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 Articular cartilage lesions could lead to Osteoarthritis (OA) due to the inability of 

cartilage to heal. Gene therapy could be used to genetically engineer chondrocytes to repair 

cartilage lesions. A current challenge in gene therapy is the transient exposure of the gene 

product and growth factor to the cells. This transient exposure of the growth factor is not 

sufficient to promote tissue generation.  

 This thesis reports the development of a new material engineered to have high affinity for 

a therapeutic gene product. The growth factor studied in this thesis is insulin-like growth factor–I 

(IGF-I) for its highly anabolic effects in cartilage. One of the ways that cartilage stores IGF-I is 

through a group of insulin-like growth factor binding proteins (IGFBPs), such as IGFBP-5. IGF-I 

binding peptide sequence from IGFBP-5 was grafted onto alginate in order to retain the 

endogenous IGF-I produced by transfected chondrocytes. 

 The chosen peptide sequence was KPLHALL due to its proximity to IGF-I in vivo.  

However, the reaction efficiency of KPLHALL is affected by the electrically charged side chain 

of Lysine, Ɛ amino group NH3
+
. In order to perform the carbodiimide chemistry, the Ɛ amino 

group NH3
+ 

had to be protected with a protecting group. After attaching the amino acid sequence, 

the protecting group had to be removed with a base or acid. Such treatments can reduce the 

reaction efficiency by possibly reacting with the alginate or with other peptide sequences in its 



 

vicinity. The deprotection step could be avoided by using peptide sequences that avoid Lysine, 

but such modifications may affect the affinity of the peptide to IGF-I.  

 Therefore, new materials were developed to test the relationship between the peptide 

lengths, the efficiency of grafting, and their binding affinity for IGF-I. KPLHALL, PLHALL and 

ALL sequences were compared by assessing the efficiency of grafting to alginate, the ability of 

modified polymers to bind IGF-I, and the ability to enhance matrix production by transfecting 

chondrocytes to produce IGF-I.  

This study reinforced the importance of IGF-I and the utility of controlling both growth 

factor production and binding, yielding an increase in matrix production. 
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CHAPTER 1 

1. INTRODUCTION 

1.1. ARTICULAR CARTILAGE 

 Cartilage is a complex tissue with smooth surfaces that provides protection to bones and 

serves as a shock absorber. Cartilage is avascular and aneural resulting in a limited capability for 

self-repair.
1
  

Components 

The primary components of hyaline cartilage are water, chondrocytes, proteoglycans and 

type II collagen. Hyaline cartilage is 70% to 80% water which is mainly bound to proteoglycans, 

a protein polysaccharide molecule
1
. Chondrocytes only comprise 1% of the extra cellular matrix 

(ECM); however they continually synthesize, incorporate and degrade ECM proteins, allowing 

much of the cartilage matrix to undergo turnover and maintenance. The chondrocytes synthesize 

proteoglycans, collagens, and other other proteins.
1
  Proteoglycans consist of a core protein with 

extended sulfated glycosominoglycans (GAG).
2
 Proteoglycans provide the osmotic properties 

which give cartilage the ability to resist compressive loads.
2
 Another important cartilage ECM 

component is collagen; it forms 10-20% of the wet weight. There are different types of collagen, 

which include types I, II, IV, V, VI, IX, and XI; however type II collagen forms 90-95% of the 

framework. Type II collagen connects with proteoglycans by forming fibrils and fibers. The 

triple helix structures of Type II collagen give the tensile properties of cartilage.
2
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Other Proteins 

There are other important components in cartilage, such as binding proteins (eg. insulin-

like growth factor binding proteins) and growth factors.
3,4

 Both growth factors and binding 

proteins will be covered in more detail later in the chapter.   

Together, chondrocytes, water, collagen, GAGs, binding proteins, and growth factors are 

important active participants in maintaining integrity and homeostasis (Figure 1). When cartilage 

is disturbed by a trauma, such as a joint injury, a focal lesion could occur. When a focal lesion 

occurs, the type II collagen from the lesion and adjacent area shows denaturation
5
. It has also 

been shown that GAGs are fewer in areas with a focal lesion
5
. Therefore, a focal lesion could 

later cause the integrity and homeostasis of the tissue to be disrupted where matrix degradation 

could start and further degradation could lead to osteoarthritis (OA). 

Osteoarthritis  

Twenty-seven million Americans ages 25 and older are suffering from OA, affecting both 

men and women.
6
 Men have a higher risk for osteoarthritis before age 45, while women are more 

likely to get OA after age 45. It is estimated that by 2030, 67 million people will have doctor-

diagnosed arthritis.
6
 

However, because articular cartilage does not self-repair, focal lesions are unable to heal. 

Among the more promising therapies for focal cartilage lesions is autologous chondrocyte 

implantation (ACI), which appears to generate hyaline-like cartilage tissue after 6 to 8 months. 

When the implantation fails, it is due to chondrocytes producing type I collagen which exhibits 

fibrocartilaginanous scar tissue characteristics that do not possess the appropriate physical and 

mechanical properties.
2,7

 Improvements in the current therapy need to allow chondrocytes to 



3 

 

produce the correct matrix to generate tissue with mechanical properties similar to a native 

tissue. 
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Figure 1.1. Schematic of Articular Cartilage. Circle shows a detailed schematic of the ECM 

composition Componets are not to scale. Chondrocyte is in pink, growth factors in red, binding proteins 

in yellow.      
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1.2.  THERAPEUTIC PROTEINS 

Growth Factor 

One of the promising treatments to improve ACI is therapeutic proteins, such as growth 

factors. Growth factors specialize in regeneration of cartilage in the focal lesion, such as insulin-

like growth factor-I (IGF-I),
8,9,1,10,11,12,13 ,14

 transforming growth (factor-β),
15,16,17,18 ,19

 fibroblast 

growth factor-2 (FGF-2),
3,20,21,22, 23,24

 and bone morphogenic protein-2,7 (BMP-2/7).
25,26

 
,27,28,

   

Insulin-like growth factor-I 

The current study focuses on IGF-I due to its ability to stimulate matrix proliferation, cell 

proliferation, and decrease matrix catabolism.
8,9,1,10,11,12,13,14

 IGF-I is part of the family of low 

molecular weight peptides that are anabolic for multiple cell types, including chondrocytes.
10,29

 

In the 1970s, many studies were done on cartilage and it was found that, at least in the impure 

form, somatomedin was capable of regulating DNA synthesis and sulfate incorporation into the 

matrix by embryonic, costal, articular, and epiphyseal cartilage. During the following years IGF-

I has been used to stimulate matrix synthesis in bone, tendon, muscle, and especially in cartilage 

where IGF-I stimulates collagen type II. However, exogenous IGF-I must penetrate the cartilage 

matrix and bind to specific surface receptors on the articular chondrocytes to exert its biological 

effects.
30

 Therefore, gene therapy has emerged as an alternative to engineer cells to produce IGF-

I locally. 

1.3. GENE THERAPY 

Therapeutic protein requires repeated doses,
31

 and administration and production methods are 

costly.
31,32,33

 Gene therapy is one of the responses to the limitations of therapeutic proteins, 

especially when the growth factor is produced locally. A variety of studies are focused on 
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delivering proteins using gene therapy with viral and nonviral vectors to deliver different kinds 

of proteins to skeletal muscle, brain, spinal cord, and cartilage to repair or prevent further 

damage in each specific area. In skeletal muscle, proteins such as Mitsugumin 53 (MG53), an 

essential component of the cell membrane repair machinery, are delivered by transducing the 

cells with adenovirus expressing GFP-MG53 for muscle damage and degeneration in Duchenne 

muscular dystrophy (DMD).
34

 In Alzheimer’s disease, gene delivery was used to reverse 

synapses lost by delivering entorhinal brain-derived neurotrophic factor (BDNF) to the 

entorhinal cortices of amyloid-transgenic mice.
35

 Furthermore, in spinal cord injury, gene 

therapy through lentiviral vectors delivers chondroitinase ABC (ChABC) to degrade chondroitin 

sulfate proteoglycans (CSPGs) reducing secondary injury.
36

  

Cartilage Gene Therapy 

In cartilage, gene therapy is used to deliver the previous mentioned growth factors: IGF-I, 

TGF-β, FGF-2, and BMP-7 to repair cartilage injuries.
20

 Even though recombinant proteins, such 

as IGF-I are difficult to apply effectively in vivo, gene delivery provides a mechanism to convert 

specific target cells into factories capable of sustained protein production. It is possible to direct 

healing and regenerative processes of damaged cartilage though the appropriate administration of 

recombinant vectors and genetically modified cells and to obtain a favorable results
4
. There are 

many vectors (AAV, pcDNAs and pAAV) and cell type candidates; however, due to the scope of 

this research, pAAV vectors and chondrocytes will be the focus of this study. Adeno-associated 

virus (AAV) is a non-pathologic human parvovirus which has the ability to persist in non-

dividing cells for extended periods of time. Studies show that AAV can efficiently transduce 

normal and osteoarthritic human articular cartilage in vitro, as well as rabbit and rat 
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chondrocytes in vivo.
26

 However AAV does not target only chondrocytes following the direct 

injection into the joint, but also transducer cells in the synovium, and it is costly to produce.  

Plasmid adeno-associated virus (pAAV) contains the ability of the left and right inverted 

terminal repeats (ITR) which are necessary for replication and packing of the protein of interest 

without replicating the virus. When comparing the transfection efficiency between pcDNA and 

plasmid adeno-associated virus, pAAV has the ability to yield higher IGF-I than pcDNA.
37

 It has 

been found that chondrocytes are somewhat resistant to transfection with plasmid; however, with 

lipid-based reagents such as FUGENE and Lipofectin, the DNA uptake is more effective. At the 

same time it has been shown that, after the transplantation of chondrocytes transfected with 

plasmid DNA encoding IGF-I onto articular cartilage, the monolayer contained significant 

surfacing and chondrocytes were able to generate tissue that was thicker than the control. 

Transfected chondrocytes were able to produce type II collagen and proteoglycan.
27

  

Cartilage Gene Therapy Limitation 

However, one of the main limiting factors in the efficacy of gene therapy is the transient 

availability of the gene product regardless of the vector used. For example, the use of gene 

therapy in cartilage repair has targeted increased growth factor production; however, the desired 

gene product is typically up-regulated for up to two weeks.
38,37

 Furthermore, the highest 

concentrations of growth factors are in the first days after transfection or transduction.
38,37

 For 

this reason, tissue engineering is used to prolong the exposure of growth factors to cells.  

1.4.  TISSUE ENGINEERING 

The growth factor availability is approached in tissue engineering by the use of scaffolds to 

maintain the growth factor in the system. Biomaterials are used as scaffolds because they are 
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capable of increasing mechanical stability, signaling between cells, and controlling cell 

behavior.
39

 There are different biomaterials which have been explored such as inert, non-

biodegradable hydrogels (agarose and PEG networks), biodegradable hydrogels (alginate), 

porous formulations of biodegradable polyesters,
40

 and combinations between natural polymers 

and material chemistries based on both natural and synthetic platforms chemistry.
40

 

Insulin-like Growth Factor Binding Proteins 

As mentioned before, there are other structures that are part of the extracellular matrix in 

cartilage; one of them is insulin-like growth factor binding proteins (IGFBPs). IGFBPs play a 

role in carrying growth factors by prolonging their half-lives, therefore modulating processes 

such as cell proliferation. The six different IGFBPs were discovered by the early ‘90s. The 

IGFBPs have a mass ranging from 24 to 50 kDa, approximately 216-289 amino acids. They all 

share a similar structure with three domains: the N, linker, and C domain. The N and C domains 

are highly conserved throughout the six IGFBPs, but the mid region or linker is not conserved.  

Insulin-like binding protein-5 is used in this project due to its ability to bind to insulin-

like growth factor I (IGF-I).
41

 IGFBP-5 regulates the action of IGFs with high-affinity binding to 

IGFs. IGFBP-5 can act as a transport protein for IGFs, regulating the stability of IGFs and their 

local concentration in target tissues.
3
 IGFBP-5 has also been shown to bind to the components of 

extracellular matrix (ECM) such as vitronectin, thrombospondin, osteopontin, and 

glucosaminoglycans.
42

  

Alginate and Modifications 

Tissue engineering is moving toward not only using inert, biodegradable, non-

biodegradable, and natural polymers but observing how nature is capable of preserving 
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homeostatis and trying to mimic it. Tissue engineering has taken this approach and is trying to 

develop a biomaterial that mimics the reservoir in which IGF-I is stored.  

One of the materials being investigated is alginate, classified since 1973 as generally 

regarded safe (GRAS) by the United States Food and Drug Administration (FDA) US FDA, due 

to its biocompatibility, biodegradability, non-toxicity, and easy processing in many industries.
19

 

Also, alginate’s interaction with chondrocytes is well established and characterized.
20-21

 Another 

advantage of alginate is that it is easy to covalently modify with cell adhesion ligands to promote 

cell anchorage and interaction.
22

 

The carboxylic acid functional groups on alginate offer the potential for covalent 

modification with specific cell adhesion molecules such as RGD-containing peptides. Rowley et 

al. increased cellular interactions of myoblast with alginate
22

 as well as articular chondrocytes 

with carbodiimide chemistry using RGD sequence.
23,24

 Carbodiimide chemistry is a very robust 

and efficient process that allows the coupling between an alginate and the peptide of interest.
19, 

22,25
 Carbodiimide coupling agents such as the water-soluble 1-ethyl-3-(3-dimethylaminopropyl)-

carbodiimide (EDC) are used to form amide bonds between alginate carboxyl groups and amine 

moieties. The N=C=N in EDC activates carboxyl groups by forming an O-acylurea structure. 

The carboxyl carbon atom is left open to nucleophilic attack by the amine. The procession of 

undesired side reactions can be significantly minimized with the addition of N-

hydroxysuccinimide (NHS)
 25

 (Figure 1.2). 

Although this chemistry has been used with RGD, it is unknown whether this covalently 

modified alginate approach can be used to localize growth factors. IGFBP-5 is capable of 

binding to IGF-I in vivo.
43

 In 1998, it was discovered that a truncated part of the binding pocket 
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of IGFBP-5 called mini-IGFBP-5 was able to bind to IGF-I. However, within the sequence there 

were a series of amino acids that interacted with IGF-I within 4 Å.
43

 Therefore, we have chosen a 

sequence of amino acids from the binding pocket
43

 of IGFBP-5 to covalently attach it to alginate.  

We intended to merge tissue engineering and gene therapy to achieve prolonged the 

exposure of chondrocytes to local IGF-I by mimicking the ability of the ECM of cartilage to bind 

and release IGF-I. We believe that this exposure will enhance the production of proteoglycans 

and type II collagen. 
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Figure 1.2. Chemistry Schematic  Carbodiimide Chemistry used in this study.
44

 Peptide bond between 

the carboxyl group of alginate and the N-terminal of the peptide sequence.  

EDC= 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide 

NHS= N-hydroxysuccinimide 

NH2R = Peptide sequence from binding pocket  
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1.5. RESEARCH HYPOTHESES AND SPECIFC AIMS 

The general hypothesis explored here is that controlling both the cellular production and 

extracellular binding of IGF-I will synergistically enhance chondrocyte biosynthesis and 

facilitate generation of engineered cartilage. 

 

1.5.1. SPECIFIC AIM 1 (CHAPTER 2) 

Rationale 

Both skeletally mature
2
 and neonatal

45 
chondrocytes are used clinically for cartilage 

repair. The mechanisms by which specific growth factors such as IGF-I regulate cartilage 

metabolism are age-dependent.
46

 However, it is unclear whether adult or juvenile chondrocytes 

are the best targets for IGF-I gene therapy.  

Hypothesis 

pAAV/IGF-I transfection of neonatal chondrocytes will produce similar or equal levels to 

pAAV/IGF-I transfection of skeletally mature chondrocytes, therefore producing different 

amounts of GAGs. 

Objective 

The goals of this study are to determine the efficiency of pAAV/IGF-I transfection of 

skeletally mature and neonatal chondrocytes, to compare the effects of this transfection on 

stimulation of proteoglycan synthesis, and to compare the response of these cells to 

endogenously produced and exogenously added IGF-I (Figure 1.3). 
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Figure 1.3. Aim 1 Schematic: A) Endogenous Experimental Design B) Hypothetical Data.  
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1.5.2. SPECIFIC AIM 2 (CHAPTER 3) 

Rationale 

To enhance matrix synthesis by transplanted cells, gene therapy efforts have focused on 

up-regulation of growth factors such as IGF-I.
38,47

 Previous data from Madry et al.
48

 showed that 

pcDNA enhances the production of IGF-I from chondrocytes seeded in alginate. In 2009, Shi et. 

al.
37

 showed that adeno-associated virus based plasmid (pAAV) constructs yielded higher IGF-I 

gene expression than cDNA-based vectors in monolayers chondrocytes. A number of groups are 

using gene therapy to enhance IGF-I synthesis locally. However, the main limitation of gene 

therapy is an initial burst release of growth factor with minimal long-term expression regarding 

the vector used. However, efficacy of pAAV transfection in modified alginate and associated 

kinetics of the time course of IGF-I are unknown. 

Hypothesis 

The KPLHALL alginate will extend the IGF-I release, enhance matrix synthesis, and 

enhance the mechanical properties of constructs seeded with pAAV transfected IGF-I. 

Objective 

Characterize IGF-I release and matrix synthesis of control and KPL-modified gels 

containing chondrocytes transfected with pAAV/IGF-I (Figure 1.4). 
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Figure 1.4. Aim 2 Schematic: A) Experimental Design. B) Hypothetical results: KPLHALL 

alginate will extend the IGF-I release, enhance matrix synthesis, and enhance the mechanical 

properties of constructs seeded with pAAV-transfected IGF-I. 

  

A 

B 
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1.5.3. SPECIFIC AIM 3 (CHAPTER 4) 

Rationale 

Within in the mini-IGFBP-5 there are 12 amino acids that interact with IGF-I within 4Å. 

IGF-I produced endogenously by chondrocytes with an engineered biomaterial where peptide 

sequence KPLHALL from the binding pocket of IGFBP-5 was attached onto alginate. Although 

alginate has been used to control IGF-I localization, the reaction efficiency is affected by the 

electrically charged side chain of Lysine, Ɛ amino group NH3
+
. However, the relationship 

between grafted peptide length and binding affinity is not clear. 

Hypothesis 

To test the relationship between grafted peptide length and binding affinity by assessing 

the efficiency of grafting to alginate, the ability of modified polymers to bind IGF-I, and the 

ability to enhance matrix production by chondrocytes transfected to produce IGF-I.  

Objective   

To enhance IGF-I retention and matrix synthesis of constructs seeded with pAAV/IGF-I 

transfected chondrocytes in alginate modified with the sequences KPLHALL, PLHALL, and 

ALL as well as to study the relationship between the peptide length of the grafted peptide, the 

efficiency of grafting and their binding affinity for IGF-I (Figure 1.5).  
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Figure 1.5. Aim 3 Schematic. Comparing the effect in length and binding site concentration. 
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CHAPTER 2 

2. COMPARISON OF EFFICACY OF ENDOGENOUS AND EXOGENOUS 

IGF-I IN STIMULATING MATRIX PRODUCTION IN NEONATAL 

AND MATURE CHONDROCYTES* 

2.1. ABSTRACT 

Objective: The goal of this study was to compare the efficacy of endogenous up-regulation of 

IGF-I by gene therapy and exogenous addition of IGF-I in enhancing proteoglycan synthesis by 

skeletally mature and neonatal chondrocytes. Chondrocyte transplantation therapy is a common 

treatment for focal cartilage lesions, with both mature and neonatal chondrocytes used as a cell 

source.  Additionally, gene therapy strategies to up-regulate growth factors such as insulin-like 

growth factor I (IGF-I) have been proposed to augment chondrocyte transplantation therapies. 

Methods: Both skeletally mature and neonatal chondrocytes were exposed to either plasmid 

adeno-associated virus containing the IGF-I gene or exogenous IGF-I.  

Results: Analysis of IGF-I and GAG production using a 4-parameter dose response model 

established a clear connection between the total amount of IGF-I produced by cells and their 

biosynthetic response. Both neonatal and mature chondrocytes showed this relationship, but their 

sensitivities were quite different, with EC50 of 0.57 ng/mL for neonatal chondrocytes and ED50 of 

8.70 ng/mL IGF-I for skeletally mature chondrocytes.  

Conclusions: These data suggested that IGF-I gene therapy may be more effective with 

younger cell sources. Both cell types were less sensitive to exogenous IGF-I than endogenous 

IGF-I.  

   

*This chapter was published: Aguilar Izath N, Trippel S B, Shi S, Bonassar L J. Comparison of Efficacy 

of Endogenous and Exogenous IGF-I in  Stimulating Matrix Production in Neonatal and 

Mature Chondrocytes. Cartilage 20015 1–9 DOI: 10.1177/1947603515578691 
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2.2. INTRODUCTION 

 

Traumatic joint injuries resulting in damage to articular cartilage are common in young 

adults, leading to osteoarthritis later in life.
49

 Among the more promising treatments for focal 

cartilage lesions is chondrocyte transplantation therapy, which can generate tissue resembling 

hyaline cartilage after 6 to 8 months.
28

 While this technique is often successful, frequently the 

tissue formed at the implant site contains type I collagen that can progressively degenerate to a 

fibrocartilaginanous scar tissue and ultimately fail.
28

 As such, effort has been focused on 

enhancing chondrocyte matrix production for cartilage repair. A common approach to enhance 

matrix production is through growth factors. Specifically insulin-like growth factor I (IGF-I), a 

potent anabolic regulator of metabolism, has been widely studied as a means to enhance 

chondrocyte matrix synthesis.  

IGF-I is a 70 amino acid polypeptide that stimulates proliferation and matrix synthesis by 

chondrocytes.
11

 The receptor engagement and subsequent activation are determined by the 

availability of free IGF-I.
50

 Unfortunately, IGF-I delivered to joints is rapidly cleared, so direct 

addition of IGF-I peptide requires multiple large doses. Additionally, chondrocytes are 

surrounded by a dense matrix and their supply of IGF-I is limited by transport of this protein 

through the dense tissue. This transport through cartilage is further limited by its binding to IGF-

I binding proteins,
51 

limiting its availability to chondrocytes. For these reasons, direct in vivo 

administration of IGF-I protein for cartilage repair is likely to be highly inefficient.  

Gene therapy is a valuable tool to control local protein production to articular tissues that 

be used to improve approaches to the treatment of injured cartilage.
27,40,47,48,52–54

 Although 

recombinant proteins, such as IGF-I, are difficult to apply effectively in vivo, gene delivery 

provides a mechanism to enable sustained protein production by targeted cells. The most 
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frequent delivery vectors used for IGF-I are viruses and non-viral vectors. Adeno-associated 

virus (AAV) is a non-pathologic human parvovirus and persists in non-dividing cells for 

extended periods of time and can transduce normal and osteoarthritic human articular cartilage in 

vitro.
26

 Nixon et al
47 

used adenoviral vectors (AdeIGF-I)  to express IGF-I in synovial tissue of 

horses for 8 days, with peak expression on day 4.  Also, adenovirus vectors have been used to 

transfect chondrocytes harvested from human cartilage for up to 21 days, with considerable 

vector leakage from the gel used as a carrier.
54

 Although Ade.IGF-I and rAAV vectors have high 

transduction efficiency, both have shortcomings such as the potential of significant inflammatory 

immune responses for Ade.IGF-I and the difficulty to produce high enough titer of rAAV viral 

vectors to efficiently transduce chondrocytes.
40

 Such, developing non-viral gene delivery 

remains an important goal.  

Several studies have investigated transfection of chondrocytes with plasmid DNA for 

IGF-I gene therapy. Such methods require lipid-based reagents such as FuGENE
® 

or 

Lipofetamine to enhance DNA uptake. Using such methods, plasmid-based gene therapy has 

enhanced IGF-I production and matrix synthesis in monolayers and 3D alginate cultures in vitro 

and in vivo.
14

 Additionally, transplantation of chondrocytes transfected with IGF-I plasmid DNA 

enhanced cartilage formation and defect repair in vivo for 32 days.
52

 A more recently developed 

plasmid (pAAV/IGF-I) has been shown to have higher transfection efficiency than pcDNA 

containing IGF-I.
37

 

 Both skeletally mature
55

 and neonatal
45 

chondrocytes are used clinically for cartilage 

repair. The mechanisms by which specific growth factors such as IGF-I regulate cartilage 

metabolism are age-dependent.
46

 However it is unclear whether adult or juvenile chondrocytes 

are the best targets for IGF-I gene therapy.  
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Available data indicates that there is a differential response to exogenous IGF-I between 

adult and juvenile chondrocytes. In articular cartilage explant culture, exogenous IGF-I increased 

collagen synthesis by both adult and juvenile chondrocytes, with a more marked response in 

adult than juvenile cartilage.
46

 In isolated chondrocytes in monolayer and 3D culture exogenous 

IGF-I increased proteoglycan and protein synthesis with a greater response by juvenile than adult 

cells,
56

 and it was hypothesized that juvenile chondrocytes are more responsive to exogenous 

IGF-I than adult chondrocytes. More recently, studies with human articular cartilage indicated 

that chondrocyte responsiveness to IGF-I progressively diminished with age.
57

   

To our knowledge, the application of IGF-I gene therapy to mature and neonatal 

chondrocytes has not been compared. The relative ability of these cells to be transfected with 

IGF-I, and the ability of the transfected cells to respond to this treatment, are unknown. The 

goals of this study were to determine the efficiency of pAAV/IGF-I transfection of skeletally 

mature and neonatal chondrocytes, to compare the effects of this transfection on stimulation of 

proteoglycan synthesis and to compare the response of these cells to endogenously produced and 

exogenously added IGF-I. 
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2.3.   METHODS  

Endogenous IGF-I 

 Articular chondrocytes were harvested from carpal joints of four skeletally mature 

(growth plate closed) and from the stifle (knee) condyles of five 1-3 day old bovids via 

collagenase digestion overnight. Isolated chondrocytes (9x10
5 

cell/well) were placed in 6 well 

plates with 4 mL of DMEM containing 100 U/mL penicillin, 100 µg/mL streptomycin, and 

10% fetal bovine serum (FBS) at 37˚C in 5% CO2.  After 48 hours, cells were transfected in 

DMEM using a complex of FuGENE
®

6 (Roche Applied  Science, Indianapolis, IN) and pAAV 

plasmids carrying IGF-I or multiple cloning site (MCS) referred as the empty vector at a ratio 

of 3:1,
37

 made 30 min before transfection. After 16 hours, the transfection was stopped by 

replacing 2mL of fresh media without FBS, and 100 U/mL penicillin, 100 µg/mL 

streptomycin. There were six transfected (pAAV/IGF-I) and untransfected wells maintained in 

culture for 6 days.  pAAV/Empty neonatal chondrocytes  were used as a secondary control.  

For each of the four animals of each age, the media was collected for both transfected and 

untransfected cells on days 2, 4, and 6. The IGF-I content in the media was measured with the 

DueSet ELISA kits from R&D Systems (Minneapolis, MN). GAG produced was normalized to 

the amount of GAG produced by untransfected chondrocytes at day 2 in each experiment for 

Figure 2.1B and 2.2B. All data were analyzed using 2-way and 3-way ANOVA analysis with 

Tukey Test for post-hoc analysis (p < 0.05 for significance).  

Exogenous IGF-I  

Articular chondrocytes were harvested from carpal joints of two skeletally mature 

(growth plate closed) and from stifle (knee) condyles of two 1-3 day bovids. Cartilage samples 

were cut away from the periosteum with a thickness of 1-2 mm and placed in collagenase 

digestion overnight. Both populations of chondrocytes were placed in 6 well plates at the same 
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density as above. Cells were maintained in media containing IGF-I (Peprotech, Rocky Hill, NJ) 

at concentrations: 0.1 ng /mL,0.3 ng/mL, 1 ng/mL, 3 ng/mL, 10 ng/mL, 30 ng/mL, and 100 

ng/mL, to have comparable range of concentrations with endogenous IGF-I. The media changed 

every two days containing the same amount of IGF-I concentration.  For both experiments 

cultures were performed in triplicate at all IGF-I concentrations, with media collected on days 2, 

4 and 6. For both experiments, endogenous and exogenous, glycosaminoglycan (GAG) content 

was measured using DMMB dye
58

 on both the cell layer and media. GAG produced was 

normalized to the amount of GAG produced by untransfected chondrocytes at day 2 in each 

experiment. All data were analyzed using ANOVA analysis of variance on ranks with Kruskal-

Willis’ test for post-hoc analysis (p < 0.05 for significance).  

Concentration-Response Model 

In endogenous stimulation studies, a concentration-response model was used to assess the 

extent to which the amount of IGF-I produced in each experiment influenced GAG production. 

For each transfection experiment (i.e. mature or neonatal chondrocytes), the total amount of 

GAG released over 6 days in culture  in three wells was plotted against the average of 

concentration of IGF-I released in the same  three wells over the course of culture. For 

exogenous stimulation studies, the average of the total of the GAG released in three wells was 

plotted against the total IGF-I added to the media, with exogenous IGF-I concentrations chosen 

to span the range of those resulting from transfection studies. Data from each condition (mature 

vs. neonatal and  endogenous vs. exogenous) was fitted to a generalized variable slope 

concentration response (VSCR) model to determine if a first-order binding mechanism explained 

the differences in GAG production and  IGF-I release (Equation 2.1). 
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The four-parameter model included the baseline stimulation (A) and maximal stimulation (B) 

parameters, the EC50, which is the concentration required to provoke a response of half maximal 

stimulation, and the Hillslope (D), which characterizes the steepness of the curve. The VSCR 

model is a general form of an agonist binding model that does not assume that the observed 

effect is linearly proportional to the agonist binding ratio. If the effect is first order, then the 

value for Hillslope is 1 and the equation reduces to the classic Langmuir binding/chemisorptions 

isotherm.
59,60 

Because each condition had different baseline amounts of GAG production, the 

GAG production of each group was normalized to the baseline stimulation (i.e. GAG production 

at 0 ng/ml IGF-I predicted by the model) to calculate the relative increase in GAG production at 

maximal stimulation. Thus for all model fits, the parameter A is set to 1 and B represents the 

level of maximal stimulation.  

2.4. RESULTS  

IGF-I Release and GAG Production  

The production of IGF-I and GAG were compared between pAAV/IGF-I and 

pAAV/Empty vectors and untransfected controls for neonatal chondrocytes. The empty vector 

had no effect in either IGF-I or GAG production (Figure 2.1A & B). Data presented are averages 

of 3 (pAAV/Empty) or 8 (pAAV/IGF-I and untrasnfected) experiments, with each condition 

cultured in triplicate.  pAAV/IGF-I increased IGF-I production by both mature and neonatal 

chondrocytes when compared to unstransfected controls or pAAV/Empty. On day 2, transfected 

neonatal chondrocytes increased IGF-I production from 0.34±0.4 ng/mL (unstransfected) to 

1.3±1 ng/mL (transfected) ) (p= 0.095) (Figure 2.1A). On day 2, pAAV/IGF-I increased IGF-I 

production by mature chondrocytes from an average of 1.8±0.80 ng/mL (unstransfected) to 
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8.5±1.0 ng/mL (transfected) (p=0.013) (Figure 2.2A). On day 4, neonatal chondrocytes’ 

increment was from 0.50 ± 0.79 ng/mL (unstransfected) to 2.5±2 ng/mL (transfected) (p<0.001), 

while mature chondrocytes had an increment from 0.50±0.80ng/mL (unstransfected) to 

7.6±2ng/mL (transfected) (p=0.009). (Figure 2.1A and 2.2A).  On day 6 transfection increased 

neonatal chondrocytes IGF-I production from 0.26±0.25 ng/mL to 1±0.8 ng/mL (p=0.055) 

(Figure 2.1A). On day 6 mature chondrocytes had an increment from 0.27 ± 0.70 ng/mL 

(unstransfected) to 6.5 ±4.20 ng/mL (transfected) (p=0.021). The amount of IGF-I released was 

slightly greater for untransfected mature chondrocytes than untransfected neonatal chondrocytes, 

but without any significance.  

More GAG was lost to media from transfected neonatal chondrocytes (3 fold) than 

transfected mature chondrocytes (2 fold) (p<0.05,*) when compared to untransfected ( Figures 

2.1B & 2.2B) chondrocytes.  The amount of GAG produced by untransfected mature 

chondrocytes was slightly, but not significantly, more than by untransfected neonatal 

chondrocytes. However, pAAV/IGF-I increased GAG levels more by transfected neonatal 

chondrocytes (p<0.01,+) than by  transfected mature chondrocytes (Figures  2.1B and 2.2B). 

Total IGF-I and GAG in Cell Layer and Media 

We compared the effect of IGF-I transfection on the total IGF-I and total GAG 

production over 6 days in culture between skeletally mature and neonatal chondrocytes.  

pAAV/IGF-I increased the total IGF-I synthesis in both transfected mature and neonatal 

chondrocytes when compared to untransfected (Figure 2.3A). However, even though transfected 

mature chondrocytes produced more IGF-I than transfected neonatal, transfected neonatal 

produced more GAG than transfected mature chondrocytes (Figure 2.3B). IGF-I increased the 

total GAG production in both the cell layer and the media in both mature and neonatal 

chondrocytes. pAAV/IGF-I increased GAG by 60%  in transfected mature (from 31µg±8 to 
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50±7µg) and ~3 fold in transfected neonatal chondrocytes (from 33±14 µg to 107±42 µg) in 

media when compared to untransfected mature and neonatal chondrocytes respectively. Also, the 

total GAG production in the cell layer was higher in both transfected mature and transfected 

neonatal chondrocytes when compared to untransfected chondrocytes (~2 fold for mature and ~3 

fold for neonatal). At the same time, transfected neonatal chondrocytes produced more GAG in 

the cell layer (~3 fold) than transfected skeletally mature chondrocytes (Figure 2.3).  

Dose Response Model 

Combining data on average concentrations of IGF-I in the media and normalized GAG 

production from each experiment and fitting this data set to a four parameter model revealed a 

clear relationship between the average IGF-I concentration in the media and GAG production. 

Using this technique, we compared the dose-response relationships for neonatal and adult cell 

sources and endogenous and exogenous sources of IGF-I.  The correlation between average IGF-

I concentration and GAG production in both neonatal and skeletally mature chondrocytes was 

strong, with all correlation coefficients (R
2
) greater than 0.80 for all the fits. The sensitivity to 

IGF-I was quantified by the maximal amount of GAG produced and by the EC50, which is the 

concentration of IGF-I that stimulates half maximal production of GAG.  Therefore, transfected 

neonatal  chondrocytes were 15 times more sensitive to IGF-I (EC50 of 0.57 ng/mL) than 

transfected mature chondrocytes (EC50 of 8.70 ng/mL), and produced  approximately four times  

more  GAG when compared to transfected mature chondrocytes  ( Figure 2.4 and Table 2.1). 

Similarly, the stimulation by exogenous IGF-I was greater in neonatal chondrocytes than in 

mature chondrocytes with an EC50 of 7.56 ng/mL and 25.55 ng/mL respectively (Table 2.1 and 

Figure 2.4). Such exogenous stimulation produced almost two times more GAG when comparing 

neonatal and mature chondrocytes ( Figure 2.4 and Table 2.1).  As a result, neonatal 
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chondrocytes were more responsive to both endogenous and exogenous IGF-I when compared to 

mature chondrocytes.  

 Significant differences were also noted in the response of chondrocytes (GAG production) to 

the source of IGF-I (endogenous vs. exogenous). Transfected neonatal chondrocytes reached 

steady state of GAG levels at lower concentrations of IGF-I than neonatal chondrocytes exposed 

to exogenous IGF-I (Figure 2.4). Only 0.57 ng/mL of IGF-I was required to reach the half 

maximum matrix production (Table 2.1) when compared to neonatal chondrocytes exposed to 

exogenous IGF-I (EC50 of 7.56 ng/mL) with a difference of 13 times the sensitivity to 

endogenous IGF-I than exogenous IGF-I. The matrix production of transfected neonatal 

chondrocytes was three times higher than neonatal chondrocytes exposed to exogenous IGF-I 

(Figure 2.4 and Table 2.1). The differences in sensitivity between endogenous IGF-I and 

exogenous IGF-I were less in mature chondrocytes. Mature chondrocytes were only three times 

more sensitive to endogenous IGF-I than exogenous IGF-I, with an EC50 of 8.70 ng/mL and 25.6 

ng/mL respectively ( Figure 2.4 and Table 2.1).  At the same time, transfected mature 

chondrocytes produced only 85% more matrix than mature chondrocytes exposed to exogenous 

IGF-I (Table 2.1).  
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Figure 2.1.  Neonatal chondrocytes. N=8 experiments with three wells per experiments. A) IGF-I and 

B) GAG produced in media at the designated time periods. * is p<0.05 with respect to untransfected. + is 

p<0.01 with respect to transfected skeletally mature chondrocytes.  
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Figure 2.2. Skeletally mature chondrocytes.  N=7 experiments with three wells per experiment. Data 

are normalized to day 2 values for untransfected chondrocytes A) IGF-I and B) GAG produced in media 

at the designated time periods. * is p<0.01 with respect to untransfected. + is p<0.01 with respect to 

transfected neonatal chondrocytes.  
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Figure 2.3. Total IGF-I and Total GAG. A) Total IGF-I and B) Total GAG production over 6 days in 

culture by skeletally mature and neonatal chondrocytes. * is p<0.01 with respect to untransfected. + is 

p<0.01 with respect to transfected neonatal chondrocytes.  
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Figure 2.4. Dose Response.  Total IGF-I versus total (Normalized) GAG production from each 

experiment fitted to a VSCR model. Blue represents neonatal chondrocytes. Red represents mature 

chondrocytes. ■ Endogenous IGF-I neonatal (pAAV/IGF-I). ▲ Exogenous IGF-I neonatal.  

■Endogenous IGF-I skeletally mature (pAAV/IGF-I). ▲Exogenous IGF-I skeletally mature. 
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Table 2.1. Dose Response Summary. Three parameters: EC50, maximal stimulation over minimal 

stimulation (Max/Min) and R
2 
of the VSCR model for neonatal and mature chondrocytes.   

 

 

 

 

.   
 

 

 

  



33 

 

2.5. DISCUSSION 

The current study compared the efficacy of endogenous and exogenous IGF-I in stimulating 

proteoglycan synthesis by skeletally mature and neonatal articular chondrocytes. We first 

analyzed the ability of pAAV/IGF-I to transfect skeletally mature and neonatal chondrocytes. 

The empty vector had no effect on either the IGF-I or GAG production (Figure 2.1). pAAV/IGF-

I up-regulated IGF-I synthesis in both cell types, but skeletally mature chondrocytes released 

more IGF-I to the media than did neonatal chondrocytes (Figure 2.2). However, the matrix 

synthesis was up-regulated to a greater degree in neonatal cells (Figures 2.1B and 2.3B). For all 

experiments there was a clear dose-dependent relationship between IGF-I exposure and GAG 

production. The differential effects of pAAV/IGF-I on IGF-I production and matrix synthesis 

were highlighted by comparing these parameters on a sample by sample basis (Figure 2.4). 

Neonatal chondrocytes were very sensitive to stimulation by endogenous IGF-I (Figure 2.4). 

GAG production increased 6-fold at steady state and required only 0.57 ng/mL IGF-I in media 

for half-maximal stimulation (Table 2.1). Skeletally mature chondrocytes had lower sensitivity to 

endogenous IGF-I (Figure 2.4) increasing GAG production 1.69 fold, with half-maximal 

stimulation at 8.70 ng/mL (Table 2.1).  

 We also investigated the stimulation of chondrocytes by exogenous IGF-I added to the 

media. GAG production was related to IGF-I concentration in a clearly dose-dependent manner 

(R
2
 fits are 0.80 to 0.99) (Table 2.1). For both cell types, exogenous IGF-I added to media was 

less effective at stimulating GAG production than endogenously produced IGF-I, where the 

differences between maximum and minimum GAG stimulation were 2.7- versus 6.1-fold 

increase in neonatal and  1.4- versus 1.7-fold for skeletally mature. Furthermore, both cell types 

were less sensitive to exogenous IGF-I than endogenous IGF-I, with EC50 values that were 13 

and 3 times lower than those from pAAV/IGF-I studies.  
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 There is an extensive amount of research using gene therapy to try to deliver IGF-I to 

chondrocytes to treat injured cartilage. These studies vary greatly in the amount of IGF-I 

produced and resultant matrix synthesis. Viral methods using adenovirus (Ade.IGF-I) in 

chondrocytes from 3-6 month-old foals released a maximum of 66 ng/mL of IGF-I and a 

minimum of 10 ng/mL. This treatment stimulated proteoglycan production to 6.25 ug/mL on day 

14, which dropped which dropped to 3.2 ug/mL on day 28.
38

 Non-viral methods
53

 with 

cDNA/IGF-I to transfect rabbit chondrocytes augmented IGF-I release to 3.6 ng on day 4 and 

0.72 ng on day 36. Shi et al.
37

 used pAAV/IGF-I, a non-viral method, to transfect skeletally 

mature bovine chondrocytes. IGF-I released was up to 300 ng/mL on day 2 and a minimum of 50 

ng/mL on day 6. The proteoglycan in the media ranged from 20 µg/mL to 130 µg/mL.
37

 The 

amount of IGF-I produced by chondrocytes in the current study is less than seen in previous 

work in young equine
38

 and adult bovine
37

 samples, but similar to that seen in skeletally mature 

rabbits.
53

 However, proteoglycan production rates in the current study were comparable to those 

noted previously.  A previous comparison of endogenous and exogenous IGF-I found similar 

effects, but employed only skeletally mature chondrocytes.
61

 Despite the extensive previous 

work, to our knowledge, no study has shown a dose dependent response for the amount of IGF-I 

released by cells and the amount of GAG produced, and no study has compared skeletally mature 

and neonatal articular chondrocytes as potential targets for gene therapy.   

 To our knowledge, these studies, for the first time, established a clear connection between 

the amount of IGF-I produced by transfected chondrocytes and their biosynthetic response. The 

current study demonstrated a saturation effect by 20 ng/mL IGF-I in skeletally mature and 1 

ng/mL IGF-I in neonatal chondrocytes, above which excess IGF-I does not enhance matrix 

production. This observation suggests that studies aimed at growth factor therapy via gene 
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transfection should be calibrated to produce the maximal biosynthetic effect with the minimum 

amount of growth factor necessary. The data further suggest that this calibration will likely differ 

for chondrocytes from donors of different age.  

 The VSCR models
59,60

 used to describe the dose-dependent effects of total IGF-I on GAG 

production describe the data well. However, the mechanism responsible for the increased 

sensitivity of neonatal cells to endogenous IGF-I is unclear and may involve differences in IGF-I 

receptor or IGF-I binding protein concentration. A number of studies describe age-related 

changes in chondrocytes related to IGF-I action. For example sensitivity to exogenous IGF-I in 

adult chondrocytes declined due to fewer IGF-I receptors,
56

 defective signal transduction 

pathways, or production of other factors necessary for full response to IGF-I.
32

 Another 

possibility previously analyzed was the presence of insulin-like growth factor proteins (IGFBPs) 

as modulators for IGF-I. IGFBPs regulate the access of native tissue cells to IGF-I, specifically, 

IGFBP-1 to IGFBP-6.
62

 Previously, it has been shown that IGFBP-3 and 4 have been identified 

in human articular chondrocyte cultures with arthritic diseases.
63

 In contrast, IGFBP-5 has shown 

to be beneficial for enhancing IGF-I signal and therefore proliferation of matrix production.
43

 

The amount of IGFBPs changes throughout the life span of the chondrocytes. IGFBP-5 is more 

active in neonatal chondrocytes and activity decreases with age.
 64 

 

Even though the protein and the gene structure of IGF-I have been highly conserved 

throughout evolution in vertebrates,
65

 the differences in biosynthetic response to endogenous and 

exogenous IGF-I may be due to possible differences in tertiary or quaternary structure. 

Exogenous IGF-I came from recombinant human IGF-I which was commercially obtained and 

the endogenous IGF-I source was the chondrocytes that were transfected. Furthermore, the 

availability of the IGF-I to the IGF-I receptor could vary between exogenous addition and 



36 

 

endogenous production. Theoretical models describing the transport of endogenously produced 

epidermal growth factor (EGF) show significant local gradients in concentration due to the 

binding to cell surface receptors.
66 

Such may be the case for case for IGF-I as well, causing the 

concentration in the bulk of the media to be different from that near the cell surface. This could 

explain the low levels of EC50 (0.57 ng/mL) for total of IGF-I from transfected neonatal 

chondrocytes. 

  Taken as a whole, this study shows distinct differences in the up-regulation of 

proteoglycan synthesis by skeletally mature and neonatal chondrocytes when exposed to 

endogenously produced or exogenously added IGF-I. Nevertheless, there are clear limitations to 

this study. Previous studies have established that pAAV/Empty vectors have no effect on IGF-I 

synthesis or GAG production in skeletally mature chondrocytes thus, these controls were omitted 

from the current study.
20,37,61

 However, pAAV/Empty vector had no effect in either the 

production of IGF-I or GAG in neonatal chondrocytes when compared to transfected neonatal 

chondrocytes. Another factor that could contribute to differences in IGF-I production between 

neonatal and mature chondrocytes is differential transfection efficiency between the two cell 

types.  To assess this directly, we measured transfection efficiency using two related vectors 

(pAAV/hrGFP and pAAV/IRES/hrGFP) (See Supplemental Data).  These studies showed that 

transfection efficiency was ~20% higher in mature chondrocytes than in neonatal; however, this 

level of effect did not achieve statistical significance and does not account for the 450% 

difference in IGF-I production noted in Figure 3A. In addition, GAG production is not the only 

indicator of matrix production for chondrocytes. Indeed previous studies show differential dose 

responses of neonatal and adult cartilage explants with respect to upregulation of collagen and 

GAG synthesis.
46

 As such it is possible that collagen synthesis patterns due to IGF-I transfection 
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may be different than those seen for GAG production.  Lastly, it is important to note that the 

current study was conducted with chondrocytes in monolayer culture. These studies used 

primary chondrocytes, at short times where there should be minimal de-differentiation. 

Nevertheless, future studies on this topic using appropriate 3D culture system would be of great 

interest.  
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CHAPTER 3 

3. CUSTOMIZED BIOMATERIALS TO AUGMENT CHONDROCYTE 

GENE THERAPY* 

3.1. ABSTRACT 

A persistent challenge in enhancing gene therapy is transient availability of the target gene 

product. Particularly in tissue engineering applications the transient exposure of cells to the 

product could be insufficient to promote tissue regeneration. Here we report the development of 

a new material engineered to have high affinity for a therapeutic gene product. We focus on 

insulin-like growth factor–I (IGF-I) for its highly anabolic effects on many tissues such as spinal 

cord, heart, brain and cartilage. One of the ways that tissues store IGF-I is through a group of 

insulin like growth factor binding proteins (IGFBPs), such as IGFBP-5. We grafted the IGF-I 

binding peptide sequence from IGFBP-5 onto alginate in order to retain the endogenous IGF-I 

produced by transfected chondrocytes. This novel material bound IGF-I and released the growth 

factor for at least 30 days in culture. We found that this binding enhanced the biosynthesis of 

transfected cells up to 19-fold. These data demonstrate the coordinated engineering of cell 

behavior and material chemistry to greatly enhance extracellular matrix synthesis and tissue 

assembly and can serve as a template for the enhanced performance of other therapeutic proteins. 

 

 

 

 *In Review  Biomaterials with author list: Aguilar Izath N (Cornell), Trippel S B (Indiana University), 

Shi S (Indiana University), Bonassar L J (Cornell).  
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3.2. INTRODUCTION 

A number of recent studies have focused on delivering therapeutic proteins using gene 

therapy to enhance the repair of skeletal muscle, brain, spinal cord, and cartilage.
34,35,36

 Many of 

these studies have focused on a variety of membrane repair proteins, transcription factors, and 

growth factors to increase cellular synthesis and control paracrine cascades.
34,67,68

 However, one 

of the main limiting factors in the efficacy of gene therapy is the transient availability of the gene 

product, regardless of the vector used. For example the use of gene therapy in cartilage repair has 

targeted increased growth factor production; however, the desired gene product is typically 

upregulated for up to two weeks.
38,37

 Further, the highest concentrations of growth factors are in 

the first days after transfection, and have the potential to produce supra-therapeutic, or toxic 

levels of the growth factor.
69

  

One of the proteins commonly targeted for cartilage repair in gene therapy is insulin-like 

growth factor–I (IGF-I).
53-37

 Various viral and nonviral vectors have been used to 

transduce/transfect chondrocytes to upregulate IGF-I synthesis prior to therapeutic cell 

delivery.
47,37,70,71

 Although IGF-I expression can remain elevated for a month or more,
72

 this 

expression decreases with time and is often low by 2 weeks.
38,37

 This is an extremely short time 

compared to the 6-12 months typically needed for effective cartilage repair,
73

 and may not 

induce optimal repair in vivo. As such, there is a great need for approaches to extend the 

availability of IGF-I for cartilage therapy.  

In tissues such as cartilage, IGF-I is retained in the tissue by a family of binding proteins 

called insulin-like growth factor binding proteins (IGFBPs). These binding proteins are highly 

specific to IGF-I, with binding affinities of 1-10 nM.
74

 IGFBPs also bind to cartilage enhanced 

cellular matrix (ECM), acting as both a sink and source for the growth factor as needed.
3
 It has 
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been shown that IGFBP-5 has a specific localized small domain that is largely responsible for its 

high affinity binding to IGF-I.
74

 

Cell-based gene therapy for articular cartilage repair requires a means of delivering cells to 

the site in need of repair.
75

 Hydrogels, including alginate, have been shown to serve this 

purpose.
52

 There are numerous examples of short peptide sequences being grafted to materials to 

enhance cell adhesion.
74,76

 Similarly, materials have been modified to contain heparin-like 

carbohydrate components which have been shown to enhance binding of growth factors such as 

FGF-2.
77

 To our knowledge, peptide-based modification of materials to localize growth factors 

has not been reported.  

Here we demonstrate the development of a new material with high affinity for IGF-I by 

grafting a binding peptide sequence from IGFBP-5 onto alginate. This new material greatly 

extends the availability of the growth factor during chondrocyte culture and enhances cartilage 

matrix biosynthesis up to 19-fold. 

3.3. MATERIALS AND METHODS  

Chemistry  

UP LVG alginate (from NovaMatrix®) was modified with carbodiimide chemistry.
44

 100 

mg alginate (1% w/v alginate solution) was dissolved in 0.1 M of 1-(N-morpholino) 

ethanesulfonic acid (MES) buffer (Sigma-Aldrich) at pH 6.5. The reaction scheme is shown in 

Figure 1 where amide linkages were obtained by adding 2.5 mM of 1-ethyl-

(dimethylaminopropyl) carbodiimide (EDC) (Sigma-Aldrich) and 1.2 mM of sulfo-N-

hydroxysuccinimide (NHS) to raise the efficiency of amide bond formation (Pierce Chemical).
44

 

1 mg of GGG-KPLALL (KPL) peptide sequence (INNOVAGEN) was added after 5 minutes; the 

solution was left to react for 20 hrs. The reaction was quenched with 0.026 mM of hydroxyamine 
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hydrochloride (Sigma-Aldrich) at 20 hrs. Alginate solution was purified by dialysis (3500 

MWCO) (Fisher Scientific) with different salt concentrations varying 115 mM to 0 Mm. 

Samples were stored in the -80 °F for 24 hours and then they were lyophilized for 24 hours.  

Nuclear Magnetic Resonance Studies  

The freeze-dried KPLHALL alginate and unmodified alginate were dissolved in D2O at 

0.0012% w/v. There were three groups: alginate, a mixture of alginate with free KPLHALL 

peptide, and KPLHALL-grafted alginate. 
1
H nuclear magnetic resonance (

1
H NMR) spectra were 

recorded on 600MHz Varian Inova NMR. 
1
H NMR was normalized to residual solvent D2O. The 

final molar concentration of peptide KPLHALL grafted in alginate was obtained by integrating 

the area under the curve with Mnova NMR Software. Also, diffusion ordered spectroscopy 

(DOSY) was performed to demonstrate stable attachment of the peptide sequence to the alginate.  

Surface Plasmon Resonance Studies 

Surface Plasmon Resonance (SPR) measurements were performed with an SPR 

Refractometer Instrument (Reichert, Inc., Depew, NY). Modified and unmodified alginate were 

bound to 50 nm thick gold chips (Fischer Scientific, Pittsburgh, PA) using carbodiimide 

chemistry. Samples were run at 25° C in buffer for 10 minutes per sample, using a constant flow 

rate of 25 μl /min over the surface of the SPR chip. Concentrations of IGF-I ranged from 5 to 

3000 nM. PBST (PBS plus 0.05% v/v Tween 20) was used as both the sample and flow buffer. 

After each binding experiment, the surface was regenerated with 40 mM HCl. The sensorgram 

profiles were analyzed using SigmaPlot where response to equilibrium was calculated with an 

three parameter exponential rise to maximum model and then a Langumir binding model was 

used to determined binding constant (KD).
78
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Analysis  

 The microrefractive index unit at equilibrium was measured for each concentration of 

IGF-I flowed through the chip (Equation 3.1). 

            
 
      

 
 
  

 Where, Req is the refractive index unit at equilibrium, t is time, t0 is the time after 

baseline, and Ʈ is the exponential time constant.  

KD was calculated by fitting the data to Langmuir’s Affinity Kinetics Model
78

 (Equation 3.2). 

    
            

           
 

 

 Req is the response as equilibrium for each curve; [IGF-I] is the concentration of IGF-I; 

Rmax is the maximum equilibrium response and KD is the binding affinity constant. The 

dissociation rate constant (koff) was calculated by fitting the dissociation phase
78

 (Equation3.3). 

                 
 
      
    

 
  

 Where, RT is the total response where it is assumed that the total complex concentration 

of IGF-I and KPLHALL [IGF-I*KPLHALL]TOTAL is proportional to the total response (RT). Req 

is the response as equilibrium for each curve and Roff is the equilibrium response at the end of the 

dissociation phase. The experiment was measured at different times, t (time where dissociation 

finished) and t1 (time where dissociation started). 

 Furthermore, the association rate constant (kon) of each IGF-I concentration was 

calculated (Equation 3.4). 
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Cell Culture and Matrix Synthesis 

Articular chondrocytes were harvested from stifle (knee) condyles of 1-3 day old bovids 

via overnight collagenase digestion. Isolated chondrocytes were placed in T-75 flasks plates at 

60% confluency with 4 mL of DMEM containing 100 U/mL penicillin, 100 µg/mL streptomycin, 

and 10% fetal bovine serum (FBS) at 37˚C in 5% CO2. After 48 hours, cells were transfected 

using two different complexes, made 30 minutes before transfection, at a ratio of 3:1,
37

: 

FuGENE®6 (Roche Applied Science, Indianapolis, IN) + pAAV/IGF-I or FuGENE®6+pAAV/ 

MCS (Empty). After 16 hours, the transfection was stopped by replacing the culture medium 

with 5 mL of fresh media without FBS, and 100 U/mL penicillin, 100 µg/mL streptomycin. 

Afterwards, cells were trypsinized and mixed with 2% (w/v) modified or unmodified alginate. A 

range of KPLHALL concentrations from 0 to 100 µM was achieved by mixing the 100 µM 

KPLHALL with unmodified alginate in varying ratios. Cells were encapsulated in beads formed 

by extrusion through a 22-gauge needle into a 102 mM CaCl2 solution. Beads were incubated 

with DMEM without FBS for 30 days; beads were collected every six days. 

Biochemical Analysis 

 Beads collected every six days for 30 days were used to measure GAG and HYPRO 

content. GAG content was measured using the DMMB dye-binding assay
58

 and hydroxyproline 

content was measured using DMAB dye assay.
79

 Syntheses of GAG
58

 and hydroxyproline 

(HYPRO)
79

 were used as the primary measure of chondrocyte metabolic activity. The kinetics of 

GAG and HYPRO accumulation were fitted to an established model of matrix synthesis to 

calculate steady-state GAG and HYPRO content
59

 (Equation 3.5).  
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 Where, [ECM] is the matrix synthesized by the transfected or control of chondrocytes in 

the different concentrations of KPLHALL. [ECM]SS is steady state matrix production produced 

by the chondrocytes at different concentration of KPLHALL.  

 Each steady state value was normalized to alginate (0 µM) steady state value for GAG 

and HYPRO. These normalized steady-state values of GAG and HYPRO synthesis were used to 

determine the effect of KPLHALL content on chondrocyte matrix synthesis using a generalized 

variable slope concentration–response model (Equation 3.6).
59

  

       

          

          
                 

   
         

    
 
          

 

 Where, [ECM]SS is the steady state matrix production, [ECM0µM]SS is the steady state 

matrix production, [ECM]max is the maximum stimulation, [ECM]min is the minimum stimulation, 

[KPLHALL] is the concentration of KPLHALL-modified alginate and EC50 is the dose required 

to produce 50% response.  

 Beads from day 30 were collected for immunohistochemistry analysis. IGF-I was 

analyzed using Rb pAb to IGF-I (ab40657) as primary antibody and Rabbit IgG for secondary 

antibody.  

3.4. RESULTS   

Generation and Characterization of Hydrogels with Affinity for IGF-I 

The peptide sequence KPLHALL from the hydrophobic binding pocket of IGFBP-5 was 

chosen as a candidate for enhancing IGF-I binding based on analysis of the crystal structure of 

IGFBP-5 /IGF-I complex. These data showed that 6 of the 7 amino acids in this peptide sequence 

are within 4Å of IGF-I when the complex is formed, enabling a high level of affinity.
43

 

 The high affinity sequence was synthesized and grafted to alginate via previously 

established carbodiimide/sulfo-NHS chemistry
44

 (Figure 3.1). The modification of alginate was 
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confirmed by 
1
H NMR analysis, using the leucine peaks at ~0.7 ppm to both demonstrate 

successful grafting and measure the amount of conjugated peptide (Figure 3.2). Additionally the 

stability of the peptide graft was demonstrated by diffusion ordered NMR (DOSY), which 

showed the persistence of leucine peaks in the grafted material (See Supplementary Figure. S1).  

Analysis of IGF-I binding to modified and control alginate via surface plasmon resonance 

(SPR) demonstrated significant enhancement of binding by the modified material (Figure 3.3). 

The dissociation constant (KD) decreased from 513 nM to 50 nM due to modification with 

KPLHALL (Fig1D). This level of affinity for IGF-I was lower than that for full length of 

IGFBP-5 (KD=3.7 nM), but similar to a truncated form of IGFBP-5 containing only the binding 

pocket (KD=37 nM).
74

 

Enhancement of IGF-I Binding and Matrix Production  

The enhanced binding demonstrated by KPLHALL-modified alginate motivated the 

hypothesis that this material would retain IGF-I produced by encapsulated chondrocytes. To test 

this hypothesis, articular chondrocytes were transfected with an adeno-associated virus-based 

plasmid vector (pAAV/IGF-I), carrying human IGF-I cDNA (transfected chondrocytes) or with 

empty vector (control chondrocytes) and encapsulated as previously described
,21,80

 in modified 

and unmodified alginate and cultured for 30 days.  

Previously we have shown that IGF-I transfection is highly efficient, but also transient, 

with enhanced IGF-I expression subsiding within 6 days.
37,80

 Consistent with this data, 

immunohistochemistry staining of unmodified alginate (i.e. 0 µM binding peptide) cultures 

showed minimal presence of IGF-I at 30 days (Figure 3.5). In contrast, control chondrocytes 

cultured in alginate modified with KPLHALL showed enhanced retention of IGF-I at 30 days, 

with IGF-I retention proportional to the concentration of the grafted binding peptide. This 
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enhancement was greater in chondrocytes transfected with pAAV/IGF-I, where the highest 

concentrations of binding peptide (i.e. 33µM and 100 µM) resulted in robust staining for IGF-I at 

30 days (Figure 3.5).  

Both control and pAAV/IGF-I transfected chondrocytes showed accumulation of the 

principal cartilage matrix components, glycosaminoglycan (GAG) (Figure 3.6) and collagen, as 

indicated by hyproxyproline (HYPRO) (Figure 3.7). These typically reached steady state after 

two weeks in culture. For both GAG and HYPRO, in control, and pAAV/IGF-I transfected 

cultures, the presence of peptide binding enhanced matrix synthesis. IGF-I transfection had a 

dramatic effect on HYPRO production both in the presence and absence of the binding peptide.  

To understand the effect of IGF-I retention via binding peptide sites, the steady-state matrix 

contents were calculated using an established kinetic model.
59

 For each culture condition steady 

state matrix contents were normalized to the unmodified alginate (0 µM), which revealed that 

matrix synthesis was clearly dose-dependent (R
2
>0.93 for all fits) on binding peptide density 

(Figure 3.7A). For control cells, enhancement of GAG and HYPRO synthesis were 1.6 and 3-

fold, respectively. This effect was more dramatic in transfected cells, with GAG and HYPRO 

synthesis upregulated 6.9- and 19.4-fold, respectively. For all cultures, EC50 for enhancement of 

synthesis ranged from 17 to 41 µM KPLHALL.  
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Figure 3.1. Reaction Scheme: EDC and Sulfo-NHS activate the alginate forming a carboxylate carbon 

intermediate. The carboxylate carbon intermediate is attacked by the primary amine nitrogen forming the 

amide bond to the alginate backbone.  
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Figure 3.2. NMR Spectra: First spectra shows the alginate sample with broad peaks for a 

polysaccharide, from 4.8 to 3.2, and distinct peak for the anomeric proton.
81

 Second spectra showed the 

mixture of the alginate and peptide showed both different peaks for alginate and high leucine amino acids 

peaks. The third spectra showed the modified alginate with KPLHALL where the chemical shift in the 

leucine peaks and the height of the peaks differs from the mixture.  
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Figure 3.3. SPR Spectra:  Representative examples of curve fits for the affinity kinetic analysis of 

control (alginate) and modified alginate (KPLHALL alginate). Concentrations of IGF-I for alginate varied 

from 3000 nM to 0 nM. Concentrations of IGF-I for KPLHALL alginate varied from 1000 nM to 0 nM.  

 

 

Figure 3.4. Langmuir’s Affinity Kinetics Model: Langmuir’s Affinity Kinetics Model for alginate is 

the top one (blue) and KPLHALL alginate (red). There is a 10 times shift in KD where KD is smaller in 

KPLHALL alginate (KD of 50 nM) when compare to alginate (KD of 513 nM) . KPLHALL alginate had a 

kon ranged from 1 to 4(10
8
/M●sec) and a koff from 5/s to 19/s (R

2
: 0.40 to 0.90).The parameters for 

alginate kon and koff ranged from 1.6 to 1.8(10
8
/Ms)  and koff 10/s to 29/s (R

2
: 0.74 to 0.9).  
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Figure 3.5. IGF-I BINDING Immunohistochemistry of constructs for IGF-I at Day 30.  

Scale bar=100 µm Alginate does not showed differences in immunolocalization staining at day 30. 

Immunolocalization staining for IGF-I changes as the concentration of binding sites (KPLHALL) 

increases in the constructs. The constructs with 0 µM of binding sites barely show retention of f IGF-I; 

and constructs with 1  and 3 µM of binding sites show some retention of IGF-I. The highest 

immunolocalization of IGF-I is at 100 µM. 
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Figure 3.6. A) GAG matrix accumulation kinetic profiles: The production of GAG increased in both 

transfected and control. Control chondrocytes have smaller changes between kinetic profiles with the 

differences in KPLHALL alginate concentrations. pAAV/IGF-I transfected chondrocytes have a greater 

effect. 

B) HYPRO matrix accumulation kinetic profiles: The production of HYPRO increased in both 

pAAV/IGF-I transfected chondrocytes and control chondrocytes. The effect in chondrocytes that are 

transfected with pAAV/IGF-I is greater than the effect transfected with pAAV/Empty. This effect is 

greater in concentrations of 10, 33 and 100 µM binding sites. When alginate is compared with the highest 

concentration of binding sites (100 µM) there is an increased from 0.08 µg/mg at 0 uM to 1.4 µg/mg at 

100 µM.   
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Figure 3.7. A GAG Dose Response: GAG at the steady state concentration of each concentration was 

plotted against the different concentrations of binding sites of KPLHALL covalently attached to alginate. 

Transfected chondrocytes with pAAV/IGF-I produced 600% GAG more than control chondrocytes 

transfected with pAAV/empty. pAAV/IGF-I transfected chondrocytes required 16.9 µM of binding sites 

in the alginate to produce an increase in GAG of 6.9 (Table 2). Control chondrocytes required almost 

twice the amount of KPLHALL modified alginate only to produced 60% (Table 3.1). 

B HYPRO Dose Response: The production of HYPRO increased both in pAAV/IGF-I transfected 

chondrocytes and control chondrocytes. The effect in chondrocytes that are transfected with pAAV/IGF-I 

is greater than the effect in cells transfected with pAAV/Empty. pAAV/IGF-I increased HYPRO 

accumulation by 20 fold at the maximum effective concentration of IGF-I binding sites.  The parameters 

are summarized on table 2 where all R
2 
are higher than 0.93 (Table 3.1). 
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3.5. DISCUSSION 

These data illustrate that the biomimetic modification of alginate with a binding peptide 

from IGFBP-5 enables high affinity binding of IGF-I. The data further demonstrate that this 

modification extended the presence of the growth factor in cell-seeded constructs to at least one 

month, and that this extended presence of IGF-I in turn substantially enhanced cartilage matrix 

synthesis.  

Producing materials that specifically bind IGF-I presents specific technical challenges. 

Proteins that are known to bind IGF-I have complex 3D configurations that stabilize the 

formation of the binding protein-IGF-I complex.
43

 IGFBP-5, which has 252 residues, and mini-

IGFBP-5, which has 52 residues, have binding affinities of 3.7 nM and 37 nM respectively. 

Grafting such proteins to a material to enhance IGF-I binding would be technically challenging 

and expensive, due to the cost of producing the protein recombinantly. Additionally stability of 

the grafted material would be of great concern. Grafting shorter peptides would solve this 

problem; however it is not clear whether shorter peptides would produce high affinity binding. 

Here we showed that grafting a seven peptide sequence from the binding pocket of IGFBP-5 to 

alginate produced a material with high affinity (KD = 50 nM). This peptide sequence is short 

enough that folding is likely absent or minimally important. As such the high level of affinity is 

somewhat surprising. The affinity may be aided by the fact that alginate is a polyanion and IGF-I 

is positively charged (pI = 8.5),
29

 and charge based interaction may play a role in aiding binding. 

Nevertheless the significant enhancement of IGF-I binding by the addition of a short peptide may 

provide a template for targeted modification of biomaterials for growth factor binding.   

Other studies have explored alternative approaches for expanding the time of IGF-I 

action through controlled delivery. For example, the interaction of IGF-I with the cartilage ECM 
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has been altered by generating a recombinant fusion protein of IGF-I with a heparin binding 

domain.
82

 This modified IGF-I bound to heparin sulfate and chondroitin sulfate with high 

affinities (21 nM and 172 nM) and extended the retention time of the growth factor in 

cartilage.
82

Other approaches for delivery include gene-activated matrix (GAM)
24

 materials in 

which a material  is loaded with plasmid that is released slowly to cells. Similarly IGF-I peptide 

was released from degradable microparticles to achieve delivery over ~2 weeks.
83

 The approach 

described in the current paper compliments these previously described approaches and provides 

additional flexibility for tuning both cellular and matrix responses over many weeks. 

Additionally, we can use our modified alginate with other methods of gene therapy.  

Similarly this modified material may be helpful in enhancing other methods of gene 

therapy. Many studies on cartilage gene therapy have focused on extending the time of 

production and availability of IGF-I. Adeno-associated virus (AAV), a non-pathologic human 

parvovirus, is capable of transfecting non-dividing cells for extended periods of time and can 

transduce normal and osteoarthritic articular cartilage in vitro.
26

 Adenoviral vectors (Ade.IGF-I) 

have been used to transduce cells where production of IGF-I ranges from 21 days up to 150 

days.
84,85

 Also, chondrocytes transduced with recombinant adeno-associated virus (rAAV)
86

 have 

produced IGF-I for over 20 days. While our approach described here focused on plasmid 

transfection, such an approach can also be used with any of the above vectors. Tuning both IGF-I 

production and binding could enable even more extended availability of the growth factor. 

Both IGF-I as a target growth factor
10-30

 and alginate as a delivery vehicle
21,87

 have been 

used in vivo to enhance the repair of cartilage. The modified alginate presented here shows great 

promise to further improve chondrocyte matrix production and cartilage repair in vivo.
21

 This 

new biomaterial can be incorporated into other studies that have used alginate as a scaffold or 
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have used other vectors.
10,88

 Overall, these data suggest that combining gene therapy with 

targeted modification of scaffold material provides a platform where cellular production and 

extracellular binding of IGF-I act synergistically to enhance cellular biosynthesis. IGF-I 

regulates many other tissues including spinal cord,
15

 heart
89

 and brain.
90,91

 As such, these studies 

suggest the possibility of using such modified biomaterial not only with chondrocytes, but with 

other cell types. Furthermore, this approach can be extracted for use with other growth factors, 

such as TGF-β and BMP-2, that also have known protein binding sites in extracellular 

matrix.
92,93

 

3.6. CONCLUSION 

Modifying alginate with the peptide KPLHALL from the binding pocket of IGFBP-5 

enhanced binding affinity more than 10-fold, extended IGF-I availability over 30 days and 

increased GAG and HYPRO synthesis 7 and 20 fold respectively. The approach of controlling 

growth factor binding, by grafting of small peptides for biomaterials represents an important new 

approach to drug delivery and tissue engineering.  
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CHAPTER 4 

4. EFFECT OF BINDING PEPTIDE LENGTH AND CONCENTRATION 

ON AUGMENTATION OF IGF-I GENE THERAPY FOR 

CHONDROCYTES* 

4.1. ABSTRACT 

 

The efficacy of gene therapy depends on the availability of gene products to the cells. However, 

this availability is transient regardless of the vector used to transfect or transform. We have 

previously shown that the local retention of a gene product, specifically IGF-I, can be extended 

by engineering a biomaterial that has grafted peptides from the binding pocket of IGFBP-5. In 

the current study, we developed a set of new biomaterials to test the relationship between the 

length of the grafted peptide, the grafting efficiency, and their binding affinity for IGF-I. 

Alginate was modified using carbodiimide chemistry with three peptide sequences KPLHALL, 

PLHALL and ALL to test for enhanced IGF-I retention. Characterization was performed with 

NMR to measure efficiency of the grafting reaction and SPR to determine affinity of the 

modified materials to IGF-I. Chondrocytes were encapsulated in these materials and transected 

with pAAV/IGF-I to increase production of IGF-I. After the in vitro culture, 

inmmunohistochemistry was used to detect localized IGF-I in samples, and collagen and 

proteoglycan production was measured. Grafting efficiency was the lowest for the longest 

peptide (KPLHALL). Binding affinities ranged from 35 to 71 nM, for modified materials with 

the shortest peptide demonstrating the lowest affinity. The retention of IGF-I in alginate gels was 

dependent on peptide density and length, where materials with longer peptides were more 

effective at localizing IGF-I. The longest peptide enhanced GAG and HYPRO production by 7 

and 20-fold respectively, while the shortest peptide enhanced them by 3 and 16-fold respectively. 
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4.2. INTRODUCTION 

Gene therapy is a powerful tool in controlling cell behavior and tissue regeneration in tissue 

engineering.
94

 In particular, the insertion of foreign DNA focuses on the production of a variety 

of membrane repair proteins, transcription factors, and growth factors to increase cellular 

synthesis and control paracrine cascades.
34,67,68

 However, one of the main limitations of gene 

therapy is the transient availability of the gene product, regardless of the vector used.  

Insulin-like growth factor–I (IGF-I) is one of the proteins commonly targeted in gene therapy 

because it is a potent anabolic regulator of metabolism. In cartilage repair IGF-I helps with 

matrix synthesis such as GAGs and collagen II.
37-53

 Viral and nonviral vectors have been used to 

transduce/transfect chondrocytes to up-regulate IGF-I synthesis prior to therapeutic cell 

delivery.
37,47,70,71

 However IGF-I
72

 expression decreases with time and is often low after two 

weeks.
37,72,38

 This is an extremely short time compared to the six to twelve months typically 

needed for effective cartilage repair,
95

 and may not induce optimal repair in vivo. As such, there 

is a great need for approaches to extend the availability of IGF-I for cartilage therapy.  

In tissues such as cartilage, IGF-I is retained by a family of binding proteins called insulin-

like growth factor binding proteins (IGFBPs). These binding proteins are highly specific to IGF-

I, with binding affinities of 1-10 nM.
74

 IGFBPs also bind to cartilage and enhance extracellular 

matrix (ECM) production, acting as both a sink and a source for IGF-I as needed.
3
 It has been 

shown that IGFBP-5 has a specific localized small domain that is largely responsible for its high 

binding affinity to IGF-I.
74

 

*In Preparation with author list: Aguilar Izath N (Cornell), Trippel S B (Indiana University), Shi S 

(Indiana University), Bonassar L J (Cornell).  
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Biomaterials, such as alginate, have been used to prolong the availability of gene product to 

the cells through encapsulation. Due to properties such as biocompatibility and non-

immunogenicity, alginate is a good delivery vehicle to sustain the gene product in vivo for 

cartilage repair.
52

 Another advantage of alginate is its capability to be chemically modified via 

conventional techniques such as carbodiimide chemistry;
96

 In 1998, Rowley et. al. used this 

technique to graft RGD sequences onto alginate to promote cell anchorage.
44

 In a previous study, 

we were able to control the release of endogenously produced IGF-I from chondrocytes by 

engineering a novel biomaterial of alginate containing the peptide sequence, KPLHALL, taken 

from the binding pocket of the IGFBP-5. Although alginate has been used to control IGF-I 

localization, the reaction efficiency is reduced by the positively charged side chain of lysine: the 

Ɛ amino group NH3
+
. In order to perform the carbodiimide chemistry, the Ɛ amino group NH3

+ 

has to be protected with a protecting group, such as (1-(4,4-Dimethyl-2,6-dioxocyclohex-1-

ylidene)-3-ethyl) (Dde) and 1-(4,4-Dimethyl-2,6-dioxocyclohex-1-ylidene)- 3-methylbutyl 

(ivDde)
97

 and, after attaching the amino acid sequence, the protecting group then has to be 

treated with a base or an acid to remove it. Such treatments may have possible side reactions 

with the alginate or with other peptide sequences in its vicinity,
97

 thus reducing reaction 

efficiency. The deprotection step could be avoided by using peptide sequences without lysine, 

but such modification may adversely affect the binding affinity to IGF-I.  

In this study, we developed a set of new biomaterials to test the relationship between the 

peptide length of the grafted peptide onto alginate, the grafting efficiency and their binding 

affinity for IGF-I. Specifically, we compared KPLHALL to PLHALL and the much shorter 

sequence ALL by assessing the efficiency of grafting onto alginate, the ability of modified 
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polymers to bind IGF-I, and the ability to enhance matrix production by transfected 

chondrocytes.  

4.3. METHODS  

Chemistry  

UP LVG alginate (from NovaMatrix®) was chemically modified with carbodiimide 

chemistry.
44

 100 mg alginate (1% w/v alginate solution) was dissolved in 0.1 M of 1-(N-

morpholino) ethanesulfonic acid (MES) buffer (Sigma-Aldrich) at pH 6.5. 2.5 mM of 1-ethyl-

(dimethylaminopropyl) carbodiimide (EDC) (Sigma-Aldrich), and 1.2 mM of sulfo-N-

hydroxysuccinimide (NHS) were added to raise the efficiency of amide bond formation (Pierce 

Chemical).
44

 1 mg of GGG (ivDde) KPLHALL, GGGPLHALL or GGGALL peptide sequences 

(INNOVAGEN) was added after 5 minutes; the solution was left to react for 20 hours. The 

reaction was quenched with 0.026 mM of hydroxyamine hydrochloride (Sigma-Aldrich) at 20 

hours. ivDde deprotection of lysine (GGG (ivDde) KPLHALL) was done with 5% hydrazine, 

anhydrous (Sigma) in dimethylformamide (DMF). Alginate solutions were purified by dialysis 

(3500 MWCO) from Fisher Scientific with salt concentrations varying 115 mM to 0 Mm. 

Samples were stored in -80°F for 24 hours, and then they were lyophilized for 24 hours.  

NMR Studies  

The freeze-dried GGGKPLHALL, GGGPLHALL or GGGALL alginates and unmodified 

alginate (alginate) were dissolved in D2O at 0.0012% w/v. There were three groups: unmodified 

alginate, a mixture of unmodified alginate and modified alginates, and GGGKPLHALL, 

GGGPLHALL or GGGALL alginate. 
1
H nuclear magnetic resonance (

1
H NMR) spectra were 

taken on a 600MHz Varian Inova NMR. 
1
H NMR was normalized to residual solvent D2O. The 
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final molar concentration of peptides grafted onto alginate was obtained by integrating the area 

under the curve with Mnova NMR Software.  

SPR Studies 

Surface Plasmon Resonance (SPR) measurements were performed with an SPR 

Refractometer Instrument (Reichert, Inc., Depew, NY). 50 nm thick gold chips were purchased 

from Fischer Scientific (Pittsburgh, PA). Gold SPR sensor slides were bound with alginate 

modified with GGGKPLHALL, GGGPLHALL or GGGALL as well as unmodified alginate 

using carbodiimide chemistry. All samples were run at 25°C in PBST buffer for 10 minutes per 

sample, using a constant flow rate of 25 μl /min over the surface of the SPR chip. Concentrations 

of IGF-I ranged from 5 to 3000 nM. PBST (PBS plus 0.05% v/v Tween 20) was used as both the 

sample and flow buffer. After each binding experiment, the surface was regenerated with 40 mM 

HCl. The sensorgram profiles were analyzed using SigmaPlot where response to equilibrium was 

calculated with a three parameter exponential rise to maximum model and then a generalized 

variable slope concentration response (VSCR) model was used to determine the binding constant 

(KD).
59

  

Cell Culture Studies 

Articular chondrocytes were harvested from stifle (knee) condyles of one to three day-old 

bovids via overnight collagenase digestion. Isolated chondrocytes were placed in T-75 flasks 

plates at 60% confluency with 4 mL of DMEM containing 100 U/mL penicillin, 100 µg/mL 

streptomycin, and 10% fetal bovine serum (FBS) at 37˚C in 5% CO2. After 48 hours, cells were 

transfected using two different complexes, made 30 minutes before transfection, at a ratio of 

3:1,
37

: FuGENE
®
6 (Roche Applied Science, Indianapolis, IN) + pAAV/IGF-I or +pAAV/MCS 
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(Empty). After 16 hours, the transfection was stopped by replacing the culture medium with 5 

mL of fresh media without FBS, and 100 U/mL penicillin, 100 µg/mL streptomycin.  

Binding site density of modified alginates varied in concentration from 0 to 100 µM for 

KPLHALL, 0 to 5000 µM for PLHALL and 0 to 2000 µM for ALL. Afterwards, transfected 

chondrocytes with either pAAV/IGF-I or  pAAV/MCS (Empty) were mixed with the modified 

alginates at 2% (w/v). Cells were encapsulated in beads formed by extrusion through a 22-gauge 

needle into a 102 mM CaCl2 solution. Beads were incubated with DMEM without FBS for 30 

days; beads were collected every six days. 

Analysis Methods 

 The Microrefractive index unit at equilibrium was measured for each concentration of 

IGF-I which flowed through the chip (Equation 1) using the equation 

            
 
      

 
 
  

where, Req is the refractive index unit at equilibrium, t is time, t0 is the time after baseline, and 

Ʈ is the exponential time constant.  

 KD was calculated by fitting the data to the variable slope concentration response 

(VSCR)
59

 model (Equation 2). 

        

           

      
       

  
 
          

 

Req is the response at equilibrium for each curve; [IGF-I] is the concentration of IGF-I; Rmax is 

the maximum equilibrium response, Rmin is the minimal stimulation and KD is the binding 

affinity constant.  
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 The dissociation rate constant (koff) was calculated by fitting the dissociation phase
78

 

(Equation 3). 

                
 
      
    

 
 

where, RT is the total response assuming that the total complex concentrations of IGF-I and 

KPLHALL, PLHALL, or ALL peptide sequences [IGF-I*peptide] TOTAL are proportional to the 

total response (RT). Req is the response at equilibrium for each curve and Roff is the equilibrium 

response at the end of the dissociation phase. The experiment was measured at different times, t 

(time where dissociation finished) and t1 (time where dissociation started). 

 The association rate constant (kon) of each IGF-I concentration was calculated as 

(Equation 4) 

   
    

   
 

 Beads were collected every six days for 30 days and used to measure glycosaminoglycan 

(GAG) and hydroxyproline (HYPRO) content. GAG content was measured using the DMMB 

dye-binding assay
58

 and HYPRO content was measured using DMAB dye assay.
79

 Syntheses of 

GAG 
58

and HYPRO
79 

were used as the primary measure of chondrocyte metabolic activity. The 

kinetics of GAG and HYPRO accumulation were fitted to an established model of matrix 

synthesis to calculate steady-state GAG and HYPRO content
59

 using (Equation 5) 

                      
  
   

where, [ECM] is the matrix synthesized by the transfected or control of chondrocytes at different 

concentrations of modified alginate. [ECM]SS is the steady state matrix production produced by 

the chondrocytes at different concentrations of each modified alginate. The experiment was 

evaluated on the different days represented by (t), and Ʈ is the exponential time constant.  
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 Each steady state value was normalized to the alginate (0 µM) steady state value for 

GAG and HYPRO. These normalized steady-state values of GAG and HYPRO synthesis were 

used to determine the effect of peptide length content on chondrocyte matrix synthesis using a 

generalized variable slope concentration–response model (Equation 6)
59

 

       

          

          
                 

   
         

    
 
          

 

where [ECM]SS is the steady state matrix production of each concentration of the binding site 

densities, [ECM0µM]SS is the steady state matrix production, [ECM]max is the maximum 

stimulation, [ECM]min is the minimum stimulation, [Peptide] is the concentration of KPLHALL-

modified alginate, and EC50 is the dose required to produce 50% response.  

 Beads from day 30 were collected for immunohistochemistry analysis. Samples were 

placed in 10% formalin with 1% CaCl2 for two weeks. IGF-I was analyzed using Rb pAb to IGF-

I (ab40657) as primary antibody and Rabbit IgG for secondary antibody.  

4.4. RESULTS 

Reaction Efficiency 

The grafting efficiencies of the peptides onto alginate were determined through their 

NMR spectra. All samples were normalized to D2O. The first spectrum showed the unmodified 

alginate sample with broad peaks for a polysaccharide, from 4.8 ppm to 3.2 ppm, and a distinct 

peak for the anomeric proton.
81

 The second spectrum showed modified alginate with shorter 

peptide ALL where the methyl groups of leucine peaks were present (Figure 4.1A). The third 

spectrum showed the modified alginate with the PLHALL peptide sequence where peaks for 

methyl groups in leucine were present as well. The last spectrum KPLHALL showed the methyl 

groups in leucine as well.  All leucine peaks from the three different modified alginates had 
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different heights, and the area under the peaks represented the amount of peptide bound onto 

alginate. The final conjugation concentrations of KPLHALL, PLHALL and ALL on alginate 

were 100 µM, 5000 µM and 2000 µM respectively. ALL conjugation was 20 fold higher than 

KPLHALL, and PLHALL conjugation was 50 fold higher than KPLHALL ( Figure 4.1). 

Binding Affinity 

The binding affinities of IGF-I to peptide-modified alginate were determined by fitting 

data acquired through SPR to a VSCR model. Representative examples of the curve fits are 

shown for control (unmodified alginate) and modified alginates with ALL, PLHALL, and 

KPLHALL sequences to IGF-I (Figure 4.2). Concentrations of IGF-I for unmodified alginate 

varied from 3000 nM to 0 nM (Figure 4.2:A). Concentrations of IGF-I for all modified alginates 

ranged from 1000 nM to 0 nM. (Figures 4.2:B-D). 

Analysis of IGF-I binding between unmodified alginate, and modified alginate with 

different peptide lengths showed significant enhancement of binding by the modified materials. 

The dissociation constant (KD) decreased from 513 nM (unmodified alginate) to ranges from 35 

nM to 71 nM (modified alginates). The shortest peptide attached to alginate (ALL) had a KDs 

seven times smaller than unmodified alginate. The affinity shifted 15 times in PLHALL alginate 

(KD of 35 nM) when compared to alginate (KD of 513 nM). The longest peptide, KPLHALL 

alginate (KD of 50 nM) was 10 times smaller than alginate (KD of 513 nM). When comparing 

binding affinity of the modified alginates to IGF-I, we observed that KPLHALL had 87% more 

binding affinity when compared to the shortest peptide. However, KPLHALL had 70% less 

binding affinity to PLHALL (Figure 4.2 and Table 1).  
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IGF-I Retention 

Empty or pAAV/IGF-I chondrocytes were cultured for 30 days, followed by 

immunohistochemistry analysis (Figure 4.3). For all peptides, the amount of IGF-I staining 

increased with peptide concentration. Unmodified alginate (0 µM for groups) showed minimal 

immunolocalization of IGF-I at day 30. The longer peptides (KPLHALL and PLHALL) 

localized more IGF-I than ALL at their highest binding densities. Nevertheless, IGF-I 

localization was still visible in ALL modified materials at 30 days. 

Matrix Synthesis  

GAG matrix accumulation kinetic profiles:  

Both empty and pAAV/IGF-I chondrocytes produced GAG following an established 

kinetics profile where steady state was reached within the first six days. In empty chondrocytes, 

increasing the concentrations of binding sites produced a small GAG difference when compared 

to highest binding sites concentration of modified alginate modified (Figure 4.4: A&C). At the 

same time, increased peptide length enhanced matrix production ranging from 55% to 71%  

(Figure 4. 4C Table 4.2). The binding site density had a greater effect on the kinetic profile of 

pAAV/IGF-I chondrocytes (Figure 4A). The peptides enhanced the matrix production by the 

pAAV/IGF-I chondrocytes three times for ALL and 6.9 times for the longest peptide KPLHALL 

(Figure 4C Table 1). The KPLHALL peptide also had the lowest EC50, producing 60 % more 

GAG than PLHALL and twice the amount when compared to ALL (Figure 4.4 Table 4.2).  

HYPRO matrix accumulation kinetic profiles 

Both empty and pAAV/IGF-I chondrocytes produced HYPRO following an established 

kinetic profile where HYPRO steady state was reached during the first six days. In empty 
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chondrocytes, increasing the concentration of binding sites produced a small HYPRO difference 

when compared to alginate modified with the peptide sequences (Fig. 5: A&C). Empty 

chondrocytes in modified alginates produced three times more HYPRO compared to empty 

chondrocytes in unmodified alginate (Figure 4.5C and Table 4.3). The binding site density had a 

greater effect in pAAV/IGF-I chondrocytes on their kinetic profile for all three peptide 

sequences (Figure 4.5A). The peptides enhanced the matrix production of pAAV/IGF-I 

chondrocytes by 16 times for ALL and 24 times for PLHALL (Figure 4.5 C Table 4.3). The 

PLHALL peptide had the highest EC50, producing 22% more HYPRO than KPLHALL and 48% 

more HYPRO when compared to ALL (Figure 4.5 Table 4.3). In contrast, when comparing 

KPLHALL with PLHALL, the longer peptide had a smaller effect on HYPRO production, but 

with an EC50 18 times lower than PLHALL EC50  (Figure 4.5 Table 4.3). 
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Figure 4.1. NMR Spectra: The first spectrum shows the alginate sample with broad peaks for a polysaccharide, 

from 4.8 to 3.2, and a distinct peak for the anomeric proton.
81

 The second spectrum shows the modified alginate 

with ALL where the chemical shift in the methyl groups of the leucine peaks. The third spectrum shows the 

modified alginate with PLHALL where the chemical shift in the methyl groups of the leucine peaks. The fourth 

spectrum shows the longest modified alginate with KPLHALL where the chemical shift in the methyl groups of 

the leucine peaks. All peaks are normalized the anomeric proton (*). 
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Figure 4.2. A-D SPR Spectra: These are representative examples of the affinity kinetic analysis of 

control (unmodified alginate) and modified alginates (ALL, PLHALL, KPLHALL). Concentrations of 

IGF-I for alginate varied from 3000 nM to 0 nM. Concentrations of IGF-I for KPLHALL alginate varied 

from 1000 nM to 0 nM.  

E Slope Concentration Response (VSCR)
59

 Model: VSCR Model for alginate is the top example (black), 

ALL alginate is green, PLHALL alginate is blue, and KPLHALL alginate is red. There is a seven times 

shift in KD where KD is smaller in ALL alginate (KD of 71 nM) when compared to alginate (KD of 513 

nM). There is a 15 times shift in KD where KD is smaller in PLHALL alginate (KD of 71 nM) when 

compared to alginate (KD of 513 nM). There is a 10 times shift in KD where KD is smaller in KPLHALL 

alginate (KD of 50 nM) when compared to alginate (KD of 513 nM). Modified alginates have a kon ranging 

from 0.1 to 32 (10
8
/M●sec) and a koff from 5/s to 39/s (R

2
: 0.40 to 0.90). 
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Figure 4.3. IGF-I Binding Immunohistochemistry of constructs for IGF-I at day 30. Scale bar=100 µm 

Alginate does not show any differences in immunolocalization staining at day 30. Immunolocalization 

staining for IGF-I changes as the concentration of binding sites increases in the constructs. The constructs 

with 0 µM of binding sites barely shows retention of  IGF-I; and constructs with midrange concentrations 

of binding sites show some retention of IGF-I. The highest immunolocalization of IGF-I is at highest 

conjugation of binding sites for each peptide length.  
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Figure 4.4. A-B GAG matrix accumulation kinetic profiles: The production of GAG increases in both 

pAAV/IGF-I  and Empty transfected chondrocytes. Empty transfected chondrocytes have smaller changes 

among kinetic profiles with differences in modified alginate concentrations. pAAV/IGF-I transfected 

chondrocytes have a greater effect. 

C GAG Dose Response: GAG at the steady state concentration of each concentration was plotted against 

the different concentrations of binding sites of amino acid sequences covalently attached to alginate. 

Transfected chondrocytes with pAAV/IGF-I produced more GAG than control chondrocytes transfected 

with pAAV/empty. pAAV/IGF-I transfected chondrocytes required 16.9 µM of binding sites in the 

alginate to produce an increase in GAG of 6.9 (Table 2) for KPLHALL. Control chondrocytes required 

almost twice the amount of KPLHALL modified alginate only to produce 60% of the amount of GAG 

(Table 4.2). 
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Figure 4.5.  A-B HYPRO matrix accumulation kinetic profiles: The production of HYPRO increases 

in both pAAV/IGF-I transfected chondrocytes and control chondrocytes. The effect on chondrocytes 

transfected with pAAV/IGF-I is greater than the effect on those transfected with pAAV/Empty. This 

effect is greater in the three highest concentrations of binding sites for all modified alginates.  

C HYPRO Dose Response: The production of HYPRO increases both in both pAAV/IGF-I transfected 

chondrocytes and control chondrocytes. The effect on chondrocytes transfected with pAAV/IGF-I is 

greater than the effect in cells transfected with pAAV/Empty. pAAV/IGF-I transfection increased 

HYPRO accumulation by 24-fold at the maximum effective concentration of IGF-I binding sites for 

PLHALL. The parameters are summarized in Table 2 where all R
2 
are higher than 0.94 (Table 4.3). 
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4.5. DISCUSSION 

The efficacy of gene therapy depends on the availability of the target gene product to the 

cells. However, this availability is transient regardless of the vector used. We have previously 

shown that the local retention of a gene product, specifically IGF-I, can be extended by 

engineering a biomaterial that has the peptide KPLHALL grafted from the binding pocket of 

IGFBP-5 onto alginate. However, the grafting efficiency of this peptide to alginate is limited by 

the necessity of protecting and deprotecting lysine during modification. The current study 

demonstrates that removal of this lysine group greatly enhances grafting efficiency with only a 

small change to the binding affinity of IGF-I. 

Specifically, the sequence PLHALL has reaction efficiency 71 times greater than the 

longer peptide containing lysine, KPLHALL. Moreover, the reaction efficiency was similar 

between the shortest peptide ALL and the peptide missing only the lysine, PLHALL. The 

protection and deprotection of lysine is a common procedure in the production of peptide 

sequences.
97

 Depending on the protecting group, lysine can be deprotected with either a strong  

acid or a strong base.
97

 However, the deprotection KPLHALL when bound to alginate can be 

quite challenging. Alginate is sensitive to pH changes,
98,99

 where viscosity increases at low pH 

and fractionates at higher pH.
100

 

The binding affinities of the modified alginates were greater than the unmodified. The 

binding affinity among the three peptides varied from 35 to 71 nM in contrast to the unmodified 

alginate with a binding affinitiy of 513 nM. The binding affinities between KPLHALL and 

PLHALL were similar but were both two times greater than the binding affinity of the shortest 

peptide, ALL. The omission of the lysine in the peptide made little difference in improving 

binding affinity, despite enhancing the grafting efficiency of the reaction. 
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The localization and availability of IGF-I to the chondrocytes was observed even at day 

30. IGF-I retention improved with increasing binding site densities in the scaffolds for all 

peptides. It was found that PLHALL and ALL peptide sequences had similar IGF-I localization, 

while alginate modified with the longest sequence KPLHALL had a much greater IGF-I 

retention compared all others. These differences in IGF-I localization and availability could be 

explained by the interaction of lysine between IGFBP-5 and IGF-I in vivo. For example, an 

IGFBP-5 mutagenesis study from 2000 showed a 1000-fold decrease in affinity between IGFBP-

5 and IGF-I when lysine (Lys68 in IGFBP-5) was substituted with either neutral or hydrophobic 

residue.
101

 IGF-I and IGF-II have six amino acids that interact with IGFBP-5 within 4Å,
102

 which 

are highly conserved. One of the amino acids is glutamine (Glu 6). In IGF-II, Glu 6 interacts 

with IGFBP-5;
74

 when amino acids from IGF-I and IGF-II are aligned, Glu 6 in IGF-II 

corresponds with Glu 3 in IGF-I. This could explain why there are great differences in IGF-I 

retention within modified alginates. In addition, similar IGF-I localization is observed between 

PLHALL and ALL because the alanine and leucines are extremely important for the 

hydrophobic integration between IGFPB-5 and IGF-I.
102

  

As a result of IGF-I localization, matrix production was enhanced. This effect was 

observed in both pAA/IGF-I and empty transfected chondrocytes. The increase of GAG and 

HYPRO was greater in transfected chondrocytes with pAAV/IGF-I. In fact, pAAV/IGF-I 

chondrocytes encapsulated in PLHALL modified alginate had a 24-fold increase in HYPRO. The 

effect was greatest in the peptide-modified  alginates with transfected chondrocytes. Overall, 

varying the peptide lengths had an effect on matrix synthesis in pAAV chondrocytes. 

IGF-I is a potent anabolic stimulator of cartilage metabolism, and, as a result, a number 

of studies have focused on enhancing the availability of IGF-I through many approaches like 
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modifying the growth factor itself,
82

 producing materials that deliver IGF-I,
10,83,

  or genetically 

engineering cells
13,14,28,37,103

 to produce it. This study reinforces the importance of IGF-I in 

cartilage repair and the utility of controlling both growth factor production and binding. In fact, 

one of the novel biomaterial designed during the study yielded a 7-fold increase in GAG 

production and a 19-fold increase in HYPRO production. Furthermore, this approach can be 

extended for use with other growth factors, such as TGF-β and BMP-2, that also have known 

protein binding sites in their extracellular matrices
92,93

.  
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CHAPTER 5 

5. CONCLUSIONS 

The goal of this thesis was to control the activity of IGF-I, which is known for its potent 

ability to regulate processes such as matrix production.
15,89,90

 IGF-I has been used widely to 

enhance cartilage tissue engineering. Specifically, gene therapy offers the ability to enhance 

production of IGF-I in vivo. One concern of gene therapy is the transient exposure of IGF-I by 

cells regardless of the vector used.
37,47,70,71

 This exposure is an extremely short time compared to 

the 6-12 months typically needed for effective cartilage repair
95

 and may not induce optimal 

repair in vivo. As such, there is a great need for approaches to extend the availability of IGF-I for 

cartilage therapy.  

In tissues such as cartilage, IGF-I is retained in the ECM by a family of binding proteins 

called insulin-like growth factor binding proteins (IGFBPs). These binding proteins are highly 

specific to IGF-I, with binding affinities of 1-10 nM.
74

 IGFBPs also bind to cartilage extra 

cellular matrix (ECM), acting as both a sink and source for the growth factor as needed.
3
 It has 

been shown that IGFBP-5 has a specific localized small domain that is largely responsible for its 

high affinity of binding to IGF-I.
74

 

 Biomaterials, such as alginate, have been used to prolong the availability of gene 

products to cells. Due to its properties like biocompatibility and non-immunogenicity, alginate 

has been used as a delivery vehicle to sustain gene products in vivo for cartilage repair.
52

 Another 

advantage of alginate is the capability to chemically modify it via conventional techniques such 

as carbodiimide chemistry. In this thesis, several peptide sequences from IGFBP-5 were grafted 

onto alginate in order to retain the endogenous IGF-I produced by transfected chondrocytes. In 

this dissertation this concept is discussed over three chapters.  
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CHAPTER 2 provides evidence of the clear age-related differences in transfection and 

response to the transfection. Skeletally mature chondrocytes are more sensitive to pAAV/IGF-I 

transfection, but they are less sensitive to the IGF-I produced when compared to matrix 

production. Neonatal chondrocytes behave in the opposite way, appearing less sensitive to 

transfection by pAAV/IGF-I but more sensitive to IGF-I protein as indicated by higher matrix 

production. These differences give insight into which cell source is optimal for gene therapy. 

CHAPTER 3 demonstrates that biomimetic modification of alginate with a binding 

peptide from IGFBP-5 enables high affinity binding of IGF-I. Biomaterials were produced from 

a sequence of seven peptides from the binding pocket of IGFBP-5, which yielded a material with 

high affinity (KD = 50 nM) to IGF-I. Chapter 3 further demonstrates that this modification 

extended the presence of the growth factor in cell-seeded constructs to at least one month, and 

that this extended the presence of IGF-I in turn, substantially enhancing cartilage matrix 

synthesis. 

CHAPTER 4 studies the removal of the lysine group from the KPLHALL sequence, 

which greatly affects the grafting efficiency and the affinity of the final product for IGF-I. There 

is a relationship between the length of the grafted peptide, the efficiency of grafting, and the 

resulting binding affinity for IGF-I. Specifically, the sequences KPLHALL, PLHALL and a 

much shorter sequence ALL were compared by assessing the efficiency of grafting to alginate, 

the ability of modified polymers to bind to IGF-I, and the ability to enhance matrix production 

by chondrocytes transfected to produce IGF-I. Shorter peptides, which did not require 

deprotection, were grafted to alginate with much higher efficiency.  However, the longest peptide 

was more effective at retaining IGF-I and enhancing matrix synthesis. 
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5.1. OVERALL CONTRIBUTION 

The major contribution of this work is the improvements in our understanding of the 

control of cellular production and extracellular binding of IGF-I simultaneously. As a result, we 

are providing a pathway for improvements in current methods of gene therapy.  

Chapter 2 presented the concept that IGF-I gene therapy may be more effective with 

younger cell sources. Both cell types were less sensitive to exogenous IGF-I than endogenous 

IGF-I. Chapters 3 and 4 demonstrated that we are not only controlling cellular production, but 

also the retention of the gene product.  These chapters showed the ability to independently 

control the peptide length and the binding site density. Peptide length and binding site density 

affect the retention of the gene product, which in turn gives feedback to the cells to enhance 

matrix synthesis.  Chapters 3 and 4 showed that grafting a seven, six, or three peptide sequence 

from the binding pocket of IGFBP-5 to alginate produced a material with a high affinity (35-71 

nM) to IGF-I. 

These peptide sequences are short enough that folding is likely absent or minimally 

important. As such, these levels of affinity are somewhat surprising, but such binding may be 

aided by the fact that alginate is a polyanion and IGF-I is positively charged (pI = 8.5).
29

  

Nevertheless the significant enhancement of IGF-I binding by the addition of a short peptide may 

provide a template for targeted modification of biomaterials for growth factor binding. One may 

decide that a shorter peptide is better because the grafting reaction is more efficient, but another 

may use a longer peptide because it has better binding affinity. 
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5.2. STUDY LIMITATIONS  

The studies in this dissertation do have several limitations that should be considered 

when interpreting the results.  

In Chapter 2, GAG was used as an indicator of matrix production. Indeed, previous 

studies showed neonatal and adult cartilage explants exposed to exogenous IGF-I responded 

differently in the up-regulation of collagen and GAG synthesis.
46

 As such, it is possible that the 

dose response model of collagen synthesis due to IGF-I transfection may be different than those 

seen for GAG production. Additionally synthesis of other key cartilage matrix molecules (i.e. 

cartilage oligomeric matrix protein (COMP), fibromodulin, fibronectin, elastin, etc.)
104-106

 may 

respond differently from GAG synthesis. 

In chapters 3 and 4, neonatal chondrocytes were used as a cell source. Human 

chondrocytes have been shown to produce less amounts of GAGs when compared to bovine 

chondrocytes when cultured in alginate beads.
107

 Also, all of these studies used chondrocytes 

from healthy tissue. Chondrocytes from patients with OA have shown a different phenotype 

when compared to healthy chondrocytes.
108,109

 Notably, chondrocytes from OA patients 

produced  high levels of  inflammatory cytokines (i.e. interleukin-I (IL-I), tumor necrosis factor-

α (TNF-α)), and matrix metalloproteinases (MMP-1, MMP-2, MMP-3,MMP-7, MMP-8, MMP-

9, MMP-10, etc.).
109,110

 Collectively, this suggests these experiments should be repeated with 

human chondrocytes. 

The binding affinities of IGF-I to peptide-modified alginate may have been aided by the 

interaction of positively charged IGF-I and the polyanionic alginate. Thus, while this approach of 

peptide modification could be applied to other growth factors and materials, considerations of 
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electrostatic interactions are likely important. For example, alginate might present a disadvantage 

for binding negatively charged (i.e. pI<7) growth factors. Similarly, the peptides used here would 

likely be less effective if grafted to neutral or cationic materials. As such, the charge on a 

biomaterial may play an important role in regulating the binding affinity of grafted peptides.  

In addition, biochemical analyses were used to measure and characterize levels of 

performance in the constructs of this thesis.  It is known that cartilage performs mechanical tasks 

and mechanical tests are needed to fully characterize the suitability of biomaterials or engineered 

tissues for cartilage repair.
30,111-114

 The mechanical results in the constructs of this thesis could 

have had high or low correlation with the biochemical results; however, many studies have 

shown a high correlation between the amount of GAG and collagen produced in the constructs 

with mechanical analysis.
115-119

 Furthermore, it is important to note that all the experiments were 

in vitro studies whereas in vivo studies may give different results when applied to an animal 

model.   

5.3. FUTURE DIRECTIONS  

There are many other directions that this dissertation did not explore. This study presents 

modified alginate as a biomaterial that controls binding and enhances gene therapy of IGF-I.  

This dissertation can serve as a platform for other biomaterials, a template for the enhanced 

performance of other therapeutic proteins, and a tool for direct control of cell differentiation.  

Other Materials for Biomimetic Purposes  

In the present study, alginate was used due to its capacity to be modified with 

carbodiimide chemistry. However, tissue engineered menisci with alginate has been shown to 
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decrease mechanical performance over time and matrix production was lost to the medium 

during culture over time.
120

   

Additionally, the biochemical analyses in this thesis have shown the release of GAGs and 

HYPRO to the media. Therefore, carbodiimide chemistry could be applied to other biomaterials 

such as glycopolymers,
121

 poly(glycolic acid) (PGA),
122

 poly(L-lactic acid) (PLLA),
112

 their 

copolymer, poly(DL-lactic-co- glycolic acid) (PLGA),
112

 and  collagen type I and II.
115

 These 

biomaterials all contain carboxylic acid groups amenable to modification by carbodiimide 

chemistry and have been used in tissue engineering for cartilage repair. However, there are 

multiple other chemical strategies which have been shown to apply carbodiimide chemistry to 

other functional groups.
123

   

Type I and Type II Collagen 

Type I collagen is considered one of the most successful biomaterials for tissue 

engineering. It is the most abundant protein in vertebrates.
124

 There are several modifications 

used with collagen, such as crosslinking it with glutaraldehyde.
125

 In 1996, carbodiimide 

chemistry was used to modify dermal sheep collagen. The carbodiimide chemistry consisted of 

the activation of carboxylic acids of glutamic and aspartic acid residues forming a peptide bond 

with a free amine group.
126

 The incorporation of free amino acids to collagen I depends on the 

ratio of EDC to NHS, the shrinkage temperature of collagen I, and reaction time (Figure 5.1, 

Structure V).
126

   

Furthermore, in 2010, carbodiimide chemistry was used in collagen type II by Calderon 

et al.
127

 to restore disc volume in cases of intervertebral disc degeneration. Collagen type II was 

covalently bonded with hyaluronic acid to form a stable hydrogel capable of withstanding 

degradation in culture media after seven days. The total carbodiimide reaction incubation was 
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only one hour, as compared to our 20-hour incubation. The optimal concentration of EDC was 8 

Mm which has been shown to improve the integrity of the hydrogel.
127

  

The modification of collagen type I and II gives the opportunity to improve a scaffold 

that has shown to increase tensile properties, retain cells, and allow the cells to attach and 

remodel the matrix providing more stable mechanical properties.
115
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Figure 5.1. Collagen Carbodiimide Chemistry Modification I) Carboxylic acid groups of glutamic or 

aspartic acid residues. II) EDC with peptide sequences. III) O-acylisourea group. IV) Cross-linked 

collagen. V) Stable N-acylurea group. VII) NHS-activated carboxylic acid group. VIII) Substituted 

urea.
126
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Other Growth Factors 

Growth factor-β (TGF-β) is a potent growth factor that plays a role in the metabolism of 

cells
128

 by inducing chondrogenesis and enhancing cartilage formation. Like IGF-I, TGF-β is 

used to repair chondral defects
27

 in animal models, and it is an attractive growth factor for the 

gene therapy community. 

Thrombospondin (TSP), specifically TSP-I, interacts with molecules such as collagens, 

proteoglycans, laminin, FGF-2, thrombin, HGF, and TGF-β.
129

 TSP-I serves a reservoir for TGF-

β, where it releases and activates endogenous TGF-β. TSP not only binds with TGF-β but it 

contains many domains and each domain interacts with different molecules such as collagen type 

II.
129,130

  Furthermore, the C terminal of TSP-I interacts with collagen type II with three repeats 

of amino acids at a distance of about 8.4 Å to 9.7 Å.
131

 

A TSP-I complex could be developed with two domains—one at the N terminal and the 

second one at the C terminal (Figure 5.2). The N terminal would have sequences with amino 

acids that interact with collagen type II. The C terminal would have amino acids that interact 

with TGF-β. 
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         Figure 5.2. Schematic peptide sequence from binding protein Thrombospondin. 
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APPENDIX A 

TRANSFECTION EFFICIENCY OF NEONATAL AND MATURE 

CHONDROCYTES USING GREEN FLUORESCENCE PROTEIN  

INTRODUCTION 

Both skeletally mature
55

 and neonatal
45 

chondrocytes are used clinically for cartilage 

repair. The mechanisms by which specific growth factors such as IGF-I regulate cartilage 

metabolism are age-dependent.
46

 Chapter 2 compared the efficacy of endogenous and exogenous 

IGF-I in stimulating proteoglycan synthesis by skeletally mature and neonatal articular 

chondrocytes. One of the factors that could contribute to differences in IGF-I production between 

neonatal and mature chondrocytes is the differential transfection efficiency between the two cell 

types. To assess this directly, transfection efficiency was measured using two related vectors, 

plasmid containing human recombinant green fluorescence protein (pAAV/hrGFP) and a 

plasmid containing both an internal ribosomal entry site and human recombinant green 

fluorescence protein  (pAAV/IRES/hrGFP). 

METHODS 

 We performed a set of experiments on chondrocytes by transfecting them with either 

pAAV/hrGFP or pAAV/IRES/GFP. Articular chondrocytes were harvested from the carpal 

joints of skeletally mature (growth plate closed) bovids and from stifle (knee) condyles of one 

to three day-old bovids via collagenase digestion overnight. Isolated chondrocytes (9x10
5 

cell/well) were placed in 6-well plates with 4 mL of DMEM containing 100 U/mL penicillin, 

100 µg/mL streptomycin, and 10% fetal bovine serum (FBS) at 37˚C in 5% CO2. After 48 

hours, cells were transfected in DMEM using a complex of FuGENE
®
6 (Roche Applied 
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Science, Indianapolis, IN) and pAAV/hrGFP (Agilent Technologies, Santa Clara, CA) or 

pAAV/IRES/GFP at a  ratio of 3:1,
37

 made 30 min before transfection. There were three wells 

with transfected chondrocytes with either pAAV/hrGFP or pAAV/IRES/GFP and three wells 

with untransfected chondrocytes for skeletally mature and neonatal chondrocytes. After 16 

hours, the transfection was stopped by replacing 2mL of fresh media without FBS, and 100 

U/mL penicillin, 100 µg/mL streptomycin. All cultures were maintained in culture for six days 

and media was changed every three days. Pictures were taken with a Nikon® fluorescence 

microscope with 20X objective on day four. For each well, five pictures were taken; 

transfection efficiency was calculated by dividing the number of GFP-positive chondrocytes by 

the total number of cells from the five pictures. All data were analyzed using ANOVA analysis 

of variance on ranks with Tukey post hoc test analysis (p < 0.05 for significance).  

RESULTS 

 GFP transfection was effective with either pAAV/hrGFP or pAAV/IRES/hrGFP on 

both neonatal (Figure A1.A and B) and mature (Figure A1.C and D) chondrocytes. For both 

cell types, transfection efficiency was not statistically different (p=0.3) between pAAV/hrGFP 

and pAAV/IRES/hrGFP vectors (Figure A1.E). For both vectors, transfection efficiency was 

~20% and higher in mature chondrocytes than neonatal chondrocytes. This difference 

approached, but did not reach, statistical significance (p=0.06).   
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Figure A1. Transfection Efficiency. N=3 Neonatal and skeletally mature chondrocytes. N= (A) 

pAAV/hrGFP neonatal (B) pAAV/hrGFP skeletally mature (C) pAAV/IRES/hrGFP neonatal (D) 

pAAV/IRES/hrGFP skeletally mature (E) Percent Efficiency. 
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APPENDIX B 

STABILITY OF KPLHALL PEPTIDE SEQUENCE TO ALGINATE WITH 

CARBODIIMIDE CHEMISTRY USING DOSY  

INTRODUCTION 

 Gene therapy is used to up-regulate a target protein, but unfortunately the expression of such 

proteins is highly transient, with rapid decay to sub-therapeutic levels. In this study, biomaterials 

were customized to enhance gene therapy by binding and enhancing residence time of a target 

protein, IGF-I. Carbodiimide chemistry was used to modify the material to contain peptides 

known to bind IGF-I. The stability of the peptide graft was demonstrated by diffusion ordered 

NMR (DOSY). 

METHODS 

The freeze-dried KPLHALL alginate and unmodified alginate were dissolved in D2O at 

0.0012% w/v. There were two groups: a mixture of unmodified alginate with free KPLHALL 

peptide and KPLHALL-grafted alginate. DOSY spectra were recorded on 600MHz Varian Inova 

NMR. The measurement of diffusion was carried out by observing the attenuation of the NMR 

signals during a pulsed field gradient experiment at high and low gradient.  

RESULTS 

The peptide sequence KPLHALL from the hydrophobic binding pocket of IGFBP-5 was 

chosen as a candidate for enhancing IGF-I binding based on analysis of the crystal structure of 

IGFBP-5 /IGF-I complex.  The stability of peptide attached to the alginate was confirmed by 

DOSY analysis, using the leucines peaks as a reference. The signal for leucine disappeared at 
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high gradient in the mixture of the unmodified alginate with free KPLHALL. In the contrary, the 

signal for leucines was present at high gradient in the KPLHALL-grafted alginate. 
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Figure B1. Diffusion Ordered Spectroscopy (DOSY). Left: Mixture of Unmodified alginate and 

KPLHALL peptide. Right: Modified alginate with KPLHALL demonstrates stable attachment of the 

peptide sequence to the alginate. 
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APPENDIX C 

MODELING MASS TRANSFER OF IGF-I 

INTRODUCTION 

Computer models have been used to understand the influences in IGF-I and its 

receptors
132

 in matrix production. Peptide length has an impact on IGF-I binding; to understand 

this phenomenon, COMSOL models could be used.   

METHODS 

A computational model for diffusion of IGF-I through an alginate bead was created using 

COMSOL Multiphysics Modeling Software 4.4, Chemical Engineering Module (COMSOL Inc., 

Burlington, MA). IGF-I release was predicted with a simple mass transfer with binding affinities 

previously investigated with the SPR. The following schematic (Fig. C1), assumptions and 

equations were used. The amount of IGF released (in mol) into the bath for various conditions: 

1) Bead size, kon, koff, protein concentration, and initial IGF concentration. All concentrations in 

the legends are given in mol/m^3, 1/s/. 
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Figure C1. Schematic of IGF-I Mass Transfer. (Not drawn to scale) One-dimensional model 

representing diffusion of growth factor from an alginate bead into an infinite media bath. 
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Since the media bath was assumed to be an infinite bath then there are three equations 

that govern the system. 

Transient diffusion mass transfer without convection (Equation C1): 

       

  
     

 

  
 

  
   

   

  
      

Where Ci
free 

is free IGF-I; Dalg is the diffusivity of alginate, and Rxn is the reaction between IGF-

I and peptide binding density. 

Growth factor and binding protein form a complex model by a ligand-receptor assuming to be a 

first ordered kinetics reaction (Equation C2). 

                  

   
   

    
      

Where Ci
free 

is free IGF-I, C
BP

 is peptide binding density in the alginate and C
complex

 is complex 

between free IGF-I and peptide binding density. 

Peptide binding density rate is (Equation C3) 

     

  
         

              
         

The complex rate is (Equation C4) 

          

  
        

                
        

Therefore (Equation C5): 

      
                

Where C
IGF-I

 total is total IGF-I 

Substituting reaction term with Equation C3 and C4 

       

  
     

 

  
 

  
   

   

  
         

               
          

RESULTS 

We have obtained preliminary results. The following graph displays the results of a pilot 

study with COMSOL (Figure C2). Further knowledge will be gained about the generation term 
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from the chondrocytes and parameters are matched to the Surface Plasmon resonance (SPR). In 

the current system there is a generation term (endogenous IGF-I) which COMSOL will predict. 
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Figure C2. COMSOL Model. Patterns that show concentration of IGF-I released to the media. 
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APPENDIX D 

TRANSFECTED CHONDROCYTES IN UNMODIFIED ALGINATE  

 

INTRODUCTION 

Alginate is one of the polymers used as a hydrogel in tissue engineering as scaffolds for 

its biocompatibility, biodegradability, non-toxicity, and easy processing in many industries.
133

  

Alginate is an unbranched polymer composed of (1-4)-linked β-D-mannuronic acid (M units) 

and α-L-guluronic acids (G) subunits in various sequences. It is a naturally occurring polymer as 

a cell wall constituent in several varieties of brown algae. Alginate’s interaction with 

chondrocytes is well established and characterized in vitro and in vivo.
117,134-136

  

Alginate has been used as a scaffold in chondrocytes transfected with pcDNA. 

Additionally, in 2009, Shi et al.
37

 showed that adeno-associated virus based plasmid (pAAV) 

constructs yielded higher IGF-I gene expression than cDNA based vectors in monolayered 

chondrocytes. However, the efficacy of pAAV transfection in alginate and associated kinetics of 

IGF-I are unknown. The first specific aim is to create pAAV/IGF-I vector chondrocytes in 3D 

alginate scaffolds and to measure IGF-I release, ECM accumulation, and mechanical properties 

of gel over 15 days in culture. The goal of this study was to enhance the production of IGF-I by 

transfected chondrocytes with pAAV/IGF-I in alginate gels, therefore increasing the ECM 

deposition and mechanical properties of chondrocyte-seeded alginate gels. 
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METHODS 

Chondrocyte Transfection  

The current method had to be optimized from the transfection in common protocols. 

pAAV/IGF-I was provided by Stephen Trippel from Indiana University. Chondrocytes were 

obtained from one to three day-old calves and placed in monolayer culture in T-75 flasks at 

1.3x10
7
 cells/flask with DMEM medium at 37⁰C in 5% CO2. After 48 hours, cells were 

transfected in DMEM using a complex of FuGENE
®
6 and pAAV/IGF-I at a ratio of 3:1,

37 
made 

30 minutes before transfection. After 16 hours, the transfection was stopped. Following the 

removal of pAAV/IGF-I, cells were removed with 0.05% trypsin for 10 min. 

Alginate Scaffold 

 Transfected and untransfected chondrocytes were mixed with 2% alginate. Alginate 

beads were formed by extrusion through a 22-gauge needle into a 102 Mm CaCl2 solution and 15 

mM HEPES buffer and cross-linked for 10 minutes. Beads were washed three times with PBS 

and placed in 24-well plates (one bead per well) with 1 mL DMEM with 100 U/mL penicillin, 

100 µg/ml streptomycin. Media was collected and changed every two days, and beads were 

collected on days 2, 4, 8, 12, and 14.  A total of 12 beads per day were made, and on days 0 and 

14, designated beads were taken for histology.  

Analysis 

 GAG content in media and bead was measured using DMMB dye,
79

 and DNA was 

measured using Hoechst 33258 dye.
134

 Total GAG in media and beads of day 14 were averaged 

from 12 wells. All data were analyzed using 2-way-ANOVA with Tukey’s test for post-hoc 

analysis (p < 0.05 for significance).  
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RESULTS  

Transfected chondrocytes produced more GAG (2-fold) than untransfected chondrocytes 

at later times (p<0.001,*) (Figure D1). There was the same amount of GAG released to the 

media by both transfected and untransfected chondrocytes (Figure D2). DNA remained constant 

throughout the culture in both transfected and untransfected chondrocytes (Figure D3). The total 

GAG on day 14 of both beads and media of transfected chondrocytes was ~2-fold greater than 

untransfected chondrocytes (Figure D4).  GAG staining showed a darker concentration around 

the nucleus of transfected chondrocytes (halo) and a lighter or white halo in untransfected 

chondrocytes when observed at 40x magnification (Figure D5. A and B). The population of 

transfected chondrocytes with a darker halo is more prominent than in untransfected 

chondrocytes as shown by the black arrows (Figure D5.Cand D). 
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Figure D1. GAG normalized to alginate pellet wet weight. Red beads containing chondrocytes 

transfected with pAAV/IGF-I. Green: Untransfected beads p< 0.001 with respect to untransfected.  

 

Figure D2. GAG in Media. Red beads containing chondrocytes transfected with pAAV/IGF-I. Green: 

Untransfected beads p< 0.001 with respect to untransfected.  
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Figure D3. DNA normalized to wet weight. Red beads containing chondrocytes transfected with 

pAAV/IGF-I. Green: Untransfected beads. 

 

Figure D4. Day 14 Total GAG: Black: GAG in bead scaffolds. Gray GAG in Media.       
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Figure D5. GAG Staining: (Alcian Blue Staining) A&C pAAV/IGF-I chondrocytes (40x & 20x 

magnification respectively. B&D. Untransfected chondrocytes (40x and 20x magnification respectively) 

Red arrow: nucleus. Black arrow: GAG formation around the cells. 
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DISCUSSION 

This study shows that pAAV transfection will enhance the production of IGF-I in 

alginate gels and that this enhancement will increase ECM deposition. There is a 2-fold 

difference between GAG produced by transfected chondrocytes and untransfected chondrocytes 

(Figure D1). The GAG released to the media is minimal in both transfected and untransfected 

chondrocytes (Figure D2). However, the total GAG production in the bead is much greater. A 

prominent darker halo around the nucleus showed that more localization of GAG is produced by 

the transfected chondrocytes. To our knowledge there has not been a study that compares GAG 

production between transfected chondrocytes with pAAV/IGF-I and untransfected chondrocytes 

in alginate gels. In the future, we plan to extend the culture period up to 30 days and examine if 

there is greater GAG production in the bead when compared to day 14. Also, we would like to 

study the mechanical properties of the constructs. As mentioned before, alginate is a good 

candidate for scaffolds for chondrocytes.
117,134

 Not only is alginate biocompatible, but it also can 

be covalently modified opening doors to experiments such as modifying it with a peptide 

sequence from the binding pocket of IGFBP-5.  
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APPENDIX E 

PLHALL MODIFIED ALGINATE BEADS PHOTOGRAPHS   

INTRODUCTION 

The efficacy of gene therapy depends on the availability of gene products to the cells. 

However, this availability is transient regardless of the vector used to transfect or transform. In 

this thesis, it is demonstrated that the novel biomaterial greatly extends the availability of the 

growth factor during chondrocyte culture and enhances cartilage matrix biosynthesis. The 

different binding site densities for PLHALL at day 30 have shown differences in cartilage-like 

characteristics.  

METHODS 

Cell Culture Studies 

Articular chondrocytes were harvested from stifle (knee) condyles of one to three day-old 

bovids via overnight collagenase digestion. Isolated chondrocytes were placed in T-75 flask 

plates at 60% confluency with 4 mL of DMEM containing 100 U/mL penicillin, 100 µg/mL 

streptomycin, and 10% fetal bovine serum (FBS) at 37˚C in 5% CO2. After 48 hours, cells were 

transfected using two different complexes, made 30 minutes before transfection, at a ratio of 

3:1,
37

: FuGENE
®
6 (Roche Applied Science, Indianapolis, IN) + pAAV/IGF-I or +pAAV/MCS 

(Empty). After 16 hours, the transfection was stopped by replacing the culture medium with 5 

mL of fresh media without FBS, and 100 U/mL penicillin, 100 µg/mL streptomycin.  

Binding site density of modified alginates varied in concentration from 0 to 5000 µM for 

PLHALL. Afterwards, transfected chondrocytes with either pAAV/IGF-I or pAAV/MCS 

(Empty) were mixed with the modified alginates at 2% (w/v). Cells were encapsulated in beads 
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formed by extrusion through a 22-gauge needle into a 102 mM CaCl2 solution. Figure E1 shows 

a picture of the bead in scale when compared to a penny. Beads were incubated with DMEM 

without FBS for 30 days; beads were collected every six days. At day 30, different binding site 

density beads were photographed.  

RESULTS 

 This data is consistent with the immunohistochemistry staining, GAG and HYPRO. The 

highest concentration of binding site density (i.e. PLHALL) grafted onto alginate retained higher 

levels of the endogenously produced IGF-I. This allows the chondrocytes to produce higher 

levels of matrix.  A gross inspection of the beads at day 30 showed a noticeable an increase in 

opacity of the beads which suggested an increase in matrix accumulation. The opacity increases 

as the transfected chondrocytes with pAAV/IGF-I are cultured in the biomaterial with the highest 

binding site density (Figure E1). 
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Figure E1. PLHALL MODFIED ALGINATE BEAD PHOTOGRAPHS  
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