation7. The effect of chitosan in muscle tissue regeneration following surgery in an aging 

model is another avenue that should be analyzed further. As chitosan coating on PP mesh 

reduced chronic inflammatory response compared to uncoated PP mesh in chapter 3, it will be 

interesting to see the effect of chitosan on the heightened muscle inflammation typically 

observed with aging.  

 Typically in ventral hernia repair, while biological meshes are degraded by the body, 

synthetic meshes are not biodegradable. Chitosan in this thesis has been employed as a 2 

dimensional coating, to promote muscle repair. Chitosan can be made into a three dimensional 

scaffold for volumetric muscle loss repair8. The development of chitosan as a three-dimensional 

scaffold to specifically promote myogenesis and reduce fibrosis can be explored further. With 3D 

scaffolds, by determining the porosity, pore-size and mechanical properties that specifically 
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promote skeletal muscle growth and reduce scar tissue formation, we can potentially see 

improved regeneration compared to 2D coating. 

 The use of chitosan as an anti-fibrotic agent can expand to other injuries where excess 

scar tissue formation pose a problem in functional repair. Chitosan can be used to improve pelvic 

floor reconstruction, where urogynecological meshes are implanted to provide support to the 

pelvic floor. Urogynecological meshes poses another avenue where chitosan coating could 

improve wound healing with reduction of fibrosis, although it is unknown how chitosan affects 

smooth muscle.  

 Some of the parameters needed for ventral hernia repair using meshes as seen in Figure 

1.2 are reduced mesh adhesion, reduced fibrosis, reduced risk of infection, increased functional 

response, improved vascularization and innervation, reduced chronic inflammation and reduced 

mesh shrinkage. In this dissertation, chitosan coating was found to selectively adhere myoblasts 

over fibroblasts which could potentially lead to improved functional response (Figure 5.1). 

Moreover, chitosan was also found to reduce fibroblast viability even with the addition of 

inflammatory cytokines, with spheroid formation, which typically indicates weakened cell-

substrate adhesion. This could potentially result in reduced fibrosis, which is desired in ventral 

hernia repair. Chitosan coating on PP meshes resulted in reduced TWEAK and Fn-14 expression 

compared to uncoated PP meshes, which could indicate reduced chronic inflammation for 

improved abdominal skeletal wall regeneration following ventral hernia repair. Chitosan, with 

increased surface bound calcium ions, allows for adsorption of fibronectin, vitronectin and 

collagen I, leading to myoblast adhesion that is comparable with uncoated tissue culture treated 

plates. However, the increased surface bound calcium ions could lead to increased intracellular 
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calcium concentration, resulting in changes in integrin expression and promotion of cell-cell 

adhesion, especially in serum starved conditions, impairing myotube formation. With fibroblast, 

despite adsorption of ECM proteins such as fibronectin, vitronectin and collagen I, the increased 

surface bound calcium ions, could potentially lead to increased intracellular calcium 

concentration promoting cell-cell adhesion, leading to changes in integrin expression and 

reorganization of cytoskeletal proteins and ECM networks, resulting in cell aggregation, spheroid 

formation and weakened adhesion. While degradation of chitosan for improving myotube 

formation is key, chitosan has the potential as a therapeutic agent for ventral hernia repair with 

reduced scar tissue formation, reduced chronic inflammation, leading to improved skeletal 

muscle generation.   

Figure 5.1. Illustration of effect of chitosan on myoblast and fibroblast adhesion and viability, 
and inflammation. Above the dotted line describes myogenesis with chitosan, and below the 
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dotted line describes fibrosis with chitosan. (A) Chitosan-coating allowed myoblast adhesion and 
did not have an effect on myoblast viability. (B) However, in the serum starved condition 
(differentiation media for myotube formation), cell aggregation was seen on chitosan coating. 
This could be due to the possible loss of ECM proteins indicated by "?". Myotube adhesion and 
viability were not tested. (C) Chitosan coating impaired fibroblast adhesion and viability with 
cell aggregation and spheroid formation. This could be due to the decreased expression of 
integrins (indicated by the dashed integrins in the fibroblasts), promotion of cell-cell adhesion 
and reorganization of cytoskeletal proteins and ECM networks. Fibroblasts on chitosan had 
reduced VIM expression, which could lead to reduced fibroblast mechanical stability. Acute 
inflammation (purple circles indicating addition of select inflammatory cytokines to simulate 
acute inflammation) has been seen to promote myoblast and fibroblast proliferation in previous 
studies, along with increased expression of integrin and cell adhesion molecules in lung 
fibroblast9. (*) Acute inflammation resulted in no change in myoblast adhesion or viability on 
chitosan-coated plates. Fibroblast adhesion and viability were impaired even with the addition of 
acute inflammation on chitosan-coated plates. With acute inflammation, fibroblasts had 
increased expression of MMP1, a myokine and a collagenase, which could lead to improved 
muscle generation and reduced scar tissue formation. Chronic inflammation was reduced with 
chitosan-coating on PP mesh compared to uncoated PP mesh at 2 weeks after implantation in 
rat abdominal skeletal muscle wall, which could lead to improved myogenesis with reduced 
fibrosis. 
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APPENDIX 

A BME based Inquiry Module: Gelatin and Chemical Bonding for Healing a Wounded Soldier4 

A.1 Introduction 

 Cornell Learning Initiative in Medicine and Bioengineering (CLIMB) BME NSF GK-12 

allowed for collaboration of graduate students and secondary school science teachers to enrich 

both classroom and graduate research experience. The program allowed for graduate students to 

pair with a secondary school science teacher to develop inquiry based modules, in which middle 

school and high school students experienced science with real world applications. 

 I was paired with James Saroka, a chemistry teacher for tenth and eleventh grade students 

in Lansing High School. For six weeks in the summer, Mr. Saroka and I worked on developing 

three-dimensional scaffolds with gelatin and chitosan using microfluidic techniques. The 

scaffolds were tested for ventral hernia repair, in which skeletal muscle growth is desired and 

scar tissue formation is not desired. Mr. Saroka and I performed in-vitro tests of myoblast 

(skeletal muscle precursor cells) and fibroblast (scar tissue precursor cells) viability on gelatin, 

chitosan coated gelatin scaffolds and a mixed gelatin:chitosan scaffold. Mechanical stiffness and 

FTIR analysis were also conducted on these scaffolds. At the end of the six weeks, Mr. Saroka 

developed and presented a research poster on the experiments conducted during the six weeks. 

To develop the inquiry based lab module, we were inspired by the research question of skeletal 

muscle regeneration. The development of this lab module introduced me to teaching  

_____________________________ 

1. 4Manuscript under preparation for submission. 
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pedagogy.  Along with the lab module seen below, I helped in various demonstrations and 

experiments (such as lighting LEDS using dough made with salt vs. sugar to understand ions).  

 Being part of the NSF GK-12 program has been very beneficial to me in improving my 

teaching and classroom skills. Before this program, I had been involved as a mentor and as a 

teaching assistant for an introductory mechanical engineering class. Through my GK-12 

experience, I now know how I could have been a more effective instructors for my students. I 

feel confident in developing and implementing a curriculum because of my experience with 

GK-12.   

A.2 Tissue Engineering & Chemical Bonding in the Chemistry Classroom 

 Understanding theoretical chemistry concepts such as chemical bonding, polarity and 

hydrophilic interactions are challenging to high school students. Research driven inquiry based 

labs have been shown to increase learning gains, attitudes towards chemistry and research 

interest by integrating core chemistry  concepts with real world problems1. Biomedical 

Engineering provides a unique opportunity for integrating core chemistry concepts and solutions 

to human health issues. 

 Volumetric muscle loss (VML), seen in wounded soldiers and hernia patients, is defined 

as a condition where more than 20% of the native skeletal muscle tissue is lost2. With VML, the 

natural ability of skeletal muscle to heal is not present, which results in poor functional 

regeneration and scar tissue formation.  

 A case study of a solider with VML was presented to the students to simulate a real world 

research experience. An inquiry based chemistry module was developed to provide a better 
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understanding of fundamental chemistry concepts of chemical bonding and polarity, and its 

relationship to material stiffness, and how these concepts can be used to develop solutions to the 

clinical problem of volumetric muscle loss (VML) seen in wounded soldiers and hernia patients. 

In this module, students experienced science and transformed into thinking like scientists to 

understand core chemistry concepts.  

A.3 Materials & Methods 

 The materials for this module are readily available through science classroom catalogs, 

VWR and Amazon. The total cost per student for this module was less than $5. 

A.3.1 Materials 

24 well reaction plates, Sylgard 184®Elastomer Kit (polydimethylsiloxane, PDMS), gelatin, 

Transglutaminase (“mystery white powder”), 35 mm Petri dishes, hot glue and gun, toothpicks, 

protractors, rulers, tongue depressors, food coloring, Sculpey polymer clay, push pull scale, 

cooking spray for easy removal of gels.  

A.3.1 Laboratory Module 

 A flow chart describing the schedule of the lab module is seen in Figure A.1 (Figure A.1). 

On the first day of the five day lab module, students were presented the basics of tissue 

engineering, followed by an open discussion regarding the  challenges faced with healing after 

VML and the role of tissue engineering. On the second day, each student group (3-4 students) 

poured gelatin with varying concentrations (4, 8, 12, 16% gels), with and without the “mystery 

white powder”  (Transglutaminase), into pre-greased 24 well reaction plates for making gels to 

heal a wounded soldier’s leg. Students were told to determine the function of the mystery white 

powder with a series of experiments. On the third day, students were given 2 cylindrical pre-

!91



made gels  (PDMS, gelatin). Students added a drop of water on top of each gel and measured the 

contact angle of water on each gel. After given an unknown chemical structure of one gel, a class 

discussion followed regarding hydrophilic interactions and polarity. Students, then, placed their 

gels in warm water (37oC) and recorded their observations on how body temperature affects gel 

composition. A short interactive lecture regarding mechanical testing followed to explain 

students the concepts of stress, strain and elastic modulus. Students performed compression tests 

using push-pull scales to determine the elastic modulus of each gel. On the fourth day, students 

analyzed data and developed research posters to address the function of the mystery white 

powder. A demo of the gels’ stiffness in meat tenderizer solution was shown. On the fifth day of 

the module, students presented their posters with oral presentations.  

Figure A.1. Schematic of five day lab module for developing gels to aid in VML repair.  
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A.3.1 Laboratory Assessment 

 Students were given a clinical case of a soldier struggling with volumetric muscle loss, 

and asked to provide a short essay on developing possible solutions to volumetric muscle loss. 

Four tenth and  eleventh grade chemistry classes, with 80 total students were presented with this 

clinical case before and after the module.  

Table A.1. Rubric used for scoring student responses.  

 The assessment’s responses before and after the completion of the module were 

quantitatively analyzed using a modified Bloom’s taxonomy for tissue engineering and chemistry 

concepts3 (Table A.1).   

 The scores for tissue engineering and chemistry concepts learning gains before and after 

completion of the module were compared using t-tests with p< 0.01.  The “mystery white 

powder” was revealed to the students after the completion of the assessment after the completion 

of the unit. 

Results & Discussion 

 Most students identified that the “mystery white powder” (Transglutaminase) 

strengthened gels by creating bonds between gelatin molecules, allowing gels to tolerate body 

temperature and other physiological conditions. With prior knowledge of polarity and 
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hydrophilic interactions, several students determined that weak hydrogen bonds between gelatin 

molecules allow it to be gel like, and that the “mystery white powder” created stronger bonds 

between molecules. Students also developed communication skills by developing posters with an 

oral presentation and discussion of the data.  

Figure A.2. Example poster presentation by a student group.  

 Students scored significantly higher on the assessment after the module in both chemistry 

and tissue engineering showing knowledge and comprehension of core concepts in both areas. 

Four 10, 11th grade physical science classes (n = 80) were assessed with short responses to a 
clinical case of a soldier struggling after losing a portion of his thigh muscle in a war trauma. 
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Students were presented with this case before and after the module. The mystery white powder 
was revealed after the assessment. Students demonstrated significant (p<0.01, *) improvement in 
understanding fundamental chemistry and tissue engineering (TE) concepts. (Mean ± SEM) 

Conclusions 

 Students understood theoretical concepts of bonding, polarity and hydrophilic 

interactions with a relatable example of gelatin gels. Using a clinical problem such as VML, and 

using inquiry based modules, students had an increased interest in following STEM careers and 

increased understanding of core chemistry concepts. Students understood that chemical structure 

directly affects mechanical properties, and can be modulated to develop solutions for human 

health issues. With this module, students understood the integration of biology, chemistry and 

physics required for biomedical engineers to solve problems. 
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