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Encapsulation of medical devices after implantation leads to reduced functionality and 

device failure of long term implants.  To improve healing around implants, and allow 

long-term implant functionality, the prevention of fibrous encapsulation is necessary.  

One of the key players in the development of fibrosis is the pro-fibrotic cytokine 

transforming growth factor beta, whose activity can be neutralized by the proteoglycan 

decorin, a natural inhibitor of fibrosis.  Decorin has demonstrated reduced fibrosis and 

improved outcomes in numerous models of fibrotic disease and scar tissue formation 

and thus its ability to reduce fibrous encapsulation around an implant was evaluated.   

 

In this work, a novel decorin surface coating was created, characterized, and evaluated 

as a method for local delivery of decorin to an implant site.  In order to rapidly and 
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inexpensively screen and optimize novel therapies for fibrous encapsulation, the chick 

chorioallantoic model was evaluated as an alternative to standard rodent implantation 

models.  This model was less effective and more restrictive than rodent implant models 

and thus further evaluation of decorin was carried out in rodent models.  Fibrous 

encapsulation and angiogenesis surrounding decorin-coated and uncoated implants 

were evaluated in a subcutaneous implant model and found to be similar between the 

two groups.  To further evaluate the therapeutic value of decorin against fibrous 

encapsulation, a cell-based decorin delivery implant model was developed.  This model 

combined porous polymer implants with a smooth muscle cell-based overexpression 

system to deliver decorin continuously at an implant site.  Decorin overexpression 

demonstrated no differences in capsule thickness, density, angiogenesis or macrophage 

infiltration at the implant site demonstrating that decorin would not be a promising 

therapeutic for inhibiting the FBR, though it has been shown to hold promise in other 

pathological models of fibrosis.  This work provides a novel decorin surface coating 

that holds potential for use in tumor models and further demonstration for the broad 

applicability of a collagen affinity coating.  Further, a model for delivering molecules 

of interest at an implant site and evaluating effects on the foreign body response was 

developed in this work.  This model provides an effective method for evaluating future 

therapies for fibrous encapsulation.    
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Chapter 1 

Introduction 

  

1.1 Significance 

 

Medical devices comprise a $105.8 billion industry in the United States
1
.  These 

devices cover a broad range of applications from cardiac interventions such as stents 

and defibrillators to blood glucose sensors
1
.  Implantation of these devices into human 

tissues begins a cascade of events commonly referred to as the foreign body reaction.  

This cascade of events leads to development of a dense, avascular, collagenous capsule 

around the implanted device and can result in device failure
2, 3

.  The development of 

biomaterials that promote healing is necessary to combat the current state of 

inflammation and encapsulation that surround today’s medical devices.  Especially in 

the case of implantable sensors, the host response often causes device damage and 

failure, preventing successful long-term device function
4-6

.  The goal of this thesis is to 

combat fibrous encapsulation by presenting bioactive molecules at the implant site that 

can promote healing rather than deposition of collagenous scar tissue.  It is desirable to 

achieve local presentation of these bioactive molecules in order to enhance efficacy in 

reducing fibrous encapsulation at an implant site.  Furthermore, local application would 

avoid undesirable systemic disruption of normal collagenous tissues such as skin, 

cartilage and tendon
7
.  Towards this end, the anti-fibrotic proteoglycan decorin was 

evaluated as an inhibitor of fibrous encapsulation, both as a bioactive coating and 
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through local cellular overexpression.  With the ability to affect collagen deposition
8-10

, 

blood vessel formation
11-14

 and transforming growth factor beta (TGF-) signaling
15-17

, 

decorin demonstrated the potential to promote healing in a number of animal models
18-

27
.  Thus, it was expected that application of decorin may lead to long-term 

functionality of implantable medical devices which have previously suffered from loss 

of function and failure due to fibrous encapsulation. 

 

1.2 Foreign body response 

 

Implantation of a foreign material into the body, such as a medical device, fosters 

chronic inflammation and leads to a runaway wound healing process known as the 

foreign body response (FBR).  This process is characterized by rapid protein adsorption 

to the surface of the implant followed soon after by infiltration of inflammatory cells
28

.  

Unlike a true healing response to a simple cut, host cells are unable to remove the 

foreign material from the wound area.  As macrophages unsuccessfully attempt to 

phagocytose and destroy the biomaterial, macrophage fusion and foreign body giant 

cell formation occurs.  Within weeks the implant can be surrounded by a dense, fibrous 

capsule
28-30

.  This primarily avascular capsule can create a significant diffusion barrier 

even to small molecules, and was demonstrated to be nearly impermeable to a model 

analyte fluorescein
31, 32

.  This capsule provides a challenge for medical devices whose 

successful function relies on integration with host tissues or communication with the 

body.  In some cases, such as with implantable sensors, the foreign body reaction can 
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lead to implant malfunction or failure
4, 30, 33, 34

.  In the case of implantable glucose 

sensors, function is lost within days of implantation
5, 6

.  Furthermore, in many cases, 

this dense capsule can contract and lead to performance failures of medical implants 

such as hernia meshes and mammary prostheses
35-39

.   

 

1.3 Strategies to reduce fibrous encapsulation 

 

Research on strategies to reduce foreign body encapsulation have focused on reduction 

of capsule density, reduction of capsule thickness, or increasing capsule permeability 

by enhancing vascularization.  With the goal of reducing capsule thickness and/or 

density, much work has gone into creating nonfouling surfaces which reduce initial 

nonspecific protein adsorption
40-42

.   Poly(ethylene oxide) (PEO)
42

 and similar 

tetraglyme
43, 44

 coatings have applied to the surfaces of biomaterials and have been 

shown to reduce protein adsorption
42

 although these coatings have not additionally 

demonstrated reductions in fibrous encapsulation. The most successful report of 

decreases in fibrous encapsulation involved the development and use of a nitric oxide 

(NO) releasing polymer coating.  The coating demonstrated a reduction of nearly 30% 

of capsule thickness as compared to control implants although the exact mechanism for 

the reduction in fibrous encapsulation caused by the NO coating was not elucidated
45

. 

 

Attempts to increase capsule vascularity have often focused upon delivery of pro-

angiogenic factors such as vascular endothelial growth factor (VEGF)
46-48

.  While 
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effective at increasing neovessel formation, VEGF delivery has been met with the 

challenges of both short term effects
47

, and increases in inflammatory cell 

recruitment
48

.  In order to extend positive effects of VEGF, sustained delivery may be 

necessary.  However, decreasing the corresponding inflammatory cell recruitment has 

proved to be a more difficult challenge for researchers.  Inflammatory cell recruitment 

was successfully reduced with the addition of dexamethasone, although this also 

reversed the desired effects on angiogenesis
48

.  Increases in vascularity have also been 

observed through differences in biomaterial surface architecture.  Porous implants have 

been shown to develop capsules similar in thickness to their nonporous counterparts, 

but with greater vascularity
49

.  Much work in our lab has focused on developing 

sphere-templated porous materials
50-53

.  This templating technique allows for precise 

control of pore diameter, pore interconnect size, and creates regular and uniform pore 

geometries.  This careful control of material geometries allows for the comparison of 

differences in healing responses between pore sizes.  The dissertation research of 

Andrew Marshall demonstrated an optimal pore size for increased vascularity within 

porous implants, and found this size to be approximately 35 m diameter pores
50

. 

 

Although much research has gone into the prevention of fibrous encapsulation, an 

effective solution remains elusive.  Researchers have evaluated various alternatives, 

including: material chemistries, sizes, surface textures, and surface modifications
45, 54-

58
.  Surface modifications have involved plasma deposition, protein adsorption, and 

changes in chemical functional groups presented on the surface
42-44, 56, 59

.  Knockout 
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mouse models have been used to quantify the biological molecules responsible for 

capsule formation
60-62

.  The players involved in formation of a fibrous capsule are also 

involved in formation of healthy skin, cartilage and other normal tissues.  Systemic 

disruption of decorin expression, a regulator of one key inflammatory agonist, TGF-, 

resulted in abnormal collagen deposition as well as fragile skin and connective tissue 

structures
7
.  It is therefore necessary to target the FBR locally at the implant site rather 

than with systemic delivery of treatment. 

 

1.4 TGF- 

 

TGF- belongs to a large family of signaling molecules that have roles in cell 

differentiation, proliferation and production of numerous matrix proteins and 

proteoglycans including type I collagen and decorin.  There are three mammalian 

isoforms of TGF-TGF-TGF-and TGF-which share 60-80% of their 

sequence homology
63
 All of these TGF- isoforms are produced as inactive pro-

peptides containing N-terminal latency-associated peptides (LAP) complexed with 

latent TGF- binding proteins (LTBP).  The 25 kD active TGF- dimer is produced by 

proteolytic cleavage of the LAP/LTBP regions
64

.  There are three known TGF-

receptors: TGF- type I, type II, and type III receptors.  Binding of active TGF-to 

its receptors signals the cell through the SMAD family of proteins, and this signaling 

activity is controlled by MAP kinase signaling pathways
63-68

. All three TGF- isoforms 

inhibit the proliferation of most cell types, but stimulate proliferation and matrix 



www.manaraa.com

6 

 

synthesis in mesenchymal cells
64

.  Overproduction of TGF-has been shown to 

stimulate fibrosis
69-71

 and this cytokine has been implicated in pathological processes 

involving fibrosis
69

.  TGF- is thought to be a key player in the wound healing process 

after injury based on its rapid induction
72

 and ability to recruit inflammatory cells to 

the wound site which can then secrete more TGF-
106

.  TGF- also stimulates 

production and contraction of extracellular matrix by fibroblasts
73

. In a fetal skin 

wound model, administration of TGF- induced scar tissue formation and aided wound 

closure
74

.  In this same model, scar tissue size was found to be proportional to the 

amount of TGF- applied
75

.  Injection of TGF- subcutaneously in mice resulted in 

fibrous tissue formation at the injection site
74

.  Similarly, TGF- injection into 

chambers, which were then implanted subcutaneously in rats, also induced formation 

of fibrous tissue
74, 76

.  Neutralization of this cytokine has been found to significantly 

reduce fibrosis
68, 77, 78

.  In particular, anti-TGF- antibody reduced fibrosis in a murine 

model of granulomatous experimental autoimmune thyroiditis
77

 and a surgical tissue 

graft study
78

.  This pro-fibrotic cytokine is thus a promising target for inhibition of 

fibrous encapsulation. 

 

1.5 Decorin 

 

Also known as dermatan sulphate proteoglycan II (DS-PGII)
79

, proteodermatan 

sulphate
80

, PG-S2
81

 and PG40
82

, decorin is the prototypic member of the group of 

small leucine-rich proteoglycans (SLRP).  This group also consists of biglycan, 
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lumican, and fibromodulin.  Proteoglycans in this family are characterized by several 

leucine-rich repeats (LRR) consisting of roughly 12 amino acids within a core protein 

of approximately 40 kD
83

.  Decorin contains a single glycosaminoglycan (GAG) side 

chain linked to serine 4 which, depending on the species, is either chondroitin or 

dermatan sulphate
83

.  Decorin is involved in numerous cellular processes including 

proliferation, migration, and protein synthesis, and is a regulator of collagen 

fibrillogenesis
8-10

.  It is among the numerous molecules that have been shown to 

interact with type I collagen
84

 with an apparent dissociation constant of 10
-8

 M
85

.  The 

binding site for collagen on the decorin molecule is located between LRRs 5-6
86, 87

.  

Decorin is essential in collagen organization during fibrillogenesis as demonstrated by 

a decorin knock out mouse with fragile connective tissues and irregular collagen fibril 

thickness and organization
7
.  In healthy connective tissues, decorin is found near the C-

terminus of each fibril with the glycosaminoglycan side chain forming a bridge 

between decorin molecules along adjacent fibrils.  Decorin is a potent signaling 

molecule that can also interact with TGF-
15
VEGF

88
, and thrombospondin-1

89
.  

Decorin can bind to the epidermal growth factor receptor (EGFR) thus activating 

receptor phosphorylation and downstream signaling which results in growth 

suppression of many cell types including fibroblasts and endothelial cells
90

.  Decorin 

has been shown to inhibit fibrosis and scar tissue formation in several animal models 

based on its ability to bind and inactivate TGF-
18-20, 91, 92

. 
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1.6 Decorin-TGF- interactions  

 

The decorin core protein contains at least two binding sites for TGF- with different 

affinities
93

, both contained in the region of leucine-rich repeats
17

.  Through evaluation 

of recombinant peptides from the decorin core protein,  a high affinity binding site for 

TGF- was determined to be in the Leu155-Val260 peptide sequence whose Kd of 

6.8x10
-9 

M was nearly that of the almost full length peptide Asp45-Lys359 Kd = 

1.3x10
-9

 M
94

.  Several low affinity binding sites may exist in the leucine rich repeat 

region of the core with binding affinities in the 10
-8

 M range
94

.  Leu155-Val260 also 

includes the location for the collagen binding site in the decorin core protein (amino 

acids 152-201)
86, 95

.  Collagen-bound decorin maintains its ability to interact with TGF-

 suggesting that the collagen binding site is independent of the high affinity TGF- 

binding site on the decorin core.  It has been demonstrated that decorin can form a 

complex with TGF-, possibly allowing decorin to regulate TGF-activity by 

sequestering it in the extracellular matrix (ECM)
16

.  Based on the ability of decorin to 

interact with TGF- and collagen simultaneously, the interaction between decorin and 

TGF- may be strong enough to keep it from interacting with its receptors that have 

dissociation constants on the order of 10
-11

 M
94

.   TGF- can be released from this 

complex by enzymatic degradation of decorin by matrix metalloproteinases (MMPs) 2, 

3, and 7.  After MMP-mediated release from this complex, TGF-is not degraded and 

retains ability to bind to its receptors
16

.   
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Decorin has been shown to neutralize effects of TGF- in several cellular models
15, 96

.  

Decorin was able to inhibit the biological activity of TGF- in Chinese hamster ovary 

(CHO) cells which overexpress decorin
15

.  TGF- stimulates growth of CHO cells, and 

addition of decorin to TGF-stimulated cells reduced the growth below basal levels
15

.  

Decorin was also able to neutralize TGF-’s stimulatory effects on myofibroblast 

proliferation
96

.  On the other hand, TGF- inhibits the growth of mink lung epithelial 

(Mv1Lu) cells.  Subsequent addition of 1-100 g/ml of decorin also reduced the effect 

of 0.5 ng/ml of TGF- but did not counteract it completely.  The authors suggested that 

the mechanism of decorin action is binding and neutralizing TGF- activity
15

. 

 

In numerous fibrotic disease models, decorin has been shown to reduce fibrosis and 

improve outcomes
18-21

.  The antifibrotic effects of decorin have been attributed to its 

ability to bind and inactivate TGF-
15, 17

.  This interaction has been shown to reduce 

fibrosis in a rat model of kidney fibrosis
19, 21

, a hamster model of lung fibrosis
20

, and a 

rat arterial injury model
18

.  Intravenous injection of decorin daily for 4-6 days showed 

significant reduction in matrix accumulation in the kidney disease model while 

injection of decorin for only two days had little effect.  Although decorin accumulates 

in the kidney, liver and lung, no toxicity was observed during kidney analysis
21

.  In the 

same model, an antibody directed against TGF-1 was also able to reduce matrix 

accumulation
97

, supporting the idea that decorin activity against TGF- may provide 

these beneficial effects.  Decorin has an advantage over antibodies of being able to 
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neutralize all three isoforms of TGF- thus having broader applications while each 

antibody is directed against a single isoform
21

.  Decorin has also been shown to reduce 

smooth muscle cell migration, proliferation, and collagen synthesis in response to 

platelet derived growth factor (PDGF) stimulation after arterial injury
98

.  Decorin 

injection (50 g) into a mouse laceration model resulted in reduced fibrosis and 

improved recovery of muscle function when the injection was given 2 weeks post 

injury
96, 99

.  In an arterial injury model, decorin overexpression demonstrated reduced 

collagen deposition.  Fischer 344 rat SMCs were transduced to overexpress bovine 

decorin or transduced with vector alone.  When injected into aortas after balloon-injury 

in rats, ECM accumulation was reduced in decorin-overexpressing cell-seeded aortas 

compared to controls
100

.  These studies have provided strong evidence that application 

of decorin has reduced fibrosis in fibrotic disease models as well as injury models of 

scar tissue formation. 

 

1.7 Role of decorin in angiogenesis 

 

While decorin is not expressed in quiescent endothelial cells, decorin expression is 

induced during angiogenesis
11

.  This would suggest a role for decorin in modulating 

angiogenesis, which is supported by studies demonstrating both stimulatory and 

inhibitory effects of decorin on angiogenesis.  Several studies have demonstrated an 

ability of decorin to serve a pro-angiogenic role.  Decorin has been shown both to 

promote vascular endothelial cell survival by preventing apoptosis, and to enhance tube 
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formation
12, 13

.  Additional support of a pro-angiogenic role for decorin comes from the 

observation that formation of new blood vessels is delayed in decorin null mice
11

.  This 

reduction in angiogenesis was observed after cauterized corneal injury and was not 

associated with changes in TGF- or VEGF expression in the cornea.  On the other 

hand, decorin has also been shown to serve anti-angiogenic roles.  Evidence for an 

inhibitory role in angiogenesis has been demonstrated by decorin suppression of 

endothelial cell migration and formation of tube-like structures on thrombospondin-1 

surfaces
89

.  Additionally, purified native bovine and recombinant human decorin were 

both able to reduce tube formation in VEGF, bFGF and FBS-stimulated human 

umbilical vein endothelial cells (HUVECs) cultured on Matrigel-coated surfaces.  Both 

stimulatory and inhibitory effects of decorin on endothelial cells have been 

demonstrated in vitro, yet the role of decorin in modulating angiogenesis in wound 

healing around implants still remains unclear. 

 

1.8 Collagen affinity coating 

 

The natural ability of decorin to bind to collagen provides a possible method of 

attaching decorin to a surface in a biologically active conformation, specifically via 

attachment to a collagen surface.  Collagen is one of the most prominent proteins in the 

human body and its diverse functions include providing mechanical integrity and 

signaling by serving as a depot for cytokines and growth factors.  In our lab, a type I 

collagen affinity coating was developed that has the ability to present the matricellular 
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protein, osteopontin, on the surface in a biologically active form
101

.  Close to 50 

additional biological molecules have been identified that also interact with type I 

collagen
102

 and approximately half of these have their specific sites of interaction 

pinpointed on the collagen fibril.  The most active region for sites of interaction on the 

fibril is the C-terminus half
102

.  This type I collagen affinity coating thus holds the 

potential to attach a variety of molecules to any surface on which it is immobilized.  

Specifically here the focus is attachment of decorin.  By utilizing this collagen affinity 

coating, biologically active decorin may be presented on the surface of an implant. 

 

1.9 Experimental models for the foreign body response 

 

Simplified in vitro models for fibrous encapsulation that occurs as part of the FBR do 

not currently exist.  Thus for evaluation of fibrous encapsulation, an in vivo 

implantation model is commonly used, and these are primarily rodent implant 

models
54, 55, 58, 59

.  As potential therapies for fibrous encapsulation are developed, it 

would be desirable to have an alternative method to evaluate these therapies more 

rapidly and at lower cost than that of standard rodent implant models.      

 

The chick chorioallantoic membrane (CAM) model provides a simplified in vivo model 

for fibrous encapsulation that may bridge the gap between cell culture studies that are 

often not relevant to wound healing in vivo and mammalian models which are higher in 

cost and require more lengthy studies.  The inflammatory and angiogenic responses in 



www.manaraa.com

13 

 

the chick CAM have been found to depend on the chemical and physical structure of 

the implant
103

.  The CAM functions as the main respiratory organ for the chick 

embryo
104

.  The CAM lines the inner shell membrane of a fertilized egg, serves in 

transport of sodium, chloride and calcium into the vasculature, forms part of the 

allantoic sac wall and collects excreted waste
105

.  The normal CAM measures 

approximately 200 m in thickness and is composed of the ectoderm layer 

(multilayered epithelium), stroma and then endoderm (single layer of epithelium) as 

you move from the shell-side inward.  This membrane is used in a well-established 

angiogenesis model
103, 106

 and has been reported to produce a fibrous capsule around 

implants
105, 107, 108

.  Work has been performed with the chick embryo in the shell (in 

ova)
105

 or cultured in a Petri dish (ex ova)
107, 108

.  Development of the chick embryo in 

the CAM model usually continues for up to 21 days, and is similar for the in ova and ex 

ova models
107

.  Biomaterials have been implanted into the CAM for up to 11 days and 

both acute and inflammatory responses have been studied
105, 107

.  The CAM model thus 

presents an attractive technique for use in optimizing implant surface coatings and 

evaluating the FBR. 

 

1.10 Hypothesis and Specific Aims of Thesis 

 

Hypothesis: Reduced encapsulation and therefore improved healing of implants can 

be achieved by local presentation of decorin at the implant site. 
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Specific Aim 1: Design and characterize a decorin surface coating 

Decorin overexpression and injection have been shown to reduce fibrosis in several 

animal models.  These beneficial effects are attributed to its ability to bind and 

inactivate the pro-fibrotic cytokine TGF-. Decorin is therefore a promising molecule 

to employ as a surface coating to reduce fibrous encapsulation of implants.  Decorin 

was attached to the surface of a polymer implant via a type I collagen affinity coating.  

This decorin coating was characterized to ensure expected surface composition in 

ESCA.  Decorin attachment to the surface was evaluated in ToF-SIMS, and quantified 

by radiolabeling.  To verify biological activity of this decorin coating, binding of TGF-

 to the surfaces was quantified.   

 

Specific Aim 2: Evaluate healing and encapsulation around decorin implants 

 

To determine efficacy of decorin surface coatings in reducing fibrous encapsulation 

and improving healing around implants, their functionality must be evaluated in vivo.  

Decorin-coated and control samples were initially assessed in a chick chorioallantoic 

membrane model as a simplified in vivo method of measuring encapsulation.  Decorin-

coated implants and controls were then evaluated in a mouse subcutaneous implant 

pilot study.  Study results indicated a need for a greater understanding of the role of 

decorin in healing around implants.  Thus decorin overexpression was evaluated to 

determine the effects a sustained excess of decorin has on fibrous capsule formation 

and angiogenesis around implants.  This aim allowed us to develop an in vivo model to 



www.manaraa.com

15 

 

evaluate the effects of decorin overexpression on fibrous encapsulation and 

angiogenesis as well as evaluate surface attachment of decorin as an effective means of 

local delivery.   

 

1.11 Outline of Thesis Content 

 

This thesis evaluates the use of the antifibrotic proteoglycan decorin for reduction of 

fibrous encapsulation around implanted polymeric biomaterials.  In this chapter, the 

biological response to implanted biomaterials was introduced.  Specifically the role of 

transforming growth factor beta (TGF-) in inducing fibrosis was discussed, and 

numerous animal models demonstrating the ability of decorin to both inactivate TGF- 

and reduce fibrosis were summarized.  Current research on fibrous encapsulation 

therapies was presented, yet there still exists a pressing need for new strategies to 

address the issue of fibrous encapsulation of implants.   

 

A novel decorin surface coating was created as a means to satisfy this need.  The 

design and characterization of this decorin coating was presented in Chapter 2.  A 

multi-functional collagen affinity coating was employed as a natural means of 

attaching decorin to the surface of an implant in a biologically active conformation.  

This coating was thoroughly characterized using a variety of surface analysis 

techniques to ensure the presence and activity of decorin on the surface.   
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In Chapter 3 the use of a chick chorioallantoic membrane model was evaluated as a 

rapid and cost effective assay for assessment of fibrous encapsulation compared to 

standard rodent models.  The ability of this decorin surface coating to reduce fibrous 

encapsulation was evaluated in a mouse subcutaneous implant model in terms of 

capsule thickness, density and vascularity.   

 

In Chapter 4, a model was created to evaluate the effects of decorin overexpression on 

the FBR.  This mode of decorin delivery provided increases in both quantity and 

duration of decorin present at the implant site and allowed measurement of effects on 

the FBR in terms of capsule thickness, density, angiogenesis and macrophage 

infiltration.   Finally, in Chapter 5, overall findings from this body of scientific research 

were summarized and future directions for this work were discussed.  
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Chapter 2 

Design and Characterization of Decorin Surface Coating 

 

2.1 Introduction 

 

Collagen affinity coatings were created on poly(2-hydroxyethyl methacrylate) 

(pHEMA) model materials and decorin was subsequently allowed to naturally bind to 

this collagen affinity coating.  PHEMA was selected as a base material based on its 

biocompatibility, ability to resist protein adsorption and cell adhesion, and availability 

of hydroxyl groups for surface modification
101

.  Standard surface characterization 

techniques were used to verify the successful completion of each step in the coating 

process, and thus the quality of our final decorin surface coating.  Compositions of the 

pHEMA model surface as well as the 1,1’ carbonyl diimidazole (CDI)-activated 

surface were confirmed using electron spectroscopy for chemical analysis (ESCA).  

Successful immobilization of collagen to the surface was also verified by ESCA.  The 

quantity of surface-bound as a function of soluble decorin was determined via 

radiolabeling.  The quality of the decorin coating was dependent on its ability to bind 

TGF-which was measured via ELISA. 
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2.2 Materials and Methods 

 

Creation of Model Implants 

Casting of bulk pHEMA gels 

Bulk poly-2-hydroxyethyl methacrylate (pHEMA) gels were created by combining 5 

ml of 2-hydroxyethyl methacrylate (HEMA) monomer, 0.2 ml of tetraethyleneglycol 

dimethacrylate (TEGDMA), 1.5 ml of ethylene glycol, 1 ml of water, 0.5 ml of sodium 

metabisulfite (15% in water) and 0.5 ml of ammonium persulfate (40% in water).  The 

solution was polymerized between 2 glass plates separated by 1mm thick Teflon 

spacers.  The resultant hydrogel was soaked in deionized water to facilitate removal of 

the glass plates and spacers and remove unreacted monomer.  The pHEMA sheet 

remained in deionized water for several days with fresh water changes each day.  Five 

millimeter diameter disks were cut using a biopsy punch and dried in a vacuum 

desiccator for 3 days before storing under nitrogen.   

 

Spincoating of pHEMA 

Glass disks spincoated with pHEMA were created for use in ultra high vacuum surface 

analysis techniques including ESCA and time-of-flight secondary ion mass 

spectrometry (ToF-SIMS).  These thin films were created as a substitute for bulk 

pHEMA gels to facilitate rapid and complete drying of samples, which is necessary for 

these analysis techniques.  Twelve millimeter diameter glass coverslips were coated 

with a thin layer of pHEMA (Scientific Polymer Products, Inc., Ontario, NY) as 
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previously described
101

. Disks were cleaned by sonication in methylene chloride 

followed by acetone and then methanol and allowed to dry.  Disks were then coated on 

both sides by pipetting 10-15 l of 2.5% (w/v) ethyl methacrylate (EMA)-silane in 

ethyl acetate onto the surface while spinning at 4000 rpm for 20 s.  The coated disks 

were placed in an oven at 60C overnight.  This was followed by two 1-hour rinses in 

ethyl acetate with stirring and a subsequent 10 minute methanol rinse.  The spincoating 

procedure was repeated with 15-20 l of 2.5% (w/v) pHEMA in methanol until all 

disks were coated on both sides with pHEMA. 

 

Preparation of collagen affinity coating 

Dry pHEMA disks underwent three1,4-dioxane rinses followed by reaction with 20mM 

1,1’ carbonyl diimidazole (CDI) (Aldrich Chemical Company, Milwaukee, WI) in 

dioxane for 2.5h at 50C.  The CDI solution was removed and each sample was rinsed 

three times with dioxane to remove any unreacted CDI.  For studies where sterility was 

necessary, the samples were brought into a chemical laminar flow hood while the third 

dioxane rinse remained.  Dioxane was removed and 300g/ml collagen (type I rat tail 

tendon, BD Biosciences) in sodium carbonate-bicarbonate buffer (pH 10.2) was added.  

The surfaces were allowed to bind overnight at 4C, followed by three rinses in sodium 

carbonate-bicarbonate buffer to remove unbound collagen before further use. 
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Verification of decorin binding to collagen in SPR 

Surface plasmon resonance (SPR) was used to verify the ability of bovine decorin 

(from articular cartilage, Sigma-Aldrich) to bind to rat tail type I collagen.  Glass SPR 

chips (Schott) were coated by gold evaporation (University of Washington Nanotech 

User Facility). Solutions of 300 g/ml of collagen, 50 g/ml of decorin, and 1 mg/ml 

of bovine serum albumin (BSA, fraction V, Sigma) in PBS (pH 7.4) were prepared and 

degassed for 30 minutes by sonication under vacuum before use.  Deionized water was 

pumped through the SPR system until stability was reached followed by re-

stabilization with PBS.  Collagen solution was injected into channel 1 while PBS 

continued to flow through channel 2 as a control.  Collagen was allowed to plateau in 

adsorption to the gold layer and then followed with PBS injection to wash.  The 

collagen-coated gold surface was then blocked by injection of BSA solution in Channel 

1 followed by another PBS wash.  Decorin solutions were injected into both channels 

and allowed to proceed until a plateau was reached followed by a PBS wash.  Data 

were collected by measuring the shift in refractive index seen after each solution 

change and resultant change in surface-bound protein. 

 

Attachment of decorin 

Collagen-coated samples were allowed to naturally bind decorin in solutions of 30, 50, 

100 and 150 g/ml.  After incubation overnight at 4°C, samples were rinsed three times 
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with PBS to remove unbound decorin before use.  A schematic of the coating process 

can be seen in Figure 2.1. 

 

 
 
 

Figure 2.1. Schematic of coating preparation.  Hydroxyl groups on pHEMA surface were activated by 

CDI.  Collagen was covalently bound followed by natural attachment of decorin. 

 

 

Surface Characterization 

 

TFEA derivatization to confirm CDI activation of surface 

In order to confirm successful CDI activation of our surfaces, a fluorine derivatization 

reaction was employed.  The fluorinated molecule 2,2,2-trifluoroethylamine (TFEA) 

(Aldrich) contains a primary amine group which can react with the imidazole 

carbamate group from CDI.  Spincoated pHEMA disks, disks activated with CDI only, 

and disks activated with CDI plus the collagen affinity coating were reacted with 1.5ml 

TFEA overnight at room temperature.  The samples were placed onto a microscope 
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slide and the slide was placed in a large glass tube.  TFEA was injected into the tube in 

the space underneath the microscope slide.  The tube was backfilled with nitrogen, 

sealed with a Teflon-coated stopper and left overnight to react.  Samples were placed 

into a desiccator to remove unreacted TFEA and then analyzed by ESCA to determine 

composition of fluorine on the surface. 

 

Verification of surface composition in ESCA 

ESCA was utilized to detect fluorine signals from the TFEA derivatized surfaces as 

well as verify successful addition of protein to the surfaces.  Surface compositions for 

the top 50-80 angstroms of samples were analyzed on a Surface Science Instruments 

X-probe ESCA instrument using an aluminum K1,2 monochromatized X-ray source.  

Spincoated pHEMA samples were analyzed at ultra high vacuum (approximately 10
-9 

torr).  An electron flood gun was used to reduce surface charging.  A hemispherical 

energy analyzer set at a 55 degree angle with respect to surface normal was used to 

measure the energy of emitted electrons.  Analysis of spectra was conducted using 

Surface Science Instruments analysis software with the hydrocarbon peak in the high 

resolution carbon spectrum set to 285.0 eV as a binding energy reference. 

 

Analysis of protein surfaces in Tof-SIMS 

To probe protein-coated surfaces for more detailed molecular information and surface-

sensitive composition information, samples were evaluated using time-of-flight 

secondary ion mass spectrometry (ToF-SIMS).  Spincoated pHEMA samples with the 
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collagen affinity coating as well as the decorin surface coating from the 30 g/ml 

solution concentration were evaluated using this technique.  As an additional control, a 

CDI-immobilized decorin coating was created by the same method described 

previously for CDI-immobilized collagen using a decorin solution concentration of 30 

g/ml. 

 

Positive ion spectra were obtained for static SIMS using a Physical Electronics PHI 

Model 7200 Reflectron instrument (Eden Prairie, MN) with an 8 keV Cs+ ion source.  

The primary ion dose was maintained below 1x10
13

 ions/cm
2
 over an analysis area of 

100 x 100 m.  All spectra were calibrated to CH3+, C2H3+, C3H5+ and C7H7+ peaks 

with mass calibration errors less than 5 ppm before subsequent analysis.  Peaks specific 

to fragments from any of the 20 amino acids as identified by Lhoest and colleagues
109

 

were selected for further analysis. 

 

Analysis of SIMS spectra 

Selected amino acid peaks were converted into a peak table and then analyzed using 

the multivariate pattern recognition technique, principal component analysis (PCA).  

PCA was performed as previously described
110

 using standard algorithms implemented 

with in-house scripts from the National ESCA and Surface Analysis Center for 

Biomedical Problems (NESAC/BIO) using MatLab (v 5.0, The Math Works, Inc., 

Natick, MA).  Each spectrum was mean centered and normalized to the total intensity 

of the spectrum before analyzing. 
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Quantification of decorin by radiolabeling 

The amount of decorin on the surface of implants was determined using 
125

I 

radiolabeling of decorin.  100g of decorin was labeled using Iodobeads (Pierce) 

according to manufacturer’s instructions.  Two washed and dried beads were added to 

0.25ml PBS, with 1mCi of 
125

I and reacted for 5 min.  100g of decorin in 0.5ml of 

PBS was added to the iodine solution and reacted for 15 minutes.  Two Biorad Econo-

Pac 10 DG chromatography columns were drained and rinsed twice with PBS.  The 

labeled protein solution was added to the first column.  PBS was then added to the 

column in 0.5 ml volumes and fractions were collected.  This was repeated until 40 

fractions of 0.5ml each were collected for both the labeled protein and unbound iodine.  

Radioactivity of all 40 fractions was measured by taking 5 l aliquots and measuring 

the radioactivity in a Cobra Quantum gamma counter (Packard, model #430660) for 

0.1 minute counts.  The three fractions containing the labeled protein were added to the 

second column.  Fraction collection was repeated and the three fractions containing the 

highest radioactivity were retained.    

 

Solutions of 30, 50, 100 and 150 g/ml of decorin were prepared and spiked with 

iodinated decorin.  Iodinated decorin was counted as ‘buffer’ for decorin concentration 

calculations.  5mm diameter bulk pHEMA disks were used for all radiolabeling 

studies.  Bulk pHEMA disks without labeled protein, pHEMA with adsorbed decorin 
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and pHEMA with adsorbed collagen followed by decorin were prepared in addition to 

the covalently attached collagen affinity coating with increasing concentrations of 

decorin in solution.  Decorin attachment and collagen affinity coatings were prepared 

as described previously and activity was measured in the gamma counter from 1 

minute counts.  Radioactivity was measured on samples in 0.5 ml of PBS in BSA-

blocked tubes.  After initial counts, sample tubes were incubated at 37 C and the 

amount of decorin remaining on surfaces over time was measured.  At each time point, 

solutions were removed from tubes, replaced with fresh buffer and activities were 

measured in the gamma counter. 

 

Quantification of TGF- binding 

The amounts of TGF-that were able to bind to decorin-coated and control disks were 

calculated from solution depletion as measured via ELISA.  Decorin-coated 5mm 

diameter bulk pHEMA disks were prepared as described previously (illustrated by the 

schematic in Figure 2.1) and individual samples were placed in separate wells of a 96-

well plate containing 150 l/well of PBS.  A 1 hour incubation of 1 mg/ml of BSA in 

PBS at 37C was used to block wells of the 96-well plate before use.  Control samples 

included uncoated pHEMA, CDI + collagen coated pHEMA, and CDI + decorin coated 

pHEMA (without collagen affinity coating).  Decorin-coated samples and control 

samples were run in triplicate.  Recombinant human TGF-1 (R&D Systems) 

reconstituted in 4mM HCL containing 1 mg/ml BSA was added to each well to create a 

final concentration of 2 ng/ml.  The plate was incubated at 4°C for 24 hours.  A 
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Quantikine human TGF-1 solid-phase ELISA (R&D Systems) was used to measure 

the amount of TGF-that remained in solution after exposure to samples.  The assay 

was carried out according to manufacturer’s instructions.  50 l aliquots of TGF- 

solution from each sample well were added to the pre-coated ELISA plate containing 

50 l per well of Assay Diluent RD1-21.  The amount of TGF- which was bound to 

each treatment or control disk was calculated by subtracting the measured solution 

concentration from ELISA and subtracting it from the known quantity of TGF- which 

was added to each well.  All wells were normalized to the BSA-blocked control well to 

subtract out nonspecific binding of TGF- to TCPS plate surfaces. 

 

Blocking of reactive CDI intermediates on surfaces 

Binding of TGF- to CDI + collagen coated surfaces may result from the ability of 

TGF- to bind to reactive CDI intermediates that are not bound to collagen fibrils.  

Since TGF- has not been shown to interact with type I collagen directly an alternative 

explanation for the ability to bind in our ELISA should be evaluated.  We thus 

evaluated the ability of lysine and ethanolamine to block all of the reactive CDI 

intermediates present on the surface.  Glass coverslips were spincoated with pHEMA 

and hydroxyl functional groups on the surface were activated with CDI.  Samples were 

then incubated with sodium carbonate/bicarbonate buffer (pH 10.2), 1M lysine in 

sodium carbonate/bicarbonate buffer, or 1M ethanolamine in sodium 

carbonate/bicarbonate buffer overnight at 4°C.  Uncoated pHEMA disks served as a 

negative control.  Samples were dried in a stream of nitrogen gas and placed onto a 
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microscope slide in a large glass tube for a vapor-phase TFEA derivatization reaction.  

The tube was injected with 1.5ml of TFEA, backfilled with nitrogen, sealed with a 

Teflon-coated stopper and left overnight to react.  Samples were then placed into a 

desiccator overnight to remove unreacted TFEA and analyzed by ESCA. 

 

2.3 Results and Discussion 

 

Verification of decorin binding to collagen in SPR 

SPR was used to verify the ability of bovine decorin to bind to rat tail type I collagen.  

The refractive index changes associated with the addition of each protein solution 

followed by PBS rinses are shown in Figure 2.2.  The shift in refractive index after 

each protein addition and PBS wash is proportional to the amount of protein bound to 

the surface.  A large shift in refractive index as demonstrated by collagen binding to 

gold on Channel 1 indicates a large amount of protein able to bind to the gold surface.  

The smaller refractive index shift after decorin addition and PBS wash on Channel 1, 

though less than the amount of decorin which can bind to gold on Channel 2, is 

confirmation that bovine decorin could bind to the rat tail type I collagen surface. 
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Figure 2.2. SPR evaluation of decorin binding. Plot of refractive index changes associated with 

addition of collagen (300 g/ml in PBS), BSA (1 mg/ml in PBS), and decorin (50 g/ml in PBS) each 

followed by PBS washes on Channel 1, and decorin (50 g/ml in PBS) followed by PBS wash on the 

Channel 2 control. 

 

 

Surface Characterization 

 

TFEA derivatization to confirm CDI activation of surface 

A fluorine derivatization reaction was used to ensure successful activation of pHEMA 

surfaces.  ESCA survey scans showed undetectable levels of fluorine on unmodified 

pHEMA surfaces, 8.6% fluorine composition on CDI-activated surfaces and 2.8% 

fluorine on collagen affinity coatings.  High resolution carbon scans (Figure 2.3) 

demonstrate the appearance of a peak consistent with C-F3 at a shift of 7.74 eV from 

the hydrocarbon peak on the CDI-activated surface.    The intensity of this C-F3 peak is 

reduced on the collagen affinity coating surface. 

 



www.manaraa.com

29 

 

 
 

Figure 2.3. ESCA high resolution C1s scans of TFEA derivatized surfaces.  The pHEMA surface 

contains no C-F3 peak (bottom), while the CDI activated surface (middle) demonstrates the appearance 

of a C-F3 peak at a shift of 7.7 eV from the C-H peak at 285.0.    A reduced C-F3 peak is present on the 

TFEA reacted CDI + collagen surface (top). 

 

 

Theoretical fluorine composition is 17.6% for a 1 to 1 activation of every hydroxyl 

group on the surface and 100% binding of TFEA.  Assuming steric hindrance of CDI 

in binding to free hydroxyl groups is the cause of lower actual fluorine composition, 

we can estimate that approximately 50% of the available hydroxyl groups are activated 

by CDI.  After reaction with collagen, CDI reactive intermediates are still present on 

the surface as indicated by a 2.8% fluorine signal on collagen-coated surfaces. 

 

Verification of surface composition in ESCA 

ESCA was used to characterize the composition of CDI-activated and protein-coated 

surfaces.  Survey scans provided a carbon/oxygen ratio of 67.3/32.7 for spincoated 
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pHEMA surfaces which is similar to theoretical values of 66.7/33.3.  CDI-activation of 

the surface introduces a nitrogen peak to the composition scan.  For 1 to 1 binding of 

CDI to free hydroxyl groups on pHEMA, a theoretical %N of 12.5 would be obtained.  

Calculations based on the measured nitrogen signal of 5.7% indicate an activation of 

45.6% of available hydroxyl groups.  This is in agreement with the CDI/OH ratio 

obtained from fluorine derivatization.  An increase in nitrogen composition to 10.1% 

indicated the addition of collagen to the CDI-activated surface.  The subsequent 

addition of decorin resulted in similar levels of nitrogen to the collagen surface, which 

agrees with expectations.  Decorin is a proteoglycan, and thus it contributes a nitrogen-

rich protein core as well as a carbon and oxygen-rich glycosaminoglycan side chain.  

Survey scans from CDI-activated spectra are provided in Figure 2.4. 

 

 
 

Figure 2.4: ESCA composition scans of coated pHEMA surfaces.  Increase in percent nitrogen from 

CDI-activated pHEMA surface (bottom scan) compared to collagen-immobilized surface (middle scan) 

and collagen immobilized surface with bound decorin (top scan) indicates successful protein attachment. 
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Analysis of protein surfaces in Tof-SIMS via PCA 

Analysis of SIMS data was focused on elucidating differences in protein structures and 

compositions between CDI-immobilized decorin (DCN), CDI-immobilized collagen 

(COL) and CDI-immobilized collagen + decorin (COL+DCN) surfaces.  Peaks specific 

to amino acids were selected and used to determine differences between these protein-

coated surfaces through PCA.  The first two principal components (PCs) in the model 

captured 98% of the variance associated with peak intensity differences between 

surfaces (using the selected peak set).  The plot of PC1 vs. PC2 in Figure 2.5 shows 

distinct clustering of the three separate surfaces.  In this model, PC1 can be used to 

identify differences between the two protein controls and the decorin affinity coating 

while PC2 can be used to identify differences between collagen and decorin.  The 

loadings plot of PC2 (Figure 2.6) provides information on which amino acids primarily 

contribute to the separation seen between the decorin and collagen controls.  The most 

pronounced differences can be attributed to a strong proline peak (m/z=70) in COL 

samples whereas DCN samples contain strong leucine (m/z=86) and lysine (m/z=84) 

peaks.  The large proline content of collagen and the characteristic leucine rich repeats 

in the structure of decorin lend support to these findings in SIMS spectra.  The 

separation of COL+DCN from DCN surfaces indicates that we are likely seeing both 

proteins on our coating surface and we do not have complete coverage of collagen by 

decorin.   
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Figure 2.5. PCA Analysis of ToF-SIMS data from coated surfaces.  Plot of principal component 1 

(PC1)vs. principal component 2 (PC2) shows separation of decorin (DCN), collagen (COL) and collagen 

+ decorin (COL+DCN) surfaces. 

 

 

 

 

 

 
 

Figure 2.6: PCA loadings plot of principal component 2. Plot demonstrates specific amino acid peaks 

which are contributing to separation of decorin and collagen surfaces.  Decorin samples contain strong 

peaks corresponding to leucine and lysine while collagen samples contain a strong peak corresponding to 

proline. 

 

 



www.manaraa.com

33 

 

Quantification of decorin by radiolabeling 

The amount of decorin able to bind to the collagen affinity coating was measured via 

radioiodination of decorin.  Decorin solution concentrations ranged from 30 g/ml to 

150 g/ml.  Binding of decorin to collagen surfaces was found to be dose-dependent.  

At the highest solution concentration evaluated, 150 g/ml, the quantity of decorin 

bound to the surface was 300 ng/cm
2
, which was consistent with a monolayer of 

decorin at the surface (Figure 2.7).  Radiolabeling studies confirmed successful binding 

of decorin to collagen affinity coatings in quantities which are reasonable for a 

monolayer of protein.  The amounts of decorin which remained on surfaces over time 

at 37C are given in Figure 2.8.  The majority of decorin was released into solution in 

the first 24 hours of incubation. 

 
 

Figure 2.7. Quantity of decorin present on coated surfaces. Samples were incubated with decorin 

solutions spiked with 
125

I labeled decorin, washed three times and measurements were taken on a gamma 

counter.  Treatments include pHEMA disks with no protein (buffer), adsorbed decorin (30DCN), 

adsorbed collagen and decorin (COL+DCN 30) and CDI-activated pHEMA with immobilized collagen 

with increasing concentrations of decorin listed in g/ml (CDI+COL+DCN). 
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Figure 2.8. Quantity of decorin retained on surfaces over time at 37C. Samples were incubated with 

decorin solutions spiked with 
125

I labeled decorin, washed three times and initial measurements were 

taken on a gamma counter.  Samples were stored at 4°C and were placed in fresh buffer daily to measure 

radioactivity that remained on sample surfaces over time as a measure of decorin quantity.  Treatments 

include pHEMA disks with no protein (buffer), adsorbed decorin (30DCN), adsorbed collagen and 

decorin (COL+DCN) and pHEMA with CDI-immobilized collagen and increasing concentrations of 

decorin in g/ml (DCN 30, DCN 50, DCN 100, DCN 150). 

 

 

Quantification of TGF- binding 

The amount of TGF- which remained in solution after incubation with coated surfaces 

was measured via ELISA.  The highest TGF- solution concentrations correspond to 

the lowest amount of TGF- bound by sample surfaces.  PHEMA surfaces bound the 

lowest amount of TGF- followed by the BSA-blocked control wells.  Although we 

would have expected control wells to exhibit the least binding, this difference was 

likely due to nonspecific binding of TGF- to the surfaces of TCPS wells despite BSA 

blocking.  Surfaces treated with CDI followed by decorin at 30 and 100 g/ml, bound 
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the most TGF- which was similar to that bound by surfaces treated with CDI followed 

by collagen.  High binding by collagen surfaces was not expected as type I collagen is 

not known to interact with TGF-  One possible explanation for this finding would be 

direct binding of TGF- to reactive CDI intermediates on the surface.  Another 

possibility could be contamination of collagen with decorin that was associated with 

the fibrils before extraction and which were not removed during purification.  Surfaces 

treated with CDI followed by collagen and then decorin in concentrations of 30, 100 

and 150 g/ml bound slightly less TGF- than decorin or collagen surfaces alone.  A 

dose response in TGF- binding when increasing amounts of decorin were bound to 

the surface was not seen.  The amounts of TGF-remaining after incubation with each 

sample are given in Figure 2.9 in units of pg/ml.  Triplicate samples were run and error 

bars represent +/- 1 standard deviation from the mean.  Measuring exact TGF- 

binding by incubating TGF- solutions with coated surfaces is made difficult by the 

tendency for TGF- to bind nonspecifically to many surfaces including TCPS.  

Although blocked with BSA, these surfaces could still allow TGF- to bind and affect 

the accuracy of our results.  However, in setting up the experiment, blocked control 

wells were included to be able to subtract this nonspecific binding from our results.   
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Figure 2.9: Quantity of TGF-bound to surfaces after sample incubation. Samples included BSA-

blocked control well, pHEMA control, and CDI-activated pHEMA with 300 g/ml solution 

concentration followed by decorin at 30, 100, or 150 g/ml or decorin without collagen.  
 

 

Blocking of reactive CDI intermediates on surfaces 

Fluorine derivatization reactions confirmed the presence of reactive CDI intermediates 

on the surface both after collagen immobilization and after incubation of two separate 

small molecules for blocking.  In the first study, it was shown that collagen blocked 

approximately 67% of the available binding sites of CDI on the pHEMA surface as 

indicated by the percentage of fluorine detected in ESCA.  In the subsequent blocking 

study, lysine was able to bind approximately half of the binding sites while 

ethanolamine was only able to bind one quarter of the sites, both indicated by 

percentage of fluorine on the surfaces before and after blocking.  Though both 

ethanolamine and lysine were selected due to their small size and presence of a free 
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amine capable of reacting with CDI, neither molecule was able to completely block 

available reactive sites.  It is expected, then, that some amount of TGF- binding to the 

CDI-activated pHEMA surface would be possible and may have had some effect on 

ELISA binding results. 

 

2.4 Conclusions 

 

This work demonstrated the successful binding of decorin to the surface of a model 

pHEMA implant via a type I collagen affinity coating.  Each step of the coating 

process was characterized and verified including CDI activation of hydroxyl groups on 

the pHEMA surface, covalent immobilization of type I collagen and natural binding of 

decorin.  Fluorine derivatization demonstrated an activation efficiency of 

approximately 50% of surface hydroxyl groups by CDI.  The quantity of decorin on the 

surface was approximately 300 ng/cm
2
 based on radiolabeling studies which was 

consistent with a monolayer of the proteoglycan.  It was previously found that decorin 

binds poorly to denatured collagen
85

, thus it can be inferred from the successful 

binding of decorin that the covalently linked collagen was in a native rather than 

denatured conformation.  Unexpectedly, TGF- was able to bind to collagen in similar 

quantities as it was able to bind to decorin coatings.  Since TGF- is not known to have 

collagen binding ability, we expect that it is binding to reactive CDI intermediates that 

were not attached to collagen fibrils or that the collagen coating has some decorin 

contamination that was not removed during extraction and purification in the 
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commercially available collagen we were using.  To evaluate the ability of small 

molecules to block available CDI reactive intermediates, we tested both ethanolamine 

and lysine as examples.  We found a 50% reduction in fluorine signal when CDI 

surfaces were blocked with lysine and reduced efficacy with ethanolamine.  It was 

found that neither of these small molecules would be suitable for complete blocking of 

CDI intermediates. 
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Chapter 3 

Evaluation of Decorin Coating In Vivo 

 

3.1 Introduction 

 

Novel decorin surface coatings were successfully created and thoroughly characterized 

in Chapter 2 of this thesis, and were designed to inhibit or reduce fibrous capsule 

formation around medical implants.  Methods for evaluating therapies to reduce fibrous 

capsule thickness currently lack a rapid and low cost model.  In vitro models are unable 

to accurately reproduce fibrous encapsulation and in vivo models are lengthy and 

costly.   

 

Recently, the chick chorioallantoic membrane (CAM) model has received significant 

attention as a method for evaluating both fibrous encapsulation of implants 
105, 107, 108, 

111
 and angiogenic responses to treatments

103, 106
.  Work has been performed with the 

chick embryo remaining within the shell (in ova)
105

 or following removal from the 

shell and cultured in a Petri dish (ex ova)
107, 108, 111

.  It was previously found that the in 

ova model is limited by inflammation caused by eggshell dust from windowing, limited 

access and small sample numbers due to small window area
107

.  For ease of 

implantation and visualization, the ex ova model was initially chosen for this work.   
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The CAM model was evaluated as a simplified in vivo model for fibrous encapsulation.  

This method may bridge the gap between cell culture studies which are often not 

relevant to in vivo wound healing and mammalian models which are expensive and 

time consuming.  The CAM model has the benefits of being inexpensive, easy to 

handle, and requires a shorter implantation time while providing a foreign body 

response to implants.  Biomaterials have been implanted into this membrane for time 

periods up to 11 days and both acute and inflammatory responses have been studied
105, 

107
.  The inflammatory and angiogenic responses in the chick CAM have been found to 

depend on the chemical and physical structure of the implant
103

.  For the reasons listed 

above, the CAM model presented a promising technique to use for optimizing various 

surface coatings for implants and evaluating healing responses. 

 

Further analysis of the decorin surface coating was carried out in a mouse 

subcutaneous implant model.  Coated surfaces whose creation and characterization was 

laid out in Chapter 2 of this thesis were evaluated for ability to promote healing around 

implants.  Decorin-coated implants and uncoated pHEMA control implants were 

evaluated after a 28 day implantation for effects on fibrous capsule thickness, density 

and angiogenesis. 
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3.2 Materials and Methods 

 

CAM Assay 

Ex ova CAM assay 

Evaluation of healing response to coated and uncoated pHEMA implants were carried 

out in the CAM model as published with modifications
107

.  Fertilized chicken eggs 

(Hyline Farms, Puyallup, WA) were placed horizontally in an egg incubator for 3.5 

days at 37º C.  While disturbing the contents of the egg as little as possible, the eggs 

were cleaned with 70% ethanol, cracked on the bottom surface and placed in pre-

warmed, sterile, polystyrene Petri dishes and covered.  Dishes were carefully placed in 

another 37º C egg incubator.  At day 7 of incubation, coated and uncoated bulk 

pHEMA disks (5mm diameter, 1mm thick) were implanted into each CAM by gently 

placing each implant on top of the CAM approximately ½ cm from the embryo.   

 

Optimization of implant samples and procedures 

Samples for implant were optimized both to improve embryo survival, and to enhance 

visualization for explantation procedures.  Initial 5 mm diameter pHEMA implants 

were reduced in size to 1 mm diameter.  Challenges with finding these small 

transparent implants in the CAM led to use of numerous histological dyes and food 

coloring to aid in visualization of the polymer implants.  An opaque material was 

finally selected for ease of locating samples for explants.  Braided silk sutures were 

selected for roughness to aid in incorporation as well as ability to dip coat in pHEMA 
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for attachment of surface coating.  Silk sutures were dip-coated with pHEMA (5% w/v, 

Scientific Polymer Products, Inc., Ontario, NY) in methanol, and each suture received 

three coats of pHEMA to ensure complete coverage.  Implant samples were either 

pHEMA dip coated control samples, or pHEMA dip coated and further decorin-coated 

samples.  Samples to be decorin coated were CDI activated, collagen was covalently 

attached and decorin was allowed to bind to collagen (as described in Chapter 2 for 

pHEMA disks).  To further improve embryo survival, implantation procedures were 

moved to the in ova model rather than the ex ova model that was initially selected.  

Cutting a small window in the top of each shell was presumed to disturb the developing 

embryo less than complete removal from the shell. 

 

In ova CAM assay 

Evaluation of healing response to pHEMA control and decorin-coated implants were 

carried out in the CAM model as published with modifications
105

.  Fertilized chicken 

eggs (Hyline Farms, Puyallup, WA) were placed horizontally in an egg incubator and 

turned twice daily for 3 days at 37 C.  On day 4, each egg was cleaned with 70% 

ethanol, and a 1 cm x 1 cm window was cut into the shell, and clear plastic was taped 

in place to prevent contamination and allow visualization. At day 7 of incubation, 

coated silk sutures were gently placed on top of the CAM approximately 0.5 cm from 

the embryo.  Decorin-coated sutures as well as pHEMA and collagen-coated controls 

were implanted.  Samples were allowed to incorporate for 11 days post-implant and 

then fixed in situ with 10% neutral buffered formalin.  Samples were then removed 
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along with the surrounding tissues, paraffin embedded, cut into 5 m thick sections, 

and stained with Masson’s Trichrome according to manufacturer’s instructions.  

Images were obtained at 4x and 10x on a Nikon E800 upright microscope.   

 

Mouse subcutaneous implant model 

 

Preparation of implant samples 

Decorin coating processes were carried out as described in Chapter 2.  Briefly, 

PHEMA gels were created by combining 5 ml of HEMA monomer, 0.2 ml of 

TEGDMA, 1.5 ml of ethylene glycol, 1 ml of water, 0.5 ml of sodium metabisulfite 

(15% in water) and 0.5 ml of ammonium persulfate (40% in water).  The solution was 

polymerized between 2 glass plates, soaked in water, cut into 5 mm disks using a 

biopsy punch.  In order to keep pilot study animal numbers at a minimum, disks 

prepared for implant were either pHEMA control disks or decorin coated disks as 

illustrated in Figure 3.1.  Disks which received the decorin coating for implant were 

dried, and modified with CDI to covalently link collagen followed by incubation with 

decorin. 
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Figure 3.1. Illustrated implants for decorin coating study.  All implants were 5 mm diameter 

pHEMA disks.  Treatment includes addition of CDI followed by covalent attachment of collagen 

followed by decorin binding. 

 

Cytotoxicity and endotoxin assessment 

The fibroblast cell line, NIH 3T3, was used according to ISO standard 10993-5 to 

evaluate cytotoxicity of implant materials made in the same batch as were implanted.  

Cells were seeded in 12-well TCPS plates in one ml of growth media (High glucose 

DMEM with 10% FBS, 1% l-glutamine, and 1% sodium pyruvate) per well.  Samples 

were incubated for 24 hours in growth media at a volume of 3 ml media per 9 cm
2
 of 

surface area.  Latex punched from pipette bulbs with a 5 mm diameter biopsy punch 

was sterilized in 70% ETOH for 8 hours, rinsed in 40 ml DI water with 4 water 

changes after 15 minutes each, and then soaked in growth media overnight as a positive 

control.  Media incubated in TCPS wells served as a negative control.  Cells were 

cultured for one day in growth media and then the media was aspirated off, media from 

TCPS, decorin coated samples or negative control wells were then added to cell wells, 

and cells were cultured for an additional 48 hours.  Cells were visualized under a 

microscope at 24 and 48 hours for signs of toxicity.  Threshold endotoxin testing was 
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carried out using Cambrex Bioscience Limulus Amebocyte Lysate Pyrogent Plus kit 

according to manufacturer’s instructions. 

 

Subcutaneous implantation 

Three male 7wk old C57BL6 mice weighing approximately 20 g each were used for 

implantation.  The implantation protocol was approved by the University of 

Washington IACUC (Institutional Animal Care and Use Committee).  Each mouse 

received an IP injection of 0.4ml of anesthesia cocktail (0.16 ml Ketamine and 0.055 

ml Xylazine diluted in 2.28 ml saline).  Each mouse received a dot of eye gel in each 

eye to prevent drying, was shaved from just below the shoulders to just above the tail, 

and rubbed with Betadine to prepare the skin for surgery.  An ethanol rub was used to 

remove the Betadine from the skin.  Surgeries were performed on clean pads placed on 

a water circulating warming pad set to 37C to prevent heat loss from mice.  Each 

mouse was placed in the prone position and a dorsal incision was made with a sterile 

scalpel just offset from the spine about 2cm in length.  Care was taken to cut just 

through the skin and not into the underlying muscle.  Blunt dissection scissors were 

used to create 4 separate subcutaneous pockets, one behind the forelimbs on each side 

and one in front of the hind limbs on each side of the mouse.  Both anterior and 

posterior implant locations received an uncoated pHEMA implant and a decorin-coated 

pHEMA implant.  Placement of coated and uncoated implant on right or left side of 

each location was randomized in this study by blocking for anterior and posterior 

locations and randomizing within locations.  After creation of each subcutaneous 
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pocket, the appropriate implant was removed from the sterile 12- well plate where it 

was immersed in either PBS for uncoated implants or 150 g/ml of decorin in PBS for 

coated implants.  Implants were placed deep into pockets to try to prevent migration 

toward the incision location during healing.  After surgery mice received 0.1 ml of 

Buprenorphine solution (0.01 ml Buprenorphine in 0.3 ml saline) for a dose of 

0.05mg/kg of body weight, injected subcutaneously near the base of the tail or on the 

ventral side near the gut.  Mice received standard rodent chow and water during the 

course of the 28 day study. 

 

Sample explantation and tissue processing 

After 28 days, animals were sacrificed and implants and surrounding tissues were 

removed.  Tissue samples were fixed in modified Methyl Carnoy’s fixative (90% 

methanol and 10% acetic acid), paraffin embedded and cut into 5 m sections for 

histological analysis. 

 

Measurement of fibrous encapsulation 

Tissue sections were stained with Masson’s Trichrome according to manufacturer’s 

instructions.  Each section had 3 images captured at low magnification (4x).  Images 

were calibrated using a micrometer and capsule thicknesses were measured in 

Metamorph software at 5 random locations per image.  Average thicknesses per section 

were calculated and compared using t-tests.  Where more than two treatments are being 
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compared, statistical significance was determined with ANOVA with p<0.05 being 

significant. 

 

Assessment of angiogenesis 

Detection of endothelial cells was performed by immunohistochemistry for MECA-32 

(BD Biosciences).  Paraffin embedded 5 m sections were baked onto slides, 

deparaffinized in xylenes and rehydrated to PBS.  Sections were peroxidase quenched 

with 3% hydrogen peroxide in methanol for 30 minutes during rehydration steps.  

Sections were then incubated with blocking buffer (4% normal goat serum in PBS) for 

one hour at room temperature, followed by incubation with MECA-32 (diluted 1:10 in 

blocking buffer) overnight at 4C.  Sections were washed with PBS and incubated with 

biotinylated goat anti-rat secondary antibody (BD Biosciences) for 1 hour at room 

temperature followed by a streptavidin-peroxidase complex (ABC) according to 

manufacturer’s instructions.  Sections were developed using SigmaFAST DAB, 

counterstained with hematoxylin, dehydrated and coverslipped with Permount.  Any 

positively stained areas on tissue sections were imaged at 20x to evaluate presence of 

lumen structures within capsules as a measure of angiogenesis. 
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3.3 Results and Discussion 

 

CAM Assay 

Ex Ova CAM assay  

Bulk pHEMA 5mm disks were initially implanted into the CAM model and resulted in 

high mortality rates.  Reduction of implant size to 1 mm diameter disks improved 

embryo survival but were difficult to locate once placed on the CAM.  Development of 

the chick embryo in the CAM model continues for up to 21 days, just before the chick 

would hatch, and is similar for both the in ova and ex ova models
107

.  For the ex ova 

model, by day 6 of incubation, the CAM is spread across both the yolk and egg white 

and development of the vasculature is apparent.  The CAM and associated vasculature 

spread to the edges of the Petri dish by day 13.  Due to the reduction of yolk, areas of 

the CAM begin to appear translucent around day 17
107

.  This translucent appearance 

and the clear nature of pHEMA implants made implants virtually invisible within the 

CAM.   

 

Optimization of implant samples and procedures 

Once pHEMA disk size was reduced, disks could not be found for explant.  Numerous 

histological dyes as well as food coloring were used to aid in visualization of the 

polymer implants, however, at the end of the study, all disks were clear and 

undetectable in the surrounding tissue.  It was presumed that during CAM development 

dyes leached from the hydrogel implants.  Due to these challenges, an alternate base 
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material was needed that could be treated with decorin surface coatings, satisfy size 

limitations, and be visible in the CAM.  Woven silk sutures were chosen as 

replacement base materials because they were opaque and easy to visualize within the 

CAM, were very small in diameter and could be cut to any length.  Sutures were dip-

coated with pHEMA and surface modified to attach the decorin coating.  Both decorin-

coated sutures and pHEMA-coated control sutures were placed onto CAM membranes 

for evaluation.  Through final selection and coating of silk sutures, successful implant 

optimization was accomplished.  However, embryo survival to 11 days post implant, or 

gestation day 18, remained a challenge.  To improve embryo survival further, implants 

were conducted in the in ova model which was presumed to disturb developing 

embryos far less than complete removal from shells. 

 

In Ova CAM assay  

Implantation of coated silk sutures into the in ova CAM assay resulted in improved 

embryo survival and the ability of implants to remain in eggs for the full 11 day study.  

Histological analysis of CAM explants showed that the majority of samples did not 

fully incorporate into the membrane as seen in Figure 3.2.  Only 1 of 27 successful 

explanted samples fully incorporated into the CAM.  This made it impossible to 

measure encapsulation of samples and we were unable to make comparisons between 

groups.  A significant amount of effort went into addressing technical challenges in this 

assay.  Samples sizes were reduced to improve embryo survival, sample materials were 

modified to be more clearly visible and prevent sample loss during explanting, and 
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histological challenges which were not discussed in this chapter were overcome to 

enable processing and sectioning of a delicate membrane such as the CAM.  Despite 

these successes, lack of implant incorporation did not allow comparisons of fibrous 

encapsulation between groups.  Similar difficulties with incorporation of implants have 

been reported
105

.   

 

 

 

 
 

Figure 3.2. Coated silk sutures after 11 day implantation in CAM.  Representative images of lack of 

incorporation of the majority of implanted samples (left).  Image of sample that was able to incorporate 

(right). 

 

 

The CAM assay has been reported to produce a foreign body response similar to that of 

rodent models and thus provided a promising assay to evaluate coated samples more 

rapidly and at reduced cost compared to rodent models.  Valdes and colleagues 
105

 

evaluated the CAM response to bacterial endotoxin, cotton thread and silastic tubing 

placed onto the top of the CAM in ova.  The silastic tubing, greater in diameter 

(.064cm OD) and less porous than the thread, did not incorporate fully into the CAM 

and the membrane grew to half the height of the tubing
105

.  The sutures used in this 
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study were similar in diameter to the cotton thread and significantly smaller in than the 

silastic tubing and therefore were not expected to pose challenges with incorporation.  

The authors found difficulty with incorporation of materials that are smooth and do not 

readily promote cell attachment.  Acetaminophen sensors were coated with egg white 

from the fertilized egg or purchased ovalbumin to aid incorporation in a subsequent 

study
108

.  We found similar challenges with incorporation as described in these studies.  

Even our protein-coated samples of small diameter met with significant incorporation 

challenges.  In agreement with published reports, we found that the CAM does produce 

a foreign body reaction.  However, the strict limitations on implant size to maintain 

embryo survival and challenges with incorporation far outweigh the benefits of reduced 

cost and healing time which initially merited exploration of this assay. 

 

Subcutaneous mouse implant study 

 

Cytotoxicity and endotoxin assessment 

Materials to be used for implantation were evaluated for cellular toxicity and 

endotoxin.  Samples for implant, TCPS negative controls and latex positive controls 

were incubated with media for 24 hours and then this media was transferred to NIH 

3T3 cell cultures.  After 24 hours, positive control wells contained primarily rounded 

cells and evident toxicity.  Both negative control wells and sample wells had spread 

cells, which had increased in number and showed no signs of toxicity.  At 48 hours, 

positive control cells showed no growth, few cells remaining on the surface and those 
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that remained were balled up.  Both negative control wells and decorin sample wells 

had confluent cell populations and demonstrated no visible toxic effects.  All samples 

for implant also tested below detectable levels for endotoxin. 

 

Measurement of fibrous encapsulation 

Sections from coated and uncoated implants were stained with Masson’s Trichrome 

and images of capsules were obtained.  Capsule thicknesses were measured and 

compared between groups.  Representative images of Masson’s trichrome stained 

sections are given in Figure 3.3 with an uncoated pHEMA control (left) and a decorin 

coated implant (right).  It can be seen that collagen tissues which form the fibrous 

capsules (stained in blue) are visually similar in thickness below pHEMA implants 

which are light blue rectangles in the center of both images.   

 
 

 
 

Figure 3.3. Masson’s trichrome stained implant sections.  Representative images of fibrous capsules 

present on uncoated pHEMA control samples (Left) and decorin coated samples (Right). Scale bar = 

100µm 
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Overall, capsule thicknesses were not significantly different between groups.  It was 

found in our lab that capsule thicknesses around implants tend to differ based on 

anterior or posterior location (unpublished data).  In case capsule development was 

different on skin side vs. muscle side of implants, capsule measurements were 

separated by side of implant and by location.  Capsules measured on the skin-side of 

implants from anterior locations in mice showed an increase in capsule thicknesses for 

decorin-coated implants as compared to controls, which was significant and in which 

the trend was maintained at the posterior location as well (Figure 3.4).  Interestingly, 

the trend was reversed on the muscle side of implants at both locations though these 

trends were not statistically significant (Figure 3.5).  If the data were not separated into 

skin side and muscle side, no significant differences were found in capsule thicknesses. 

 

Numerous reports in the literature demonstrated reduced fibrosis and improved 

outcomes after decorin delivery.  Administration of decorin in a rat arterial injury 

model
18

, a rat model of kidney fibrosis
19

, and a hamster model of lung fibrosis
20

 all 

demonstrated lower levels of fibrosis.  We thus expected to find a similar reduction in 

fibrous encapsulation as measured by either reduced capsule thickness or reduced 

capsule density in our wound healing implantation model.   
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Figure 3.4. Capsule thicknesses on skin side of implants.  Capsule thicknesses were measured on 

Masson’s Trichrome stained sections and compared between coated and uncoated samples at both 

anterior and posterior implant locations.  * p < 0.05 

 

 

 

 

 

 
 

Figure 3.5. Capsule thicknesses on muscle side of implants.  Capsule thicknesses measured on 

Masson’s Trichrome stained sections and compared between decorin-coated and uncoated control 

samples at both anterior and posterior implant locations.  No significant differences in capsule thickness 

were found on muscle side of implants. 
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The presentation of decorin on implant surfaces was designed to optimize efficacy of 

the coating.  Collagen-bound decorin has been shown to retain its TGF- binding 

activity, and collagen-bound decorin has also demonstrated reduced endocytosis
112

.  

Thus in attaching decorin to our surface via a collagen affinity coating we retain 

decorin’s ability to bind TGF- and reduce degradation of the coating at the implant 

site thus increasing the duration of time in which the coating can remain effective.  The 

mechanism of decorin’s ability to inactivate TGF- is not fully understood but is 

believed to either sequester the molecule in the ECM
94

 or clear it from the area, likely 

through the kidneys
78

.  By presenting decorin on a collagen affinity coating, decorin 

would still have the ability to either sequester TGF- at the implant site and prevent it 

from binding to its receptors, or clear the molecule from the area.  It was for these 

numerous benefits that decorin was presented at the surface of these implants on a 

collagen affinity coating.  Surprisingly, coated surfaces did not reduce fibrous 

encapsulation as expected.  Overall, the decorin coating demonstrated no significant 

difference in either capsule thickness or density as compared to uncoated controls.  

Only when the data were separated by location and skin vs. muscle side of implant did 

a significant difference emerge, and it was a slight increase in capsule thickness for 

coated samples.  This result contradicts the positive reduction in fibrosis in numerous 

other animal models
18-21

.  This difference may be due to differences in decorin 

quantity, duration of decorin presence at the implant site, or that decorin may illicit a 

different response in an implant encapsulation model as compared to a simple injury 

model or fibrotic disease model.   
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Assessment of angiogenesis 

Paraffin embedded sections were evaluated for endothelial cells though 

immunohistochemistry for MECA-32.  There were little to no lumen structures present 

within capsules surrounding both pHEMA control implants and decorin control 

implants.  The only visible lumen structures present on labeled sections were around 

the periphery of capsules within native mouse tissues.  Thus full quantification of these 

results was not conducted.  Representative images of MECA-32 labeled sections are 

given in Figure 3.6 with an uncoated pHEMA control (right) and a decorin coated 

implant (left).  Studies have demonstrated both inhibition of angiogenesis and 

enhancement of angiogenesis from addition of decorin, and thus angiogenesis was 

measured to determine if decorin had a strong effect in a fibrous encapsulation model.  

Results indicate that a monolayer of decorin at the surface of an implant neither 

significantly enhances nor inhibits vascularization of the fibrous capsule.   

 

Figure 3.6. Representative images of MECA-32 staining for endothelial cells.  Representative 

images of vessel evaluation present within capsules around uncoated pHEMA control samples (Left) and 

decorin coated samples (Right).  
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3.4 Conclusions 

 

CAM assay 

In order to evaluate and optimize our coating for improved healing in vivo we 

employed a chick chorioallantoic membrane (CAM) assay.  The CAM assay is well 

established as a model for angiogenesis and has been reported to form fibrous capsules 

around implants.  This model was evaluated as a potential fibrous encapsulation model 

based on lower cost and easier availability compared to traditional rodent models.  

Analysis of histological sections from assay samples demonstrated incomplete 

incorporation without measurable fibrous encapsulation.  Our challenges with implant 

incorporation were in agreement with previous studies, however, we had the 

advantages of implanting only protein-coated samples of small diameter, which should 

have led to successful incorporation based on previous reports.  In summary, we were 

able to conclude that the CAM assay produces a foreign body reaction, however, the 

small size of the fibrous capsule, limitations on implant size, and challenges with 

incorporation lead us to recommend against use of this model for assessment of fibrous 

encapsulation.  For evaluation of angiogenesis and healing around micro sensors, the 

CAM assay has demonstrated success and the challenges we encountered do not 

indicate any relation to those more ideal applications for this model.  Based on these 

findings we decided to move forward with in vivo evaluation of decorin-coated 

implants in a traditional rodent model.   
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Mouse subcutaneous implant model 

A pilot study was carried out to evaluate fibrous encapsulation around decorin-coated 

implants as compared to uncoated pHEMA controls.  Several controls were absent in 

this study to reduce animal number and search for an all-or-nothing response. It was 

found that coated surfaces did not reduce fibrous encapsulation as expected despite the 

fact that decorin had demonstrated positive reduction in fibrosis in numerous other 

animal models
18-21

.  This difference may be due to a need for greater decorin quantity, 

a longer duration of decorin presence at the implant site, or that decorin may not play a 

significant role in formation of the foreign body capsule.  This work was also 

conducted in a small pilot study which may have been underpowered, and thus small 

differences may not have been statistically significant.  It is useful to note, however, 

that such small changes would not provide the large reduction of fibrous encapsulation 

which would be necessary for clinical use.  Certainly, a greater understanding of the 

role decorin plays in fibrous encapsulation and the foreign body response is needed.  

To address the concerns of insufficient quantities of decorin, or need for increased 

duration of decorin presence, in a subsequent chapter decorin is overexpressed at the 

implant site.  This delivery method enables an increase in decorin quantity far above 

what one could attach in a monolayer at the surface and allows the duration of decorin 

presence to extend for the length of the implantation to provide a more thorough 

investigation of decorin effects on the foreign body response.   
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Chapter 4 

Effects of Decorin Overexpression on  

Foreign Body Response to Implants 

 

4.1 Introduction 

 

Pilot study results from decorin-coated subcutaneous implants indicated that a greater 

understanding of maximal effects that decorin can elicit at an implant site, specifically 

in terms of fibrous encapsulation and angiogenesis, were needed to direct future 

decorin therapies.  Towards this end, the effects of a sustained excess of decorin at an 

implant site on fibrous encapsulation and angiogenesis were evaluated.  This was 

accomplished through local cellular overexpression of decorin at the implant site. 

 

Previously, primary rat aortic smooth muscle cells (ASMCs) which overexpress 

decorin were created and evaluated in a rat aortic balloon injury model
18

. These cells 

demonstrated overexpression of bovine decorin through the entire 28 day study and 

reduced ECM accumulation was found in tissue surrounding decorin-overexpressing 

cells compared to control cells.  Due to the rat source of these cells, effects of decorin 

overexpression on healing around implants were evaluated in a corresponding rat 

model.  It has been demonstrated in our lab that 100 m pore-size scaffolds have 

significantly greater fibrous capsule formation and reduced angiogenesis as compared 
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to their 35 m pore-size counterparts.  100 m porous scaffolds are thus an excellent 

platform on which to evaluate the effects of decorin overexpression on fibrous 

encapsulation and angiogenesis in vivo.  We fabricated porous polymer scaffolds with 

surface-immobilized collagen to promote cell attachment.  We then optimized cell 

seeding of rat aortic smooth muscle cells which constitutively overexpress bovine 

decorin along with non-decorin-overexpressing control cells before implanting and 

evaluating healing.  These cell-seeded scaffolds were optimized to deliver cell numbers 

which were previously found to be effective in reducing ECM accumulation
18

.  This 

study enabled us to learn the maximum effects on healing we could expect from local 

administration of decorin.   

 

The motivation for carrying out the decorin overexpression study was to obtain a 

greater understanding of the effects of decorin on fibrous encapsulation and 

angiogenesis, and thus be better able to optimize future decorin coatings or alternate 

therapeutic delivery of decorin around implants.  Specifically, we would know whether 

or not to expect changes in capsule thickness, capsule density, and angiogenesis.  

Moreover, the decorin expression study was designed to ensure that addition of decorin 

locally at the implant site through a surface coating or other means had the potential to 

promote healing.  Although the decorin overexpression study was carried out in a rat 

model, necessitated by the rat SMCs we used to overexpress decorin, evaluation of 

coated surfaces was carried out in a mouse implant model.  No statistically significant 

differences in fibrous capsule thickness and angiogenesis were found between rat or 
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mouse models when tissues surrounding polymer implants were evaluated
113

. It is 

reasonable to believe that our mouse and rat models retained these similarities and thus 

are relevant models to compare results.   

 

In order to gain a better understanding of the effects of a sustained excess of decorin on 

healing around an implant, we overexpressed decorin to effectively flood the system.  

Overexpression of bovine decorin from LDSN cells while not from LXSN cells was 

verified by Western blot.  Seeding of cells onto porous pHEMA-co-MAA scaffolds 

coated with collagen was then optimized to maximize cell number and corresponding 

decorin output.   LDSN-seeded scaffolds, LXSN-seeded scaffolds, and control 

scaffolds without cells were implanted subcutaneously in rats.  Survival of these cells 

and sustained expression of decorin was demonstrated in the rat aorta over a 28 day 

period
18

, and thus it was reasonable to expect these cells to survive for the entirety of 

our 28 day implant study.  We assessed the healing response around cell-seeded 

scaffolds to determine effects of decorin on fibrous encapsulation, macrophage 

infiltration, and angiogenesis.   

 

4.2 Materials and Methods 

 

Cell culture 

Primary rat aortic smooth muscle cells (ASMCs) stably transfected with the bovine 

decorin retrovirus LDSN and cells with LXSN retroviral vector alone were generously 
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provided by Dr. Tom Wight and Dr. Michael Kinsella (Hope Heart Institute, Seattle, 

WA).  ASMCs were obtained from Fisher 344 rats
114

 and transduced as previously 

described
18, 100, 115, 116

.  Briefly, full length cDNA of bovine decorin (PG28) was 

inserted into the EcoRI site of the retroviral vector LXSN to create the retroviral vector 

for bovine decorin expression, LDSN.  LDSN and LXSN were transfected into the 

packaging cell line PE501 and the virus produced was then used to infect a second 

packaging cell line PA317.  PA317 cells were selected for G418 resistance in media 

containing 600 g/ml of G418.  Virus production was titered in NIH 3T3 TK
-
 cells and 

used to stably transduce Fisher rat ASMCs.  Transduced ASMCs were selected using 

800 g/ml of Geneticin (G-418) in media alongside mock-transduced cells.  Media was 

changed every 3 days during selection until mock-transduced cultures were dead, 

approximately 10-14 days.  Cells were received at passage 8 after initial transduction.  

Cells were maintained in culture medium (high glucose DMEM containing 10% FBS, 

1% antibiotic/antimycotic, 1% L-glutamine, 1% sodium pyruvate and 1% non-essential 

amino acids) and passaged every 5-7 days at 1:4 until used for experiments at passages 

9-11. 

 

SDS-Page and Western blot for analysis of decorin expression 

LXSN and LDSN cells were cultured in growth medium in T-75 flasks until near 

confluence.  Cell populations were then rinsed with warm PBS and serum-free growth 

medium was added.  Cells were cultured an additional 24 hours and conditioned media 

was removed and run through a column containing DEAE Sephacel to concentrate and 
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purify proteoglycans.  Samples were run on SDS-Page gels and evaluated via Western 

blots as described with some modifications
116

.  Concentrated samples were run on a 4-

15% SDS Page gel.  The gel was then transferred to nitrocellulose for 1 hour using a 

Bio-Rad Transblot transfer apparatus.  To probe for decorin, the membrane was 

blocked with blocking buffer (Tris buffer containing 2% BSA Fraction V and 0.05% 

Tween 20) for 2 hours and then incubated overnight at 4 C with an antibody against the 

core protein of bovine decorin (LF-94 generously provided by Dr. Larry Fisher, 

NIDCR, National Institutes of Health, Bethesda, MD) diluted 1:4000 in blocking 

buffer.  The membrane was washed and then incubated with a goat anti-rabbit HRP-

conjugated secondary antibody (diluted 1:10,000 in blocking buffer) for 1 hour 

followed by visualization with Western Blot Chemiluminescence Reagent Plus and 

development on light-sensitive film. 

 

Preparation of porous scaffolds 

Polymer scaffolds were created, coated with collagen to promote cell attachment and 

seeded with LXSN or LDSN cells.  100 m porous scaffolds were prepared using a 

sphere templating technique described previously
51

.  Briefly, poly-methyl methacrylate 

beads (PMMA, Vicki Peters) were size separated by sifting through sieves until a size 

distribution of 95.6-105.4 m beads were obtained.  The beads were then placed 

between microscope slides separated by 1 mm Teflon spacers and sonicated to obtain 

tight, regular packing of beads.  Beads were then heat-sintered at 140C for 24 hours to 

create a bead cake.  This bead cake was infiltrated with a solution to create a 
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copolymer of HEMA and MAA (pHEMA-co-MAA) at a molar ratio of 19:1 and 

allowed to polymerize overnight.  The polymerization solution contained 4.75 ml of 2-

HEMA, 0.19 ml of MAA, 0.23 ml of TEGDMA, 1 ml of H2O, 1.5 ml of Ethylene 

glycol, 0.25 ml of 15% sodium metabisulfite and 0.25 mL of 40% ammonium 

persulfate.  After removing polymerized scaffolds from molds, surfaces were gently 

scraped with razor blades to remove nonporous skins which develop between the bead 

cake and the slide surface.  PMMA beads were solubilized in acetone leaving behind a 

sphere-templated pHEMA-co-MAA scaffold of approximately 100 m pore size.  

Three acetone solvent changes of at least 1 hour each per day for at least three days on 

an orbital shaker table were carried out to remove unreacted monomer from scaffolds.  

Scaffolds were then cut into disks of 6 mm diameter and 8 mm diameter for 

optimization of cell seeding and implantation.  

 

SEM visualization of porous scaffolds 

Scaffold disks were evaluated using scanning electron microscopy (SEM) for 

visualization of scaffold morphology and evaluation of pore geometry.   Disks were 

dehydrated under vacuum and cut in half using a razor blade on a liquid nitrogen 

cooled surface to preserve pore structure for cross section evaluation.  Samples for 

SEM were Au/Pd sputter coated for 30 seconds at 3 angstroms per second (SPI 

Supplies, West Chester, PA).  Images were taken at the Center for Nanotechnology 

(University of Washington, Seattle, WA) on an FEI Sirion field-emission microscope 

(Hillsboro, OR).  A fixed working distance of 5 mm was used and scaffolds were 
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scanned at an accelerating voltage of 5 kV under high vacuum.  The top surfaces of 

disks were evaluated to ensure uniform removal of polymer skins and availability of 

porous bulk materials to seeded cells.  Additionally, cross sections of scaffolds were 

visualized to confirm uniform porosity, pore interconnect size, and expected spherical 

architecture. 

  

Surface modification of porous scaffolds 

Copolymerization of pHEMA with a 5% molar ratio of methacrylic acid (MAA) 

provided carboxyl functional groups on the surface which were available to react with 

1-ethyl-3-(3-dimethyl aminopropyl) carbodiimide (EDC) and N-hydroxysuccinimide 

(NHS) to immobilize collagen.  Rat-tail type I collagen (BD Biosciences) was 

covalently linked to scaffold surfaces using EDC/NHS to allow for cell attachment as 

described below.  Scaffold disks were solvent exchanged from acetone to ethanol by 

three-30 minute changes of fresh 100% ethanol on an orbital shaker table.  Disks were 

placed into tubes containing 1ml of 100% ethanol.  Ethanol was removed and 1.5 ml of 

0.1 M EDC, 0.2 M NHS solution in ethanol was added.  After solution changes, the 

tubes were spun for a few seconds to help solutions infiltrate scaffolds.  The EDC/NHS 

reaction proceeded for 1 hour at room temp on an orbital shaker.  Following this 

reaction, the EDC/NHS solution was removed and 1.5 ml of 100g/ml collagen in 

ethanol was added to each tube.  Tubes were placed on a rocking table at 4 C and 

reacted for 30 minutes before solution was replaced with fresh collagen solution and 

reacted overnight on a rocking table at 4 C.  Scaffolds were sterilized by soaking in 
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70% ethanol overnight.  Scaffolds were then equilibrated to sterile PBS (three-30 

minute changes) followed by media equilibration (two-30 minutes changes of fresh 

sterile media). 

 

Optimization of cell seeding 

Multiple cell seeding experiments were conducted in order to maximize the number of 

cells retained in collagen-coated porous scaffolds.  Initial static seeding consisted of 

collagen-coated scaffolds placed into multiwell plates.  Cells were seeded onto the 

wells at concentrations of 10,000 or 100,000 cells per 100 l (10
5 

or 10
6
 cells/ml) and 

allowed to attach and migrate for 24 or 72 hours.  Cell-seeded scaffolds were then fixed 

in modified Methyl Carnoy’s fixative overnight at 4C.  Samples were then 

dehydrated, paraffin infiltrated, embedded and 5 m sections were cut.  Sections were 

stained with hematoxylin and eosin and 10x images were taken on a Nikon upright 

microscope to evaluate seeding efficiency.  Subsequent seeding experiments altered 

seeding methods (centrifugation, wicking via capillary action, injection), seeding 

densities (10
4 

- 10
7
 cells/100 l), culture times post seeding, and duplicate and triplicate 

seeding in the same scaffold.  Seeding methods were optimized to obtain final 

quantities of at least 10
6
 cells per well and finally a triplicate seeding protocol was 

selected.  Cell suspensions of 10
7
 cells/100 l were first wicked through scaffolds via 

capillary action and allowed to attach for 24 h.  Secondary seeding involved direct 

injection of cell suspension and 24 h attachment, and then a final seeding consisted of 
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wicking cell suspensions through scaffolds.  Cell seeded scaffolds were cultured an 

additional 24 hours before implantation.  

 

Cytotoxicity evaluation 

The fibroblast cell line, NIH 3T3, was used according to ISO standard 10993-5 to 

evaluate cytotoxicity of implant materials made in the same batch as were implanted.  

Cells were seeded in 12-well TCPS plates in one ml of growth media (High glucose 

DMEM + 10% FBS + 1% l-glutamine + 1% sodium pyruvate) per well.  Porous 

collagen-coated scaffold implants were incubated in growth media for 24 hours at a 

volume of 3 ml of media per 9 cm
2
 of surface area (calculating surface area based on 

nonporous disk size).  Latex punched from pipette bulbs with a 5 mm diameter biopsy 

punch was sterilized in 70% ETOH for 8 hours, rinsed in 40 ml DI water with 4 water 

changes after 15 minutes each, and then soaked in growth media overnight as a positive 

control.  Media incubated in TCPS wells served as a negative control.  Cells were 

cultured for one day in growth media and then the media was aspirated off, media from 

TCPS, collagen-coated scaffolds or negative control wells were then added to cell 

wells, and cells were cultured for an additional 48 hours.  Cells were visualized under a 

microscope at 24 and 48 hours for signs of toxicity, and Alamar blue proliferation 

assays were run as quantitative measures of toxicity.  Solutions were aspirated off of 

cell cultures and DMEM + 10% Alamar blue was added to each well, incubated for 4 

hours until a color change appeared and read on a fluorescent plate reader.   
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Endotoxin evaluation 

Threshold endotoxin testing was carried out using Cambrex Bioscience Limulus 

Amebocyte Lysate Pyrogent Plus kit according to manufacturer’s instructions. 

 

Subcutaneous implantation 

Four male Fischer 344 rats per treatment group were used for implantation.  All animal 

procedures were approved by the University of Washington IACUC (Institutional 

Animal Care and Use Committee).  All survival surgeries were carried out with rats 

under isofluorane and with administration of eye gel to prevent drying.  Rats were 

shaved from just below the shoulders to just above the tail, rubbed with Betadine to 

prepare the skin for surgery followed by ethanol to remove the Betadine. 

 

Surgeries were performed on clean pads placed on a water circulating warming pad set 

to 37 C to prevent heat loss.  Each rat was placed in the prone position and a dorsal 

incision made with a sterile scalpel just offset from the spine and about 2 cm in length.  

Blunt dissection scissors were used to create 3 separate subcutaneous pockets, one 

behind the forelimbs on each side and one in front of the hind limbs on one side of the 

rat.  Both anterior and posterior implant locations received the same treatment implant 

and the second anterior pocket received a control scaffold which was not seeded with 

cells.  After creation of each subcutaneous pocket, implants were placed deep into 

pockets to prevent migration toward the incision location during healing.  Wounds 

were closed with wound clips and rats received 0.05 mg/kg of body weight of 
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buprenorphine, injected subcutaneously near the base of the tail or on the ventral side 

near the gut post-surgery.  Rats were checked each day for seven days post-implant for 

signs of pain or alterations in behavior.  Implants remained for a 28 day encapsulation 

study.  Rats received standard rodent chow and water during the course of the 28 day 

study. In previous use of these cells in rats, immune suppression was not required nor 

were antibodies to bovine decorin produced during the 4 week study
18

. 

 

Sample explantation and tissue processing 

After 28 days, animals were sacrificed and implants and surrounding tissues were 

removed.  Tissue samples were fixed in Methyl Carnoy’s fixative for 3 hours and 45 

minutes per sample, paraffin embedded and 5 m sections were cut for histological 

analysis. 

 

Assessment of healing response around scaffolds 

Paraffin sections were stained with hematoxylin and eosin (H&E) according to 

manufacturer’s instructions.  Images were obtained on a Nikon E800 upright 

microscope for assessment of overall inflammatory responses.   

 

Assessment of seeded smooth muscle cells 

Seeded LXSN and LDSN rat aortic SMCs were located by immunohistochemistry for 

the muscle protein desmin (Vector Labs).  Paraffin embedded 5 m sections were 

baked onto slides, deparaffinized in xylenes and rehydrated to ICC PBS.  Sections were 
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peroxidase quenched with 3% hydrogen peroxide in methanol for 30 minutes during 

rehydration steps.  Sections were then incubated with blocking buffer (4% normal goat 

serum in ICC PBS) overnight at 4C, followed by incubation with mouse monoclonal 

antibody to desmin (1:20 in blocking buffer) for one hour at room temperature.  

Sections were washed with ICC PBS and incubated with biotinylated horse anti-mouse 

secondary antibody (1:400, Vector Labs) for 1 hour at room temperature followed by a 

streptavidin-peroxidase complex (ABC) for 30 minutes at room temperature.  Sections 

were developed using SigmaFAST DAB for 1 minute and 30 seconds, dehydrated and 

coverslipped with Permount.  Stained sections were visualized using brightfield 

microscopy. 

 

Illustration of bovine and rat decorin presence 

Presence of both overexpressed bovine decorin and native rat decorin was detected 

using polyclonal antibodies directed against the core protein of bovine decorin (LF-94) 

or rat decorin (LF-113, both generously provided by Dr. Larry Fisher, NIDCR, 

National Institutes of Health, Bethesda, MD)
117

 as previously described with minor 

modifications
18

.  Sections which were used with LF-94 and LF-113 antibodies were 

digested with chondroitin ABC lyase (ICN Biomedicals, 200 mU/ml in 0.1mol/l Tris-

acetate, pH 7.3) for 1 hour at 37°C.  Both LF-94 and LF-113 were diluted 1:1000 in 

ICC PBS + 4% normal goat serum.  After washing with ICC PBS, sections were 

incubated with a biotinylated goat anti-rabbit secondary antibody (diluted 1:400) for 30 

minutes followed by addition of a streptavidin-peroxidase complex (ABC) for 30 
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minutes at room temperature.  Sections were developed using SigmaFAST DAB for 45 

seconds, counterstained with hematoxylin, dehydrated and coverslipped with 

Permount. 

 

Measurement of capsule thickness and density 

Methyl Carnoy’s fixed tissue sections were stained with Masson’s trichrome according 

to manufacturer’s instructions.  Additional sections were stained with picrosirius red as 

described
118

 for greater ease and accuracy in measuring capsule thickness and density.  

A Nikon E800 upright microscope was used to take 4x images of stained sections.  

Picrosirius red images for capsule measurements were obtained under circularly 

polarized light.  Capsule regions were traced using Image J software, and capsule 

thicknesses were calculated as total area of traced capsule divided by length of area for 

an overall average.  Capsule density was determined as a percent of total area using 

threshold tools.   

 

Quantification of angiogenesis 

Detection of endothelial cells was initially performed by immunohistochemistry for rat 

endothelial cell antigen (RECA-1, Santa Cruz Biotechnology).  RECA-1 is a pan-

endothelial marker and RECA-1 antibodies positively labeled adult rat endothelial cells 

which were negative with PECAM-1
119

.  Paraffin embedded 5 m sections were baked 

onto slides, deparaffinized in xylenes and rehydrated to ICC PBS.  Sections were 

peroxidase quenched with 3% hydrogen peroxide in methanol for 1 hour during 
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rehydration steps.  Sections were then incubated with blocking buffer (1.5% normal 

goat serum in ICC PBS) for one hour at room temperature, followed by incubation with 

RECA-1 (1:20 in blocking buffer) overnight at 4C.  Sections were washed with ICC 

PBS and incubated with biotinylated horse anti-mouse secondary antibody (1:400, 

Vector Labs) for 1 hour at room temperature followed by a streptavidin-peroxidase 

complex (ABC) according to manufacturer’s instructions.  Sections were developed 

using SigmaFAST DAB for 5 minutes, counterstained with hematoxylin, dehydrated 

and coverslipped with Permount.   

 

An alternate technique for identifying endothelial cells was found to be necessary and 

subsequent analysis was performed using immunohistochemistry for biotinylated 

Griffonia (Bandeiraea) simplicifolia lectin I isolectin b4 (1:25 in ICC PBS, Vector 

Labs) for 30 minutes at room temperature.  Sections were washed using ICC PBS with 

0.05% Tween 20 followed by a streptavidin-peroxidase complex (Vectastain ABC) for 

30 minutes at room temperature.  Sections were developed using SigmaFAST DAB for 

1 minute and 15 seconds, counterstained with hematoxylin, dehydrated and 

coverslipped with Permount.  High magnification images were obtained and lumen 

structures were counted to quantifying angiogenesis.  All counts were performed 

blinded. 
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Macrophage quantification 

Mouse anti-rat CD-68 (AbD Serotec) primary antibodies were used to detect 

macrophages in tissue sections.  Sections were blocked with 4% normal serum in ICC 

PBS overnight and incubated with CD-68 primary antibody (1:50 dilution) in blocking 

buffer for 1 h at room temperature.  Following three PBS washes, sections were 

incubated with a biotinylated horse anti-mouse secondary antibody for 30 minutes at 

room temperature.  Sections were then washed, incubated for 30 minutes with ABC 

and developed using DAB.  Macrophage quantification was performed on non-

counterstained sections using threshold tools in Image J and is reported as a percent of 

total area per high power field. 

 

4.3 Results and Discussion 

 

SDS-Page and Western blot for analysis of decorin expression 

Conditioned media from cultures of LXSN and LDSN cells after 24 hours in serum-

free conditions was run through a column containing DEAE Sephacel to concentrate 

and purify proteoglycans.  Samples were run on SDS-Page gels and evaluated via 

Western blots.   An antibody against the core protein of bovine decorin was used to 

confirm production of decorin by our LDSN decorin-overexpressing cells as well as 

lack of decorin presence in media from our LXSN control cells.  LDSN cells have been 

shown to express intact (glycosylated) bovine decorin at approximately 30 g/10
7
 cells 

in 24 hours
100

.  After digestion of our conditioned media with chondroitinase ABC, our 
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Western blot showed a positive decorin band at approximately 40 kD for our LDSN 

cells whereas in the lane containing our LXSN conditioned media this decorin band 

was absent (Figure 4.1).   

 

 

Figure 4.1: Western blot probed for core protein of bovine decorin.  Positive band for bovine 

decorin core protein at approximately 40 kD can be seen in conditioned media from decorin-

overexpressing LDSN cells (Lane 3) while this same band is absent in conditioned media from LXSN 

control cells (Lane 4).  Lanes 1 and 2 are ladder and enzyme control, respectively. 

 

 

SEM visualization of porous scaffolds 

Scaffold top surfaces and cross sections were evaluated using SEM to ensure uniform 

porosity, spherical pore geometry, and that scaffold pores were interconnected.  

Unexpectedly, top surfaces of scaffolds demonstrated a layer of pores which were not 

interconnected with the bulk.  However, scaffold cross sections showed uniform, 

spherical pores which were interconnected as expected.  Representative images can be 

seen in Figure 4.2.  It is clear that the typical skin which forms between the glass slides 
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and bead cake was successfully removed to reveal a porous layer.  Further iterations of 

scaffold fabrication produced the same result with lack of porous interconnects 

between the surface pore layer and the bulk.  We believe that during the sintering 

process, as the bead cake fuses to form what later becomes the pore interconnects, it 

shrinks and pulls away from the glass plate and allows an additional polymer skin to 

form along the top and bottom surface of the scaffold.  This challenge was overcome 

by increasing the amount of scraping on both the top and bottom surfaces of infiltrated 

bead cakes.  These final scaffolds were found in SEM to contain spherical, uniform, 

interconnected pores on surfaces and cross sections as seen in Figure 4.3. 

 

 

Figure 4.2: SEM images of porous scaffolds lacking interconnected pores on top surface.  

Representative SEM micrographs of porous pHEMA-co-MAA scaffolds demonstrating pores on top 

surface which lack interconnects to pores below (Left) and cross section with interconnected pores 

(Right).  
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Figure 4.3: SEM images of porous scaffolds with uniform, spherical, interconnected pores.  

Representative SEM micrographs of porous pHEMA-co-MAA scaffolds demonstrating pore geometry 

of top surface (Left) and cross section (Right).  

 

Optimization of cell seeding 

As cells poorly adhere to pHEMA-co-MAA, surface modification with collagen was 

used to enhance cell attachment.  Successful surface modification was presumed from 

successful attachment of cells to scaffold surfaces.  After the initial cell seeding study, 

cells attached along the outer surfaces of the scaffold and proliferated outward, while 

very few cells migrated into the scaffold.  While successful cell attachment and growth 

indicates successful collagen attachment, our ultimate goal was infiltration of cells to 

reach quantities equal to or greater than 10
6
 cells per scaffold.  This goal was set to 

implant comparable cell numbers to those used in the previously reported balloon 

injury model in which a reduction in ECM was demonstrated
18

. We attributed lack of 

cell infiltration into the scaffolds to be due to passive seeding methods, cell density, or 

cell culture times.  We optimized delivery methods, cell suspension densities and 

culture times to maximize cell number within scaffolds and thus maximize decorin 
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production.  We found that optimal cell seeded for these cells consisted of triplicate 

seeding in a single scaffold, and a combination of seeding methods including wicking 

by capillary action as well as direct injection of cell suspensions. 

 

Cytotoxicity and endotoxin evaluation 

All samples used in this study tested negative for endotoxin and thus have endotoxin 

levels under the 0.06 EU detectable level.  Additionally, scaffolds demonstrated no 

cellular toxicity and were able to be used for implantation. 

 

Assessment of healing response around scaffolds 

Paraffin sections were stained with H&E for assessment of inflammatory response. 

Paraffin sections stained with H&E demonstrated a robust inflammatory response 

characterized by large amounts of cell infiltration which looked similar between LDSN 

seeded scaffolds, LXSN seeded scaffolds, and control scaffolds (Figure 4.4). 
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LDSN      LXSN   

 
Control 

Figure 4.4. Representative images of H&E stained tissue sections.  Similar amounts of cell 

infiltration can be seen in decorin-overexpressing LDSN cell-seeded scaffolds (Top left), LXSN cell-

seeded scaffolds (Top right) and control scaffolds which were implanted without cells (Bottom left). 

 

Identification of seeded smooth muscle cells 

In order to confirm that our seeded smooth muscle cells were retained within scaffolds 

four weeks post-implant, we stained for the protein desmin.  Successful retention of our 

seeded smooth muscle cells was indicated by the large presence of desmin-positive 

cells within our cell-seeded porous scaffolds and not our control scaffolds as seen in 

Figure 4.5.As our implanted cells were the same Fisher rat source as our host animals, 

we can only presume from the strong presence of positive cells in seeded scaffolds as 

compared to control scaffolds that our cells are present.  It has been shown that some 
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types of myofibroblasts may also express desmin and this likely explains the presence 

of a very few positively stained cells in control scaffolds.  Further evidence in support 

of our seeded smooth muscle cells being retained in scaffolds was given by the fact that 

in cell-seeded scaffolds, as we sectioned through our scaffolds, the quantity of desmin 

positive cells varied.  This indicated some differences in cell seeding densities 

throughout scaffolds.  With control scaffolds, however, consistently very few cells 

stained positive regardless of where along the length of our scaffold we sectioned. 

 

 
     LDSN     LXSN  

 
         Scaffold Control            IgG Control 

Figure 4.5.  Representative images of desmin positive stained cells.  The large number of desmin 

positively stained cells in LDSN scaffolds (Top left) and LXSN scaffolds (Top right) as compared to 

very little staining in control scaffolds (Bottom left), and none in IgG controls (Bottom right)  indicate 

that cells seeded in scaffolds were retained during the duration of the four week implantation. 
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Illustration of decorin presence 

In support of LDSN cells and LXSN cells being retained in scaffolds four weeks post 

implant and to further confirm decorin presence at the implant site, an antibody 

directed against the core protein of bovine decorin was used (LF-94).  This polyclonal 

rabbit antibody has inherent challenges with background and much optimization was 

performed to reduce background staining.  As seen in Figure 4.6, a light amount of 

background staining is seen in all images.  However, darker brown positive staining for 

bovine decorin can be seen in LDSN seeded scaffolds whereas in LXSN and control 

scaffolds this positive staining is absent.  Demonstration of decorin overexpression 

further supports previous evidence that seeded SMCs remained in scaffolds during the 

duration of the 28 day study.  Further, these findings illustrate that seeded LDSN 

SMCs produced decorin and decorin was retained within scaffolds.  These results agree 

with previously reported data in which these same decorin-overexpressing cells 

survived and successfully produced decorin at the end of a 28 day balloon injury 

study
18

.  
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       LDSN     LXSN 

 
  Scaffold Control          Serum control 

 

Figure 4.6. IHC images stained for bovine decorin.  Tissue sections were stained using an antibody 

directed against the core protein of bovine decorin (LF-94).  Light background staining appears in all 

images and dark brown positive staining is present in LDSN scaffolds (Top left) but is absent in LXSN 

seeded (Top right), control scaffolds (Bottom left), and normal rabbit serum control (Bottom Right). 

 

Measurement of capsule thickness and density 

Capsule thicknesses were initially visualized on Masson’s trichrome stained sections as 

seen in Figure 4.7.  Capsule densities on these images were obtained by separating 

images into color channels, selecting the blue channel, tracing the capsule, and taking a 

threshold of the stained area within the traced region.  Capsule traces excluded edges to 

prevent edge effects from factoring into the analyses.  The presence of black nuclei and 
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red cytoplasm within capsules affected threshold results and thus picrosirius red 

staining was conducted to improve accuracy of capsule measurements (Figure 4.8).  

Capsules were again traced taking care to exclude edge effects and the thicknesses 

were calculated as the total area of the traced capsule divided by the capsule length.  As 

seen in Figure 4.9, no significant differences in capsule thicknesses were seen between 

LDSN, LXSN and control scaffold capsules.  Images were then separated into color 

channels and capsule densities were measured using threshold tools to obtain 

percentages of total capsule area.  Similarly to thickness results, no significant 

differences in capsule densities were found between LDSN, LXSN, and control 

scaffold capsules (Figure 4.10). 
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       LDSN         LXSN   

     Control 

Figure 4.7: Representative images of Masson’s trichrome stained tissue sections.  Masson’s 

trichrome images for evaluation of capsule tissue surrounding decorin-overexpressing LDSN cell-seeded 

scaffolds (Top left), LXSN cell-seeded scaffolds (Top right) and control scaffolds which were implanted 

without cells (Bottom left). 
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BRIGHTFIELD   CIRCULAR POLARIZATION 

LDSN   

LXSN    

Control 
 

Figure 4.8: Representative images from picrosirius red stained tissue sections.  Picrosirius red 

images taken in brightfield (Left column) or under circularly polarized light (Right column).  Images 

show capsule tissue surrounding decorin-overexpressing LDSN cell-seeded scaffolds (Top), LXSN cell-

seeded scaffolds (Center) and control scaffolds which were implanted without cells (Bottom). 
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Figure 4.9: Capsule thickness measurements around porous scaffolds.  Capsule thicknesses were 

calculated from picrosirius red stained tissue sections by tracing the scaffold in Image J and dividing the 

total area of a scaffold by the length of the scaffold to provide an average thickness.  No significant 

differences were found in capsule thicknesses between LDSN, LXSN, and control scaffolds. 

 

 

Figure 4.10: Capsule density measurements around porous scaffolds. Capsule densities were 

measured around porous scaffolds on picrosirius red stained tissue sections using Image J threshold tools 

and are reported as a percentage of total area.  No significant differences were found in capsule densities 

between LDSN, LXSN, and control scaffolds. 
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The lack of effect of decorin overexpression on fibrous capsule thickness and density 

was a surprising result considering the support in the literature for a reduction in 

fibrosis in several other animal models
18-21

.  In an arterial injury model utilizing this 

same cell type for overexpression of decorin, and in similar quantities as used here, a 

reduction in ECM area was found
18

.  One notable difference between the use of decorin 

to reduce collagen deposition in these successful models and the lack of effect in our 

model is the presence of a foreign body at the wound site.  This chronic stimulation of 

an inflammatory response leads to a distinctly different wound healing environment.  

Although the majority of studies in the literature report inhibitory effects of decorin on 

TGF-activity, some researchers have found that decorin stimulates TGF- activity
93

 

or has little effect on its activity at all
120

.  It was suggested that low concentrations of 

decorin may stimulate TGF- activity whereas higher concentrations used in other 

studies may inhibit activity
93

.  However, in an excisional model of scar tissue 

formation, even high concentrations (100-200 g/day over 11 days) of injected decorin 

did not reduce scar tissue formation as compared to controls
121

.  When a targeting 

peptide was fused with decorin, the biological activity was enhanced both in vitro 

against TGF- and in vivo by reducing scar tissue formation
121

.  Notably, this targeting 

compound was effective in reducing scar tissue at concentrations of 40-80 g/day over 

11 days, which is less than half of the concentrations at which administration of 

decorin alone had no noticeable effect
121

.  The authors attribute enhanced efficacy of 

the targeting compound with accumulation at the wound site, however, the increased 
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activity against TGF-in vitro would suggest enhancement of biological activity in 

addition to simply accumulation at the wound site. 

 

Quantification of Angiogenesis 

Tissue sections were initially stained for endothelial cells using a RECA-1 primary 

antibody.  These sections demonstrated incomplete identification of endothelial cells as 

seen in Figure 4.11.  On different regions of a single section, some lumen structures 

would be nicely identified by the clear brown color while adjacent vessel structures 

would be entirely without stain.  Because of these incomplete results, angiogenesis was 

instead quantified on tissue sections which were stained for isolectin b4.  These 

sections gave a more robust and complete staining for endothelial cells as seen in 

Figure 4.12.   Although this procedure also identifies macrophages
122

, we were able to 

accurately quantify angiogenesis by counting only clearly identifiable vessel structures 

in our images.  As shown in Figure 4.13, no significant differences in number of lumen 

structures were found between LDSN, LXSN, and control scaffolds.   
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Figure 4.11: Representative images of RECA-1 IHC stained sections. Incomplete staining of lumen 

structures was found using RECA-1 primary antibody to detect endothelial cells.  Although some 

endothelial staining nicely stained positive in brown, some clearly visible lumen structures should have 

stained positive and are completely unstained by RECA-1.  Hematoxylin nuclear counterstain (blue). 
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    LDSN     LXSN  

  
     Control 

Figure 4.12: Representative images of isolectin b4 stained sections. Sections stained for isolectin b4 

showed clear identification of lumen structures and more complete staining for endothelial cells along 

with staining of macrophages.  Cell nuclei were counterstained with hematoxylin in blue. 
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Figure 4.13: Quantification of blood vessels within porous scaffold. Vessel lumen structures were 

quantified within porous scaffolds on isolectin b4 stained sections.  No significant differences were 

found in quantities of vessel lumens between LDSN, LXSN, and control scaffolds. 

 

 

Macrophage quantification 

An antibody directed against CD-68 was used to detect macrophage infiltration and 

compare between LDSN seeded, LXSN seeded and control scaffolds.  Representative 

images of macrophages identified with CD-68 are given in Figure 4.14.  Macrophage 

positive staining was primarily found at the periphery of the pores, along scaffold 

surfaces.  Macrophage quantification was performed using non-counterstained images 

to prevent stained nuclei from contributing to the measurements.  Macrophage 

quantities are reported as a percentage of total area in each high power field.  We found 

that there were no significant differences in the amount of macrophage infiltration 

within LDSN, LXSN and unseeded scaffolds as seen in Figure 4.15.These results 

indicate that decorin does not appear to have a great effect on the quantity of 

macrophages present at an implant site four weeks post implantation. 
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LDSN      LXSN 

  
Control 

 

Figure 4.14. Representative images of CD-68 staining for macrophages.  Images demonstrating 

macrophage presence within porous scaffolds using antibody against CD-68 and counterstained with 

hematoxylin.  LDSN seeded scaffolds (Top left), LXSN seeded scaffolds (Top right), and control 

scaffolds (Bottom left) all show positive staining for macrophages along the polymer surfaces at the 

periphery of pores.   
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Figure 4.15.  Macrophage quantification within porous scaffolds.  Amount of macrophage 

infiltration within porous LDSN, LXSN, and control scaffolds were quantified using threshold tools and 

are given as a percentage of area per high power field (HPF). 
 

4.4 Conclusions 

 

For this work, porous pHEMA-co-MAA scaffolds were created, surface modified for 

cell attachment, seeded with LDSN and LXSN cells, and implanted subcutaneously for 

28 days in the backs of rats.  The goal was to elucidate the role that decorin plays in the 

foreign body response to biomaterials.  We evaluated fibrous capsule thickness, 

capsule density, angiogenesis, and macrophage infiltration to determine differences 

between decorin-overexpressing scaffolds and control scaffolds.  Unexpectedly we 

found that decorin overexpression did not elicit any significant differences in biological 

responses measured.  There were no significant differences between decorin-

overexpressing scaffolds and control cell seeded or unseeded scaffolds in terms of 

capsule thickness, capsule density, angiogenesis, or macrophage quantities.  To ensure 

that decorin was present within decorin overexpressing scaffolds as expected, we 
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confirmed decorin overexpression through Western blot prior to implantations, and 

used immunohistochemistry to indicate that the smooth muscle cells which were 

seeded into scaffolds were present and that bovine decorin was located within 

scaffolds.  This confirmation of decorin presence leads us to conclude that decorin 

overexpression does not dominate changes in foreign body capsule formation, 

angiogenesis and macrophage infiltration of porous implants.  Low animal numbers 

used in this study may not have provided adequate power to demonstrate significance 

in small differences between groups.  Despite this fact, differences great enough to 

provide a therapeutic benefit should have been detectable using this sample size.  This 

indicates that decorin may not dominate these processes at the implant site.  This study 

allowed us to determine the effects that essentially flooding the system with decorin 

had on fibrous capsule formation and angiogenesis, and led us to believe that local 

application of bovine decorin is not a promising therapy to promote healing around 

implants.   

 

The in vivo model successfully developed in this chapter provided a novel delivery 

method for cellular overexpression systems.  This system combined sphere-templated 

porous scaffolds which have controllable pore, pore throat and scaffold dimensions 

with cells which were transduced to overexpress a molecule of interest.  In this case, 

decorin was our proteoglycan of interest, but this system could be used to explore 

effects of other proteins and proteoglycans of interest in the future.  This work 

overcame scaffold fabrication and cell seeding challenges to deliver the desired 
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proteoglycan of interest at the implant site.  We were able to demonstrate presence of 

both our seeded cells and decorin, 28 days post implant.  Thus a promising means of 

delivering cell overexpression systems was created. 
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Chapter 5 

 

Conclusions and Future Directions 

 

5.1 Summary of Thesis Work 

 

The work described in this thesis demonstrated the successful creation and 

characterization of a novel decorin surface coating.  This coating enabled us to present 

decorin at the surface of a biomaterial in a mode similar to that found in the body, 

through natural binding to type I collagen.  The collagen affinity coating has broad 

applicability for attachment of a wide variety of biological molecules that bind to 

collagen in the body as well as attachment of synthetic collagen-binding peptides, 

proteins, and peptidoglycans.  This created a very promising platform onto which our 

decorin coating was created.   

 

This work further evaluated the chick chorioallantoic membrane, an alternate model for 

assessment of fibrous encapsulation of biomaterials.  The chick chorioallantoic 

membrane assay is a well-established angiogenesis assay which has also been reported 

to develop fibrous tissue surrounding sensor implants
105, 107, 108, 111

.  This model had the 

potential advantages of reduced cost, reduced healing time and greater availability over 

standard rodent implant models.  However, despite the success of the chick 

chorioallantoic membrane model for assessing healing responses using biological 

sensors
111

, it was found that this model was less desirable than rodent models in terms 
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of histological analysis of tissue responses.  In order to be implanted into the CAM 

model, implants needed to be considerably reduced in size compared to those allowable 

for rodent models both for survival of chick embryo and for incorporation of implants.  

Additionally, implants are restricted to materials and surface chemistries which allow 

for incorporation
105, 108

.  Furthermore, although we successfully optimized our samples 

to be below the allowable implant size for embryo survival and protein-coated our 

samples to enhance incorporation, challenges of full incorporation still remained.  Even 

the sample that did incorporate provided a very limited FBR that would make it 

difficult to detect measurable differences between treatments in such a thin capsule.  

Rodent models have the advantages of accommodating larger implant sizes as well as 

greater similarities to humans that outweighs the advantages of a shorter healing time 

and slightly reduced cost of this avian model. 

 

A novel decorin surface coating was then evaluated in a rodent model for reduction of 

fibrous encapsulation around a polymeric biomaterial.  Poly-2-hydroxyethyl 

methacrylate disks were created and the surfaces were modified to attach the decorin 

coating.  Coated and uncoated samples were implanted subcutaneously into the backs 

of mice for 28 days before explanting along with surrounding tissues, fixing, paraffin 

embedding and processing for histological analysis.  The thicknesses and densities of 

fibrous capsules were measured on Masson’s trichrome stained sections.  Surprisingly, 

this decorin coating did not demonstrate a reduction in either thickness or density of 

fibrous capsules.  Moreover, capsules on both coated and uncoated samples consisted 
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of dense collagenous tissue with no or very few vessel lumens as visualized through 

immunohistochemistry for endothelial cells.  These findings led to the consideration of 

several possible options.  One option was that not enough decorin was present on the 

surface of the coating and an increased quantity would elicit the desired healing 

response.  Another option was that decorin was degraded at the implant site too rapidly 

to have an effect and that presence of decorin for a longer duration would enable a 

reduction in fibrous tissue formation.  We set out to address both of these possible 

options by maximizing both the quantity and duration of decorin present at the implant 

site while using a source and mode of delivery which demonstrated successful 

reduction of fibrosis in another animal model.  We chose to overexpress bovine decorin 

at the implant site to determine the maximal effects that a decorin surface coating could 

have at an implant site. 

 

The initial step in determining the maximal effects decorin could have at an implant 

site was to design an implant model in which these effects could be evaluated.   

For this purpose, sphere templated porous scaffolds were created and surface modified 

to facilitate cell attachment.  Fischer 344 rat aortic smooth muscle cells that were 

transduced to overexpress bovine decorin were then seeded onto these scaffolds.  These 

decorin-overexpressing cells were previously shown to reduce matrix accumulation in 

an arterial injury model as compared to control cells transduced with vector alone
18

.  

Numerous cell seeding challenges were overcome in order to obtain the desired 

quantity of cells within scaffolds.  A triplicate seeding method was ultimately found to 
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be most effective at maximizing cell numbers.  Decorin production by LDSN decorin 

overexpressing cells was verified, and as shown previously
18

, provided continuous 

release of decorin into the area surrounding the cells.  Cell seeded and control scaffolds 

were implanted for 28 days and at this time point, the seeded SMCs were found in the 

scaffold explants.  Successful cell survival is a known challenge in numerous in vivo 

models including cardiac and pancreatic models
123-126

.  Demonstrating both successful 

cell survival as well as decorin presence in vivo after 28 days was exciting evidence for 

creation of a successful model for evaluation of decorin effects on the FBR.  Several 

aspects of the FBR were evaluated including collagen capsule thickness, capsule 

density, angiogenesis, and macrophage infiltration.  Through the development of this 

novel FBR model, we were able to discover that decorin overexpression does not seem 

to dominate the development and organization of the fibrous capsule surrounding 

implanted biomaterials.    These findings were surprising considering the numerous 

reports of reduction in fibrosis and improved outcomes in alternative models of fibrosis 

after decorin delivery
18-21

.  However, these models are not implantation models and 

thus do not involve the FBR.  The unique advantage of the model developed in this 

work is that cells may be transduced to overexpress alternate proteins of interest and 

the effects of these proteins specifically on the FBR can be evaluated using this cellular 

overexpression implant model.  

 

Through this work, a novel biologically active surface coating was created and 

characterized, further demonstrating applicability for the collagen affinity coating that 
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provided the platform for the coating.  As the number of natural and synthetic 

molecules which can bind to type I collagen continues to increase, the same techniques 

used for the creation of the decorin coating can be applied to additional promising 

molecules to create future coatings.  Further, a successful model was developed for 

evaluation of the FBR.  The ability to successfully seed cells into porous scaffolds, 

demonstrate cell survival after 28 days in vivo, and verify delivery of a molecule of 

interest at the implant site provides a promising method for evaluation of a number of 

additional potential therapies for the FBR. 

 

5.2 Future Directions 

 

The successful development of a decorin surface coating may have relevant 

applications outside of fibrous encapsulation for which it was designed.  Despite 

successes of this proteoglycan in numerous models of fibrosis, the role of decorin in 

fibrous encapsulation specific to the FBR is not well understood and has not been 

extensively studied.  This work provides evidence that decorin may not be the most 

promising therapeutic to reduce fibrous encapsulation in the foreign body response.  It 

is worth mentioning, though, that in other models where decorin has met with more 

successful outcomes, a decorin coating may provide a promising therapeutic.  Decorin 

has been reported to suppress tumor formation through inhibition of pro-angiogenic 

genes
127

 and has been studied heavily as a cancer therapeutic
128-133

.  One could thus 
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envision that a decorin coating on mammary implants may add additional protection 

from tumor recurrence after mastectomies.   

 

The contribution of this work is not simply the successful development of a decorin 

surface coating, but also further demonstration of the broad applicability of the 

collagen affinity coating platform.  This coating platform allows for the attachment of 

numerous natural collagen-binding molecules as well as synthetic peptides that have 

been designed strategically to bind to type I collagen.  One particular synthetic peptide 

was designed to mimic many of the properties of small proteoglycans like decorin, 

including the ability to bind to collagen and the presence of a dermatan sulphate side 

chain.  This peptidoglycan has shown promise after injection in vivo
134

 and ability of 

this molecule to improve healing as a surface coating via this collagen affinity coating 

platform will be explored in the future. 

 

Further application of decorin coating could involve attaching novel decorin 

compounds that have demonstrated enhanced activity as compared to the native 

proteoglycan.  The creation of a targeting peptide which was fused with decorin 

enhanced its biological activity in vitro against TGF- and in vivo by reducing scar 

tissue formation
121

.  Notably, this targeting compound was effective in reducing scar 

tissue at concentrations where administration of decorin alone had no noticeable effect.  

This novel compound could be presented at the surface of biomaterials via the collagen 
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affinity coating and decorin binding in the exact manner in which the decorin surface 

coating was created, and could provide enhanced efficacy.     
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