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Abstract

  While macrophages have been implicated in the failure of bioprosthetic heart 
valves, there is no current literature on the macrophage response to crosslinked, na-
tive collagen. Using decellularized bovine pericardium (DBP) as a model, this study 
investigates the response of macrophage-like cells (U937s) to untreated DBP and 
DBP under two chemical crosslinking techniques: glutaraldehyde (GLUT) and an 
alternative zero-length crosslinker 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide 
(EDC). U937 cells were seeded and differentiated directly on the material surfaces. 
At 72 h after differentiation, the samples were fixed for SEM as well as analyzed for 
acid phosphatase activity, cytokine and matrix metalloproteinase release, all norma-
lized to the number of live, adherent cells via DNA analysis. The U937 cells on the 
GLUT surface showed an abnormal morphology not seen on the other surfaces. 
These cells released more pro-inflammatory cytokines, and less MMP-2 and MMP-9 
than occurred under EDC treatment or in untreated DBP. The results suggest that 
host inflammatory cells react to the crosslinking state of the DBP, perhaps as a non-
specific response. 
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Chapter 1: Introduction

1.1 Background

Natural heart valves open and close over 35 million times each year. When 

natural heart valves fail due to disease-induced obstruction or leaks, they must be 

replaced to improve the life expectancy of the patient. Bioprosthetic heart valves de-

rived from natural tissues, including porcine aortic valves and bovine pericardium 

(the sac that contains the heart and the roots of the great vessels), have gained wide 

acceptance as an appropriate replacement for failing natural valves. However, the 

ability of bioprostheses to withstand continuous cyclic loading and attack from bio-

logical factors, without any capabilities to renew or replace damaged tissue compo-

nents, continues to be a major concern. 

Every year, 290,000 patients globally are diagnosed with a pathological valve 

that cannot be repaired and must be replaced1. Presently, heart valve replacement 

surgery is the most common form of therapy for late-stage heart valve disease2. In 

most instances, diseased valves are replaced with either completely synthetic me-

chanical valves or bioprosthetic valves derived from either porcine aortic valves or 

bovine pericardial tissue, crosslinked with glutaraldehyde. Unlike mechanical valves 

which are very durable, bioprosthetic valves suffer from limited long-term perform-

ance attributed to both calcification and primary tissue failure stemming from mate-

rial fatigue2-6. As of 1999, despite these durability issues, tissue-derived valves are 

used in over 40% of replacement surgeries in North America because of (i) their cen-

tral blood flow characteristic which minimizes hemolysis and (ii) the valve recipi-
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ent’s freedom from anticoagulation therapy upon implantation7. However, until the 

mechanisms involved in the development of primary tissue failure are completely 

understood and overcome, the uncertain functional life-span of glutaraldehyde-

crosslinked bioprosthetic valves will inevitably limit their use especially in younger 

patients8.

Explant studies of failed tissue-valve replacements revealed either mechanical 

disruption of the leaflet, host cell infiltration, or both. The primary cell type identi-

fied was generally described as host macrophages9. Nonetheless, the factors that 

plague bioprosthetic heart valves, such as high re-operation rate as a result of poor 

durability, persist10. 

In the past decade, tissue valve replacement design has shifted towards mate-

rials that have the potential for remodeling; however, these materials are even less 

understood in terms of long-term performance and host cell interaction. The objec-

tive of this thesis was to probe the interaction of macrophages with decellularized 

bovine pericardium (a current biomaterial used as a prototype matrix for new gen-

eration heart valve replacements) and to look at the effect of matrix crosslinking in 

the absence of other factors such as blood serum, blood cells, and cellular debris 

from xenogenic sources with different chemical agents in an attempt to gain further 

understanding of tissue-derived valve failure.
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1.2 Heart Valve Replacement

The four valves of the human heart are exposed to a complex biological and 

mechanical environment. Each year, these collagen-based tissues must withstand fa-

tigue loading associated with opening and closing while interacting with blood cells, 

protein, and plasma under high flow, and must perform ongoing repair of any dam-

age11. Due to the vital function of heart valves in the body, a malfunction or defect 

must be repaired quickly as a deficiency of these valves can lead to heart failure and 

subsequent death.  

The gold standard for tissue valve replacement uses allograft valves from ca-

davers that are antibiotic-treated and cryopreserved12. These valves, become pro-

gressively acellular in the patient and suffer from problems similar to any trans-

planted tissue: the possibility of an immune response leading to transplant tissue 

damage. This is especially troublesome in children, as there is limited availability of 

cadaveric valves and a difficulty in size matching the donated valve to the pa-

tients13,14.  In addition, allograft valves typically last only 20 – 25 years within a pa-

tient, before the valve must be replaced due to inadequate performance15,16.

Considering the multifaceted environment in which a native valve must func-

tion, the design of a high-functioning, long-lasting substitute valve is challenging. 

Currently, no clinically available valve replacement completely replicates the per-

formance, function, and remodeling capability of a native valve17. None of the pre-

sent valve replacements are ideal for young children as the primary concern clini-

cally is calcification. Primary tissue degeneration due to calcification resulted in re-
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operation or death in 20-25% of adult recipients of porcine aortic bioprotheses by 7-

10 years after operation and in over 50% of children after a comparable period18. 

None of these current replacements are repopulated in vivo with appropriate host 

cells with each type of substitute valve having its own specific limitations.

1.2.1 CURRENT TISSUE BASED VALVES

The development of bioprosthetic valves came as an attempt to resolve the 

limited supply of allograft valves. Historically, bioprosthetic valves have been de-

rived from either porcine aortic valves or bovine pericardium, although alternative 

animal sources have been explored17.

A major drawback to the available heart valve replacements is the lack of 

growth, repair and remodeling capabilities. Generally, there are three types of re-

placement heart valves that are available for clinical use: porcine xenograft valves, 

bovine pericardial valves, and allograft or homograft valves. It has been reported 

that porcine aortic valves have a survival rate of 30% at 15 years in the mitral posi-

tion19, and that bovine pericardial valves have a survival rate of 37% at 14 years in 

the mitral position20. 

Pericardial bioprosthetic heart valves have been used successfully for many 

years21. Compared to porcine valves, they have better hydrodynamic and hemody-

namic properties, although many patients receiving these prostheses require long-

term anticoagulation or antiplatelet therapy. However, with most biological prosthe-

ses, their long-term function and durability can be affected by calcification. Initial 
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failures in the first generation of bovine pericardial bioprosthetic heart valves in-

volved premature tearing due to poor design and construction, such as the suture 

attachment points of the valve cusps to the stent posts22. Early failure of the Ionescu-

Shiley standard pericardial valve in the absence of calcification, has been extensively 

reported21. Glutaraldehyde was used to stabilize the collagen at 0 mm Hg transval-

vular fixation pressure. The failures came from tears originating at the stitching, 

which penetrated the free margin of the leaflets and attached the pericardium to the 

stent posts, causing regurgitation23.  

The second generation bovine pericardial valves improved by removing the 

alignment suture, increasing durability with minimal design-related failures, when 

monitored over a 10-12 year post implantation period20,24. Nonetheless, this design 

did not address the complex configurational changes in the matrix structure inherent 

with glutaraldehyde crosslinking and subsequent calcification. The Carpentier-

Edwards pericardial valve is currently available today as a porcine bioprosthetic 

valve alternative. This stented bovine pericardial prosthesis is glutaraldehyde-fixed 

and anti-calcification treated. The prosthesis has excellent durability in older patients 

but is subject to age-related structural deterioration25. The most common reason for 

valve explantation with the Carpentier-Edwards is failure due to intrinsic calcifica-

tion, non-calcific degeneration, cusp bursting, cusp thickening or fibrosis, or a com-

bination of these25. 

In order to minimize the immunological reaction that occurs when a xenoge-

neic, cellular tissue is placed into a human, bioprosthetic valves are crosslinked with 
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glutaraldehyde. The immunogenic ‘protection’ offered by glutaraldehyde fixation, 

although incomplete, eliminates the need for immunosuppression and its associated 

risks. This fixation, however, also results in a non-viable valve substitute with altered 

mechanical properties11.  The crucial drawback of bioprosthetic valves is their poor 

long-term durability due to progressive structural deterioration over time26. Typi-

cally, 50% of bioprosthetic valves begin to fail within 12 – 15 years postoperatively, 

and this rate of structural failure is even greater in patients less than 35 years of age, 

especially children11. 

1.2.2 FAILURE OF BIOPROSTHETIC HEART VALVES

Explant analysis of allografts and bioprostheses provides some illumination 

into the failure of implanted valves within the host, however the exact mechanisms 

of failure remain unclear. The primary observation in retrieved, failed tissue valves 

(excluding those that failed primarily due to calcification) was structural degenera-

tion of the valve7. The collagen architecture was almost invariably modified in im-

planted heart valves, often with fluid or plasma insudation between adjacent colla-

gen bundles2 and/or the degeneration or fragmentation of collagen fibers6,9.  As well, 

macrophages and/or inflammatory cells were a predominant cell type found on the 

surface of valves27. 

The clinical bioprosthetic valve failure due to tearing was often as a result of 

localized cuspal damage at or near the sites of highest stress, such as the commis-

sures and points of maximal cuspal flexion (where the respective motions are non-
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physiological)5,28. However, with finite element methods, solutions have been iden-

tified to reduce commissural stress, such as using flexible stent posts and reducing 

the angle between the horizontal top free edge of the leaflet and the vertical stent 

post29,30. Another mechanism of leaflet failure was initiated by abrasion of the peri-

cardium against the cloth covered stent28,31. These abrasions occurred during dias-

tole whenever the pericardium was mounted outside the stent post. With the peri-

cardium mounted inside the post, the leaflet would not fail during diastole; how-

ever, it is possible to have abrasion during systole32. 

The contribution of non-calcific degeneration of bioprosthetic heart valve fail-

ure was first demonstrated by early work done through explant analysis by cardio-

vascular pathologists like Schoen et al.2. Even though calcification was present in a 

majority of the glutaraldehyde-treated bovine pericardial valves that were analyzed, 

cuspal defects occurred independent of these mineralized areas. More specifically, 

structural disruption of the collagen fibres and infiltration by inflammatory cells 

were observed frequently. Upon closer observation and analysis through hematox-

ylin and eosin staining, the inflammatory cell type found lining the surface of the 

valve was identified as the macrophage. Another study analyzed explanted human 

allografts and similarly demonstrated the presence of macrophages in approximately 

80% of the valves33. 

Attempting to analyze the contribution of inflammatory cells to the degenera-

tion of porcine bioprostheses, Stein et al.34 utilized scanning electron microscopy and 

revealed that leukocytes were present on the surface of 82% of the valves explanted. 
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Again, macrophages were the most prevalent cell type, although neutrophils and 

lymphocytes were present in significant numbers as. Work by Grabenwöger et al.9 

showed similar results of apparent macrophage interaction with collagen fibers from 

bioprostheses. 

The visualization of macrophages on the valvular surfaces of these biomateri-

als provides evidence of their presence, but does not explain how they were re-

cruited or their specific function at the site. Nevertheless, early work by Simionescu 

et al.35 supplies additional circumstantial evidence of the macrophage role in bio-

prosthetic valve degradation. Analysis of explanted, glutaraldehyde treated bovine 

pericardial valves revealed the presence of matrix-degrading enzymes in the tissues, 

suggesting that the bioprostheses were subject to enzymatic degradation36. More 

specifically, the enzymes found in the explanted tissues displayed matrix metallo-

proteinase (MMP) activity37. MMPs are a group of more than 23 calcium-dependent 

proteases that are capable of degrading most extracellular matrix (ECM) components 

and thus play an important role in tissue remodeling and repair38. Within this pro-

tein family, MMP-2 and MMP-9 have the ability to digest denatured collagen, or 

gelatin, and are referred to as gelatinases. The presence of these enzymes is evident 

when their activities in explanted valves are compared to that in freshly preserved, 

glutaraldehyde treated valves. The level of MMP-2 activity remained relatively con-

stant in both groups whereas the level of MMP-9 activity was elevated at explanta-

tion37. Simionescu hypothesized that the bioprosthetic valve elicits a foreign body 

response that recruits phagocytic cells into the tissues. Following this, the activated 
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macrophages can secrete MMP-9, which begins the structural degeneration of the 

valvular tissue37. While this hypothesis is intriguing, a study by Ariganello et al.39 

demonstrated that cells will produce MMPs or matrix-degrading enzymes even 

when exposed to synthetic materials such as polystyrene and polydimethylsiloxane 

(PDMS).

1.2.3 LIMITATIONS OF CURRENT EXPLANT STUDIES

While analysis of explanted valve tissues provides an indication of what oc-

curs to the valves in the host, the exact mechanism(s) of failure cannot be conclu-

sively elucidated. Any observations made from explant analysis must be made cau-

tiously since the explants are not taken from a representative population of patients 

but rather are always obtained from patients who have experienced an undesired 

clinical outcome. Explant findings only highlight bio-incompatibility. Observations 

on the long term natural history of well-functioning valve replacements in humans 

are difficult to find.

As an example, it is still unclear whether macrophages are present on only 

failed valves or if they commonly interact with implanted functional valves. More 

importantly, explant studies only represent a single instant in time, which is failure. 

Any hypotheses regarding the mechanisms leading to failure, therefore, must be 

tested and viewed with caution. Adding to the aforementioned point, if there is a 

tear in the tissue and cells are observed surrounding the tear, it cannot be deter-

mined whether the cells caused the disruption in the tissue, if the tear released any 
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factors that may have recruited the cells to the site, or if there was a third factor that 

relates the two observations. 

1.2.4 DECELLULARIZED MATRICES AND BIOPROSTHETIC HEART VALVES

With the advancements in the field of tissue engineering and regenerative 

medicine, the main focus has been on the in vitro generation of functional, living 

heart valve bioprostheses. The basic approach is through the use of starter matrices 

of polymers, both synthetic and naturally derived (pure collagen, collagen and pro-

teoglycans), or decellularized xenogeneic as well as allogeneic materials configured 

to the appropriate shape of native heart valves. 

A decellularized scaffold is created from freshly excised tissue that is chemi-

cally or physically treated to remove the cellular components in a controlled manner 

such that the structure and physical properties of the remaining original tissue are 

retained40-42. These scaffolds provide a three-dimensional architecture for cell inter-

action and may retain intrinsic adhesion and migration sites for cell attachment and 

growth because the collagenous structure remains in its native form14. Due to the 

highly conserved sequence of amino acids in collagen across species, the immuno-

logical response to decellularized connective tissue scaffolds should be mild, al-

though conclusive human immunological studies of bovine and porcine collagen 

with intact non-helical ends are lacking43,44. However, due to the vascular location of 

a heart valve, it is also important to recognize that collagen is considered to be 
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thrombogenic45 and that circulating platelets are not exposed to type I and III colla-

gen except with tissue injury.

The current processing of both allogeneic and xenogeneic valve substitutes 

(antibiotic soaking with cryopreservation or crosslinking, respectively) is not suffi-

cient to remove all immune responses. Patients who have received either valve type 

show antibodies that are reactive to the valve materials46,47. However, the process of 

crosslinking with glutaraldehyde does not remove the xenogeneic cells within the 

tissue; rather the crosslinks purportedly mask the antigenic components of those 

cells and make the cells non-viable36. 

1.3 Crosslinking Bioprosthetic Heart Valves

Glutaraldehyde-crosslinked bioprosthetic heart valves are widely used as re-

placement heart valves because of their low thrombogenicity. However, disappoint-

ing long-term durability stemming from structural fatigue and calcification limits 

their use, especially in younger patients8. Glutaraldehyde treatment itself has been 

implicated as a major contributor to these failure mechanisms, perhaps initiating the 

formation of calcification2. Glutaraldehyde crosslinking also increases the tissue’s 

bending stiffness48, resulting in premature valve failure due to repetitive flexing mo-

tion49. Moreover, glutaraldehyde elicits a cytotoxic reaction through the depolymeri-

zation of glutaraldehyde and the release of unreacted monomer into the surrounding 

tissue50. Prior research has also suggested there is a non-uniform crosslink density 

through the thickness of collagen bundles and fibers within pericardial tissue, leav-
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ing the interior of the fibers or fibrils uncrosslinked51. In an attempt to alleviate these 

problems inherent with glutaraldehyde-crosslinking, alternate crosslinking methods 

are presently under investigation.

1.3.1 CROSSLINKING WITH GLUTARALDEHYDE

The objective of pre-implant crosslinking has been to: (i) reduce immunoge-

netic reactions between tissue and host, (ii) sterilize the tissue, (iii) increase resistance 

to enzymatic degradation, and (iv) increase the long-term durability. Glutaraldehyde 

fixation of bioprosthetic heart valve materials is presently the industrial standard for 

chemical pretreatment of tissue-based bioprosthetic heart valves. Briefly, crosslinking 

occurs through the reaction of the aldehyde groups at either end of the glutaralde-

hyde molecule and the ε-amino groups of lysine or hydroxylysine residues within or 

between collagen molecules51. During treatment with glutaraldehyde, the cell layer 

is stripped and all interstitial cells are devitalized. Therefore crosslinking with glu-

taraldehyde leaves the tissue without a renewal mechanism to replace damaged tis-

sue components37. 

1.3.2 BIOCHEMISTRY OF GLUTARALDEHYDE CROSSLINKS

Glutaraldehyde is a water soluble, five-carbon dialdehyde molecule. Aqueous 

solutions of glutaraldehyde are complex mixtures of free aldehyde, mono and dihy-

drated monomeric glutaraldehyde, monomeric and polymeric cyclic hemiacetals 

and various α- and β-unsaturated polymers52. Crosslinking between glutaraldehyde 
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and bovine pericardium results in intramolecular and intermolecular covalent bonds 

(Figure 1-1).

The mechanism by which glutaraldehyde reacts with collagen is complex and 

not completely understood. Generally, glutaraldehyde crosslinking involves the ini-

tial formation of Schiff base intermediates, created by the nucleophillic attack be-

tween glutaraldehyde (slightly positive carbonyl carbon) and lysine or 

hydroxylysine (ε-amino groups)53. 

Parameters important in tissue stabilization using glutaraldehyde fixation in-

clude: glutaraldehyde concentration, stress state during fixation, time of exposure, 

temperature, pH, and the composition of the glutaraldehyde solution52. Fixation oc-

curs rapidly and within one hour at a concentration of 0.5% glutaraldehyde at room 

temperature and a neutral pH, the reaction was 84% complete as measured by tissue 

thermal stability52. The reaction continues for over 24 hours, even though the 

crosslink density reaches equilibrium after a few hours. This may be due to changes 

in the nature of the crosslinks, possibly due to continued polymerization52. The use 

of lower concentrations of glutaraldehyde during fixation of the tissue slows the 

time-dependent crosslinking process, possibly reducing the effects of crosslink-

ing on the surface of the collagen fibers52. Cheung and Nimni showed that at low 

concentrations of glutaraldehyde, intermolecular crosslinks were formed which 

prevented the tissue from being solubilized by cyanogen bromide (CNBr), but 

not by collagenase51. As the glutaraldehyde concentration increased, a more 

rapid crosslinking process was evident and the tissue became more resistant to 
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Figure 1-1: Glutaraldehyde forming an intermolecular collagen crosslink. 
Interaction of the glutaraldehyde molecule with the target amino acids lysine and hydroxyly-

sine in collagen. In this intermolecular crosslink, the glutaraldehyde molecule is consumed to 

form the linkage between the amino acid side groups.
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collagenase51,52. However, there was only a small increase in the number of lysyl 

residues modified, reflecting an increase in the molecular length of glutaralde-

hyde polymers rather than an increase in the actual number of crosslinking 

sites51. 

Researchers have argued that glutaraldehyde acts only on the surface of dense 

collagenous tissue such as bovine pericardium, rather than penetrating into the inte-

rior of the tissue, resulting in an uneven distribution of glutaraldehyde crosslinks 

across the tissue’s full thickness51,53,54. Fisher et al.21 could not detect a variation in 

shrinkage temperature through different sections of bovine pericardial tissue 

crosslinked with glutaraldehyde, which suggested uniform penetration of the fixa-

tive and crosslinking. Also, Fisher et al.21 could not determine whether the crosslink-

ing took place at the surface of the collagen fibrils or penetrated deeper into the mo-

lecular structure. It has also been demonstrated that glutaraldehyde treated tissues 

were more susceptible to enzymatic digestion after denaturation when the inner, 

evidently less crosslinked molecules of the fibre were exposed to enzymes by hydro-

thermal denaturation55. This further supports the argument that incomplete or non-

homogeneous fixation may play a role in mechanically fatigued tissues. Fatigue 

damage may expose inner, inadequately crosslinked collagen fibers which are then 

more susceptible to enzymatic degradation.
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1.3.3 CROSSLINKING WITH CARBODIIMIDE

To overcome the problem of reagent depolymerization and release of mono-

mers, alternative crosslinking methods have been devised. These activating agents 

interact with carboxylic acid groups of glutamic or aspartic residues within the col-

lagen molecule, making them reactive with lysyl amino groups, without the creation 

of a crosslinking bridge54,56,57. Weadock et al. first described the development of 

crosslinks in pure collagen films using cyanamide, the simplest type of carbo-

diimide58. More recently, Petite et al.59 used the related acyl azide activation method 

to form crosslinks within bovine pericardium, resulting in tissue with similar resis-

tance to degradation by bacterial collagenase as glutaraldehyde-treated tissue. In 

addition, collagenous biomaterials crosslinked using the acyl azide method had a 

decreased tendency to calcify compared to glutaraldehyde-treated tissue59. However, 

this crosslinking method was more complicated than the standard glutaraldehyde 

crosslinking treatment, likely making it impractical in an industrial setting49,57.

An alternative carbodiimide crosslinking treatment using 1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide hydrochloride (EDC) has shown promise as a 

crosslinking treatment for bioprosthetic heart valves. Previously, it has been used in 

many areas of research, including: collagen-based scaffold preparation for tissue 

regeneration60-62, peptide synthesis63, and crosslinking of hyaluronic acid64. To im-

prove the crosslinking efficiency, N-hydroxysuccinimide (NHS) has been used to 

convert an unstable intermediate product into a more stable ester group which is 

then reactive with the lysyl amino groups, forming peptide linkages65,66. EDC-
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treatment of collagen-based biomaterials at an optimal pH of 5.5 produced similar or 

higher denaturation temperatures than those seen in materials treated with glutaral-

dehyde64. Previous studies have also assessed the resistance of EDC-treated 

collagen-based biomaterials to enzymatic degradation, again with mostly positive 

results54,56.

EDC was chosen as the alternative crosslinking treatment in this study due to 

its ability to form different types of crosslinks compared to glutaraldehyde. 

While glutaraldehyde forms crosslinks between ε-amino groups of lysine or hy-

droxylysine residues of collagen, the EDC-treatment forms peptide linkages through 

the activation of the carboxyl and amino moieties. In addition, EDC-treatment forms 

crosslinks within the collagen structure without being incorporated into the material 

(Figure 1-2)64. Moreover, unlike glutaraldehyde, EDC is not capable of polymerizing, 

possibly improving its penetration into the interior of the tissue structure54. Lee and 

co-workers (1996)54 showed that after the helical structure of collagen was disrupted, 

EDC-treated bovine pericardium was more resistant to enzymatic degradation than

was glutaraldehyde-crosslinked tissue. Thus, mechanical fatigue damage, which dis-

rupts the collagen structure, may not so much accelerate the enzymatic degradation 

of EDC-treated tissue—improving the long-term durability of bioprosthetic heart 

valves. Despite being a potential alternative for glutaraldehyde-fixation, commercial 

surgical products have not been crosslinked with EDC.
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Figure 1-2: Carbodiimide forming a peptide crosslink in collagen. 
Interaction of the carbodiimide molecule with the carboxy and amino terminals of the target 

amino acids in collagen. The carbodiimide molecule forms a peptide bond between the amino 

acids. In the reaction, the carbodiimide does not remain within the linkage but rather is con-

sumed. The spent reagent is non-toxic to the cells and may be rinsed away.
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1.4 Role of Macrophages in Bioprosthetic Heart Valves

1.4.1 MACROPHAGE RECRUITMENT AND FUNCTION AT THE BIOMATERIAL IMPLANT 

SITE

When a biomaterial is implanted into the host, an innate immune response (or 

foreign body reaction) occurs as a result of the injury to the tissue67. In response to 

this injury, local cells in the circulation such as mast cells and macrophages release 

cytokines and chemokines that affect local vasculature and cause recruitment of cells 

to the site of the injury68,69. More specifically, vessels nearby become more permeable 

and dilate allowing cells and signals within the vasculature to access the site more 

easily. By virtue of their numbers the cell type to respond first to the surgical implan-

tation site are neutrophils (polymorphonuclear cells, PMNs) from peripheral blood 

vessels, which migrate through the vessel walls towards the inflammatory stimulus. 

Once at the site, PMNs will begin secreting additional chemokines to attract mono-

cytes from the blood to begin migration through the tissue70. Differentiation from 

monocytes to macrophages then occurs on the biomaterial surface, which results in 

increases in cell size, protein synthesis, production of MMP-9, and changes to the cell 

surface receptors71,72. Once the monocytes have differentiated into macrophages, 

they begin to attach, spread along the surface, phagocytose debris, and secrete en-

zymes67. These monocyte-derived macrophages (MDMs) are terminally differenti-

ated and do not multiply, therefore their accumulation at a wound or biomaterial site 

is due to the continuous recruitment of monocytes to that site67. Even though they 
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are terminally differentiated, cellular fusion can occur to form multi-nucleated cells 

that can further develop into foreign body giant cells (FBGCs)71. 

MDMs and FBGCs are recognized as the most abundant white cell type 

found on medical devices and the primary cells involved in the degradation and 

subsequent failure of many biomaterials73-76. The specific degradative capabilities of 

MDMs and FBGCs are directly related to the secretion of certain enzymes such as 

MMPs and lysosomal acid phosphatase77. Knowing this, it would be expected that 

MDMs play an explicit role in the failure of bioprosthetic heart valves.

The role of MDMs at the biomaterial implant site can be separated into two 

broad but connected functions: promoting inflammation and opposing inflammation 

(or wound healing)69,78. Further detailed descriptions of these two macrophage func-

tions (or polarizations) have been discussed elsewhere and are referred to as classical 

versus alternative activation, and M1 versus M2 polarizations79-81. 

1.4.2 PRO-INFLAMMATORY (M1) POLARIZATION

The evolutionary role of MDMs at the site of inflammation is to identify for-

eign pathogens, primarily through scavenger receptors or complement receptors and 

to ingest or degrade these potentially dangerous materials82. The majority of bioma-

terials in use are designed such that they are void of specific ligands for MDM recep-

tors, and therefore do not mark the material for phagocytosis.  However, due to the 

protein coat on biomaterials following implantation, MDMs may still interact with 

biomaterials through this protein layer. The inflammatory polarization of MDMs oc-
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curs as a result of simultaneous exposure of INF-γ and tumor necrosis factor (TNF)81. 

Ligation of these receptors results in intracellular signaling pathways that lead to 

cytokine secretion, enzyme release and/or phagocytosis. This MDM polarization is 

alternatively known as classically activated or M1 macrophages.

1.4.3 ANTI-INFLAMMATORY (M2) POLARIZATION

As the damage to the wound site is reduced, MDMs begin the process of repair 

and regeneration. MDMs are capable of the recruitment and direction of more syn-

thetic cells, such as fibroblasts and endothelial cells, leading to angiogenesis and re-

population83. In addition, MDMs support wound healing by remodeling extracellu-

lar matrix proteins by phagocytosis and degradation69. These MDMs typically fall 

within the category of alternatively-activated or M2 macrophages81. 

In general, a balance between these two macrophage polarizations is required 

to ensure that a biomaterial implant is biocompatible. As an example, MDMs pro-

duce and secrete a variety of enzymes including MMPs, acid hydrolases, and serine 

proteases, which have not been incorporated into the macrophage polarization spec-

trum. These enzymes play important roles in the inflammatory and wound healing 

process and therefore should not be overlooked especially when it comes to cellular 

interactions with collagenous biomaterials. A further understanding is required to 

fully characterize the macrophage response in terms of enzyme secretion and their 

biological performance with collagenous scaffolds. In vitro studies, such as those de-
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scribed in this thesis, are one pathway towards obtaining such understanding of a 

material’s biological performance.

1.5 Sources of Macrophages for in vitro Experimentation

In vitro studies have typically utilized human macrophages derived from two 

sources: (i) primary cells from humans or (ii) immortalized cells from a cell line. Each 

of these sources has characteristic advantages and disadvantages. The primary ad-

vantage of an immortalized cell line stems from the ease of culture and the homoge-

neity of the cells84. Cell lines show little variation between cultures and are more ro-

bust than primary cells. Specifically, monocyte-like cell lines are readily available 

and do not require human donors, research ethics clearance or timely isolation pro-

cedures, saving time and research costs. A variety of monocytic cell lines have been 

utilized as representative macrophages, although few are human-derived, and even 

fewer have been used to study biomaterial-cell interactions.

One study comparing cell lines has found that U937 cells are an ideal choice 

for studying biomaterial interactions85. Furthermore, due to the numerous compari-

sons made with U937s and monocyte derived macrophages, more confidence exists 

in using these cells as replacements for human cells. The U937 cell line was derived 

from the pleural effusion of a patient with diffuse histiocytic lymphoma86. It is an 

established pro-monocytic cell line that can be chemically differentiated, using phor-

bol myristate acetate to assume a macrophage phenotype87. This differentiated cell 
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type produces and releases both collagenase and collagenase inhibitors, which 

makes it a relevant choice for studying reactions to natural biomaterials84. 

The primary disadvantage of a cell-line is that it does not represent a physio-

logically normal, typical macrophage, and therefore cell line results may not be clini-

cally relevant88. Despite the heterogeneity and the variation between human donors, 

as well as the lengthy culturing protocols, primary cells derived from humans re-

main the preferred cell source to use in studying biomaterial interactions. 

In general, the interactions of macrophages with collagenous materials, espe-

cially tissues that have been crosslinked for use as heart valve replacements have 

been poorly examined. A greater understanding of the initial and long-term interac-

tions of macrophages with these crosslinked matrices is essential to adequately pre-

dicting and enhancing the performance of these new heart valve matrices.

Recent work by Ariganello et al.39,89,90 has investigated the differentiation 

method of U937s and MDMs on decellularized bovine pericardium and polystyrene. 

It compared two separate differentiation models: (i) a direct differentiation of pri-

mary monocytes on the individual surfaces in question and (ii) an indirect method in 

which cells were cultured on the same surface initially, followed by trypsinized acti-

vation prior to exposing the cells to the different substrates. Comparisons of the en-

zymes released between the trypsinized activation model of mature MDM and the 

directly differentiated monocytes correlate with studies that have shown trypsiniza-

tion to be an activating process91. In that study, the biomaterial surfaces were inves-

tigated for their ability to directly induce the differentiation of pro-monocytic U937s, 

without the addition of exogenous growth factors or cytokines. In this way, impor-
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tance was placed on how the material surface stimulated the release and/or expres-

sion of cytokines and enzymes, without confounding variables and/or ‘priming’ the 

U937s toward a specific macrophage differentiation pathway.

Using the knowledge gained from the work by Ariganello et al.39,89,90 as a 

background, the present thesis attempts to investigate the method of direct differen-

tiation of U937s on decellularized bovine pericardial matrix that has been 

crosslinked with two common crosslinkers, observing the response of the 

macrophage-like cells to the surfaces. 
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Chapter 2: Hypotheses and Rationale

2.1 Rationale

This project was developed to further the knowledge of macrophage interac-

tions with tissue-derived crosslinked biomaterials. The successful use of animal 

heart valves/tissues in replacing damaged counterparts in humans depends on the 

ability to adequately preserve such tissues. Through the use of glutaraldehyde, 

crosslinks are added to the collagenous tissues to increase resistance to enzymatic 

degradation, and to increase the long-term durability. However, cytotoxicity and cal-

cification issues have been associated with this industrial standard of crosslinking 

biomaterials. The crosslinker, EDC has been proposed as the alternative crosslinking 

agent to glutaraldehyde92. 

The objective of this thesis is to establish the macrophage cellular response on 

decellularized bovine pericardium that has been fixed with two well-examined 

crosslinking agents. Bovine pericardium represents a common biomaterial that is be-

ing used as a decellularized matrix in tissue engineering and more particularly, as a 

bioprosthetic heart valve material. Specifically, the tissue will be fixed using either 

glutaraldehyde, or the alternative crosslinking agent, EDC. The specific cells chosen 

for this study are the macrophage-like cells, derived from the immortalized cell line, 

U937. The cells will be seeded onto the fixed pericardial surfaces, as well as onto un-

treated decellularized pericardium. The cellular response will be characterized 

through DNA analysis, viability assays, cytokine analysis by ELISA, and cellular 

morphology using scanning electron microscopy.
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Bovine pericardium was chosen as the decellularized matrix material to inves-

tigate for both scientific and practical reasons. Chemically treated bovine pericar-

dium has a long history of use as a biomaterial in the body, and particularly in the 

cardiovascular system, where it successfully withstands dynamic mechanical load-

ing and blood interaction93,94. Crosslinking pericardium that has been decellularized 

provides a simplified in vitro model for a heart valve matrix that is void of cells and 

cellular debris. Additionally, it has been used for more than 30 years in bioprosthetic 

valves, and it is a practical choice for the production of a decellularized valve or 

patch material95. The use of pericardium is sensible from the point of view of creat-

ing diverse valve sizes to treat young and old patients, and from an experimental 

perspective, pericardium provides a large source of tissue from a given animal com-

pared to the small amount of tissue available from valve leaflets. 

2.2 Hypotheses

The research done for this thesis can be separated into three smaller studies, 

each generating its own hypothesis. The first study uses scanning electron micros-

copy to observe U937 macrophage-like cells on the various surfaces. The second 

study measures cellular attachment and membrane integrity of U937 macrophage-

like cells on the various surfaces. The third study measures released cytokines and 

matrix metalloproteinases from adherent U937 macrophage-like cells on the four 

surfaces. 
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HYPOTHESIS 1: 

U937 macrophage-like cells seeded onto the glutaraldehyde-treated pericardial matrix 

will be morphologically different than cells seeded onto the carbodiimide-treated and 

control matrices.

HYPOTHESIS 2: 

The quantity of U937 macrophage-like cells adherent on the glutaraldehyde-treated 

pericardial matrix will be significantly less compared to the carbodiimide-treated or 

control matrices.

HYPOTHESIS 3: 

U937 macrophage-like cells on the untreated decellularized bovine pericardium will 

release less pro-inflammatory proteins, as compared to the cells on the two crosslinked 

matrices.
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Chapter 3: Materials and Methods

All of the studies presented in this thesis employ common testing methodologies 

and statistical analysis as described in this chapter. Figure 3-1 illustrates the experi-

mental approach used for this research. Bovine pericardial samples were 

decellularized and divided into two groups based on treatment: (1) decellularized 

pericardial matrix treated with glutaraldehyde or carbodiimide, and (2) untreated 

decellularized pericardial matrix. An untreated control surface, tissue culture poly-

styrene was also used throughout this research. Pro-monocytic U937 cells were then 

seeded onto each of the four surfaces and allowed to differentiate for 72 h with the 

addition of PMA. Following differentiation, cellular attachment was measured 

through analyzing the DNA of the U937 macrophage-like cells. Their morphology 

was observed using SEM, and the concentrations of their cytokines and enzymes 

measured using activity determination assays and enzyme-linked immunosorbent 

assay (ELISA). 

3.1 Preparation of the Surfaces

Unless otherwise specified, all reagents were purchased from Sigma-Aldrich Inc. 

(Oakville, ON Canada). Where applicable, volume/volume percentages were used 

instead of molar concentrations.

3.1.1 POLYMER SURFACES

Tissue culture polystyrene (TCPS) 48-well plates were used for TCPS surfaces, 

whereas sterile TCPS discs (Starstedt, Newton, NC, Cat. No. 83.1840.002) were
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Figure 3-1: Outline of experimental methodology.

Each square of decellularized pericardial matrix follows a path from the top of the figure to the 

bottom and is included in one or more experiments at each level.
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required for microscopy experiments. BD FalconTM Plates (Cat. No. 353047) were 

used exclusively for cell culture as previously described by Ariganello et al.39,89. 

3.1.2 PERICARDIAL HARVEST AND DECELLULARIZATION

Fresh hearts were collected from 24-30 month old steers at a local abattoir (OH 

Armstrong Ltd., Kingston, Nova Scotia) and the pericardium cleaned of fat to allow 

for access to the tissue. Hearts were oriented for dissection with the ventral side fac-

ing upwards as determined by the rightward curvature of the aorta. The base-to-

apex axis was defined as a line that would connect the point where the aorta met the 

heart to the apex of the heart. Beginning 1-2 inches down from the aorta, a ~10 cm 

cut was made perpendicular to and centered around, this base-to-apex axis. Con-

tinuing from this initial cut, a 10 cm2 piece of pericardium was excised from the 

heart. A triangular notch placed in the upper left- hand corner was used for orient-

ing the tissue for further dissection. During dissection, pericardial tissue was kept 

moist by applying phosphate buffered saline (0.1 M, pH 7.4) (PBS) with a pasteur 

pipette. The pericardial tissue was then transported back to the laboratory in PBS on 

ice. Prior to the decellularization procedure, the pericardial tissue was dissected and 

transferred to a cutting board and oriented in the base to apex direction once more. 

The pericardium was processed within 5 hours of collection. The 10 cm x 10 cm piece 

from the anterior side of the pericardium, was cut into four 35 mm x 35 mm samples 

that were individually decellularized. 

The decellularization process was a modification of the protocol used by Court-

man et al.36. The solutions used are described in detail in Table 3-1. All solutions, 

with the exception of PBS and Solution A, were made fresh within 12 hours of use, 
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Table 3-1: Aqueous Solutions used in Decellularization Protocol.

Solution A Solution B Solution C Enzyme Cocktail

10 mM Tris Base

5 mM EDTA

0.5% antibiotic solution
 (contains 10,000 U/mL peni-
cillin, 10,000 mg/mL strepto-
mycin)

0.35 mL/L PMSF solution  
 (5g PMSF in 100 mL 
of 100% ethanol)

pH 8.0

50 mM Tris Base

1.5 M KCl

5 mM EDTA

1% Triton X-100

0.5% antibiotic

0.35 mL/L PMSF

pH 8.0

50 mM Tris Base

1% Triton X-100

pH 9.0

2,500 U/mL 
DNAse1 

Hanks’ Solution

2 mg/mL RNAse2

Hanks’ Solution

EDTA: ethylene diamine tetraacetic acid; PMSF: phenylmethylsulfonyl fluoride; 

1DNAse 1, Type II from bovine pancreas, 2RNAse A, Type III A from bovine pancreas
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and the process proceeded under continuous mixing. The decellularization treat-

ment began with three, 30 min incubations in room temperature PBS containing 1% 

penicillin/streptomycin and amphotericin B solution. Samples were then washed in 

Solution A for ~ 36 h at 4°C, with fresh solution exchanged every 12 h. Immediately 

thereafter, the samples were placed in Solution B for 24 h at 4°C, with fresh solution 

replaced after 12 h. Samples were then washed at room temperature with distilled 

water for 30 min, and rinsed in Hanks’ solution prior to incubation for 60 min at 

37°C in the enzyme cocktail. 

Following the enzyme digest, all exchanges were performed in a laminar flow 

hood under sterile conditions. The samples were rinsed again with Hanks’ solution, 

and washed with Solution C at room temperature for 24 h, with new solution re-

placed after 12 h. The samples were rinsed in PBS containing 1% antibiotic/

antimycotic solution for 30 min, then in PBS containing only 1% antibiotic solution 

twice for 30 min prior to a 48 h wash in PBS containing 1% antibiotic solution at 

room temperature. Samples were finally stored at 4°C in sterile bottles filled with 

PBS containing 1% antibiotic solution until needed, but not longer than 4 months. 

The antimycotic, amphotericin B, was required to minimize fungal contamination of 

the pericardium. Prior to placing the tissue into culture wells and seeding with cells, 

an additional 1 h rinse in PBS containing antibiotic (1%) and antimycotic (10%) was 

found to greatly decrease fungal contamination during the 48 h incubation period. 

Two 30 min PBS rinses as well as an overnight incubation in PBS were used to rinse 

residual antimycotic from the tissue prior to cell seeding. Antimycotic was not in-

cluded in the cell media during the culture periods because it interfered with the 
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spectrophotometric assays and its absorption could alter the response of the cells to 

the surfaces96.

3.1.3 CROSSLINKING PERICARDIUM WITH GLUTARALDEHYDE

A square 35 mm by 35 mm piece of pericardium was immersed in 350 mL of 

the glutaraldehyde-crosslinking solution for 1 hour. The glutaraldehyde-crosslinking 

solution was made up of glutaraldehyde from a 50% electron microscopy grade glu-

taraldehyde stock solution in 0.1 M phosphate buffer to a final concentration of 0.5% 

(pH 7.4).  The phosphate buffer solution was prepared by combining 0.1 M NaH2PO4  

with 0.1 M Na2HPO4 (BDH, Toronto, ON) until a pH of 7.4 was reached. After fixa-

tion, the tissue was removed from the crosslinking solution and rinsed in three sets 

of 30-minute washes. The first 30-minute wash was in PBS (three washes at 10 min-

utes each). This was followed by a 30-minute wash in a 0.1 M glycine solution buff-

ered in 0.1 M phosphate buffer (pH 7.4) to inactivate the unreacted or partially re-

acted glutaraldehyde (three washes at 10 minutes each)53.  The tissue was finally 

washed for 30 minutes in a PBS solution (three washes at 10 minutes each). The 

crosslinked tissue was stored at 4ºC for 24 h before being used in cell culture.

3.1.4 CROSSLINKING PERICARDIUM WITH 1-ETHYL-3-(3-DIMETHYLAMINOPROPYL)- 

CARBODIIMIDE

The EDC-crosslinking protocol was completed according to the methods de-

scribed by Lee et al.54  A 1.15% by weight 1-ethyl-3-(3-dimethylaminopropyl)-

carbodiimide hydrochloride (EDC) solution with a 2:1 molar ratio of EDC to 
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N-hydroxysuccinimide (NHS) was prepared by dissolving 1.15 g of EDC and 0.35 g 

of NHS in 100 mL of distilled water.  The EDC solution’s pH was then adjusted to 5.5 

by the addition of 1 M HCl or 1 M NaOH.  The 35 by 35 mm square of tissue was 

immersed in the EDC solution within an hour of solution make-up. The pH was 

monitored using a pH meter (Cole-Palmer, Chicago, Il) and a pH of 5.5 was main-

tained during crosslinking97.  After 24 h, the tissue was removed from the crosslink-

ing solution and washed in 0.1 M Na2HPO4 for 30 minutes (three washes at 10 min-

utes each) to hydrolyze any remaining NHS-activated carboxylic acid groups54.  

Subsequently, the tissue was washed for 30 minutes with a phosphate buffered sa-

line solution (three washes at 10 minutes each). The crosslinked tissue was stored at 

4ºC for 24 h before being used in cell culture.

3.1.5 CROSSLINK VERIFICATION USING DIFFERENTIAL SCANNING CALORIMETRY

To validate the effectiveness of the fixation process with either glutaraldehyde 

or carbodiimide, differential scanning calorimetry (DSC) was used. Bovine pericar-

dium has a denaturation temperature ranging from 68 to 85°C for untreated tissue 

and glutaraldehyde/carbodiimide crosslinked tissue, respectively54. Calorimetry

was performed using a TA Instruments Q-200 DSC (TA Instruments Inc., New Cas-

tle, Delaware, USA) calibrated with Indium and Tzero™ Sapphire standards. Tissue 

samples were blotted dry and hermetically sealed into 20 μL aluminum DSC pans, 

ensuring that each pan was completely filled with tissue in good contact with the 

pan. Each sample-containing pan was tested against an empty identical reference 
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pan at a programmed temperature range of 2°C per minute starting at 20°C and fin-

ishing at 85°C for untreated samples. For glutaraldehyde and carbodiimide-treated 

samples, the finishing temperature was 100°C. At the completion of each run, the 

denaturation endotherm onset temperature, Tonset, Tpeak, and area under the endo-

therm peak were calculated using DSC Advantage Q series software version 

2.3.0.251. This information along with all raw data files, were saved digitally. The 

onset and peak temperatures were compared to known values in the literature and 

the crosslinking process was deemed effective if the values were close to the pub-

lished temperatures and repeatable from run to run.

3.2 Preparation of Cell Culture Wells

Decellularized bovine pericardium (DBP) was cut into 10 mm diameter discs 

and placed into individual wells of a 48-well plate. The fibrous layer of the matrix 

was facing down so that cells would be seeded on what would have been the meso-

thelial (heart-facing) surface prior to decellularization. During the biochemical stud-

ies, an experiment was defined as differentiating the macrophage-like cells for 72 h, 

lysing the cells to measure their DNA to determine their adherence to the surface, 

and collecting the releasate and lysate from each of the surfaces for further analysis 

of cytokines, enzymes, and scanning electron microscopy (SEM). Each experiment 

consisted of 6 discs of DBP, glutaraldehyde-treated DBP, carbodiimide-treated DBP, 

and tissue culture polystyrene, with 3 of the discs from each substrate serving as un-

seeded controls. All surfaces were incubated in PBS containing 1% antibiotic solution 

overnight at 37°C and 5% CO2 to equilibrate the surfaces prior to cell seeding.
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3.2.1 U937 CELL CULTURE

The immortalized cell line U937 was obtained from the American Type Cul-

ture Collection (ATCC; No. CRL-1593.2) and maintained as a pro-monocytic cell 

suspension at 37°C, under conditions of 5% CO2  and 100% humidity, and fed every 

other day with RPMI-1640 supplemented with 1 mM sodium pyruvate, penicillin 

(100 U/mL), streptomycin (100 mg/mL), and 10% fetal bovine serum as previously 

described in detail98. Only cells that were between passages 8 and 18 were used for 

differentiation into macrophage-like cells (as recommended by the supplier, ATCC). 

Aliquots of cells were frozen prior to passage 18 and stored at -80°C for future use. 

The cells were differentiated by directly seeding onto each of the four surfaces (DBP, 

glutaraldehyde-treated DBP,  carbodiimide-treated DBP, and the control TCPS) 

800,000 cells/well (concentration of 2 million cells/mL) in the presence of 100 nM 

PMA for 72 hours as described previously by Ariganello et al. 90. The PMA was used 

to maintain their fully differentiated, adherent state98. 

3.2.2 DNA DETERMINATION

Cells were lysed after 72 h incubation and immediately analyzed for DNA fol-

lowing the protocol by Matheson et al.98. Briefly, Hoechst dye no. 33258 (Fisher Scien-

tific) (0.1% mg/mL) was diluted with Tris buffer (0.01 M Tris, 0.001 M EDTA, 0.2 M 

NaCl), pH 7.4) on the day of analysis. Cell lysate (15 μL) was added to the dye (100 

μL) into a 96-well plate (Microfluor 2 Black; VWR, Mississauga, Canada) and read

against a DNAstandard (10 – 300 ng DNA) (prepared with the same amount of Tri-
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ton X-100 which was in the lysate sample) in a fluorescence microplate reader. All 

the data for enzyme and cytokine release from U937 macrophage-like cells were 

normalized to the number of live, adherent cells.

3.2.3 ACID PHOSPHATASE ACTIVITY DETERMINATION

Cell lysate and releasate were assayed for acid phosphatase activity after 72 h 

of incubation of cells on all four surfaces. Acid phosphatase activity was measured 

by the production of p-nitrophenol via the hydrolysis of p-nitrophenylphosphate, as 

described previously91. The technique was a modification of that of Akisaka et al.99. 

Briefly, aliquots of lysate (25 μL) and releasate (150 μL) were added to p-

nitrophenylphosphate disodium solution (10.8 mM) and citrate buffer (64 mM so-

dium citrate, 10 mM NaCl, pH 4.8) and incubated for 30 minutes at 37°C. The reac-

tion was stopped by the addition of 1.3 mL NaOH (0.1 M) and the absorbance read 

at 410 nm. Acid phosphatase activity was reported in units (a unit is defined as the 

release of 1 nmol of p-nitrophenol [ε= 16, 300 cm-1M-1] per minute at 37°C) and each 

activity value was normalized to the number of live, adherent cells determined by 

DNA analysis.

3.2.4 SCANNING ELECTRON MICROSCOPY

To investigate cellular morphology and cell surface roughness after 72 h of cul-

ture, wells were fixed with 2.5% glutaraldehyde in PBS for 2 hours and rinsed in 

PBS. Samples were then dehydrated in aqueous ethanol, critical-point-dried, and 
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sputter-coated with a mixture of gold and palladium. Samples were imaged using a 

Hitachi S-4700 scanning electron microscope (Institute of Research in Materials 

Laboratory, Dalhousie University) at an accelerating voltage of 7 kV and current of 

10 μA.

3.2.5 LACTIC ACID DEHYDROGENASE ACTIVITY ASSAY

To ensure that the attached cells were healthy, lactic acid dehydrogenase 

(LDH), a cytoplasmic enzyme, was measured in the conditioned media of the cells 

after 72 h. Elevated levels of LDH are associated with tissue and cellular membrane 

breakdown and can be used as a marker for myocardial infarction and certain forms 

of cancer100. This colorimetric assay is based on the LDH-catalyzed conversion of py-

ruvate to lactate in the presence of NADH as previously described by Erfle et al.101. 

Briefly, pyruvate was quantified by the reaction with 2,4-dinitrophenyl hydrazine 

(color reagent) which results in the formation of a hydrazone product that absorbs 

light in the range of 400-500nm. Prior to performing the assay, the lysate samples 

from the cells cultured on each of the four surfaces were diluted 20 times using dis-

tilled water. Next, 2 mL of sodium pyruvate (0.75 mM) was added to 2 mg of 

NADH. Aliquots of 100 μL of the NADH/sodium pyruvate solution were incubated 

for 3-5 minutes at 37°C. Following this, 50 μL of the releasate or lysate was added 

and incubated for a further 30 minutes. Next, 100 μL of the color reagent was added 

and allowed to develop for 20 minutes at room temperature. The reaction was halted 

by the addition of 0.4 M NaOH and the absorbance read at 450 nm. The activities of 

the LDH assay are reported in LDH units (an LDH unit is defined by [initial moles of 

38



pyruvate - final moles of pyruvate] x dilution factor/30 minutes) and each activity 

value was normalized to the number of live, adherent cells determined by DNA 

analysis.

3.2.6 CYTOKINE ENZYME-LINKED IMMUNOSORBENT ASSAY

The cytokines studied, the pro-inflammatory cytokines IL-6 and TNF-α, and 

anti-inflammatory cytokines IL-1Ra and IL-10, were assayed using the Human Cy-

tokine ELISA Ready-SET-Go!® kits from eBioscience (San Diego CA) following the 

protocol provided by the manufacturer. Briefly, 100 μL of releasate samples were in-

cubated with a biotinylated antibody in a 96-well tissue culture polystyrene plate for 

2 h at room temperature with shaking. After washing, the wells were incubated with 

secondary (detection) antibodies for 1 h at room temperature then incubated for 30 

min with avidin horseradish peroxidase. Sample concentrations (pg/mL) were de-

termined from median fluorescence intensities at 450 nm and compared to a loga-

rithmic standard curve for each cytokine. The amount of cytokines released was 

normalized to the number of live, adherent cells determined by DNA analysis.

3.2.7 MATRIX METALLOPROTEINASE ENZYME-LINKED IMMUNOSORBENT ASSAY

The matrix metalloproteinases studied, MMP-1, 2, and 9, were assayed using 

the Human MMP ELISA kit for Cell Culture Supernatant from RayBiotech (Norcross 

GA) following the protocol provided by the manufacturer. Briefly, 100 μL of releasate 

samples were incubated with a biotinylated antibody in a 96-well tissue culture 
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polystyrene plate for 2 h at room temperature with shaking. After washing, the wells 

were incubated with secondary (detection) antibodies for 1 h at room temperature, 

then incubated for 30 min with strepavidin horseradish peroxidase. Sample concen-

trations (pg/mL) were determined from median fluorescence intensities at 450 nm 

and compared to a logarithmic standard curve for each enzyme. The amount of ma-

trix metalloproteinase released was normalized to the number of live, adherent cells 

determined by DNA analysis.

3.2.8 STATISTICAL ANALYSIS

All statistical analyses were conducted using JMP 5.01 software (SAS Institute, 

NC). Parametric data were analyzed using a 1-way analysis of variance (ANOVA) at 

an overall significance level of 0.05, and were Bonferroni-adjusted for multiple com-

parisons. Tukey’s Honestly Significant Difference (HSD) post hoc was used to deter-

mine which means are significantly different from another and identify differences 

between the groups. Three separate experiments were performed, with three sam-

ples for each of the four substrates, therefore n=9 throughout. Data are presented as 

mean ± SD (SE), where SD = standard deviation and SE = standard error of the 

mean. 
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Chapter 4: Results

4.1 Outline

To reiterate, the purpose of this thesis was to study the macrophage response 

to decellularized bovine pericardium subjected to two modes of crosslinking (with 

glutaraldehyde or carbodiimide). The macrophage response on the crosslinked sub-

strates was compared to untreated decellularized pericardium and tissue culture 

polystyrene as controls. 

The first study investigated the morphology of U937 macrophage-like cells on 

these surfaces using scanning electron microscopy. Pericardial matrix was fixed with 

glutaraldehyde or carbodiimide and pro-monocytic cells were seeded directly onto 

the material surfaces. PMA was added to the growth media to differentiate the cells 

into macrophage-like cells. Differentiation took 72 h, as previously described by 

Matheson et al.76 at 37ºC and 5% CO2 following which the cells were fixed with glu-

taraldehyde, dehydrated with ethanol, critical-point dried, and sputter-coated with 

gold and palladium. The prepared samples were imaged using a scanning electron 

microscope. 

The second study investigated the quantity of the macrophage-like cells ad-

herent to the substrates. This was done by measuring their DNA content. Following 

differentiation on the biomaterial surfaces, the media containing what the cells re-

leased (releasate) while in contact with the materials was collected. The macrophage-

like cells were lysed and their DNA content was determined using the modification 
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by Matheson et al.98 The fluorescence was measured at 460 nm using a microplate 

reader.

The third study investigated inflammatory proteins and matrix metalloprote-

inases released from U937 macrophage-like cells cultured on the four substrates. To 

determine if U937s released different amounts of these proteins on the four surfaces, 

releasates were analyzed for MMP-1, MMP-2, MMP-9, the pro-inflammatory cytoki-

nes IL-6 and TNF-α, and anti-inflammatory cytokines IL-1Ra and IL-10. These pro-

teins were quantified using human ELISA kits. The amount of cytokines and matrix 

metalloproteinases released was normalized to the number of live, adherent cells via 

DNA analysis.

4.2 Verification of the Crosslinking Protocol Using DSC

Denaturation temperature studies were completed for each sample of 

crosslinked pericardial matrix tissue to evaluate the effectiveness of the crosslinking 

procedure. This was done using DSC and measuring the Tonset and Tpeak. DSC meas-

ures the energetic changes during thermal transitions in collagen. In a typical set up, 

the DSC increases the temperatures of two pans at the same, constant rate of tem-

perature change. One pan contains the sample of interest and the other is a reference 

pan. The difference in heat flow to the two pans is reported, giving a typical profile 

as shown in Figure 4-1 with apparent heat capacity on the vertical axis and tempera-

ture or time on the horizontal axis. These studies assessed the formation of exoge-

42



Figure 4-1: A representative DSC curve for collagen.

The positive peak indicates an endothermic process.
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nous crosslinks in strips of decellularized bovine pericardial matrix treated with glu-

taraldehyde and carbodiimide. The resulting peak temperature was compared back 

to the untreated matrix. Glutaraldehyde and carbodiimide crosslinking both 

changed the denaturation temperature of bovine pericardium consistent with previ-

ous work done by Lee et al.54 (Table 4-1). It has been demonstrated in previous glu-

taraldehyde studies that a plateau in the increasing denaturation temperature is 

reached within one hour using similar crosslinking conditions53,54,97,102; thus it was 

assumed that one hour was necessary for complete fixation. For crosslinking with 

carbodiimide, previous work found that the optimal fixation time was overnight at 

room temperature and an optimal pH of 5.554,97. The results obtained from DSC, 

when compared to the values in the literature, verified the crosslinking protocols for 

glutaraldehyde and carbodiimide.

4.3 U937 Morphology using Scanning Electron Microscopy

The SEM micrographs of the U937 macrophage-like cells on the glutaralde-

hyde treated matrix surface are shown in Figure 4-2. At higher magnification, the 

cells appeared to have leaky membranes (when compared to the cells on the other 

surfaces). The size of the cells is consistent with that of a typical U937 cell (approxi-

mately 10 -20 μm)103. Furthermore, although this was not quantified, there appeared 

to be fewer cells on the glutaraldehyde-treated surfaces, and the cells appeared to be 

singular rather than being clustered or clumped as on the other surfaces. The
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Table 4-1: Peak Temperatures Determined using DSC with Respective 

Literature Values.

Surfaces Experimental Values Literature Values54,105

Untreated 
Decellularized 
Pericardial Matrix

66.9 ± 1.3°C 65.7 ± 0.4°C

Glutaraldehyde-
treated Decellularized 
Pericardial Matrix

83.7 ± 0.1°C 85.3 ± 0.4°C

Carbodiimide-treated 
Decellularized 
Pericardial Matrix

83.6 ± 0.2°C 86.0 ± 0.3°C
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appearance of the macrophage-like cells seeded on the carbodiimide-treated surfaces 

was considerably different (Figure 4-3). The cells had a petal morphology and were 

clustered together. The micrographs of the U937 macrophage-like cells on the un-

treated decellularized bovine pericardium are shown in Figure 4-4. Similar to the 

cells on the carbodiimide-treated surfaces, the cells on the pericardium were 

grouped and appeared to be healthy morphologically when compared to those on 

the glutaraldehyde-treated surface. The cells had small blebs covering their surfaces, 

differing than those on the carbodiimide. Finally, looking at the cells on the tissue 

culture polystyrene, they tended to be singular and to have fine extensions (filopo-

dia) projecting outwards from their centers (Figure 4-5). This appearance is consis-

tent with previous work done by Ariganello et al.89.

4.4 Cellular Response to the Biomaterial Surfaces

4.4.1 QUANTIFICATION OF DNA AND LACTIC ACID DEHYDROGENASE ACTIVITY

The results from the DNA determination assay are shown in Figure 4-6. Previ-

ous work by McBane et al.104 has established that DNA content can be correlated 

with cell viability, as well as the number of adherent cells on the substrates.

A significant difference in DNA content was observed between glutaraldehyde-fixed 

and carbodiimide-fixed substrates. Additionally, the amount of DNA on the tissue 

culture polystyrene differed significantly from that and the crosslinked surfaces. This 

significant difference in DNA amount between the crosslinked substrates suggests 

that the glutaraldehyde may have inhibited U937 attachment to the pericardial ma-

trix surface, perhaps due to residual, potentially toxic glutaraldehyde not being ade-
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quately removed. To ensure that the attached cells were healthy, LDH, a cyto-

plasmic enzyme, was measured in the conditioned media of the cells after 72 

h
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Figure 4-6: DNA Quantification
DNA values (μg per well) of the U937s cultured on each surface. Fewer cells were cultured 

on the glutaraldehyde-treated surface, compared to the other 3 surfaces. Different letters de-

note a significant difference from other surfaces at an overall significance level of P<0.008.

51

a

b b

c



(Figure 4-7). There was a measurable amount of LDH activity in the  releasate for the 

glutaraldehyde substrate, demonstrating that the cell membrane integrity was dis-

turbed. Comparing the total LDH activity (releasate + lysate) from U937 cells on 

each of the surfaces, a significant difference was observed. Cells cultured on the 

glutaraldehyde-treated pericardium had significantly less total LDH activity than 

the other surfaces (Figure 4-8). It would be expected that the total LDH activity from 

the cells would be consistent across all surfaces, however; much of the activity from 

cells on the glutaraldehyde was lost, suggesting that the glutaraldehyde affected cell 

and membrane function.

4.4.2 ENZYMATIC RESPONSE TO BIOMATERIAL SURFACE

Cells cultured on glutaraldehyde and carbodiimide-treated surfaces contained 

lower amounts of acid phosphatase activity after 72 h compared to cells cultured on 

DBP and TCPS (Figure 4-9). Furthermore, cells on the glutaraldehyde-treated sub-

strate differed significantly compared to those cells on the carbodiimide substrate in 

terms of their released acid phosphatase activity. Additionally, although there was 

no significant difference between the two crosslinked surfaces, cells exposed to both 

DBP and PS contained higher amounts of intracellular acid phosphatase activity 

(Figure 4-10). This is consistent with the similar increased cell attachment observed 

in cells cultured on DBP and TCPS.

Cells on all four surfaces released MMP-1, MMP-2 and MMP-9 (Figures 4-11, 

12, and 13). Refer to Table 4-2 for the absolute values for the released MMPs. For 

every surface, U937s released significantly more MMP-1 activity compared to MMP-
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Figure 4-7: Lactic Acid Dehydrogenase Activity Assay
LDH units for U937 cells cultured on each surface normalized to 10 μg of DNA. Cell lysate 

(blue columns) and cell releasate (red columns) are reported. The intracellular LDH activity 

from cells on the glutaraldehyde-treated surface differed significantly compared to the other 3 

surfaces. The released LDH activity from cells on the glutaraldehyde-treated surface differed 

significantly from the released activity on the other 3 surfaces (*) 
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Figure 4-8: Total Lactic Acid Dehydrogenase Activity
LDH units for total LDH activity of U937 cells cultured on each surface normalized to 10 μg 

of DNA. The total LDH activity from cells cultured on the glutaraldehyde-treated surface 

differed significantly from the other 3 surfaces (*). 
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Figure 4-9: Intracellular Acid Phosphatase Activity from U937 Cells
Acid Phosphatase enzyme activity (units of activity/10 μg DNA) of cell lysate after 72 h cell 

culture on the four surfaces. Different letters denotes a significance difference from each other 

at an overall significant level of P<0.008
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Figure 4-10: Released Acid Phosphatase Activity from U937 Cells
Acid Phosphatase enzyme activity (units of activity/10 μg DNA) of cell releasate after 72 h 

cell culture on the four surfaces. Different letters denotes a significance difference from each 

other at an overall significant level of P<0.008. 
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Figure 4-11: MMP-1 Released from U937 Cells 
Matrix metalloproteinase 1 concentration as determined using an ELISA (pg/mL normalized 

to 10 μg DNA) of cell releasate after 72 h cell culture on the four surfaces. The concentra-

tions of MMP-1 on the glutaraldehyde-treated and polystyrene surfaces were above the detec-

tion ceiling of the ELISA kit. Different letters denote a significant difference from other sur-

faces at an overall significance level of P<0.008.
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Figure 4-12: MMP-2 Released from U937 Cells 
Matrix metalloproteinase 2 concentration as determined using an ELISA (ng/mL normalized 

to 10 μg DNA) of cell releasate after 72 h cell culture on the four surfaces. Different letters 

denote a significant difference from other surfaces at an overall significance level of P<0.008.
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Figure 4-13: MMP-9 Released from U937 Cells 
Matrix metalloproteinase 9 concentration as determined using an ELISA (ng/mL normalized 

to 10 μg DNA) of cell releasate after 72 h cell culture on the four surfaces. Different letters 

denote a significant difference from other surfaces at an overall significance level of P<0.008.
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Table 4-2: Matrix Metalloproteinase Concentration Released from U937 
Macrophage-like Cells on the Various Surfaces.

Surfaces MMP-1 (pg/mL) MMP-2 (pg/mL) MMP-9 (pg/mL)

Untreated 
Decellularized 
Pericardial Matrix

760 ± 60 318 ± 11** 1554 ± 44†

Glutaraldehyde-
treated 
Decellularized 
Pericardial Matrix

> 20,0001* 32 ± 2 270 ± 4

Carbodiimide-
treated 
Decellularized 
Pericardial Matrix

1140 ± 140 51 ± 3 251 ± 5

Tissue Culture 
Polystyrene > 20,0001* 176 ± 7 916 ± 38†

1 Values determined were above the detection ceiling of the ELISA kit.
* indicates a significant difference compared to the carbodiimide-treated and 
untreated pericardial matrix (P = 0.008)
** indicates a significant difference compared to the other surfaces 
(P = 0.008)
† indicates a significant difference compared to the crosslinked pericardial 
matrices (P = 0.008)
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2 and more MMP-9 activity compared to MMP-2. The amount of intracellular MMP-

1 was highly variable in the U937s on the four surfaces. The amount of released 

MMP-1 from the U937s on the glutaraldehyde-treated and polystyrene surfaces were 

generally above the detection ceiling of the kit. Despite this, U937s cultured on DBP 

and TCPS released greater amounts of MMP-2 and MMP-9 activity compared to cells 

on either crosslinked substrate.

4.4.3 CYTOKINE RESPONSE TO BIOMATERIAL SURFACE

Cells on all four surfaces, even the glutaraldehyde-damaged cells, released the 

cytokines IL-1Ra, IL-6, IL-10, and TNF-α (Figures 4-14, 4-15, 4-16, and 4-17, respec-

tively). Refer to Table 4-3 for the absolute values for the released cytokines. U937 

macrophage-like cells on the glutaraldehyde-treated matrix released significantly 

higher amounts of pro-inflammatory cytokines (IL-6 and TNF-α) compared to those 

on the carbodiimide-treated surface. Cells differentiated on glutaraldehyde-treated 

surface released lower amounts of the wound healing cytokine IL-1ra compared to 

the other surfaces. There was a significant difference in the release of the wound 

healing cytokine IL-10 between the two crosslinked surfaces but not compared to the 

DBP.  Additionally, the glutaraldehyde-treated surface showed higher amounts of 

released pro-inflammatory cytokines compared with the cells on the other surfaces. 
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Figure 4-14: IL-1Ra Released from U937 Cells 
Interleukin-1 receptor antagonist concentration as determined using an ELISA (ng/mL nor-

malized to 10 μg DNA) of cell releasate after 72 h cell culture on the four surfaces. Different 

letters denote a significant difference from other surfaces at an overall significance level of 

P<0.008.
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Figure 4-15: IL-6 Released from U937 Cells 
Interleukin-6 concentration as determined using an ELISA (ng/mL normalized to 10 μg 

DNA) of cell releasate after 72 h cell culture on the four surfaces. Different letters denote a 

significant difference from other surfaces at an overall significance level of P<0.008.
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Figure 4-16: IL-10 Released from U937 Cells 
Interleukin-10 concentration as determined using an ELISA (ng/mL normalized to 10 μg 

DNA) of cell releasate after 72 h cell culture on the four surfaces. Different letters denote a 

significant difference from other surfaces at an overall significance level of P<0.008.

64

ba a

c



Figure 4-17: TNF-α Released from U937 Cells 
Tumor necrosis factor - α concentration as determined using an ELISA (ng/mL normalized to 

10 μg DNA) of cell releasate after 72 h cell culture on the four surfaces. Different letters de-

note a significant difference from other surfaces at an overall significance level of P<0.008.
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Table 4-3: Cytokine Concentration Released from U937 Macrophage-like Cells 
on the Various Surfaces.

Surfaces IL-1ra 
(ng/mL)

IL-6 
(pg/mL)

IL-10
(pg/mL)

TNF-α
(pg/mL)

Untreated 
Decellularized 
Pericardial 
Matrix

17 ± 0.2 33 ± 4 144 ± 4 5 ± 3

Glutaraldehyde
-treated 
Decellularized 
Pericardial 
Matrix

0.5 ± 0.1* 165 ± 2** 138 ± 2 215 ± 6‡

Carbodiimide-
treated 
Decellularized 
Pericardial 
Matrix

16 ± 1 69 ± 6 128 ± 4† 7 ± 1

Tissue Culture 
Polystyrene

15 ± 2 16 ± 1 239 ± 2† 98 ± 6‡

*,** indicates a significant difference compared to the other surfaces (P = 0.008)
† indicates a significant difference compared to the glutaraldehyde-treated and 
untreated pericardial matrix (P = 0.008)
‡ indicates a significant difference compared to the carbodiimide-treated and 
untreated pericardial matrix (P = 0.008)
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Chapter 5: Discussion

5.1 General Discussion

Recent work done by Ariganello et al.89 was the first to investigate U937 

macrophage-like cells and their interactions with decellularized bovine pericardium. 

From this study, the authors were able to demonstrate that the U937 cells could accu-

rately predict the response of monocyte-derived macrophages in vitro to the decellu-

larized pericardial matrix. Using macrophages that were directly differentiated on 

the decellularized pericardial matrix, Ariganello et al.39,90 was able to better model 

the material effect by analyzing matrix metalloproteinase and cytokine activity.

The mounting circumstantial evidence against macrophages and their role in 

the failure of bioprosthetic heart valves is substantial. Macrophages have been re-

peatedly found on the surface of crosslinked valve surfaces and near physical dis-

ruptions in collagen fibers. The goal of this thesis was to investigate the interaction  

of macrophages in the failure mechanism of tissue-derived heart valves that have 

been chemically crosslinked by measuring their interactions and cellular response to 

intact collagenous materials. In all of the studies, the glutaraldehyde-treated surface 

exhibited the least amount of acid phosphatase, lactic acid dehydrogenase, and 

MMP-2 and MMP-9 activity and the lowest amount of cellular attachment compared 

to the alternative chemical treatment (carbodiimide) and the control surfaces (DBP 

and TCPS). These results provide insight towards how macrophage-like cells may 

respond to the future generation of tissue-engineered scaffolds for heart valve re-

placements. The observations made through this research were possible because of 
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the simplified in vitro system that was chosen as a model of the more complicated 

clinical environment. This thesis reports some of the first studies to investigate 

macrophage responses to crosslinked decellularized matrices. This will allow the 

work to look not only at tissue engineering substrates but take a look at what might 

be happening with failed bioprostheses.

5.1.1 DIFFERENTIAL SCANNING CALORIMETRY VERIFICATION OF PERICARDIAL 

CROSSLINKING

Differential scanning calorimetry (DSC) is a well developed method for study 

of enthalpy-associated structural changes in materials and has been used for several 

years in the study of collagenous biomaterial denaturation105. The present DSC data 

displayed a single asymmetrical peak corresponding to denaturation of the bovine 

pericardial collagen. The denaturation temperatures recorded (Table 4-1) were in ac-

cordance with the literature values (85.3 ± 0.4ºC and 86.0 ± 0.3ºC for glutaraldehyde-

treated and carbodiimide-treated pericardial matrix54,105, respectively), verifying the 

crosslinking protocols used for the glutaraldehyde and carbodiimide treatment of 

the bovine pericardial samples. 

5.1.2 CELLULAR RESPONSE TO THE BIOMATERIAL SURFACES

It is well understood that macrophages play an important role at the site of 

implantation, associated with the degree and type of foreign body response, and 

with increasing importance during the chronic phase of inflammation67. This is espe-
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cially true for heart valve replacements, which are ideally implanted for the lifetime 

of the patient. Still, few studies have made headway in identifying the mechanisms 

of the chronic response or, more specifically, the roles of macrophages on collage-

nous or crosslinked decellularized biomaterials. The present thesis has attempted to 

ascertain the physical and chemical response of the macrophage-like U937 cell line to 

the surface of a crosslinked decellularized, tissue-derived biomaterial suitable for a 

heart valve replacement.

There has been an increase in the use of decellularized tissues in regenerative 

medicine and tissue engineering since these scaffolds offer a relatively native matrix 

material that retains most of the mechanical and structural properties that are re-

quired for its function106. The success of the decellularization process is clearly de-

pendent on the intensity and efficacy of the extraction protocol107. The decellulariza-

tion process that was followed was modeled after the protocol developed by Court-

man et al. more than fifteen years ago40. 

Due to the ease of culture, as well as the homogeneity of the cell type76, U937 

cells were used in this research to investigate the macrophage interaction with 

crosslinked decellularized cardiovascular biomaterials. Despite some dissimilarity 

between the cell line U937 and MDMs, U937s are useful in preliminary investiga-

tions of the biocompatibility of biomaterials. The work of Matheson et al.76 showed 

that the U937 and MDM response to polyurethane biomaterials was similar in terms 

of enzyme secretion, degradation capacity, and protein synthesis. This provided evi-

dence that U937s may have similar signaling pathways and hydrolytic enzyme re-
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sponses as MDMs to some biomaterials. A study by Yagil-Kelmer et al.108 found that 

U937s and MDMs also had similar secreted cytokine profiles when responding to 

alumina ceramic particles. Additionally, previous work has shown that U937s ex-

posed to PMA were still responsive and sensitive to a biomaterial surface (or the pro-

tein layer adsorbed to that surface), as differences between surfaces have been found 

for enzyme activity, protein secretion and degradation capacity after exposure of 

U937s to PMA109,110.  In a very recent study, Ariganello et al.89 examined the response 

of human MDMs and U937s to decellularized bovine pericardium. The authors 

found that the MDMs closely parallel the response of U937s in terms of acid phos-

phatase activity and cellular morphology, despite the difference in origins of the cell 

types: U937s, a proliferative cell line, are derived from the pleural effusion of an 

acute histiocytic leukemia whereas MDMs are derived from the end-stage termi-

nated peripheral blood monocyte39. 

Cell attachment was quite distinct on the four surfaces (Figure 4-6). A signifi-

cant difference in the amount of DNA was observed between the cell populations on 

the glutaraldehyde-treated and carbodiimide-treated substrates. This surface-

dependent difference between the crosslinked surfaces highlights the possibility of 

residual cytotoxic aldehyde groups or glutaraldehyde monomers leaching from the 

surface and into the growth media.  During the glutaraldehyde fixation process, a 0.1 

M glycine solution was used to quench any unreacted glutaraldehyde from the 

crosslinking reaction. Upon further investigation, a weak solution of glutaraldehyde 

with increasing concentrations of glycine buffer (up to 0.1 M) was analyzed spectro-

photometrically with a UV/Vis spectrophotometer (Helios series, Geneq, Montreal 
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Canada). This experiment was performed to assess the efficiency of the glycine solu-

tion at reacting with unreacted aldehyde groups. Comparing the spectra of unre-

acted glutaraldehyde to that of the glutaraldehyde and glycine solution, no signifi-

cant differences in the spectra were detected. This suggests that the subsequent 

glycine washes following glutaraldehyde crosslinking was not efficient in the re-

moval of unreacted aldehydes. There is also the possibility of glutaraldehyde release 

due to the dissociation of the unstable Schiff-base bond that links the aldehyde moie-

ties of glutaraldehyde to the amines of the tissue50,111,112. Adding to that point, the 

glutaraldehyde polymers may depolymerize, as well as the reversal of unstable 

crosslinks that are formed, both of which result in cytotoxic glutaraldehyde mono-

mers in solution. In contrast, the crosslinking reaction using carbodiimide (Figure 1-

2) forms peptide bonds instead of chemical crosslinks and produces a nontoxic by-

product, urea. This alternative to glutaraldehyde-fixation would not be expected to 

disrupt cellular viability since the peptide crosslinks in the tissue are amide bonds 

which are more stable than initial Schiff-base bonds formed by glutaraldehyde, 

thereby reducing the risk of degeneration92. 

In addition to the significant difference in cellular attachment between the 

crosslinked surfaces, the amount of DNA on the tissue culture polystyrene differed 

significantly compared to that on the glutaraldehyde-treated matrix. As the control 

surface, TCPS is universally used for cell culture. The macrophage-like cells cultured 

on the TCPS had the highest attachment on this material. However, recent studies 

have demonstrated that a tissue culture polystyrene surface is activating to U937 

cells113. Similarly, TCPS has been shown to be an activating surface for macro-
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phages114. It is especially interesting then that, when compared to this activating sur-

face, the uncrosslinked DBP surface was less stimulating (Figure 4-9 and 4-10), as 

measured by the acid phosphatase profiles. The increased intracellular enzyme con-

tent of cells cultured on TCPS demonstrated that these cells were synthesizing more 

protein, although further investigation is needed to fully profile the specific intracel-

lular protein differences that resulted from the culture surfaces. 

Acid phosphatase was chosen because it is a lysosomal enzyme, providing an 

implicit measurement of lysosomal enzyme secretion. Further, it is a marker for the 

innate immune response and cellular activation115. Cells cultured on glutaraldehyde- 

and carbodiimide-treated surfaces (after differentiation for 72 h) released lower 

amounts of acid phosphatase activity compared to cells cultured on the DBP and 

TCPS. On the crosslinked surfaces, there was a significant difference in the amount 

of released acid phosphatase activity on the glutaraldehyde-treated pericardial ma-

trix compared to the carbodiimide-treated surface (Figure 4-10). If the total acid 

phosphatase activity is compared, the macrophage-like U937 cells synthesized sig-

nificantly less enzyme on the glutaraldehyde-treated surface than did cells on the 

other surfaces. This implies a less activated cell type and that there may be cytotoxic-

ity issues with the glutaraldehyde fixation. Glutaraldehyde from the crosslinked sur-

face could be affecting the cells such that their protein synthesis is significantly de-

creased or inhibited. During the cell cycle, specifically the G2 phase, significant pro-

tein synthesis occurs, which is a requirement for mitosis. If their growth rate while 

cultured on the glutaraldehyde-fixed pericardium is affected, then the subsequent 

protein synthesis levels would be decreased as a result. 
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5.1.3 LACTIC ACID DEHYDROGENASE ACTIVITY IN RESPONSE TO THE BIOMATERIAL 

SURFACES

The total lactic acid dehydrogenase (LDH) activity (Figure 4-8) from cells on 

the glutaraldehyde-fixed surface was significantly different when compared to the 

other surfaces. The LDH activity assay measures the production of lactate from py-

ruvate by measuring the disappearance of pyruvate. If there are high levels of pyru-

vate, then the corresponding LDH enzyme activity is low101. LDH is a cytosolic en-

zyme and therefore its activity should not be detected in the releasate of the U937 

macrophage-like cell. Measurable amounts of activity in the releasate therefore is an 

indication of compromised cellular membranes101. Comparing the micrographs of 

the U937s cultured on the various surfaces (Figures 4-2 to 4-5), in particular those 

cells on the glutaraldehyde-fixed surface, a very different cellular morphology is 

evident there. The extracellular membrane appears severely degraded or destroyed 

when compared to the cells on the remaining surfaces. Although it would seem that 

cells on the glutaraldehyde-fixed surface are non-viable, structurally they maintain 

their shape whereas a necrotic cell would not have a distinct cellular shape. Curi-

ously, despite the cellular morphology on the glutaraldehyde-fixed surface, there is 

protein synthesis occurring, as demonstrated in Figures 4-7 and 4-8.

There is one particular aspect of the LDH activity produced by the cells on the 

various surfaces that should be consistent amongst the different substrates. The total 

LDH activity, combining what is released from the cells with the intracellular activ-

ity, should be complementary. That is, when referenced to DNA content, the cells on 

the four surfaces should synthesize similar amounts of total LDH. This is not the 
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case, however. There is significantly less total activity from the cells on the 

glutaraldehyde-fixed surface (approximate 80% loss of activity). This observation 

can be related back to the overall decrease in protein synthesis as a result of cytotox-

icity from the glutaraldehyde. Another interesting point with the LDH activity, in 

particular the activity found in the cellular releasate, is the significantly higher levels 

detected from the cells on the glutaraldehyde-treated surface. As previously men-

tioned, detectable activity in the cellular releasate indicates compromised cell mem-

branes. Knowing this, and referring back to the micrographs of the cells on the 

glutaraldehyde-treated surface (Figure 4-2), the observed cellular morphology corre-

sponds well. The cell membranes appear degraded or destroyed, allowing for the 

intracellular contents to be released, including enzymes such as LDH and acid phos-

phatase. 

5.1.4 MACROPHAGE-LIKE CELL VIABILITY

Assessing cell viability on the four surfaces can be accomplished in several 

ways. In the present thesis, assays for lactic acid dehydrogenase activity and DNA 

content were performed (Figures 4-6 and 4-7). Once a U937 cell is differentiated into 

a macrophage-like cell using PMA, it stops proliferating and attaches to the material 

surface. In the case of the glutaraldehyde-treated substrate, the overall cell attach-

ment and lactic acid dehydrogenase activity were significantly less compared to cells 

on the other surfaces. At first glance, one would think that the residual glutaralde-

hyde monomers/polymers in solution or leached glutaraldehyde from the matrix 

would be killing the cells; however, if a cell is dead then it would not transcribe and 
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ultimately produce enzymes, as seen with detectable lactic acid dehydrogenase ac-

tivity intracellularly (Figure 4-7). It could be hypothesized that the glutaraldehyde is 

cytotoxic to the cells affecting their attachment and cellular performance but not kill-

ing them. However, another possibility exists that the residual glutaraldehyde in so-

lution could have crosslinked dead cells to the surfaces and the DNA measured was 

that of a dead cell.

Additionally, cell viability can be measured using the MTT assay which in-

volves the conversion of MTT (3-[4,5-Dimethylthiazol-2-yl]-2,5-diphenyltetrazolium 

bromide) into an insoluble formazan dye. Viable cells reduce the MTT reagent to a 

coloured product using the enzyme succinate dehydrogenase116. Cells that were non 

viable or lacking the necessary enzyme would not be able to convert the reagent into 

the detectable colour dye.  

5.1.5 MATRIX METALLOPROTEINASE AND CYTOKINE RELEASE

The action of matrix metalloproteinases (MMPs) was originally believed to be 

restricted to degradation of the extracellular matrix. These enzymes can degrade all 

components of the extracellular matrix, thereby influencing many important proc-

esses such as cell proliferation, differentiation, migration, and death117. It is therefore 

not surprising that MMPs play an important role in many physiological processes 

and also in many pathological conditions such as cancer invasion, arthritis, and 

atherosclerosis118. The role of MMPs has been made even more complex by the in-

creasing number of studies revealing many non-matrix substrates such as chemoki-
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nes, cytokines, and growth factors, indicating that MMPs influence an even wider 

array of physiological and pathological processes118,119. 

The release of both MMP-2 and MMP-9 on all surfaces (Figures 4-12 and 4-13) 

does not necessarily imply a degradative response to the biomaterial surface because 

gelatinases play important roles in both immune and inflammatory responses (by 

processing cytokines and chemokines) in addition to matrix or protein proteoly-

sis118,120,121. More specifically, a recent study of differentiated macrophages demon-

strated that MMP-9 secretion may be a marker of wound healing macrophages122 . 

The study by Lolmede et al.122 found that MMP-9 was secreted only from macro-

phages that were polarized towards a wound healing phenotype (previously ex-

posed to IL-4 or IL-10), not by macrophages polarized towards an inflammatory 

phenotype. Referring to Figure 4-12, it is interesting that the low release of MMP-2 

was affected by the substrate (crosslinked surfaces compared to the controls), while 

the greater release of MMP-9 (Figure 4-13) was surface dependent. Previous studies 

of gelatinase release from macrophages on biomaterial surfaces have similarly found 

that the release of MMP-9 was at least one order of magnitude greater than the re-

lease of MMP-2, but have not been able to demonstrate that the release of one or the 

other gelatinase is more surface dependent 123,124. Very recent work by Ariganello et 

al.90 investigated the release of MMP-2 and MMP-9 from MDMs on decellularized 

bovine pericardium and two polymer control surfaces. For every surface, signifi-

cantly more MMP-9 activity was released compared to MMP-2 activity.  The study 

by Schmidt et al.124 concluded that the release of MMP-2 from macrophages did not 
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change on a variety of surfaces, although there was a 30% lower MMP-2 release on 

TCPS compared to a polyethylene glycol hydrogel after only 7 d in culture.

Early studies by Simionescu et al 37,125. reported the presence of MMPs in dis-

eased human valves and in bioprostheses made of glutaraldehyde-treated bovine 

pericardium. These MMPs have been associated with, but not proven to be, the 

cause of early degradation and degeneration of tissue-derived bioprostheses. In a 

similar study, Calero et al.126 showed that calf and pig pericardium contained gelati-

nolytic activities (MMP-2 and MMP-9) and suggested that these enzymes may be 

partially responsible for the degradation of pericardium-based biomaterials after in 

vivo implantation126. Interestingly, crosslinking the tissues with glutaraldehyde or 

diphenylphosphorylazide almost completely abolished the gelatinase activity. 

Crosslinking with carbodiimide also significantly reduces gelatinase activity - but 

not to the extent that glutaraldehyde did126. Referring to Figures 4-12 and 4-13, it is 

likely that glutaraldehyde treatment inactivates MMPs by decreasing cell function. 

The concentration of MMP-2 and 9 released from cells on the glutaraldehyde-treated 

tissue was significantly lower than on the untreated pericardial and polymer con-

trols. This trend was observed on the carbodiimide-treated surfaces as well. There 

was a significant difference in the concentration of MMP-2 released between the 

crosslinked surfaces, but this was not observed for the MMP-9. It is important to 

note that in this study by Calero et al.126 and work by Ariganello et al.90, the activity 

of the MMPs was measured using gelatin zymography. It does not directly compare 

to the present work, however, since zymography measures activity whereas an 
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ELISA measures the amount of enzyme. An ELISA can measure the inactive form of 

an enzyme, therefore, enzyme activity can not be determined using an ELISA or 

Western Blot. With the low observed concentrations of MMP-2 and MMP-9, the cor-

responding activity levels would be low as well.

Recent work by Schmidt et al.124 looked at monocyte activation in response to 

polyethylene glycol hydrogels using standard tissue culture polystyrene as a control 

surface. Specifically, the pro-inflammatory cytokine TNF-α and the gelatinase MMP-

2 and 9 concentrations were measured using an ELISA. The data for MMP-2 and 9 

reported by Schmidt showed a significant difference in the concentration of MMP-9 

compared to MMP-2 with a higher concentration of MMP-9124. This finding supports 

the MMP-2 and 9 data presented in Figures 4-12 and 4-13 and while the absolute 

values do not compare, the trends of higher concentration for MMP-9 contrast to 

MMP-2 matches. In the present thesis, the macrophage-like cells were cultured for 72 

h on the polystyrene before the amount of the MMPs was measured. In contrast, 

Schmidt and co-workers cultured the monocyte-derived macrophages for 24 or 96 h, 

however; no significant difference in concentration was observed between these time 

points124.

In a similar study, Chung et al.127 investigated MMP-2 and 9 concentrations 

from monocyte-derived macrophages on polystyrene and a glutaraldehyde-fixed 

gelatin hydrogel. Similar to the present thesis, the determined concentration of 

MMP-9 was significantly lower than that of MMP-2 for the macrophages cultured on 

the polystyrene compared to the glutaraldehyde-treated gelatin127. Macrophages on 
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the glutaraldehyde-treated hydrogel followed the same trend as the cells on the 

polystyrene did, however; the determined concentrations were significantly lower 

than those observed for the macrophages on the polystyrene. Again, the culture time 

points mirrored those of Schmidt et al.124 and no significant difference was observed 

between the two. Despite the differences between the glutaraldehyde-treated hydro-

gel used in the work by Chung127 and the glutaraldehyde-treated decellularized 

pericardium used in the present work, the trends of lower MMP-2 and 9 concentra-

tions compared to the macrophages cultured on the polystyrene control are compa-

rable. 

MMPs are secreted by both inflammatory and stromal cells in response to in-

flammatory cytokines such as TNF-α117. MMP secretion is down-regulated by cyto-

kines including IL-4 and IL-10128, although the regulation of secretion is cell- and 

stimulus-specific. When the host immune system is challenged by an invading or-

ganism, it must first recruit leukocytes to the site of infection, eradicate the patho-

gen, and then reduce the response to allow the resolution of inflammation. MMPs 

play an important role in this process, both by degrading components of the extra-

cellular matrix and by modulating cytokine and chemokine activity117. The migra-

tion of immune cells from the blood stream to sites of inflammation requires prote-

olysis of the basement membrane. In addition to opening a path through the ECM 

for cell migration, MMPs modulate the chemokine and cytokine gradients that drive 

inflammatory cell recruitment117. MMP-1, 2, 3, 7, 9 and 12 can release active TNF-α 
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from the membrane-anchored precursor by a similar mechanism to TNF-α convert-

ing enzyme117,118. 

The higher concentration of the collagenase MMP-1 released from U937s on the 

glutaraldehyde-treated and polystyrene surfaces was unexpected. In a study by 

Cheung and Nimni51, they hypothesized that glutaraldehyde coats collagen fibers by 

producing a polymer semi-plastic coating that inhibits further penetration into the 

tissue. Perhaps this semi-plastic coating that the macrophage-like cells adhere to and 

interact with is similar to the polystyrene surface that the cells interact with. This 

could explain the similarity in the release of MMP-1 protein from U937s on the 

glutaraldehyde-treated and polystyrene surfaces. By contrast, neither the carbo-

diimide nor the untreated pericardium were great activators of MMP-1 release. Ad-

ditional indirect evidence for low, active MMP-1 release may be the lack of cell pene-

tration into the collagen matrix seen in the SEM images (Figures 4-2 to 4-5). The rela-

tively dense collagen network would require local collagen disruption for U937s to 

migrate into the matrix.

Macrophages at an implant surface are derived from monocytes that encounter 

molecular signals as they migrate into the tissue from the vasculature. These macro-

phages interact with the material and secrete an array of cytokines, chemokines, and 

growth factors to direct the foreign body reaction129. Pro-inflammatory cytokines, 

such as TNF-α and IL-8, recruit immune cells such as monocytes to the implant site 

to promote inflammation whereas anti-inflammatory cytokines like IL-10 and IL-1ra 

suppress pro-inflammatory signals in order to down-regulate inflammation129. IL-10 
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down-regulates transcription of many pro-inflammatory cytokines through the inhi-

bition of nuclear factor kappa B (NFκB) transcription130. 

In this thesis, levels of IL-1ra, IL-10, IL-6, and TNF-α released from U937 

macrophage-like cells were measured as markers of an inflammatory or wound heal-

ing polarization in these cells (Figures 4-14 to 4-17). The TNF -α and IL-6 released 

from U937s on the glutaraldehyde-treated surface was significantly higher compared 

to that of cells on the other surfaces. In a recent study by Bayrak et al.131 the released 

TNF -α and IL-6 from human peripheral blood mononuclear cells (PBMCs) on 

glutaraldehyde-treated porcine matrix were measured. After five days of culture, the 

concentrations of released TNF-α and IL-6 were significantly higher than that for IL-

10131. This is in line with the data obtained in the present thesis, showing that cells 

cultured on the glutaraldehyde-treated surface released more pro-inflammatory cy-

tokines compared to cells on the other surfaces where the concentration of released 

anti-inflammatory cytokines (IL-1ra and IL-10) was significantly lower. For refer-

ence, one should note that a study conducted by Mocellin et al.132 showed that IL-10 

is a pleiotropic cytokine and, although it is generally considered an immunosup-

pressive molecule, it has immunostimulatory properties. They suggested that these 

contrasting effects are dependent upon experimental conditions, the immune effec-

tor mediating the given immune response, timing of IL-10 production, and the dose 

and/or location of expression132.

The final differences in cytokine expression that were found in this thesis were 

in extracellular cytokine release. Substrate differences were identified; however, 
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overall the cytokine release was quite low. Of all the cytokines measured, only one 

had a concentration within the ng/mL range: IL-1ra (on all surfaces except for 

glutaraldehyde-treated). IL-1ra is an antagonist for the IL-1 receptor, which inhibits 

IL-1 induced cytokine synthesis73. In a very recent study by Ariganello et al.90 the 

gene expression of IL-1ra was increased after exposure to amphotericin B, which was 

used in the culture media, which could possibly explain why IL-1ra was elevated in 

general, but does not explain the differential release on each substrate.  

The concentration of cytokines seen in the present thesis can be considered to 

be low because a recent study showed higher amounts of cytokines released (on the 

order of ng/mL)129. Schutte et al.129 looked at cytokine release from THP-1 cells after 

PMA differentiation (an alternative model of macrophage activation and differentia-

tion). Compared to the cytokine expression from the PMA-treated THP-1 cells, the 

U937s generated in this direct differentiation model consistently released lower lev-

els of all cytokines. Another in vitro study similarly looked at cytokine release during 

the course of differentiation of human monocytes on various polymers133. The 

MDMs on all surfaces in that study released greater amounts of cytokines than were 

released from U937 macrophage-like cells on the various surfaces in the present the-

sis. It is difficult to ascertain, in general, whether statistically different levels of cyto-

kines released in vitro have any physiological significance and whether cytokine lev-

els used to stimulate cell behaviour in vitro are similar to the concentration required 

in vivo. As well, 1 pg/mL of IL-1ra, for example, may not be equivalent in terms of 

effect to 1 pg/mL of IL-10.
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It was attempted in this thesis to characterize the U937 macrophage-like cell 

phenotype on each of the four surfaces in terms of polarization. However, the goal of 

establishing U937 polarization may have simply been too ambitious for one particu-

lar reason. An in vitro, single-cell culture system model lacks alternative cell types 

(e.g. lymphocytes) and their associated cytokines, (e.g. IL-4, IL-13, INF-γ), which are 

the classical inducers of M1/M2 phenotypes80. It may be impossible for such a sim-

ple in vitro culture system to adequately predict the U937 macrophage-like pheno-

type that would develop in vivo in response to a biomaterial.  

5.2 Significance

This thesis represents the first studies to directly investigate how macrophage-

like cells interact with crosslinked decellularized scaffolds. This is significant given 

the importance of macrophage responses in the determination of a biomaterial’s bio-

logical performance in vivo.  The work done in this thesis cannot directly relate to 

failed bioprosthetic heart valves or tissue engineering since the scaffold used does 

not truly represent what the current generation of replacement heart valves are con-

structed of. The use of a decellularized matrix represents a collagen source free of 

cells and cellular debris. The addition of glutaraldehyde and carbodiimide crosslink-

ing to the collagen scaffold allows for the investigation of the crosslinking affects on 

the cellular response to collagen without the complexity of the variables present in 

vivo. Therefore this simplified in vitro model of macrophage interactions with 

crosslinked decellularized scaffolds could be predictive of the response that a repre-

sentative crosslinked heart valve replacement could elicit. While the conclusions 
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drawn throughout this thesis are not completely relevant to clinically available re-

placement heart valves, the macrophage interactions to the crosslinked surfaces rep-

resents the first study of its kind to investigate the direct differentiation of 

macrophage-like cells on crosslinked decellularized matrices.

This thesis also attempted to demonstrate the predictive power of U937 

macrophage-like cell characterization for implantation studies. Macrophages play 

contrasting functions in the body and it is important that these functions are defined 

in scientific studies when predicting or concluding a biomaterials’ biocompatibility. 

The results of current research demonstrated that macrophage-like cells on 

glutaraldehyde-treated decellularized bovine pericardium have altered membrane 

morphology, decreased cellular attachment and enzyme activity, and an increased 

release of pro-inflammatory cytokines when compared to carbodiimide-treated and 

the untreated control substrates. These results provide evidence that crosslinking 

with glutaraldehyde is cytotoxic to the cells, either through depolymerization of the 

glutaraldehyde polymers, leaching of absorbed/adsorbed glutaraldehyde, or the re-

versal of unstable crosslinks, and that the amide crosslinking with carbodiimide can 

be viewed as the alternative to glutaraldehyde fixation. It is important to note that 

the technology of crosslinking biomaterials with carbodiimide has been around for 

almost fifteen years, described by several research groups in the early 1990s54,56,62,92, 

with a patent for carbodiimide fixation of biological tissue filed by Girardot and Gi-

rardot in 1995134. Despite this early research effort, to the author’s knowledge, in vivo 

implantation of a collagenous biological matrix crosslinked with carbodiimide has 

not been examined in detail and no commercial surgical product has emerged. Per-
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haps there is an issue with carbodiimide stabilization in vivo. Since the mechanism of 

crosslinking with carbodiimide involves the formation of peptide bonds, there may 

exist a nonspecific enzyme that cleaves peptide bonds, thus cleaving the crosslinks. 

While it is hoped that, with greater sophistication and validation, such in vitro mod-

els of biomaterial crosslinking with carbodiimide may help with in vivo implanta-

tion. Nonetheless, it remains likely that crosslinking with glutaraldehyde, despite 

the issues of cytotoxicity observed in the present thesis, will carry on as being the 

primary pre-implantation fixation method - at least until tissue engineering of valve 

replacements becomes commercially practical.

5.3 Summary

In summary, the results of the present study suggest that U937 macrophage-

like cells differentiated and cultured on glutaraldehyde-treated decellularized bo-

vine pericardial matrix are not as active as cells on carbodiimide-treated and the un-

treated control substrates. This was demonstrated with significantly lower amounts 

of released and intracellular acid phosphatase activity as well as an approximate 

80% loss of lactic acid dehydrogenase activity. 

We hypothesized that, U937 macrophage-like cells seeded onto the 

glutaraldehyde-treated pericardial tissue would be morphologically different than 

cells seeded onto the carbodiimide-treated and control tissues. This was certainly 

confirmed. The extracellular membranes of the cells were severely degraded and/or 

destroyed, while cells on the other surfaces appeared healthy. The degraded or leaky 
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membranes corresponded with the increase in released lactic acid dehydrogenase 

activity seen from the U937s on the glutaraldehyde-treated pericardium. Adding to 

that point, we hypothesized that the quantity of U937 macrophage-like cells adher-

ent on the glutaraldehyde-treated pericardial tissue would be significantly less com-

pared to the carbodiimide-treated or control tissues. Continuing from the results 

from the first hypothesis, the number of U937 cells on the glutaraldehyde-treated 

surface was significantly less. Furthermore, there was a significant difference in ad-

herence between the two crosslinked surfaces, suggesting that the glutaraldehyde-

treatment is more cytotoxic to the cells or it inhibits cellular attachment. Finally, we 

set out to determine if U937 macrophage-like cells on the untreated decellularized 

bovine pericardium released less pro-inflammatory cytokines, when compared to the 

two crosslinked surfaces: in other words, the crosslinked pericardial surfaces would 

be more inflammatory, while the untreated pericardial substrate would be immuno-

suppressive. Analyzing the concentration of released cytokines from the 

macrophage-like cells on the test substrates, cells on the two crosslinked surfaces re-

leased a significantly higher concentration of pro-inflammatory cytokines compared 

to the untreated surfaces. Furthermore, cells on the glutaraldehyde-treated surface 

elicited more of an inflammatory response, releasing a significantly higher concen-

tration of pro-inflammatory cytokines compared to the carbodiimide-treated sub-

strate.
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5.4 Limitations and Suggestions for Future Work

For the research presented in this thesis, the immortal cell line U937 was used. 

The primary disadvantage of such a cell line is that it does not represent a physio-

logically normal, typical macrophage, and therefore the results may be misleading or  

clinically irrelevant88. Despite the heterogeneity and the variation between human 

donors, as well as the lengthy culturing protocols, primary cells derived from hu-

mans remain the preferred cell source to use in studying biomaterial interactions. 

The present simplified approach was selected for the experimentation throughout 

this thesis, as it would initially provide a more controlled study that could be ex-

panded upon and enhanced by future investigators. 

Further limitations existed in this single-cell model system. Aside from the 

lack of other cell signals and cell components such as plasma proteins, only one time 

point for differentiated U937s was investigated (72 h). This is a relatively early time 

point for implants that are designed to last for 30 years. This can be compared to the 

snapshot explant studies. The measured releasate from the cells was everything up 

to the 72 h time point while the lysate was everything that remained within the cell 

for 72 h. The time sequence of events over the three days was unknown. The re-

sponse of U937s or other cells to a given stimulus is not static, and different genes 

are likely expressed from early to later exposure of a stimulus135. Longer-term cul-

tures, likely co-culture systems with fibroblast or lymphocytes, will be required to 

determine whether the response of macrophages changes over time. This temporal 

limitation is especially a concern for the cytokine analysis, since cytokine release is 

often a time-specific process (e.g. IL-1 is considered an early inflammatory cytokine). 
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Thus cytokine analysis at a single time point may not be truly representative of the 

overall U937 response to the material136. Finally, the static nature of the model sys-

tem used in this research does not recreate the shear forces and fluid flow experi-

enced by heart valve replacements in situ. It is uncertain whether flow would alter 

U937 phenotype, resulting in greater attachment and activation, or if it would result 

in decreased cell attachment, as shown in monocytes adhering to polyurethanes137. 

However, since decellularized matrices are devoid of endothelial cells, it is unclear 

how attachment of macrophages to such a matrix will be affected by shear stresses. 

Future investigators may want to incorporate such fluid dynamics into their model 

systems.

It was demonstrated that the glycine wash, part of the glutaraldehyde 

crosslinking protocol, was not efficient in the removal of unreacted aldehyde groups 

from solution. Further investigation through the use of UV/Vis spectroscopy or per-

haps Fourier Transform Infrared (FTIR) Spectroscopy could be performed to under-

stand if the glycine washes are necessary during the glutaraldehyde crosslinking 

protocol as well as deduce the role glycine plays in quenching the unreacted alde-

hyde groups or glutaraldehyde monomers. 

Another experiment that would assess the cytotoxicity of the residual glu-

taraldehyde monomers in solution would be to analyze the cell culture media. After 

72 h incubation with glutaraldehyde-treated decellularized pericardial matrix, the 

media would be removed and used as medium for differentiating U937 cells on un-

treated pericardial matrix for three days. Following differentiation, the macrophage-

like cells would undergo SEM and DNA analysis to understand the extent of the cy-
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totoxic effects the glutaraldehyde monomer or polymer in the incubation solution 

have on the U937 macrophage-like cells.
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