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ABSTRACT 

 

 

 

BIOPOLYMER NANOMATERIALS FOR GROWTH FACTOR STABILIZATION AND 

DELIVERY 

 

 

Biopolymers are useful in tissue engineering due to their inherent biochemical signals, 

including interactions with growth factors. There are six biopolymers used in this work, the 

glycosaminoglycans (GAGs), heparin (Hep), chondroitin sulfate (CS), and hyaluronan (HA), 

chitosan (Chi), a GAG-like molecule derived from arthropod exoskeletons, a Chi derivative 

N,N,N-trimethyl chitosan (TMC), and an extracellular matrix (ECM)-derived material, 

demineralized bone matrix (DBM). The direct delivery of growth factors is complicated by their 

instability. GAG side chains of proteoglycans stabilize growth factors. GAGs also regulate 

growth factor-receptor interactions at the cell surface. The majority of proteoglycan function is 

derived from its GAG side chain composition. Here we report the development of nanoparticles, 

proteoglycan-mimetic graft copolymers, incorporation of nanoparticles into electrospun 

nanofibers, and processing methods for electrospinning demineralized bone matrix to fabricate 

bioactive scaffolds for tissue engineering. The nanoparticles were found to show similar size, 

composition, and growth factor binding and stabilization as the proteoglycan aggrecan. We use 

basic fibroblast growth factor (FGF-2) as a model heparin-binding growth factor, demonstrating 

that nanoparticles can preserve its activity for more than three weeks. 

Graft copolymers were synthesized with either CS or Hep as the side chains at four 

different grafting densities. Their chemistry was confirmed via ATR-FTIR and proton NMR. 

They were shown to increase in effective hydrodynamic diameter with grafting density, resulting 
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in a size range from 90-500 nm. Graft copolymers were tested for their ability to deliver FGF-2 

to cells. The CS conditions and the Hep 1:30 performed equally as well as when FGF-2 was 

delivered in solution. Preliminary dynamic mechanical testing demonstrated that hydrogels 

containing the copolymers exhibit changes in compressive modulus with cycle frequency. 

Two electrospinning techniques were developed, using an emulsion and a coaxial needle, 

for incorporating growth factor into electrospun nanofibers. We bound FGF-2 to aggrecan-

mimetic nanoparticles for stabilization throughout electrospinning. The two techniques were 

characterized for morphology, nanoparticle and FGF-2 incorporation, cytocompatibility, and 

FGF-2 delivery. We demonstrated that both techniques result in nanofibers within the size range 

of collagen fiber bundles and dispersion of PCNs throughout the fiber mat, and exhibit 

cytocompatibility. We determined via ELISA that the coaxial technique is superior to the 

emulsion for growth factor incorporation. Finally, FGF-2 delivery to MSCs from coaxially 

electrospun nanofibers was assessed using a cell activity assay.  

We developed a novel method for tuning the nanostructure of DBM through 

electrospinning without the use of a carrier polymer. This work surveys solvents and solvent 

blends for electrospinning DBM. The effects of DBM concentration and dissolution time on 

solution viscosity are reported and correlated to observed differences in fiber morphology. We 

also present a survey of techniques to stabilize the resultant fibers with respect to aqueous 

environments. Glutaraldehyde vapor treatment is successful at maintaining both macroscopic and 

microscopic structure of the electrospun DBM fibers. Finally, we report results from tensile 

testing of stabilized DBM nanofiber mats, and preliminary evaluation of their cytocompatibility. 

The DBM nanofiber mats exhibit good cytocompatibility toward human dermal fibroblasts 

(HDF) in a 4-day culture. 
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CHAPTER 1 

 

 

 

Introduction 

1.1 MOTIVATION. 

Tissue engineering and regenerative medicine seek to repair tissues damaged by injury or 

disease. In 2010 there were over one million total joint replacements, 438,000 internal fixation 

devices for bone fractures, and 849,000 coronary artery stents and vascular grafts implanted.
1
 

Current procedures and devices have many drawbacks, including immune response, 

hemocompatibility, secondary surgeries, and implant lifetime. These techniques could be 

improved or replaced by applying tissue engineering principles. The tissue engineering paradigm 

combines a scaffold with biochemical cues and cells to create a material that takes advantage of 

the body’s natural pathways to integrate and heal more effectively.  

1.2 BIOMIMETIC CONSTRUCTS FOR TISSUE ENGINEERING. 

The principle of biomimetics is one strategy for developing biologically functional 

materials for tissue engineering and regenerative medicine. This approach imitates structural and 

chemical attributes seen in vivo. These include feature size, shape, organization, and presentation 

of ligands and signaling molecules.
2-4

 Tissues are made up of cells surrounded by the 

extracellular matrix (ECM). The ECM has a complex three-dimensional architecture that gives 

rise to the function of the tissue.
5
 Cells receive cues from the ECM to adhere, migrate, 

proliferate, and differentiate.
6
 By mimicking key features of the ECM, we may achieve improved 

cell recognition, adhesion, and improved control over cell function, which could be translated 

into reduced immune response and better tissue integration of an implant. Two important 

features of the ECM that could be mimicked are biomechanics, and biochemistry. These are 

described below. The research described in this dissertation is guided by a biomimetic approach. 
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1.2.1 Biomechanical Cues. Tissues are comprised of a hierarchical structure from the 

nano to the macro scale.
7
 It has been shown that feature size, surface area, porosity, and 

organization affect cell adhesion and differentiation.
6, 8-10

 A number of studies have investigated 

the effects of nanofeatures on cell behavior. Balasandaram et al. showed increased chondrocyte 

activity on nanostructured polymeric surfaces versus flat surfaces.
11

 Coburn et al. observed 

higher chondrogenesis from mesenchymal stem cells (MSCs) when cultured in a nanofiber 

construct over a pellet culture that had no nanofeatures.
12

 A review by Karageorgiou et al. 

determined that larger pore sizes lead to increased vascularization and osteogenesis whereas 

smaller pores result in cartilaginous tissue.
13

 These studies demonstrate that the nanostructure of 

a material affects cell behavior. 

The nanostructure dictates the macrostructure, and thus the mechanical function of the 

tissue. For example, articular cartilage is a load-bearing material that provides support and 

lubrication in joints.
14

 It is primarily made up of collagen II, proteoglycans, and water.
15

 The 

structure of these components gives rise to its function.
16

 Collagen II is arranged into long fibrils 

that provide tensile strength; the proteoglycans are brush-like structures made up of a protein 

backbone with glycosaminoglycan (GAG) side chains. GAGs are highly sulfated 

polysaccharides that carry a strong negative charge. This results in electrostatic repulsions and 

makes them very hydrophilic, leading to compressive strength and lubricity. The nanostructure 

of these elements is imperative to achieve these mechanical properties. Incorporating biomimetic 

nanofeatures into constructs is an important theme throughout the following chapters. 

1.2.2 Biochemical Cues. Cells respond to biochemical cues from their surrounding 

environment, including the chemistry of the environment itself and the presentation of growth 

factors and other proteins.
6, 17-19

 The use of natural polymers that closely imitate the chemistry of 
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the ECM is one way to present these cues. There are many research groups incorporating natural 

polymers for various tissue engineering applications, such as collagen and GAGs into coatings, 

hydrogels, porous composites, and nanofibers.
20

 Badrossamay et al. seeded several different cell 

types onto polycaprolactone and polycaprolactone-collagen blend fibers and saw higher cell 

adhesion and spreading on the collagen blend fibers.
21

 Mathews et al. showed increased 

osteoblast differentiation on tissue culture polystyrene coated with different 

glycosaminoglycans.
22

 Mimicking the ECM composition provides cues for cell adhesion and 

differentiation.
23

 

The ECM contains adhesion proteins and growth factors that provide cells with signals.
24

 

Several commonly used adhesion proteins are fibronectin, vitronectin, laminin, and collagen. 

These support cell attachment and spreading. Specific motifs in these proteins, such as RGD, 

YIGSR, and GFOGER, have been identified and are often used in place of the full molecule. 

Many studies show improved cell interactions with a scaffold after the addition of these 

molecules.
6, 25-29

  

Growth factors are signaling molecules that stimulate cells to proliferate, migrate, and 

differentiate.
30

 There are a variety of growth factors in the ECM, including members of the 

fibroblast growth factor (FGF) family, the transforming growth factor beta (TGF-β) superfamily, 

insulin-like growth factors (IGF), platelet-derived growth factor (PDGF), and vascular 

endothelial growth factor (VEGF).
31-34

 These growth factors stimulate cells and have been shown 

to improve wound healing.
33, 35

 However, they are unstable in solution.
36, 37

 Many growth factors, 

including members of the TGF- β superfamily and FGF family, can bind to GAGs in the ECM 

where they are protected and localized.
10, 19, 38, 39

 For example, when FGF-2 is bound to heparin it 

is more likely that the cell receptor for FGF-2 will bind.
38

 These characteristics can be exploited 
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to engineer a bioactive scaffold. This will be a common thread throughout the chapters of this 

dissertation. 

1.2.3 Engineering Biomimetics. The previous sections have described the importance of the 

structural and biochemical properties of the ECM. Thus, when engineering a material, the 

structure and chemistry may be designed to control cell behavior.
40

 There are a variety of options 

for the material and structure, which are ultimately dictated by the final application. For 

example, if the application is cartilage, a soft porous gel containing chondroitin sulfate would be 

preferable. For bone, a hard porous material containing minerals such as calcium phosphate and 

hydroxyapatite may provide superior results. For a vascular graft, an elastic construct rich in 

heparan sulfate would be desireable.
8, 17, 41-43

 Design boundaries and limitations such as cost, 

time, and dose required arise throughout material development. These issues can limit a material 

or open doors to new applications. Materials science approaches can be used to tailor the 

material properties to present different biological signals and drugs in a controlled way, and at 

different concentrations, for new applications. This work engineers materials intelligently to 

incorporate all of these features to create biomimetic constructs for a variety of applications.  

1.4 PROJECT DESCRIPTION. 

Current methods for repairing damaged or diseased tissue have limitations, including 

immune response and tissue integration. As stated previously, one strategy to overcome these 

limitations is biomimetics. This principle seeks to create a therapeutic material by imitating 

chemical makeup, hierarchical structure, and delivery of biochemical cues expressed in vivo. The 

work herein strives to accomplish this through the use of biopolymers constructed in a variety of 

geometries and incorporation of the growth factor FGF-2. 
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Six biopolymers are used to create three different geometries of nanoassemblies. These 

include, chitosan (CHI), N,N,N-trimethylchitosan (TMC), heparin (HEP), chondroitin sulfate 

(CS), hyaluronan (HA), and demineralized bone matrix (DBM). HEP, CS, and HA are GAGs; 

HEP and CS are strong polyanions, while HA is a weak polyanion. CHI and one of its 

derivatives, TMC, are structurally similar to GAGs; CHI is a weak polycation and TMC is a 

strong polycation. DBM is derived from human bone and contains a mixture of ECM proteins 

and polysaccharides. 

These biopolymers are used in combination with FGF-2 to create and evaluate 

biomimetic nanoassemblies for use in tissue engineering.  

1.4.1 Hypothesis and Research Aims. This dissertation investigates the hypothesis that 

the inherent properties of biopolymers can be exploited to create biomimetic nanoassemblies 

capable of stabilizing and delivering growth factors. This will be tested through a literature 

review, the investigation of the following four specific aims, and finally summarized with 

conclusions and future work: 

Hypothesis 1: GAG-rich polyelectrolyte complex nanoparticles will protect growth factor 

from heat and proteolytic degradation. 

Specific Aim 1: Investigate stabilization of growth factors by polyelectrolyte complex 

nanoparticles made from four different combinations of polysaccharides, and compare 

them to each other and to aggrecan. 

Hypothesis 2: A graft-on approach will produce GAG-based synthetic graft copolymers 

with a bottlebrush conformation of different sizes and different functionalities with 

respect to growth factor delivery and mechanical properties. 
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Specific Aim 2: Synthesize and characterize proteoglycan-mimetic graft copolymers with 

controllable grafting density. 

Hypothesis 3: GAG-rich polyelectrolyte complex nanoparticles will protect growth factor 

through processing conditions for electrospinning. 

Specific Aim 3: Incorporate growth factor into electrospun nanofibers through two 

methods, an emulsion and coaxial electrospinning. 

Hypothesis 4: An ECM derived scaffold made from demineralized bone matrix without a 

carrier polymer can be formed through electrospinning. 

Specific Aim 4: Determine processing conditions to form a nanostructured tissue 

engineering scaffold made from demineralized bone matrix without a carrier polymer. 

Specific Aim 1 focuses on polyelectrolyte complex nanoparticles (PCNs). PCNs made 

from HEP and CHI have been thoroughly characterized by our lab.
44

 The purpose of Specific 

Aim 1 is to increase the repertoire of polysaccharides to include CHI, TMC, HEP, and CS. In 

addition to expanding the polysaccharides used, the different PCN formulations are compared to 

see if any combination protects or stimulates growth factor activity more effectively than the 

other combinations. Aggrecan is a molecule found in cartilage that provides crucial structural 

support and has the ability to bind and stabilize growth factors.
39, 45

 The different PCNs are also 

contrasted with aggrecan to evaluate how they compare to a natural nanoassembly. This study 

provides insights regarding how nanostructure and GAG composition of nanoparticles influence 

their ability to stabilize and deliver growth heparin-binding growth factors. 

Specific Aim 2 uses synthetic chemistry to create a proteoglycan mimetic copolymer 

using natural polysaccharides. These nanoassemblies imitate both the structure and the 

biochemical function of proteoglycans. These graft copolymers have controllable graft density 
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designed to tune their structure and function to desired applications. They have been thoroughly 

characterized to confirm their chemical composition, physical properties, and biochemical 

activity. 

Specific Aim 3 introduces a geometry that mimics the ECM. Electrospinning is used to 

create biomimetic nanofibers. Two different electrospinning methods, an emulsion and coaxial 

electrospinning, are explored to incorporate growth factor into nanofibers to create a bioactive 

scaffold. In the emulsion, an aqueous phase containing growth factor, PCNs, or growth factor 

bound to PCNs is mixed with a CHI-containing organic phase using Tween20 to create an 

emulsion. In coaxial electrospinning, two solutions are spun out of a compound needle to 

produce a blended fiber mat containing two phases. Phase One contains CHI and Phase Two 

contains growth factor, PCNs, or growth factor bound to PCNs in polyvinyl alcohol (PVA) as a 

carrier polymer. Two arrangements, Phase One in excess and Phase Two in excess, are created 

and tested for growth factor delivery to MSCs.  

Specific Aim 4 surveys a variety of processing conditions to electrospin demineralized 

bone matrix (DBM) without the use of a carrier polymer. An appropriate solvent system is 

determined and effects of DBM concentration and dissolution time on fiber morphology are 

studied. A number of crosslinking strategies are explored in detail to stabilize DBM nanofibers. 

DBM nanofibers are then tested for mechanical properties and cytocompatibility to ensure 

suitability for tissue engineering applications. 

The final chapter of this dissertation summarizes the findings from the previous chapters. 

This includes a brief synopsis of the specific aims, conclusions, a description of limitations, and 

recommendations for future work from each chapter. 
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CHAPTER 2 

 

 

 

Engineering Biopolymers into Structures for Tissue Engineering: Harnessing Inherent 

Biophysical and Biochemical Properties 

2.1 SUMMARY 

 Tissue engineering combines a scaffold with signaling molecules and cells to form a 

bioactive material for tissue healing. Two principle approaches are to modify a material with 

exogenous biochemical signals, or to use a material that inherently contains biochemical signals. 

This review focuses on the latter. The extracellular matrix (ECM) is comprised of a complex 

network of polysaccharides and proteins. These perform both biophysical and biochemical 

functions. This review summarizes the different components of the ECM, including 

glycosaminoglycans (GAGs), elastin, laminin, collagen, and growth factors. Their structure-

function relationships and roles in cell signaling are described. The functions of these 

components are intimately linked through complex pathways, but understanding them would 

provide tools for designing bioactive constructs. Finally, the state of the art for engineering 

biopolymers to harness these innate properties is summarized. 

2.2 INTRODUCTION. 

The classical tissue engineering scheme combines a scaffold with signaling molecules 

and cells to create a bioactive construct that replaces or repairs tissue damaged by injury or 

disease.
1-5

 Two primary strategies for accomplishing this are 1.) Modification with exogenous 

signaling molecules, and 2.) The use of a biopolymer that inherently contains signaling 

molecules. A wide range of materials including metals, synthetic and natural polymers, and 

ECM-derived materials have been researched to achieve this end.
5
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Cells constantly interact with their surroundings. They receive a wealth of information 

from the structure and chemistry of their microenvironnment.
4, 6-8

 Thus it is important to design a 

tissue engineering scaffold that imparts information rather than merely being inert. In tissues, 

cells are surrounded by the extracellular matrix (ECM). The ECM is composed of 

polysaccharides and cytokines surrounded by a framework of structural proteins.
6, 9

 Differences 

in ratios and geometrical arrangements of these components at the nanometer and micrometer 

levels are responsible for the wide variety seen in structure, topography, and physical properties 

of tissues.
6, 10, 11

 These components act in concert to regulate cell adhesion, migration, 

proliferation, and differentiation.
6
 Researchers can learn from the mechanisms nature uses to 

control cell function to engineer bioactive materials. 

Both synthetic and natural polymers have been studied for tissue engineering 

applications. Synthetic polymers can be chemically modified to tailor many important features 

such as degradation kinetics and mechanical properties.
12

 However, they are not recognized by 

cells, which may inhibit cell attachment, proliferation, and differentiation unless proteins or 

peptides are incorporated.
13, 14

 Although synthetic polymers are described as biocompatible and 

biodegradable, foreign body reactions inhibit tissue integration, which is imperative for implant 

success.
15-18

 Natural polymers are similar to the ECM, providing cell recognition. This innate cell 

signaling allows for cell adhesion, metabolism of the scaffold, and mitigating toxicity and 

chronic inflammatory response.
3, 5, 9, 19

 Additionally, they inherently interact with cytokines and 

cell surface receptors imparting biochemical function.
9, 20

 These characteristics lead to increased 

cell infiltration and tissue integration. A selection of natural polymers and methods for imparting 

signals through proteins and nanostructure using a biomimetic approach are reviewed here. 
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2.3 NATURAL POLYMERS 

The ECM is comprised of a complex mixture of polysaccharides and proteins.
6, 9, 21-23

 

These molecules impart structure and function to tissues. A class of molecules called 

proteoglycans is a prime example. These are made up of a core protein with glycosaminoglycan 

(GAG) side chains.
24, 25

 The composition and number of GAG side chains gives rise to 

functionality. GAGs are hydrophilic, providing lubricity and compressive strength to tissues. In 

addition to structure, these also serve a biochemical purpose. They bind to cell surface integrins 

and act as a reservoir for signaling molecules, controlling cell adhesion and presentation of 

cytokines.
6, 9, 26

 The ECM contains a variety of proteins that perform structural and signaling 

purposes. Collagen, elastin, and laminin provide a structural framework whose geometry and 

composition lead to the shape and function of a tissue.
10, 27

 Additionally these proteins provide 

ligands to cell receptors and interact with cytokines.
9, 28, 29

 Cytokines such as growth factors 

stimulate cells to migrate, proliferate, and differentiate.
30-32

 These molecules work in conjunction 

to dictate the properties and performance of tissues. 

2.3.1 Polysaccharides. Polysaccharides are a class of biological macromolecules derived 

from plants, animals, and microbes.
33, 34

 They can exhibit a variety of structures with several 

common pendant groups giving them multivalency and allowing them to participate in a vast 

range of biochemical and biomechanical functions.
35

 Many polysaccharides behave as 

polyelectrolytes at physiological pH. This feature can be used to tailor nanostructures such as 

multilayers and nanoparticles. This review focuses on several polysaccharides derived from 

animal sources including the GAGs heparin (Hep), chondroitin sulfate (CS), and hyaluronan 

(HA), and the GAG-like polymer chitosan (Chi).  
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2.3.1.1 Glycosaminoglycans. GAGs are prevalent in the ECM and on the cell surface.
36, 37

 

These are linear polysaccharides comprised of repeating disaccharide units containing one 

hexuronic acid (D-glucoronic acid or L-iduronic acid) or hexose (D-galactose) and one 

hexosamine (D-galactosamine or D-glucosamine).
20, 35, 36, 38-40

 GAGs vary in subunit composition 

and modification, and in geometry of the glycosidic linkage (α or β) resulting in highly complex, 

heterogeneous structures.
20, 38, 39

 Representative chemical structures of the GAGs presented in 

this review are shown in Figure 2.1 

 

Figure 2.1. Representative chemical structures of GAGs described in this review. 

CS and Hep are both sulfated, whereas HA is not; all three are negatively charged, and 

can have molecular weights ranging from thousands of Daltons to millions of Daltons. Biological 

function of GAGs is dictated by their sulfation pattern and polymer length.
38

 The sulfated GAGs 
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are often covalently bound to a protein to form proteoglycans, which consequently derive much 

of their function from their GAG side chains.
3, 35, 38, 39, 41, 42

  It is worth noting that the sulfated 

GAGs are generally much smaller than HA, and while HA does not form proteoglycans it does 

interact with them organizing them into complex assemblies. At physiological pH, carboxylic 

acid and sulfate groups are deprotonated, leading to high negative charge densities on the GAGs. 

When GAGs are densely packed, as is often the case in proteoglycans, regions of high anionic 

charge are created resulting in high osmotic pressure.
35, 39, 41

 This high osmotic pressure leads to 

high water content, which in turn provides lubricity and compressive strength to tissues. 

Additionally, GAGs control the nanoscale structure and organization of the ECM by regulating 

collagen fibril and proteoglycan assembly.
35, 39, 43

 

Due to the heterogeneity in structure, GAGs are able to interact with a wide range of 

proteins with varying levels of discrimination.
35, 37

 They are known to bind and regulate a 

number of signaling molecules, including cytokines, enzymes, and adhesion proteins.
38, 42

 They 

act as receptors, often forming growth factor-receptor complexes on the cell surface. 

Additionally, GAGs localize cytokines in the ECM, acting as a depot and protecting them from 

proteolytic degradation.
20, 44

 The positioning of protein-binding motifs on a GAG determines if a 

protein is activated, inhibited, or sequestered in the ECM. 
35, 38

 Thus, GAGs regulate cellular 

processes such as adhesion, migration, proliferation, and differentiation. 
3, 39

 

2.3.1.1.1 CS. CS is an important GAG in tissues such as cartilage, the intervertebral disc, 

and the vitreous humor of the eye.
35, 45

 CS can be sulfated at a number of different positions, 

giving it a high negative charge. CS is the primary GAG in the proteoglycan aggrecan shown in 

Figure 2.2.  
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Figure 2.2. AFM images of (a, b, and c) human aggrecan from a newborn and (d, e, f) human 

aggrecan from a 38-year old adult. Bottlebrush structure is clearly visible. A core protein trace 

length, Lcp, end-to-end distance, Ree, GAG length, LGAG are shown in c. (Reprinted from Journal 

of Structural Biology, 181/3, H. Lee, L. Han, P.J. Roughley, A.J. Grodzinsky, C. Ortiz, Age-

related nanostructural and nanomechanical changes of individual human cartilage aggrecan 

monomers and their glycosaminoglycan side chains, 264-273, Copyright 2013, with permission 

from Elsevier.) 

Aggrecan is the largest proteoglycan, made up of a core protein with GAG side chains, 

including up to 100 densely packed (4-5 nm apart) CS chains.
35, 46-49

 Strong electrostatic 

repulsion between the GAG chains results in a bottle brush structure. Several studies have found 

that aggrecan exhibits a contour length of 300–500 nm, and the individual GAG side chains 

range from 30–40 nm.
35, 49, 50

 These aggrecan monomers bind to hyaluronan via a link protein to 

form a secondary bottle brush structure known as the aggrecan aggregate. Each hyaluronan 

molecule can have over 100 aggrecan monomers bound to it, forming an assembly with a length 
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ranging from 500-4000 nm.
35, 46, 51, 52

 This assembly of tightly packed CS chains results in a high 

charge density generating substantial osmotic pressure. Thus, aggrecan is hydrophilic and retains 

large amounts of water, forming gel-like structures that are highly swollen in three dimensions.
48, 

52, 53
 This provides compressive strength with minimal deformation during dynamic loading and 

lubricity for near frictionless movement.
11, 37, 41, 46, 52, 54, 55

  

In addition to biomechanical properties, CS also plays a role in biochemical signaling. CS 

has been used in biomaterials due to its ability to bind growth factors and support cell function.
39, 

56-58
 CS has been seen to improve wound healing and has been used for the treatment of 

osteoarthritis and atherosclerosis
56, 59-63

 These inherent properties of CS make it an exceptional 

material for tissue engineering applications. CS has been used in coatings, nanofibers, 

nanoparticles, and hydrogels among others.  

2.3.1.1.2 Hep and HS. Hep is a highly sulfated negatively charged GAG, normally found 

in intracellular granules of mast cells.
35, 38

 It has the highest negative charge density of any 

known biomolecule and has primarily been used in clinical applications as an anticoagulant.
37, 38, 

59
 Hep was first isolated from the liver around 1920 and has been in clinical use for decades.

64
  

Hep is structurally similar to the GAG heparan sulfate (HS), but Hep is more highly sulfated than 

HS and has fewer acetylated glucosamine groups.
38

 Because of its similarity and commercial 

availability, Hep is often used as a model for or in place of HS in experimental work.
20

 HS 

performs many biological functions and is found on the cell surface and in the ECM.
35, 65

 

The glycocalyx is a prime example of the dynamic biological roles played by HS. The 

glycocalyx is present on the surface of most eukaryotic cells, and is particularly important in the 

endothelium.
35

 It is made up of a matrix of membrane-bound proteoglycans and glycoproteins, 

hyaluronan, and plasma proteins coating the luminal surface of blood vessels.
66-69

 HS is the most 
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common GAG found in the glycocalyx, attributing 50-90 % of the total GAG content. The 

remainder is made up of CS and HA.
35, 68

 Generally, HS and CS exist in a 4:1 ratio in vascular 

tissue, but these numbers can vary depending on stimuli and microenvironment conditions.
69

 

These GAGs exist primarily on three different types of proteoglycans. These include syndecans, 

glypicans, and perlecans, shown in Figure 2.3.  

 

Figure 2.3. Schematic of common proteoglycans. (Reprinted from ACS Chemical 

Biology, 8/5, V.M. Tran, T.K.N. Nguyen, V. Sorna, D. Loganathan, B. Kuberan, Synthesis and 

Assessment of Glycosaminoglycan Priming Activity of Cluster-xylosides for Potential Use as 

Proteoglycan Mimetics, 949-957, Copyright 2013, with permission from American Chemical 

Society.) 
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Syndecans are the most common. These penetrate the cell membrane interacting with 

both the extracellular space and the cytoskeleton. Glypicans are similar to syndecans, but are 

bound only to the surface of the cell membrane. The least common of these three classes is 

perlecan. Perlecan carries only five GAG chains and is secreted rather than bound. Perlecan is 

either incorporated into the ECM where it assembles with collagen and other proteins to form 

basement membranes or diffuses into the blood stream. As mentioned earlier, the GAGs bound 

to these proteoglycans are sulfated and negatively charged under physiological conditions 

creating osmotic pressure and drawing in water. This leads to an extended brush-like 

nanostructure up to 750 nm thick, shown in Figure 2.4.
35, 67, 70, 71

  

 

Figure 2.4. Electron microscopy of the glycocalyx in a blood vessel. (Reprinted from Current 

Opinion in Lipidology, 16/5, M. Nieuwdorp, M. Meuwese, H. Vink, J. Hoekstra, J. Kastelein, E. 

Stroes, The endothelial glycocalyx: a potential barrier between health and vascular disease, 507-

511. Copyright 2005, with permission from Wolters Kluer Health.) 

This structure forms a hydrophilic network that shapes the function of the endothelial 

glycocalyx.
66, 69, 70

 This layer plays an integral role in regulating inflammation, leukocyte and 

platelet adhesion, mechanotransduction, and vascular permeability.
35, 66-72

 The endothelial 

glycocalyx is lubricious, aiding in the motion of red blood cells and inhibiting platelet and 
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leukocyte adhesion unless perturbed by disease or injury.
35, 68, 70-72

 Additionally, this surface is 

constantly exposed to shear stress from blood flow. Endothelial cells react to changes in shear 

stress, inducing alterations in cytoskeletal structure, gene expression, and production of signaling 

molecules. The transmembrane proteoglycan syndecan had been proposed to play an important 

role in shear stress transmittance.
69

 This proteoglycan has a domain in the extracellular space for 

sensing shear and an intracellular component which interacts with actin and signaling 

molecules.
69

 Endothelial cells are dynamic, always adapting the glycocalyx according to cues 

from the microenvironment through matrix turnover. The composition and geometry of the 

proteoglycans are highly dependent on the conditions of their local microenvironment, such as 

shear stress, nutrient content and concentration, and pH.
68

 These features also affect vascular 

permeability. The glycocalyx controls exchange of nutrients, water, and signaling molecules 

between the endothelium and the lumen.
67, 71

 In fact, this layer governs the interactions of all 

blood components with the blood vessel surface including plasma proteins, enzymes, growth 

factors, and cytokines, which are essential for homeostasis and preventing thrombosis.
35, 66, 68

  

As described earlier, GAGs exhibit a wide variety of epitopes due to alterations in 

composition and geometry, particularly their sulfation pattern, yielding heterogeneous surfaces 

with various levels of protein binding promiscuity.
35, 66

 The negative charge provided by the 

sulfate groups is of particular importance, as many proteins are cationic and bind 

electrostatically.
11, 54, 68, 71

  Additionally, there is a class of growth factors that are stabilized 

through Hep/HS binding. Hep/HS also exhibit ligands to cell surface receptors that aid in 

signaling.
36, 54

 These features make conjugation of Hep to tissue engineering scaffolds an 

attractive way to impart bioactivity for a variety of applications. 
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2.3.1.1.3 HA. HA is the only non-sulfated GAG and the only GAG that is secreted into 

the ECM without being bound to a protein core. It can have a molecular weight up to several 

million Daltons, making it much larger than the sulfated GAGs.
39

 HA is widely distributed 

throughout many tissues, including skin, eye, connective, epithelial, endothelial, and neural 

tissues.
39, 56, 68, 73

 

Although it is unbranched and does not form proteoglycans in the same manner as the 

sulfated GAGs, it does form complex networks with other macromolecules in the ECM.
54, 74-77

 

HA helps to shape the ECM by binding structural proteins such as collagen and fibrin as well as 

adhesion proteins.
54

 Additionally, HA can further assemble proteoglycans into more complex 

structures via link proteins as in the aggrecan aggregate described earlier, or it can interact with 

other proteins via hydrodynamic properties.
78

 HA behaves as a stiffened random coil in solution, 

and is able to trap 1000 times it weight in water, giving it an immense hydrated volume. This 

causes HA to interact with neighboring molecules, giving rise to its viscoelastic properties.
73, 77, 

79
 Due to its hydrophilicity, HA is imperative for the physical properties of many tissues such as 

lubrication in blood vessels via the glycocalyx, synovial joints, and articular cartilage.
38, 66, 73, 77, 

80
 It is used clinically to treat osteoarthritis. An injection directly into the joint is reported to 

restore lubricity and improve joint function.
56, 81, 82

 
 

HA can be found either in the ECM or on the cell surface where it modulates signaling.
74

  

HA-binding proteins bind to cell surface integrins,which impact cell-cell and cell-substrate 

adhesion, migration, proliferation, and differentiation.
54, 56, 82

 HA plays a major role in 

morphogenesis, development, remodeling, and wound healing.
11, 36, 38, 73, 78, 79, 82

 It surrounds 

proliferating cells during wound healing, creates space, promotes angiogenesis, and prevents 

fibrosis.
11, 36, 54, 56, 78

 The unique physical properties and active role in wound healing make HA 
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an excellent material to use in tissue engineering applications such as hydrogels, coatings, and 

drug delivery. 

2.3.1.2 Chitosan. Chi is a naturally occurring polysaccharide derived from chitin, the 

primary structural component in the exoskeleton of arthropods. It is a linear polysaccharide 

composed of D-glucosamine and N-acetyl-D-glucosamine units in variable distributions and 

chain lengths. The N-acetyl-glucosamine groups in Chi are also found in the GAGs discussed in 

this review.
11, 60, 83

 Chi has pendant amines along the polymer chain, giving rise to weak cationic 

properties and providing residues which can be modified to tailor biophysical and biochemical 

properties.
25, 60, 83

 A variety of functional groups have been added to Chi, including acyl, alkyl, 

sulfate, thiol, and trimethyl groups.
60, 84-88

 Our group has synthesized N,N,N-trimethyl chitosan 

(TMC) to form a strong polycation and to make a Chi derivative that is soluble at neutral pH. 

This modification made it possible to study the interactions of strong and weak polyelectrolytes 

in multilayers and to then use those multilayers to coat electrospun nanofibers for growth factor 

release.
89, 90

 The chemical structures of Chi and TMC are displayed in Figure 2.5. 

 

Figure 2.5. Chemical structures of Chi and TMC 

Chi is known to be nontoxic, nonimmunogenic, mucoadhesive, hemostatic, 

biodegradable, antibacterial and antifungal.
11, 81, 83, 91, 92

 Thus it has received much attention for 

use as a biomaterial. It has been investigated for wound healing, tissue engineering of bone, 
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cartilage, nerve, and intervertebral disc, as well as protein immobilization, and gene and drug 

delivery systems.
56, 81, 83, 91

  

The cationic nature of Chi has often been used in research literature and by our group to 

form polyelectrolyte complexes with anionic polymers to form coatings, nanoparticles, and 

hydrogels with controlled biophysical and biochemical properties.
35, 81, 83, 89-91, 93-100

  Many 

anionic polymers have been studied for this purpose, including poly(acrylic acid), alginate, 

pectin, DNA, collagen, and GAGs.
25, 83, 101

 Due to their interaction with cell surface receptors 

and cytokines, complexation with GAGs is of particular interest. There have been a number of 

studies using nanoparticles made from Chi complexed with various GAGs for growth factor and 

drug delivery by intravenous, oral, and mucosal administration. Researchers have seen increased 

cell proliferation, vascularization, differentiation, and sustained release using these systems. 
92, 99, 

102-105
 Due to its unique properties and ability to interact with GAGs, Chi is a promising 

biomaterial for tissue engineering. 

2.3.2 Structural Proteins. The ECM contains a wide array of proteins that provide 

structure and signaling. These assemble into a hierarchical network shaping tissue function such 

as tensile strength in tendon and blood vessels, compressive strength in cartilage and meniscus, 

and the unique organizations seen in cornea and basement membranes.
10

 Common proteins 

found in the ECM include elastin, laminin, and collagen. The most abundant is collagen, but all 

of these and the GAGs discussed in the previous section assemble to form tissues. 
106

 

2.3.2.1 Laminin and Elastin. Laminins are the most prevelant noncollagenous proteins in 

basement membranes. They are crucial in their architecture, and self-assemble into sheet-like 

structures over the cell surface. 
107

 Once assembled, laminins integrate with collagen and other 

ECM molecules into the complex two-dimensional polymer network that comprises basement 
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membranes.
106, 108, 109

 The basement membranes are the principle scaffold underlying 

endothelium, and vasculature.
110

 

Elastin is a largely amorphous structure that produces elastic properties in many tissues 

such as blood vessels. It is surrounded by a framework of a secondary component made of 

microfibrillar proteins.
111, 112

 Additionally, this elastic structure forms a network with several 

different types of collagen to form blood vessel walls. Collagen in blood vessels is generally 

smaller and less tightly packed than in other tissues, and thus forms a meshwork with elastin 

resulting in more compliant properties. This allows the blood vessel to experience stresses 

without permanent deformation. This complex assembly is imperative for the preservation of 

vessel wall tensile strength and resilience. 
108

  

2.3.2.2 Collagen. Collagen has a unique hierarchical structure that leads to its impressive 

physical properties. It is composed of three alpha chains (two alpha-1 chains and one alpha-2 

chain) that contain repeating motifs of several amino acids, glycine, proline, hydroxyproline, and 

sometimes hydroxylysine depending on collagen type, with glycine generally being repeated 

every third amino acid. Glycine is the smallest amino acid. Its position and small size allow the 

rotational freedom that leads to a helical structure. Inter-chain covalent and hydrogen bonding 

between these residues generates stability and rigidity in the molecule. These alpha chains form 

left-handed helices that further assemble into a triple helix exhibiting a diameter from 

1.5-3.5 nm; these molecules then align into fibrils with diameters from 50-70 nm.
113-116

 More 

than 20 types of collagen have been identified. They assembe into highly organized structures 

with different ratios of each type and interact with other macromolecules to give rise to the 

variety of structures and functions seen in tissues
106, 113, 115, 117

 Collagen types I, II, III, V, and XI 
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are known for assembling into fibers roughly 150-250 nm wide in a quarter-staggered array that 

exhibits a banding pattern, shown in Figure 2.5. 
106, 113, 115, 117

  

 

Figure 2.6. A.) Schematic of the hierarchical structure of collagen fibers. Electron microscopy of 

B.) Collagen type I in a tendon, C.) Collagen type II in articular cartilage (Reprinted from 
Advanced Drug Delivery Reviews, 55/12, K.  Gelse , E.  Pöschl , T.  Aigner, Collagens—

structure, function, and biosynthesis, 1531 – 1546, copyright 2003, with permission from 

Elsevier.) 

Connective tissue such as bone and cartilage are primarily made up of collagen. The 

principle types of collagen found in these tissues are types I, II, III, V, and XI. 
115, 117

 Variations 

in ratios and geometry result in the very different mechanical properties seen in these tissues. 

Bone contains mostly type I and type V and the fibers are aligned in a transverse configuration. 

Bone is comprised of an ordered composite of collagen and minerals. The collagen fibers are 

arranged into concentric layers that provide a framework for the mineral phase.
106, 115, 117

 Bone 

derives its great compressive strength from this complex architecture.  

Cartilage is primarily made up of collagens type II and type XI and fibers are arranged 

differently depending on their location. Cartilage contains three different zones, the deep zone, 
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the middle zone, and the superficial zone. In the deep zone, near the bone, the collagen fibers are 

oriented perpendicular to the surface, much the same as collagen within the bone, to provide 

compressive strength. The fiber orientation gradually changes to a longitudinal alignment with 

higher concentrations of thinner fibers in the superficial zone.
118

 Cartilage is hydrophilic and is 

generally in a swollen state, which puts the collagen fibers under constant tension, particularly in 

the superficial zone. The longitudinal orientation exhibited in this zone provides the necessary 

tensile strength.
106, 117

 
115, 118

 

The cornea contains primarily type I and type V collagen. These collagens are arranged 

into parallel fibers with a uniform spacing of 30 nm. 
106, 115

 These further assemble into intricate 

lamellae. Crosslinking occurs within and between the collagen fibers to increase stability against 

proteolytic degradation and to provide desired mechanical properties. Within this framework 

GAGs are dispersed at intervals to reduce diffraction of light. The uniform spacing, shown in 

Figure 2.6., and GAGs dispersion are responsible for the transparency of the cornea.
115, 116, 119

 

 

Figure 2.7. Electron microscopy of collagen fibrils in a chick cornea, scale bar 100 nm. 

(Reprinted from Developmental Dynamics, 237/10, A. J. Quantock, R. D. Young, Development 

of the corneal stroma, and the collagen–proteoglycan associations that help define its structure 

and function, 2607-2621, Copyright 2008, with permission from Wiley.) 

Collagen is also implicated in cell signaling. Collagen provides ligands for cell receptors 

and organizes with other ECM macromolecules including other collagens and GAGs. Collagen 
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participates in the entrapment of cytokines for storage and delivery to cells. It has been 

demonstrated that collagen interacts with proteoglycans, mediating growth factor activity. 

Additionally, some types of collagen can bind to growth factors such as insulin growth factors 

(IGFs), transforming growth factor β (TGF-β), and bone morphogenetic protein 2 (BMP-2), 

which regulate cell activity.
106

 Through these pathways, collagen is intimately involved in wound 

healing and tissue repair 
106, 108, 115

 Collagen has the ability to self-assemble into a wide array of 

structures and contains inherent cell signaling. These features make it an attractive material for 

tissue engineering scaffolds.  

2.3.3 Growth Factors.  

Growth factors are a class of cytokines that regulate cell processes. They are involved in 

a variety of pathways including wound healing, vascularization, and development.
32, 61, 120-124

  

There is a wide array of growth factors with different signaling pathways and different functions, 

including IGF, nerve growth factor (NGF), vascular endothelial growth factor (VEGF), 

platelet-derived growth factor (PDGF), members of the TGF- β superfamily, and the fibroblast 

growth factor (FGF) family.
125-129

 Growth factors work in concert to regulate cell adhesion, 

migration, proliferation, and differentiation to maintain homeostasis.
32, 61, 93, 120-124, 128, 130-132

  

Growth factors hold much therapeutic promise. Some have been approved by the FDA and are 

used clinically in wound healing, and bone disease.
31

 They have also been proposed for tissue 

engineering of nerves, bladders, blood vessels, and osteochondral defects.
133-139

  

IGF and NGF have both been used in nerve tissue engineering.  These growth factors 

promote axonal regeneration.
140, 141

 IGF supports the survival and proliferation of Schwann cells. 

Schwann cells are essential for guiding and imparting nutrients to the regenerating axon. 
140
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Additionally, both of these growth factors have been used for other tissue applications such as 

blood vessels, meniscus, and cartilage.
142-146

 

Two primary growth factors that regulate angiogenesis are VEGF and PDGF. VEGF is 

significantly involved in neovascularization under both physiological and pathological 

conditions. VEGF is particularly mitogenic towards endothelial cells, and it stimulates 

endothelial progenitor cells to differentiate.
120, 121, 147

 PDGF enhances the proliferation and 

migration of fibroblasts and smooth muscle cells.
121, 122

 Through these functions, VEGF is 

significant in the initiation of angiogenesis, whereas PDGF is involved in the maturation of the 

blood vessel. Both are needed to form a fully developed blood vessel.
120

 

TGF-β1 and bone morphogenetic protein 2 (BMP-2) are members of the TGF-β 

superfamily. TGF-β1 is implicated in cell proliferation, chondrogenesis, osteogenesis, and 

proteoglycan synthesis.
126, 131, 148, 149

 BMP-2 is important for osteogenesis.
149, 150

 Both of these 

proteins have been used in tissue engineering of bone and cartilage, individually and in 

conjunction with each other and other growth factors.
150-152

 

FGF-2 is mitogenic and angiogenic.
122, 132, 150, 153

 FGF-2 interacts with in complex ways 

with its environment; upon mechanical injury, FGF-2 is released and triggers a cascade of 

intracellular signaling pathways that control cell proliferation, migration, differentiation, and 

morphology. 
61, 123, 124

  Additionally, several groups have shown that FGF-2 has a biphasic effect 

on cell proliferation, with stimulation at low doses and inhibition at high doses.
93, 123

 In 

angiogenesis, FGF-2 primarily stimulates endothelial cells, while eliciting little response from 

smooth muscle cells. Similar to VEGF, it is principally involved in the initiation of angiogenesis 

and is most effective when combined with other growth factors such as PDGF.
122

 FGF-2 is 

expressed by many cell types and is involved in a number of signaling pathways. 
61
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Growth factors have significant therapeutic applications, however, their potential is 

mitigated by their instability in solution.
93, 99

 FGF-2 and TGF-β1 have a half-lives on the order of 

minutes when delivered by bolus injection.
154

 To be clinically effective, high doses and multiple 

injections are required.
120, 155

 

2.3.3.1 Growth Factor-GAG Interactions. In the ECM, growth factors are bound to 

GAGs where they are sequestered and protected from proteolytic degradation.
30, 35, 156, 157

 A 

group of growth factors including members of the FGF family and TGF-β superfamily bind to 

Hep and HS, and to a lesser extent to CS in a conformation that stabilizes their three dimensional 

structure and preserves them from degradation.
20, 35, 61, 125, 153

 This phenomenon primarily occurs 

through ionic interactions between the cationic amino acids such as arginine and lysine on the 

growth factor and the anionic sulfates and carboxylate groups on the GAG. The sulfation pattern 

on the GAGs and confirmation of the growth factor defines the binding affinity.
38

 The 

heterogeneity in GAGs allows them to bind an array of growth factors and form gradients that 

are tissue specific.
26, 27, 38, 61, 158

 

FGF activity is primarily derived from specific binding to FGF receptor tyrosine kinases 

(FGFRs) on the cell surface.
61

 Hep/HS act as cofactors in this signaling complex. The 

composition of the GAG governs the FGF-FGFR specificity, modulating the cell response.
61, 124, 

157
 A scaffold designed with these GAG-growth factor interactions for controlled growth factor 

presentation would be advantageous in a variety of tissue engineering applications. 

2.3.4 Tissue Engineering Scaffolds Made from Biopolymers. Materials using these 

natural polymers to impart cell signaling are prevalent in literature. Polysaccharides and proteins 

have been used to incorporate growth factors and to create a multitude of structures for tissue 
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engineering including multilayers, nanoparticles, and three dimensional constructs.
3, 5, 21, 27, 30, 60, 

114
   

Coatings are a simple method to impart biological function to a surface. Layer-by-layer 

assembly of polyelectrolyte multilayers (PEMs) is a method that has been used in our group. In 

this technique, two solutions containing oppositely charge polyelectrolytes are applied in an 

alternating pattern until desired thickness is reached. We have used this method to incorporate 

FGF-2 into a surface for delivery to mesenchymal stem cells (MSCs). We demonstrated 

enhanced cell proliferation with FGF-2 adsorbed to the surface over FGF-2 delivered in solution 

over a four day culture period.
93

 Almodovar et al. created PEMs from poly(l-lysine) and 

hyaluronan using microfluidics to impregnated the surface with BMP-2 and BMP-7 in a spatially 

controlled pattern. They were able to induce osteogensis and myogenesis on the same scaffold.
159

  

Multilayers have been applied to flat, textured, and three dimensional surfaces to provide 

information to cells.
90, 160-162

 

Nanoparticles are a common way to deliver growth factors to cells, either in soluble form 

or by incorporating them into a scaffold. Our group has created polyelectrolyte complex 

nanoparticles (PCNs) from various combinations of the GAGs Hep and CS, with Chi and TMC 

for FGF-2 stabilization and delivery. We showed sustained FGF-2 activity for 21 days, and 

superiority of our Hep-containg PCNs over aggrecan with respect to FGF-2 stability.
99

 Parajo et 

al. formed PCNs using HA and chitosan to deliver a combination of VEGF and PDGF. They 

were able to maintain sustained release of PDGF over one week, while VEGF was completely 

released in the first 24 hours. This kind of design is useful for temporal control of growth factor 

release.
121

 Nanoparticles have a vast range of applications from oral and intravenous delivery to 

modification of a scaffold.
102, 104, 163, 164
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Three dimensional scaffolds can be assembled through a variety of techniques including 

electrospinning, lyophilizing, salt and porogen leaching, and gelation. Our group has adsorbed 

FGF-2/PCN complexes to electrospun chitosan nanofibers and demonstrated sustained release 

over a period of 30 days.
100

 Du et al. developed three dimensional chitosan porous hydrogel 

networks coated with CS using a layer-by-layer technique. FGF-2 was incorporated into the 

hydrogel and delivery to cells was confirmed.
165

 Halili et al. fabricated a collagen type I scaffold 

with three different layers comprised of two foams with differing porosities and mechanical 

properties sandwiching an electrospun nanofiber mat. They cultured human fibrochondrocytes 

on these scaffolds and found that this layered scaffold had higher cell proliferation, collagen 

production, and GAG production than non-layered control foams after 45 days of culture.
166

 

Many other types of three dimensional constructs have been developed in wide range of sizes for 

various tissues.
34, 56, 131, 136, 158, 167-169

 

As has been described, ECM is made up of a combination of polysaccharides and 

proteins that present innate biochemical cues, and the use of these polymers has been detailed. 

Another method for developing scaffolds with bioactive signals is to use unfractionated tissue 

ECM. This ECM would contain a mixture of polysaccharides and proteins. Some examples of 

these are demineralized bone matrix, decellularized adipose tissue, and small intestine 

submucosa.
5
 Choi et al. tested porcine decellularized adipose tissue for post-processing 

properties and cytocompatibility with human cells. ECM components remained intact and cell 

exhibit adhesion and proliferation on the scaffold.
170

 Small intestine submucosa and 

demineralized bone matrix are approved by the FDA and there are many commercial products 

currently in clinical use.
5
 These materials are being studied for use in the trachea, bladder, soft 

tissue, skin, cartilage, and bone.
5, 21, 171, 172
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The materials described above primarily use physical techniques for fabrication. 

Proteoglycans impart crucial functionality to tissues, but isolating them from tissues is not 

always practical. Attempts have been made to mimic the structure and function of various 

proteoglycans. The Panitch group has published multiple papers on the synthesis and properties 

of proteoglycan-mimics using dermatan sulfate, CS, and a peptide chain, referred to as 

peptidoglycans.
173-180

 They demonstrated that their dermatan sulfate-based peptidoglycans bind 

to collagen, delay fibrillogenesis, and increase mechanical properties of a collagen gel and of 

aligned collagen threads.
173-175

  In proteoglycans, GAGs are bound only at their terminal end, 

thus functionalizing GAGs with a unique end-group is one approach for synthesizing a 

proteoglycan-mimetic. Sarkar et al. has successfully modified a terminal group on CS with vinyl 

monomers to these ends.
181

 Tran et al. produced a library of xylosides that are able to activate 

multiple GAG chains to bind to a scaffold to form proteoglycan-mimcs.
182

 These methods are 

promising for producing a synthetic proteoglycan that retains the inherent cell signaling 

properties of the natural material. 

2.4 SUMMARY. 

Natural polymers for tissue engineering have been reviewed here. The ECM is made up 

of an intricate network of polysaccharides and proteins. Proteoglycans found in the ECM and on 

the cell surface are crucial to tissue function. They are made up of a core protein and GAG side 

chains. The composition and geometry of the GAGs dictate the function of the proteoglycan. 

Aggrecan is an important proteoglycan in cartilage, the intervertebral disc, and vitreous humor of 

the eye. It is the largest of the proteoglycans with over 100 GAG side chains. The high density of 

anionic charges on aggrecan make it very hydrophilic, giving rise to the lubricity and 

compressive strength tissues such as cartilage. The glycocalyx coats eukaryotic cells and is 
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imperative to the function of the endothelium. It is made up of hyaluronan and membrane bound 

proteoglycans. The GAGs on the surface of the glycocalyx lead to lubricity, modulate filtration 

and interaction with blood components, and transduce signals across the cell membrane. Elastin, 

laminin, and collagen form structural components of the ECM. They align into hierarchical 

structures that give rise to mechanical properties of tissue. Additionally, they interact with other 

macromolecules in the ECM participating in cell signaling. Growth factors are signaling 

molecules on the cell surface and in the ECM of tissues. They are implicated in pathways that 

regulate homeostasis and wound healing. Growth factors have great therapeutic potential, but are 

unstable in solution. In the ECM, GAGs bind to growth factors protecting them from proteolytic 

degradation and participating in cell surface receptor-growth factor interactions. Different tissue 

engineering scaffolds fabricated from biopolymers are reviewed. Biomaterials using 

polysaccharides and proteins for growth factor delivery are the focus. Formats such as coatings, 

nanoparticles, three dimensional constructs, ECM-derived materials, and synthetic approaches 

are covered. There has been much research on these natural polymers and their functional roles 

in structure and cell signaling, but there are still gaps in our understanding. Harnessing the 

intricate relationship between growth factors and the ECM is a powerful tool for the design of 

bioactive tissue engineering scaffolds. 
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CHAPTER 3 

 

 

 

Aggrecan-Mimetic, Glycosaminoglycan-Containing Nanoparticles for Growth Factor 

Stabilization and Delivery
1 

3.1 SUMMARY. 

The direct delivery of growth factors to sites of tissue healing is complicated by their 

relative instability. In many tissues, the glycosaminoglycan (GAG) side chains of proteoglycans 

like aggrecan stabilize growth factors in the pericellular and extracellular space, creating a local 

reservoir that can be accessed during a wound healing response. GAGs also regulate growth 

factor-receptor interactions at the cell surface. Here we report the development of nanoparticles 

for growth factor delivery that mimic the size, GAG composition, and growth factor binding and 

stabilization of aggrecan. The aggrecan-mimetic nanoparticles are easy to assemble, and their 

structure and composition can be readily tuned to alter their physical and biological properties. 

We use basic fibroblast growth factor (FGF-2) as a model heparin-binding growth factor, 

demonstrating that aggrecan-mimetic nanoparticles can preserve its activity for more than three 

weeks. We evaluate FGF-2 activity by measuring both the proliferation and metabolic activity of 

bone marrow stromal cells to demonstrate that chondroitin sulfate-based aggrecan-mimics are as 

effective as aggrecan, and heparin-based aggrecan mimics are superior to aggrecan as delivery 

vehicles for FGF-2. 

 

 

1
Portions of this chapter appear in the following: 

Place, L.W., Sekyi, M., and Kipper, M.J.; “Aggrecan-Mimetic, Glycosaminoglycan-Containing Nanoparticles for 

Growth Factor Stabilization and Delivery”, Biomacromolecules, 15 (2014) 680-689. DOI:10.1021/bm401736c. 

Copyright ACS 2014. Used with permission. 
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3.2 INTRODUCTION.  

Growth factors hold much promise as therapeutics in regenerative medicine. They control 

cell proliferation, differentiation, and migration, and are involved in a number of metabolic 

pathways.
1-3

 Growth factors have been used clinically in wound healing, bone disease, and in 

clinical trials for treating coronary artery disease.
4
 They have also been proposed for tissue 

engineering of nerves, bladders, blood vessels, and osteochondral defects.
5-11

 However, these 

proteins are unstable in plasma and require high doses to affect clinical outcomes.
12, 13

 Realizing 

the potential of growth factors in regenerative medicine will require strategies for maintaining 

growth factor stability over time scales associated with tissue healing and for delivery of growth 

factors to the site of disease or injury. 

Polymeric nanoparticles can be designed to protect growth factors from enzymatic 

degradation, and to release growth factors at a desired rate. Furthermore, their size allows them 

to cross the epithelium.
14

 For example, Gu et al. formulated nanoparticles from glycidyl 

methacrylated dextran and gelatin for fibroblast growth factor (FGF) delivery to mouse 

mesenchymal stem cells.
15

 They showed increased cellular activity for as long as ten days. In 

another study, Ho et al. synthesized a sulfated chitosan and then complexed it with unmodified 

chitosan to form polyelectrolyte complex nanoparticles (PCNs). These PCNs were used to 

deliver FGF to fibroblasts. They tested cell viability for five days, demonstrating that viability 

was improved using PCNs to deliver FGF, but that PCNs did not perform as well as the 

glycosaminoglycan heparin.
16

 Huang et al. demonstrated preservation of the mitogenic activity 

of vascular endothelial growth factor (VEGF) for up to five days by encapsulation in PCNs of 

dextran sulfate with three polycations: chitosan, poly(L-lysine), and poly(ethyleneimine)).
17

 Tan 

et al. immobilized chitosan-heparin nanoparticles onto a decellularized vein scaffold and used 
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them to localize vascular endothelial growth factor (VEGF) to improve vascularization of the 

scaffold. They showed controlled release over 30 days and improved cell infiltration, 

proliferation, ECM production, and vascularization.
18

 Our group has also demonstrated 

controlled release of FGF complexed to chitosan-heparin PCNs from nanofiber scaffolds, which 

maintained FGF activity for over 30 days.
19

 Rajam et al. was able to show a steady release of 

growth factor from a nanoparticle impregnated collagen-chitosan scaffold for 50 days.
20

 

In normal tissues, growth factors are stabilized and presented to cells in a complex milieu 

of various other stimuli. Thus, in addition to stabilizing growth factors, a growth factor delivery 

vehicle might be designed to present growth factors in a biomimetic context that interacts 

favorably with these other signals. In the extracellular and pericellular space of many tissues, the 

glycosaminoglycan (GAG) side chains of proteoglycans, such as aggrecan, versican, and 

perlecan serve as a reservoir of stabilized growth factors, and regulate their signaling by also 

binding to their cell surface receptors.
21-28

 GAGs might therefore make excellent materials for 

growth factor delivery. These GAGs are polyanionic polysaccharides, such as heparin and 

chondroitin sulfate. The so-called heparin-binding growth factors that bind to GAGs include 

members of the FGF family and the transforming growth factor-β (TGF-β) superfamily 

(including some bone morphogenetic proteins). Heparin has been shown to preserve the stability 

of or to enhance the delivery of a variety of growth factors including, FGFs, TGF-β, VEGF, 

nerve growth factor (NGF), and platelet-derived growth factor (PDGF).
29

 This is the motivation 

for using sulfated glycosaminoglycans like heparin and their analogs as polymers for growth 

factor delivery. 

In addition to their biochemical functions, proteoglycans also perform important 

biophysical functions that are dependent upon their nanoscale structure.
30

 Aggrecan is the most 
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highly glycosylated of the proteoglycans, with up to 100 GAGs (chondroitin sulfate and keratin 

sulfate) attached to a core protein. In solution it adopts a dense, bottle-brush structure bearing a 

high concentration of negatively charged sulfate groups, with a hydrodynamic diameter of about 

400 nm.
31-35

 The high negative charge density and resulting high osmotic pressure of aggrecan 

give cartilage its compressive strength and lubricity.
34 

The aim of this work is to develop nanoparticles for growth factor delivery that mimic the 

composition, biochemical function, and size of aggrecan for growth factor stabilization and 

delivery. We use FGF-2 as a model growth factor because it is relatively unstable, and its 

binding to GAGs is known to influence both its stability and its presentation to growth factor 

receptors.
36

 The aggrecan-mimetic nanoparticles are formed by the complexation of anionic and 

cationic polysaccharides to form polyelectrolyte complex nanoparticles (PCNs), which has been 

extensively studied by several groups.
37-42

 The cationic polysaccharides chitosan (Chi) and 

N,N,N-trimethyl chitosan (TMC) are complexed with the anionic GAGs heparin (Hep) and 

chondroitin sulfate (CS) in solution with the polyanion in excess, so that the resulting PCNs have 

a colloidally stable, negatively charged structure that mimics the size and chemistry of aggrecan 

The structures of the polyelectrolytes used are shown in Figure 3.1 and a schematic of the PCNs 

and aggrecan are shown in Figure 3.2 

 

Figure 3.1. Chemical structures of the polysaccharides used in this work. 
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Figure 3.2. GAG-rich PCNs are formed by the complexation of polycationic chitosan or TMC 

(blue) with the polyanionic GAGs heparin or CS (red) in excess. This results in negatively 

charged particles presenting the GAGs that have similar size in solution and composition to the 

proteoglycan aggrecan. Aggrecan is a highly glycosylated protein (black) with up to 100 CS and 

keratin sulfate chains (red). The hydrodynamic diameter of aggrecan in solution is taken from 

Papagiannopoulos et al.
31

 

Our group has previously studied growth factor binding, stabilization, and delivery using 

Hep-Chi PCNs, and Hep-Chi and Hep-TMC polyelectrolyte multilayers.
1, 19, 43

 In the current 

work, PCNs from the four polyanion-polycation pairs – Hep-Chi, Hep-TMC, CS-Chi, and CS-

TMC – are characterized, including the particle yield, size, zeta potential, and ability to bind 

FGF-2. The ability of the PCNs to maintain FGF-2 activity over 21 days is also demonstrated 

here, using assays that measure both the overall metabolic activity and the mitogenic activity of 

ovine marrow stromal cells (MSCs) to FGF-2. The ability to stabilize and deliver FGF-2 is 

compared to natural aggrecan and to FGF-2 delivered in solution with no polymer protection.  

3.3 MATERIALS AND METHODS. 

3.3.1 Materials. Chitosan was purchased from Novamatrix (Protosan UP B 90/20, 5 % 

acetylated determined by 1H NMR, Mw = 80 kDa; PDI = 1.52; Sandvika, Norway). Heparin 

sodium was purchased from Celsus Laboratories (from porcine intestinal mucosa, 12.5 % sulfur, 

Mw = 14.4 kDa; PDI = 1.14, Cincinnati, OH). Chondroitin sulfate sodium salt (CS) (from shark 

cartilage, 6 % sulfur, 6 sulfate/4 sulfate = 1.24, Mw = 84.3 kDa; PDI = 1.94), rhodamine B 
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isothiocyanate, and aggrecan from bovine articular cartilage were purchased from Sigma-Aldrich 

(St. Louis, MO). N,N,N-Trimethyl chitosan (TMC) was synthesized following a procedure 

described by De Britto and Assis, and characterized as we have done previously.
43, 44

 Sodium 

acetate, sodium chloride, potassium chloride, sodium phosphate dibasic, potassium phosphate 

monobasic, and dimethyl sulfoxide (DMSO) were purchased from Fisher Scientific (Pittsburgh, 

PA). Glacial acetic acid and glutaraldehyde 8 % in water were purchased from Acros Organics 

(Geel, Belgium). Recombinant human FGF basic (FGF-2) 146 aa (carrier free) and Quantikine® 

ELISA Human FGF basic were purchased from R&D Systems (Minneapolis, MN). 4′6 

Diamidino-2-phenylindole•2HCl (DAPI) was purchased from Thermo-Scientific (Rockford, IL). 

LIVE/DEAD® Viability/Cytotoxicity Kit for mammalian cells was purchased from Invitrogen 

(Eugene, OR). CellTiter 96® Non-Radioactive Cell Proliferation Assay (modified MTT assay) 

was purchased from Promega (Madison, WI). Fetal bovine serum (FBS), 0.25 % trypsin with 

EDTA, low-glucose Dulbecco’s modified Eagle’s medium (D-MEM), minimum essential 

medium alpha (α-MEM; supplemented with L-glutamine, ribonucleosides, and 

deoxyribonucleosides), and Dulbecco’s phosphate buffered saline (DPBS) without Ca
2+

 and 

Mg
2+

 were purchased from HyClone (Logan, UT). Antibiotic-antimycotic (anti/anti), 1 M 

HEPES buffer solution, and Dulbecco’s phosphate buffered saline with Ca
2+

 and Mg
2+

 were 

purchased from Gibco (Grand Island, NY). A Millipore Synthesis water purification unit 

(Millipore, Billerica, MA) was used to obtain ultrapure; 18.2 MΩ•cm water (DI water), used for 

making all aqueous solutions. Fluorimetric and UV-vis spectrophotometric techniques were 

performed using a fluorescence microplate reader (FLUOstar Omega, BMG Labtech, Durham, 

NC). Fluorescence microscopy was performed using an Olympus IX70 epifluorescence 

microscope (Center Valley, PA) with appropriate filters.   
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3.3.2 Formation and Characterization of Polyelectrolyte Complex Nanoparticles 

(PCNs). All PCNs were formed by the “one-shot” addition of a solution of the polycation to a 

solution of the polyanion, under vigorous stirring, with the polyanion in excess.
41, 42, 45, 46

 Four 

different polycation-polyanion pairs were used to create PCNs with different compositions: 

heparin with chitosan (Hep-Chi), heparin with TMC (Hep-TMC), chondroitin sulfate with 

chitosan (CS-Chi), and chondroitin sulfate with TMC (CS-TMC). For Hep-Chi PCNs, heparin 

(0.95 mg mL−1) and chitosan (0.9 mg mL−1) were each dissolved in 0.1 M acetate buffer at pH 

5 and then filtered using 0.22 μm polyvinylidene fluoride syringe filters (Fisher Scientific, PA). 

The chitosan solution was added in one shot to the stirring heparin solution in a 1:6 volume ratio 

(6 mL chitosan solution to 36 mL heparin solution), vigorously stirred for three hours, then left 

to settle overnight to remove any aggregates. The solution containing Hep-Chi PCNs and 

uncomplexed polymer was decanted from the settled aggregates and centrifuged (9000 rcf for 15 

min). The supernatant was decanted to remove any uncomplexed polymer and the pelleted PCNs 

were resuspended in 100 µl of DI water. At this concentration PCNs do aggregate over time and 

are not used if they are older than 1 month. Before being diluted for analysis or use in an 

experiment, PCNs were briefly vortexed, which was sufficient to break up aggregates and 

resuspend them. A similar procedure was used for Hep-TMC, CS-Chi, and CS-TMC PCNs with 

the following modifications: For CS-Chi and CS-TMC PCNs, the chondroitin sulfate solution 

was 1.8 mg mL
−1

 because it contains approximately half as many sulfate groups as heparin. The 

Hep-TMC and CS-Chi PCNs were centrifuged at 2000 rcf for 30 min (instead of 9000 rcf for 15 

min), because at higher speeds, the resulting pellet was not readily resuspended. The Hep-TMC, 

CS-Chi, and CS-TMC PCNs were resuspended in PBS, because they did not readily resuspend in 

DI water. Different centrifugation conditions might yield different particle size distributions. The 
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conditions used here for each type of PCN were chosen based on our ability to pellet the particles 

and also subsequently resuspend them. 

Particle yield was determined on a polycation (chitosan or TMC) basis by fluorescence. 

Chitosan and TMC were tagged with rhodamine.
19

 Chitosan or TMC (10 mg mL
−1

) was 

dissolved in 10 mL of 0.1 M acetate buffer pH 5, then an equal volume of methanol was added. 

Rhodamine B isothiocyanate was dissolved in methanol (2 mg mL
−1

) and 3.25 mL of this was 

added to the 20 mL chitosan or TMC solution. These were left to stir overnight and then dialyzed 

against DI water for 24 hours using 20 kDa MWCO dialysis cassettes (Slide-A-Lyzer, Thermo 

Scientific, PA). The resulting solutions were then lyophilized. The entire procedure and storage 

were done in the dark to protect against photobleaching. Each of the tagged polycations was 

mixed with untagged polycation in a 1:10 ratio. These were dissolved in 0.1 M acetate buffer pH 

5, filtered, and then used to make PCNs as described above. The fluorescence intensity of the 

PCNs (λex = 544 nm and λem = 590 nm) was compared to a standard curve created from the 1:10 

mixture of tagged and untagged chitosan or TMC to calculate particle yield on a polycation 

basis. Fluorescently labelled polycations were only used for determining the PCN yields. All 

other experiments used only non-labelled polycations. 

Hydrodynamic radius of the PCNs was measured by dynamic light scattering (DLS) 

using a 90Plus/BI-MAS (Brookhaven Instruments, Holtsville, NY). All PCN samples were 

diluted to 2-5 mg mL
−1

 in PBS to give samples of 1-2 mL. Measurements were taken at 25 °C at 

a fixed angle of 90°, 1 min per measurement. The values reported are the mean effective 

diameter and the mean polydispersity for each sample. Zeta potential was measured using the 

same instrument and the same samples used for DLS, via electrophoretic light scattering (ELS). 
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Each sample was measured five times at 25 °C and the values reported are the mean zeta 

potential for each sample ± the standard error of the mean. 

3.3.3 FGF-2 PCN Loading. An ELISA (Quantikine® ELISA Human FGF basic, R&D 

Systems) was used to determine the loading efficiency of FGF-2 to the PCNs and to aggrecan. 

FGF-2 standards had concentrations from 11 pg mL
−1

 to 700 pg mL
−1

. FGF-2 loading was 

performed in duplicate for all conditions. FGF-2 (100 ng mL
−1

) in DPBS was mixed with each 

PCN type and with aggrecan (1 mg mL
−1

) for 30 min. These were then centrifuged (9000 rcf for 

15 min). The supernatants were removed and diluted 1:166 for the FGF-2 concentration to be 

within the range of the ELISA. The FGF-2 concentration in the supernatants was subtracted from 

the original amount in the solution used for loading to determine the amount of FGF-2 bound to 

the PCNs and to aggrecan. 

3.3.4 Cell Harvest and Culture. The cell harvesting and expansion procedure is 

described in detail in our previous work.
1
 Bone marrow aspirates from the iliac crest of three 

different female sheep were centrifuged. The supernatant containing the nucleated cells was 

mixed with growth media (low-glucose D-MEM with 10 % FBS, 1 % anti/anti, and 2.5 % 

HEPES) and seeded into culture flasks. After 24 h, the media was changed to remove all non-

adherent cells. The marrow stromal cell (MSC) colonies were allowed to grow for at least seven 

days, then the cells were trypsinized, counted, and reseeded in culture flasks using maintenance 

media for culture expansion (α-MEM with 10 % FBS, 1 % anti/anti, and 2.5 % HEPES). MSCs 

were cryo-preserved prior to seeding into experimental conditions. Cells were not used beyond 

the fifth passage. 

3.3.5 PCN Cytocompatibility. The compatibility of the PCNs towards MSCs was 

evaluated by dosing cell cultures from one donor animal with different PCN concentrations. 
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MSCs were seeded in a 48-well plate at 10,000 cells cm
−2

 and allowed to attach for three hours 

with 0.5 mL of untreated α-MEM containing 10 % FBS. Each of the treatments, Hep-Chi, Hep-

TMC, CS Chi, and CS-TMC, were diluted with low-serum media (α-MEM containing 2.5 % 

FBS) to five different concentrations (0.5, 5, 10, 20, and 40 µg mL
−1

). After the three-hour 

attachment, the media was aspirated and replaced with 0.5 mL of low-serum media containing 

PCNs. Two untreated wells in low-serum media were also cultured. In this low-serum condition, 

we have previously found that ovine MSCs survive, but do not proliferate well, unless exogenous 

FGF-2 is added to the cultures.
1
 Cells were then incubated at 37 °C for 48 h. After 48 hours one 

untreated well was exposed to 70 % ethanol for 30 min as a control for the dead stain. The media 

was aspirated, each well was rinsed with DPBS with Ca
2+

 and Mg
2+

, and Live/Dead stain was 

applied according to the vendor’s instructions. The Live/Dead kit contained calcein AM (4 mM 

in DMSO) and ethidium homodimer-1 (2 mM in DMSO). These stock solutions were diluted to 

2 µM calcein AM and 0.8 µM ethidium homodimer-1 in DPBS without Ca
2+

 and Mg
2+

. Dye 

solution (200 µl) was added to each well and the plates were incubated in the dark at room 

temperature for 45 min before being imaged by fluorescence microscopy. For each well, three 

non-overlapping fields of view were imaged, totaling six images per well, at 4× magnification, 

approximately covering 25 % of the surface area in each well. The corresponding images taken 

with each filter were merged and qualitatively evaluated using Adobe Photoshop.  

3.3.6 Preconditioning FGF-2, PCNs, and Aggrecan. To evaluate the ability of PCNs to 

stabilize FGF-2, FGF-2-loaded PCNs, FGF 2 bound to aggrecan, and un-complexed FGF-2 were 

first preconditioned by incubating in media containing 10 % FBS for 0, 3, 7, 14, or 21 days, to 

allow destabilization of the FGF-2. After preconditioning the activity of FGF-2 was assayed by 
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measuring the mitosis and metabolic activity of ovine MSCs. These assays are described in the 

next section. 

FGF-2 was bound to each PCN type and to aggrecan using the same procedure as in the 

loading study above, without the final centrifugation step. Aliquots (125 to 250 µl in PBS) of 

FGF-2-loaded PCNs, FGF-2-loaded aggrecan, or FGF-2 alone were stored frozen. The aliquots 

reserved for 21 days of preconditioning were removed first and added to α MEM with 10 % 

FBS. These were placed in the incubator at 37 °C for 21 days. After seven days, the 14-day 

aliquots were removed from the freezer and the same procedure was done. These remained in the 

incubator for 14 days. This was repeated for the 7-day and 3-day aliquots on the appropriate 

days. On the day on which MSCs were seeded, the zero-day aliquots were thawed and prepared.  

3.3.7 MSC Response to FGF-2, PCNSs, and Preconditioned FGF-2-Loaded PCNs 

and Aggrecan. To evaluate the ability of PCNs and aggrecan to stabilize growth factors, MSCs 

were treated with the preconditioned FGF-2 in low-serum media. MSC mitogenic activity was 

evaluated after 4 days of culture, by staining, imaging, and counting cell nuclei, and their 

metabolic activity was measured using the CellTiter 96® assay after 48 hrs of culture.  

3.3.7.1 Mitogenic Activity Assay. The FGF-2 activity after 0, 3, 7, and 14 days of 

preconditioning in media containing 10 % serum at 37 °C was evaluated in an MSC proliferation 

assay. All treatments were conducted in duplicate wells on cells from each of the three donor 

animals seeded at 7000 cells cm
−2

. These were allowed to attach for three hours in a 48-well 

plate with 0.5 mL of untreated, α-MEM containing 10 % FBS. After the three-hour attachment 

period, the seeding media was aspirated and replaced with 0.5 mL of low-serum media 

containing the treatment (preconditioned FGF-2-loaded PCNs, FGF-2 bound to aggrecan, PCNs 

without FGF-2, aggrecan without FGF-2, or FGF-2 in solution). PCN and aggrecan treatments 
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were diluted to 10 µg mL
−1

 (PCN or aggrecan), which corresponds to 1 ng mL
−1

 total FGF-2 

(including both bound and unbound FGF-2). Unbound FGF-2 was also diluted to 1 ng mL
−1

. 

These were cultured for four days with one media change after two days of culture, where the 

media change also contained the treatment. The treatment-containing media used for the media 

change was also stored in the jacketed incubator at 37 °C in α-MEM 2.5 % FBS (5 % CO2) for 

the first two days of culture. 

After the four-day culture period the cells were stained with calcein AM, fixed 2 % 

glutaraldehyde, and counter-stained with DAPI. The media was aspirated and each well was 

rinsed with DPBS with Ca
2+

 and Mg
2+

. A 2 µM solution of calcein AM in DPBS with Ca
2+ 

and 

Mg
2+

 was added to each well and incubated at 37 °C in the dark for 30 min. This dye was 

aspirated, wells were rinsed, and 2 % glutaraldehyde in DPBS with Ca
2+

 and Mg
2+

 was added to 

each well. This was incubated at 4 °C in the dark for 40 min. The glutaraldehyde solution was 

aspirated, each well was rinsed with DPBS with Ca
2+

 and Mg
2+

, DAPI (1 µg mL
−1

) in DPBS 

with Ca
2+

 and Mg
2+

 was added to each well, and this was incubated at room temperature for 15 

min. The dye solution was aspirated and a final rinse was done with DPBS with Ca
2+

 and Mg
2+

. 

The well plates were stored at 4 °C in the dark until imaging was performed. Three non-

overlapping images were taken per well (25 % of the surface area). Images were processed using 

the ImageJ 1.41o software (National Institutes of Health, U.S.A.). The blue channel contained 

only the DAPI stained nuclei, and was counted using the particle analyzer algorithm in the 

ImageJ software, to obtain cell numbers per area. The FGF-2 activity is reported as the average 

cells per area for each treatment, normalized by the average cells per area in the untreated control 

samples.   
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3.3.7.1 Metabolic Activity Assay. To further understand how the FGF-2 is affecting the 

cultures during the mitosis assay, the FGF-2 activity after 0, 7, 14, and 21 days of 

preconditioning in media containing 10 % serum at 37 °C was evaluated using a modified MTT 

assay for cell metabolic activity. Ovine MSCs isolated from one donor animal were used for each 

treatment. All treatments were conducted in triplicate wells on cells seeded at 10,000 cells cm
−2

. 

These were allowed to attach for three hours in a 48-well plate with 0.5 mL of untreated α-MEM 

containing 10 % FBS. After the three-hour attachment period, the seeding media was aspirated 

and replaced with 0.5 mL of low-serum media containing the treatment (preconditioned FGF-2-

loaded PCNs, FGF-2 bound to aggrecan, PCNs without FGF-2, aggrecan without FGF-2, or 

FGF-2 in solution). Treatments were all diluted to the same concentrations used for the mitosis 

assay described above. Each treatment was evaluated in triplicate.  

After a 48-hour culture period the CellTiter 96® (modified MTT) assay was performed 

according to the manufacturer’s instructions. The FGF-2 activity is reported as the average of 

nine readings (triplicate readings from each of three replicates) for each condition, normalized by 

the negative control (no FGF-2). 

3.3.8 Statistics. Data analysis was performed using Minitab (Minitab, Inc., State College, 

PA), version 16. For the FGF-2 stability/activity assay, comparisons between groups were 

performed via analysis of variance (ANOVA) models with Tukey’s multiple comparison tests. 

Comparisons of each treatment group to the negative control were done using ANOVA with 

Dunnett’s tests. Differences with p < 0.05 were considered statistically significant. Mitogenic 

activity data are expressed as the mean ± standard error of the mean (n = 6). Cell metabolic 

activity data were obtained from triplicate samples taken from each well; each treatment was also 

performed in triplicate (n = 9).  
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3.4 RESULTS AND DISCUSSION. 

3.4.1 PCN Formation and Characterization. Four different compositions of PCNs 

were made by electrostatic complexation of a polyanion (either Hep or CS) and a polycation 

(either Chi or TMC) with the polyanion in excess. The PCN yield was determined on a 

polycation basis from fluorescence measurements of PCNs formed with rhodamine-labeled 

polycations. The FGF-2 loading was determined by difference using an ELISA for FGF-2, and 

the size and zeta potentials of PCNs before and after FGF-2 loading were determined by DLS 

and ELS, respectively. These results are shown in Table 3.1. 

Table 3.1. PCN characterization. For Hep-Chi, CS-Chi, and CS-TMC PCNs the mean 

hydrodynamic diameter, PDI, and zeta potential are shown both before and after loading with 

FGF-2.  

composition 
yield 

(%) 

FGF-2 loading 

(ng/mg) 

mean DH 

(nm) 
PDI 

-potential 

(mV) 

Hep-Chi 63 ± 7  260  0.152  −48 ± 0.3  

Hep-Chi-FGF-2  51 ± 14 260 0.153 −3.87 ± 0.05 

Hep-TMC 39 ± 3  170  0.005  −10 ± 2  

Hep-TMC-FGF-2  56 ± 11 -
2 

-
2
 -

2
 

CS-Chi 34 ± 5  260 0.05 −40 ± 3  

CS-Chi-FGF-2  47 ± 3 230 0.038 −4.1 ± 0.1 

CS-TMC 39 ± 6  540  0.161  −34 ± 0.8  

CS-TMC-FGF-2  48 ± 12 380 0.161 −4.55 ± 0.05 

Aggrecan - 50 ± 5 400
3
 - - 

 

 

 

 

2
Instability of Hep- -potential after isolation by dialysis. 

3
From Papagiannopoulos et al.

31
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The Hep-Chi PCNs exhibited the highest yield (63 %) while the other three types were all 

in the 35-40 % range. The Hep-TMC PCNs were the most difficult to re-suspend and material 

was lost in the purification process. All PCNs had hydrodynamic diameters < 1 µm, and each 

type had a monomodal size distribution with polydispersity index less than 0.2.
37

 The Hep-TMC 

particles were the smallest (mean DH = 170 nm), the CS-TMC particles were the largest (mean 

DH = 540 nm), and both Hep-Chi and CS-Chi had diameters of 260 nm. These results are similar 

to those observed previously by our group and other groups making similar particles.
37, 46-48

 The 

hydrodynamic diameter of aggrecan reported by others is in the middle of the observed range of 

sizes for these PCNs.
31

 (We did not independently measure the aggrecan by DLS or zeta 

potential because the large sample size and concentration required.) The Hep-Chi particles 

displayed the most negative zeta potential of −48 mV and the Hep-TMC particles had the least 

negative zeta potential of −10 mV. The size and zeta potential of PCNs after FGF-2 loading are 

also reported in Table 1. The magnitude of the zeta potential drops substantially after 

complexing PCNs with FGF-2 for all PCNs. For the Hep-TMC PCNs, they become colloidally 

unstable so that their size and zeta potential cannot be measured. 

The size and zeta potential of PCNs can be affected by their composition and by the 

molecular weight and charge density of the constituent polyelectrolytes.
46, 49, 50

 For both the 

heparin-containing and the CS-containing PCNs, the charge density of the polycation affects the 

zeta potential. Pairing the polyanion with chitosan results in a more negative zeta potential than 

the corresponding PCNs formed with TMC as the polycation. The two types of PCNs formed 

with TMC as the polycation also provide an interesting comparison of PCNs made with a small 

polyanion (heparin, MW = 14.4 kDa) and a large polyanion (CS, MW = 84.3 kDa), both 

containing strong anionic sulfate groups. The Hep-TMC particles formed here have the smallest 
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size and the least negative zeta potential of all of the PCNs. This would make them relatively 

unstable, and likely contributes to the observed difficulty in re-suspending them after binding 

FGF-2. The CS-TMC particles are the largest PCNs. The CS used here has a much higher 

molecular weight than the heparin. A previous study done in our lab showed that ion pairing 

between these two strong polyions at surfaces leads to hydrophilic complexes that swell with 

water.
51

 This could be due to inefficient ion pairing, requiring that the PCNs retain a large 

number of small-molecular weight counterions. Dautzenberg and Jaeger also found that particle 

size increases when polyelectrolyte ion pairing is reduced, due to increased swelling with 

water.
50

 This leads to retention of counter ions, high osmotic pressure, and swelling of the 

complexes.  

Each of the PCNs and aggrecan all bound approximately 50 ng FGF-2 per mg of PCN or 

aggrecan. The polyanion GAG FGF-2 binding occurs primarily via electrostatic interactions 

between the sulfate groups in the GAG and pendent amine groups in the FGF-2.
52

 In work by 

Asada et al. the authors observed that heparin may bind more FGF-2 than CS, likely because 

heparin is more highly sulfated.
53

 In the present work, we used more polyanion when preparing 

the CS-containing PCNs than when preparing the heparin-containing PCNs to compensate for 

the reduced degree of sulfation of CS. Hence, the FGF-2 loading of the heparin- and CS-

containing PCNs is approximately the same (Table 1).  

3.4.2 PCN Cytocompatibility. The cytocompatibility of PCNs with respect to MSCs was 

evaluated to determine how the dose of PCNs affects MSC viability. Five doses of PCNs (0.5, 

5.0, 10, 20, and 40 µg mL
−1

) in low-serum media were compared to the negative control (no 

PCNs) and to a cytotoxic ethanol treatment (70 % ethanol), in a 48 h cytocompatibility assay. 

Representative images of each PCN treatment (Hep-Chi, Hep-TMC, CS-Chi, and CS-TMC) at 
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0.5 µg mL
−1

, 10 µg mL
−1

, 40 µg mL
−1

, the negative control, and the ethanol-treated cells are 

shown in Figure 3.3. The Live/Dead stain indicates live cells in green and dead cells in red. At 

the 10 µg mL
−1

 dose, the total number of live cells and the degree of cell spreading appears to be 

reduced for all PCN formulations. At the 40 µg mL
−1

 dose, of all PCN formulations, there are far 

more dead cells than there are at the lower PCN doses. Since these cells are anchorage 

dependent, this inhibition of attachment and spreading may contribute to the apparent 

cytotoxicity observed at high PCN doses. The CS-TMC PCNs appear to have the least negative 

effect on cell spreading and viability, while Hep-Chi PCNs caused reduced cell spreading, even 

at the lowest dose, 0.5 µg mL
−1

. While some effect of PCN delivery on MSC cultures is 

observed for all formulations at 10 µg mL
−1

, we chose to use this dose for the subsequent FGF-2 

activity assays, to achieve a 1 ng mL
−1

 total dose of FGF-2. The 1 ng mL
−1

 total dose of FGF-2 

was identified as the optimally mitogenic dose for ovine MSCs in our previous work.
1
 

 

Figure 3.3. Cytocompatibility using Live/Dead stain. Each row represents a different PCN type 

dosed with increasing PCN concentrations (0.5 µg mL
−1

 to 40 µg mL
−1

) from left to right. Some 

cytotoxicity of the PCNs is observed for doses greater than 10 µg mL
−1

. 
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3.4.3 MSC Response to FGF-2, PCNs, and Preconditioned FGF-2-Loaded PCNs and 

Aggrecan. 3.4.3.1 Mitogenic Activity Assay. To evaluate the ability of PCNs to preserve the 

activity of FGF-2, cells were treated with PCNs, FGF-2-loaded PCNs, FGF-2 bound to aggrecan, 

or un-complexed FGF-2 that had been preconditioned at 37 °C in media containing 10 % FBS 

for 0, 3, 7, or 14 days. In separate experiments, cells were also treated with PCNs and aggrecan 

with no FGF-2.  

We previously reported a biphasic dose response of ovine MSCs to FGF-2 in solution, 

with and optimally mitogenic dose in the range of 1 ng mL
−1

 to 10 ng mL
−1

 under the same 

conditions used here (four-day culture in low-serum media).
1
 We also showed that the response 

to FGF-2 was enhanced when the FGF-2 was bound to heparin-containing surface coatings on 

glass rather than delivered in solution.
1
 More recently, we demonstrated significant response to 

FGF-2 bound to Hep-Chi PCNs at an equivalent FGF-2 dose of approximately 0.2 ng mL
−1

 

under the same conditions.
19

 These experiments demonstrate that binding FGF-2 to heparin-

containing PCNs or surfaces may reduce the dose required to achieve a functional response, 

compared to FGF-2 delivered in solution. Hence in the present work, we used an equivalent 

FGF-2 dose of 1 ng mL
−1

 and 10 µg mL
−1

 PCNs or aggrecan. The FGF-2 loading of each PCN 

type is displayed in Table 3.1. In all cases, approximately 50 % of the FGF-2 is bound to the 

PCNs or aggrecan. For the FGF-2 activity experiments, there is no separation step to remove 

unbound FGF-2. Thus, each condition uses an equal amount of total FGF-2. 

Figure 3.4. shows the cell counts (cells per area after four days of culture) for the PCNs 

and aggrecan with no FGF-2. The negative control (no treatment) shows that MSCs do not 

proliferate in this low-serum condition over four days of cell culture without exogenous FGF-2. 

(Cells were initially seeded at 7000 cells per cm
2
.) None of the PCN treatments resulted in a 
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positive response over the negative control. The aggrecan and CS-containing PCNs were not 

statistically different from the negative control. However, the heparin-containing PCNs had cell 

numbers statistically lower than the other conditions. This corresponds to the interference with 

cell attachment seen at 10 µg mL
−1

 in the cytocompatibility study. Representative microscopy 

images of DAPI-stained nuclei from which these cell numbers were obtained are shown in the 

Appendix.  

 

Figure 3.4. Cells per cm
2
 obtained after four days of culture in low-serum media, treated with 

PCNs and aggrecan, compared to no treatment. * indicates statistical difference from the 

negative control (p < 0.05). Cells were seeded at 7000 cells per cm
2
. 

Previous studies have found that both heparin and CS may inhibit cell attachment.
54

 

Other sulfated polysaccharides have been shown to exhibit antiproliferative or cytotoxic effects 

on mammalian cells.
55, 56

 Delivery of Hep-containing PCNs at 10 µg mL
−1

 may reduce the ability 

of cells to attach and spread, resulting in the reduced cell numbers seen here.  

Figure 3.5. shows representative fluorescence micrographs (DAPI-stained nuclei) after 

four days of culture in low-serum media for untreated MSCs, MSCs treated with FGF-2 bound to 

PCNs (Hep-Chi and CS-Chi) or aggrecan, and FGF-2 delivered in solution, for different 

preconditioning times. The normalized cell numbers for each type of FGF-2-PCN treatment is 
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compared to the FGF-2-aggrecan and FGF-2 only treatments in Figure 3.6. In the low-serum 

condition, untreated cells do not proliferate; cells cultured with FGF-2 alone do proliferate, but 

not to as high of an extent as cells exposed to PCN-bound FGF-2. After 0 days preconditioning, 

the normalized cell numbers for the FGF-2 alone are statistically lower than the CS-Chi PCNs, 

and after 7 or 14 days of preconditioning they are statistically lower than the Hep-containing 

PCNs, but are not statistically different from the negative control after all preconditioning 

periods.  

 

Figure 3.5. Representative fluorescence micrographs of DAPI-stained MSC nuclei after four 

days of culture with, no treatment, FGF-2-loaded PCNs or aggrecan, and FGF-2 in solution. 

Preconditioning time does not appear to have an effect on mitogenic activity, however treatment 

type does. 
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Figure 3.6. FGF-2 mitogenic activity in 4-day MSC culture, for FGF-2-loaded PCNs, FGF-2-

loaded aggrecan, and FGF-2 in solution. The numbers represent cell count normalized to cell 

counts from the negative control. Panels A-D represent Hep-Chi, Hep-TMC, CS-Chi, and CS-

TMC respectively. Each PCN type is compared to aggrecan and FGF-2 in solution; * indicates 

points that have statistically higher cell counts compared to FGF-2 in solution that was 

preconditioned for the same amount of time. Hep-containing PCNs remain consistent over 

preconditioning time while CS containing PCNs and aggrecan exhibit lower cell numbers for 

increased preconditioning time. 

Despite the apparent inhibition of cell proliferation observed above for PCNs with no 

FGF-2 (Figure 3.4.), all of the treatments with FGF-2 result in increased cell numbers compared 

to cells cultured with no FGF-2 (normalized cell counts are all greater than 1). The mitogenic 

activity of FGF-2 bound to PCNs is also greater than the mitogenic activity of unbound FGF-2 

for all PCNs at all time points. The Hep-Chi and Hep-TMC PCNs maintain a high level of FGF-

2 mitogenic activity over the entire 14 day preconditioning, while the CS-Chi and CS-TMC 

PCNs and aggrecan exhibit some apparent loss of FGF-2 mitogenic activity with increased 
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preconditioning time (Figure 3.6.). Since the unbound FGF-2 in solution has a much lower 

mitogenic activity than FGF-2 bound to PCNs, we conclude that the FGF-2 bound to the PCNs is 

primarily responsible for the high level of activity in the PCN conditions. For the heparin-

containing PCNs a substantial amount of FGF-2 must remain bound to the PCNs over the 

preconditioning time. The CS-containing PCNs and aggrecan may be slowly releasing some 

FGF-2 into solution, resulting in the observed drop in mitogenic activity with increasing 

preconditioning time. 

3.4.3.2 Metabolic Activity Assay. To better understand how the cells respond to the 

preconditioned FGF-2 during the four-day mitosis experiments, a modified MTT assay was used 

to evaluate MSC metabolic activity. The modified MTT assay was performed on cells cultured 

for 48 hrs, treated with FGF-2, PCNs, FGF-2-loaded PCNs, or aggrecan preconditioned for 0, 7, 

14, or 21 days. For treatments with no FGF-2, the MSC metabolic activity was the same across 

all four PCN types and the same as the negative control (not shown). Hence, although PCNs 

reduce attachment and spreading (Figures 3.3. and 3.4.) the MSC metabolic activity is not 

affected. Figure 3.7. shows the results of the metabolic activity assay for the FGF-2-containing 

treatments. The aggrecan and CS-containing PCNs showed no statistical difference across 

preconditioning time, indicating that FGF-2 activity in relation to metabolic activity for these 

treatments is stable. However, the Hep-containing PCNs exhibited increased metabolic activity 

after 21 days of preconditioning compared to 0 days, and FGF-2 alone showed reduced 

metabolic activity after 21 days of preconditioning compared to 7 days of preconditioning. When 

treatments were compared within individual time points, there were statistical differences 

between groups. At 7 days of preconditioning all treatments elicit the same MSC response, but as 

preconditioning time increases differences emerge indicating that there is some loss of activity 
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over time. After 14 days of preconditioning (Figure 3.7.C), CS-TMC and Hep-TMC elicit a 

higher metabolic response than aggrecan. After 21 days of preconditioning (Figure 3.7.D), three 

PCN types (Hep-TMC, Hep-Chi, and CS-TMC) are superior to FGF-2 alone and to FGF-2 bound 

to aggrecan. All PCN treatments stimulate more metabolic activity at all preconditioning times 

than the negative control, indicating that some FGF-2 activity remains over the 21 days. 

 

Figure 3.7. Metabolic activity after 2 days of culture with FGF-2-loaded PCNs, FGF-2-loaded 

aggrecan, and FGF-2 in solution (treatments were preconditioned in media for (A) 0, (B) 7, (C) 

14, or (D) 21 days). Metabolic activity of MSCs exposed to treatment was normalized to the 

metabolic activity of untreated MSCs. In each panel, bars marked with the same symbol are not 

statistically different from one another within each figure. There was no statistical difference 

between any of the treatments after 7 days of preconditioning (B). After 14 days of 

preconditioning, Hep-TMC and CS-TMC elicit a higher response than aggrecan (C). After 21 

days of preconditioning, Hep-TMC, Hep-Chi, and CS-TMC all elicit a higher response than 

aggrecan and FGF-2 in solution (D). All PCN treatments are statistically higher than the negative 

control regardless of preconditioning time. 

Both CS and heparin are highly sulfated polysaccharides (Figure 3.2.) that can bind FGF-

2 electrostatically, evidenced by the change in zeta potential upon FGF-2 binding (Table 3.1.). 
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However, the heparin-containing PCNs are more effective at stabilizing FGF-2 than the CS-

containing PCNs and the CS-containing aggrecan. The high-specificity binding sequence of 

heparin and heparan sulfate for FGF-2 requires two N-sulfonates and a 2-O-sulfated iduronic 

acid.
21, 52

 This high specificity binding of FGF-2 to heparin might also impart higher stability to 

FGF-2 bound to heparin-containing PCNs. The CS used in this work is primarily 4-O-sulfated 

and 6-O-sulfated, and therefore lacks the FGF-2-binding sulfation pattern found in heparin. 

Aggrecan contains mostly CS and some keratan sulfate, which is also 6-O-sulfated.
57, 58

 The lack 

of specificity may make CS and aggrecan less effective at stabilizing FGF-2.   

3.5 CONCLUSIONS. 

The aggrecan-mimetic PCNs described here have a size and high density of GAGs 

similar to aggrecan. The manufacturing process is simple, reproducible, and requires no 

additional crosslinking to form the particles or additional chemical modification to bind the 

growth factor. At doses of 10 µg mL
−1

 and above they may inhibit cell attachment to tissue-

culture polystyrene, and at higher doses, they may be cytotoxic toward MSCs. At a dose of 10 µg 

mL
−1

, the Hep-containing PCNs result in reduced cell numbers compared to aggrecan and 

untreated controls in a four-day MSC culture assay. Nonetheless, these PCNs bind and stabilize 

FGF-2 enhancing both the mitogenic activity and the metabolic activity of MSCs in low-serum 

media.  

In these experiments, we did not find a direct correlation between cell number and cell 

metabolic activity. While the MTT and similar assays can be highly correlated to cell number 

under some conditions, these cells are approaching confluence in the four-day cell culture, under 

the most mitogenic conditions. This likely results in contact inhibition, causing the results of the 

metabolic activity and mitogenesis assays to diverge. 
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This work shows that the mitogenic activity of FGF-2 is best maintained by binding to 

Hep-containing PCNs. Over the same preconditioning time period, delivery of FGF-2 using 

PCNs results in higher metabolic activity than delivery of FGF-2 using aggrecan. Furthermore, 

after 21 days of preconditioning, all of the PCN formulations are superior to aggrecan, and the 

Hep-containing PCNs are superior to FGF-2 in solution at stimulating metabolic activity of 

MSCs. FGF-2 in solution has no significant mitogenic activity after any of the preconditioning 

periods (normalized cell numbers were not statistically different from the untreated control). 

FGF-2 bound to aggrecan and CS-based PCNs lost some mitogenic activity during the 14-day 

preconditioning. But FGF-2 bound to heparin-containing PCNs exhibited no loss of activity 

during the 14-day preconditioning. The metabolic activity assay showed that after 14 days of 

preconditioning, two of the PCN types were superior to aggrecan at maintaining the FGF-2 

activity, and after 21 days of preconditioning, the PCNs were superior to both aggrecan and 

FGF-2 alone.  

We have previously demonstrated that similar PCNs can be bound to surfaces and used to 

deliver heparin-binding growth factors like FGF-2.
19, 45

 Therefore, these aggrecan-mimetic PCNs 

might be used for growth factor delivery either in soluble form or bound to surfaces. This could 

improve the prospects for therapeutic delivery of heparin-binding growth factors and cytokines 

for tissue engineering and wound healing applications. 
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CHAPTER 4 

 

 

 

Synthesis and Characterization of Proteoglycan-mimetic Graft Copolymers
4 

4.1 SUMMARY. 

 Proteoglycans are found on the cell surface and in the extracellular matrix (ECM). They 

are made up of a core protein with glycosaminoglycan (GAG) side chains. Proteoglycans derive 

the majority of their function from their GAG side chains. Variations in composition and number 

of GAG side chains lead to a vast array of proteoglycan sizes and functionalities. Here we 

present a reaction scheme for the synthesis of a proteoglycan-mimetic graft copolymer with 

tunable side-chain composition. This is done using three different GAGs, hyaluronan, 

chondroitin sulfate, and heparin. Hyaluronan is modified along its backbone with thiols and then 

functionalized with a maleimide-hydrazide bifunctional coupling agent. Finally, either 

chondroitin sulfate or heparin is grafted on to the hyaluronan backbone through reductive 

amination. This is done with four different ratios of GAG side chain to produce graft copolymers 

over a range of sizes. The chemistry was confirmed through ATR-FTIR and proton NMR. 

Effective hydrodynamic diameter and zeta potential were determined using dynamic light 

scattering and electrophoretic mobility. Graft copolymers were tested for their ability to bind and 

deliver basic fibroblast growth factor (FGF-2) to mesenchymal stem cells (MSCs) and a pilot 

study was done to test their mechanical properties. Peak changes in the ATR-FTIR and the 

proton NMR spectra confirmed the success of the proposed reaction scheme. Dynamic light 

4
Portions of this chapter appear in the following: 

Place, L.W., Kelly, S. M., and Kipper, M.J.; “Synthesis and Characterization of Proteoglycan-mimetic Graft 

Copolymers”, in prep for submission to Biomacromolecules, 2014. 

Kelly, S.M., “Synthesis of Proteoglycan Mimetic Graft Copolymers for Application in Regenerative Medicine in the 

Inflammatory Disease Osteoarthritis”, Colorado State University Honors Thesis (Fort Collins, CO), May 2014. 
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 scattering showed an increase in effective hydrodynamic diameter with grafting density 

resulting in a range from 90-500 nm. Zeta potential was negative for all conditions and generally 

becomes more negative with higher grafting density. In the FGF-2 study, the CS containing graft 

copolymers exhibited higher MSC activity than the Hep 1:1, but was similar to the Hep 1:30. 

The CS conditions and the Hep 1:30 performed equally as well as when FGF-2 was delivered in 

solution. When preliminary dynamic mechanical testing was performed, hydrogels containing 

the copolymers saw changes in maximum modulus with compression frequency. These results 

show much promise for the use of these graft copolymers to impart bio-functionality to a tissue 

engineering scaffold. 

4.2 INTRODUCTION.  

Proteoglycans are important in proper tissue function. They are found on the cell surface 

and in the extracellular matrix (ECM). 
1, 2

 Proteoglycans are made up of a core protein with 

glycosaminoglycan (GAG) side chains.
3, 4

 Due to variations in composition and number of GAG 

side chains, proteoglycans come in a wide array of sizes and functionalities. GAGs are linear 

polysaccharides made up of repeating disaccharide units. There are five major types of GAGs, 

keratan, dermatan, heparan, chondroitin, and hyaluronan. This work focuses on heparin (Hep), 

chondroitin sulfate (CS), and hyaluronan (HA). Representative chemical structures of these are 

shown in Figure 4.1.  

 

Figure 4.1. Chemical structures of GAGs used in this proposed synthesis 
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CS and Hep are both sulfated, whereas HA is not, all three are negatively charged at 

physiological pH, and can have molecular weights ranging from thousands to millions of 

Daltons. In proteoglycans the GAG chains are often in close proximity resulting in high anionic 

charge density, and thus, high osmotic pressure. 
5-7

 This leads to hydrophilicity, providing 

lubricity and compressive strength to tissues. 

Additionally, GAGs play a variety of roles in cell signaling. They bind to cell surface 

integrins and localize cytokines in the ECM. This sequesters the cytokines in a reservoir and 

protects them from proteinase degradation.
8-10

 They often form a GAG-cell-cytokine complex 

that enhances regulation of cell adhesion, migration, proliferation, and differentiation. 

CS is found in many proteoglycans including aggrecan, biglycan, and syndecan. 

Aggrecan is the largest proteoglycan, containing up to 100 CS side chains.
5
 Strong electrostatic 

repulsions between the CS chains results in the bottle-brush structure seen in Figure 4.2. 

 

Figure 4.2. Schematic of common proteoglycans. (Reprinted from ACS Chemical Biology, 8/5, 

V.M. Tran, T.K.N. Nguyen, V. Sorna, D. Loganathan, B. Kuberan, Synthesis and Assessment of 

Glycosaminoglycan Priming Activity of Cluster-xylosides for Potential Use as Proteoglycan 

Mimetics, 949-957, Copyright 2013,with  permission from American Chemical Society.) 



96 

 

The high charge density of aggrecan makes it very hydrophilic and causes it to swell in solution. 

Several studies have found that it exhibits a contour length of 300–500 nm.
5, 11

 In this swollen 

state aggrecan imparts lubricity and compressive strength to tissues such as cartilage, the 

intervertebral disc, and the vitreous humor of the eye. 
5, 12

 In addition to biomechanical 

properties, CS also participates in biochemical signaling. CS binds growth factors and supports 

cell function when used in tissue engineering scaffolds.
6, 13-15

 It also improves wound healing and 

has been used for the treatment of osteoarthritis and atherosclerosis
13, 16-20

 

Hep is generally found in intracellular granules of mast cells. 
5, 21

 It has the highest 

negative charge density of any known biopolymer, and is structurally similar to the GAG 

heparan sulfate (HS). HS is found as side chains on proteoglycans such as syndecan, glypican, 

and perlecan. Because of its similarity to HS and commercial availability, Hep is often used in 

place of HS in experimental work.
8
 These HS containing proteoglycans are the primary 

proteoglycans found in the glycocalyx. The glycocalyx is a coating found on the surface of most 

eukaryotic cells, and is of particular importance in the endothelium.
5
 Syndecan and glypican are 

bound to the cell membrane and perlecan is excreted into the ECM where it assembles with 

collagen to form the structure of the basement membrane. A schematic of these various 

proteoglycans is displayed in Figure 4.2. These proteoglycans assemble with other 

macromolecules to form a hydrophilic network that shapes the function of the endothelial 

glycocalyx.
22-24

 This structure is lubricious, aiding in the motion of red blood cells and inhibiting 

platelet and leukocyte adhesion.
5, 25, 26

 This layer governs the interactions of all blood 

components with the endothelium including plasma proteins, enzymes, growth factors, and 

cytokines, which are crucial for homeostasis and preventing thrombosis.
5, 22, 25

 Similar to CS, 

Hep also has the ability to bind and stabilize growth factors. There is a class of growth factors 
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that are referred to as “heparin-binding” because they are stabilized through interactions with 

Hep/HS. Additionally, Hep/HS exhibit ligands to integrins on the cell surface that aid in 

signaling. 
1, 27

 

HA is the only un-sulfated GAG and tends to have a much higher molecular weight than 

other GAGs. 
6
 HA is widely distributed throughout many tissues including skin, eye, connective, 

epithelial, endothelial, and neural tissues, where it provides lubricity and plays an active role in 

wound healing. 
6, 13, 25, 28

 It is used clinically to treat osteoarthritis. An injection directly into the 

joint is reported to restore lubricity and improve joint function.
13, 29, 30

  

Cytokines such as growth factors provide signaling cues to cells for adhesion, migration, 

proliferation, and differentiation. They are involved in a variety of pathways: for wound healing, 

differentiation, and vascularization. 
31-35

 They have been used clinically to treat cardiovascular 

and bone diseases, and have been proposed for tissue engineering of nerves, bladders, blood 

vessels, and osteochondral defects.
35-42

 However, the therapeutic potential of growth factors is 

mitigated by their relative instability. Members of the fibroblast growth factor (FGF) family have 

half-lives on the order of minutes.
31, 43, 44

 As a result, large doses and multiple treatments are 

required for clinical effectiveness.
31, 45-47

 Thus, stabilization is essential if the potential of these 

proteins is to be exploited. It has been well demonstrated in literature and by our group that both 

Hep and CS bind growth factor for delivery to cells.
35, 43, 45, 48

 

Proteoglycans impart crucial functionality to tissues. Attempts have been made to mimic 

the structure and function of various proteoglycans for tissue engineering applications. The 

Panitch group has published several papers on the synthesis and functionality of 

proteoglycan-mimics using dermatan sulfate, CS, and a peptide chain, dubbed peptidoglycans.
49-

52
 They demonstrated that their dermatan sulfate-based peptidoglycans bind to collagen, delay 
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fibrillogenesis, and increase mechanical properties of a collagen gel and of aligned collagen 

threads.
49-51

 In another study, this group showed that their CS-based peptidoglycans enhance the 

mechanical properties of a collagen scaffold, protect the scaffold from proteolytic degradation, 

and regulate chondrocyte gene expression.
52

 In proteoglycans, GAGs are bound only at their 

terminal end, thus functionalizing GAGs with a unique end-group is one strategy for 

synthesizing a proteoglycan-mimic. Sarkar et al. successfully functionalized a terminal group on 

CS with vinyl monomers to these ends. 
53

 Tran et al. designed a library of xylosides which are 

able to activate multiple GAG chains to bind to a scaffold to mimic proteoglycans.
54

 Our group 

has created polyelectrolyte complexed nanoparticles (PCNs) through electrostatic interactions of 

Hep and CS with chitosan. These have similar size and composition to the proteoglycan 

aggrecan. We have also demonstrated that Hep-containing PCNs were superior to aggrecan for 

growth factor stabilization.
45

 

The work herein proposes a method to synthesize proteoglycan-mimetic graft copolymers 

with variable composition and side chain density. This is done using HA as the backbone and 

either CS or Hep grafted on as the side chains. These can be tailored by type and number of side 

chains to create a library of graft copolymers that mimic any number of proteoglycans seen 

endogenously. Additionally, these graft copolymers were tested for their ability to bind and 

deliver growth factor to cells and pilot tests were done to explore their mechanical properties. 

We demonstrate successful synthesis of these graft copolymers with a wide range of sizes 

through attenuated total reflectance Fourier transform infrared spectroscopy, proton nuclear 

magnetic resonance, dynamic light scattering, and zeta potential measurements. We also 

illustrate the functionality of these graft copolymers through basic fibroblast growth factor 

delivery to mesenchymal stem cells and dynamic mechanical testing. 
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4.3 MATERIALS AND METHODS. 

4.3.1 Materials. Chitosan (Chi; Protosan UP B 90/20, 5 % acetylated determined by 

1
H NMR, Mw = 80 kDa; PDI = 1.52) was purchased from Novamatrix (Sandvika, Norway). 

Chondroitin sulfate sodium salt (CS; from shark cartilage, 6% sulfur, 6sulfate/4sulfate = 1.24, 

Mw = 84.3 kDa; PDI = 1.94), N,N-dimethylformamide (DMF; 99.8%, Mw = 73.09 g mol
-1

), 

N (3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC; 98%), 

N-hydroxysuccinimide (NHS; 98%), MES sodium salt (99%, Mw = 217.22 g mol
-1

), sodium 

chloride (99%, Mw = 58.44 g mol
-1

), sodium hydroxide (97%, Mw = 40.00 g mol
-1

), cysteamine 

hydrochloride (98%, Mw = 113.61 g mol
-1

), and sodium triacetoxyborohydride (STAB; 97%, 

Mw = 211.94 g mol
-1

) were purchased from Sigma-Aldrich (St. Louis, MO). Heparin sodium was 

purchased from Celsus Laboratories (Hep; from porcine intestinal mucosa, 12.5 % sulfur, 

Mw = 14.4 kDa; PDI = 1.14, Cincinnati, OH). 5,5’-Dithio-bis-[2-nitrobenzoic acid] (Ellman’s 

reagent; Mw = 396.35 g mol
-1

), N-[ß-maleimidopropionic acid] hydrazide trifluoroacetic acid salt 

(BMPH; Mw = 297.19 g mol
-1

), seamless cellulose dialysis tubing (12kDa MWCO), sodium 

hyaluronate (HA; 95%, Mw = 740 kDa), sodium acetate, sodium phosphate dibasic, sodium 

phosphate monobasic, agarose, tris(2-carboxyethyl)phosphine hydrochloride (TCEP-HCl; 

Mw = 286.65 g mol
-1

), and Zeba Spin Desalting Columns (10 mL, 7K MWCO) were purchased 

from Thermo Fisher Scientific (Waltham, MA). Biotech cellulose ester membrane dialysis 

tubing (300kDa MWCO) was purchased from Spectrum Laboratories (Rancho Dominguez, CA). 

Glacial acetic acid was purchased from Acros Organics (Geel, Belgium). Recombinant human 

FGF basic (FGF-2) 146 aa (carrier free) was purchased from R&D Systems (Minneapolis, MN). 

Human fibronectin was purchased from BD Biosciences (Bedford, MA). 

4′6 Diamidino-2-phenylindole•2HCl (DAPI) was purchased from Thermo-Scientific 
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(Rockford, IL). CellTiter-Blue® Cell Viability Assay was purchased from Promega 

(Madison, WI). Fetal bovine serum (FBS), 0.25 % trypsin with EDTA, low-glucose Dulbecco’s 

modified Eagle’s medium (D-MEM), minimum essential medium alpha (α-MEM; supplemented 

with L-glutamine, ribonucleosides, and deoxyribonucleosides), and Dulbecco’s phosphate 

buffered saline (DPBS) without Ca
2+

 and Mg
2+

 were purchased from HyClone (Logan, UT). 

Antibiotic-antimycotic (anti/anti), 1 M HEPES buffer solution, and Dulbecco’s phosphate 

buffered saline with Ca
2+

 and Mg
2+

 were purchased from Gibco (Grand Island, NY). A Millipore 

Synthesis water purification unit (Millipore, Billerica, MA) was used to obtain ultrapure; 18.2 

MΩ•cm water (diH2O), used for making all aqueous solutions. 

4.3.2 Synthesis. There are three reactions in the synthesis of these graft copolymers: 

thiolation of HA (Figure 4.3.), BMPH modification of HA (Figure 4.4), and GAG coupling via 

reductive amination (Figure 4.5). 

4.3.2.1 Thiolation of HA. The procedure used by Damodaran et al. to thiolate dextran was 

adapted for thiolating HA.
55

 250 mg of HA was dissolved into 50 mL of MES activation buffer 

(0.1 M MES, 0.5 M NaCl, pH 6.0) in a 45 °C oil bath and allowed to dissolve overnight. The 

solution was cooled to room temperature the following morning. EDC-HCl was added to the 

activation buffer in a 10× molar excess (0.645 g, 191.7 g mol
−1

) and allowed to react for two 

hours in order to activate the carboxylate functional group on HA. Following the two hour 

activation step, the pH was raised to 7.2 using sodium hydroxide. Cysteamine hydrochloride 

(0.88 g, 23× molar excess compared to HA starting material) was added to the reaction solution 

and the reaction was allowed to continue for five hours. After this time, the mixture was taken 

off of the stir plate and placed in dialysis tubing (12 kDa MWCO), where they were dialyzed 

over the period of 5 days from 0.5 M NaCl to 0.25 M NaCl, 0.1 M NaCl, 0.05 M NaCl, and 
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finally to diH2O in order to rid the sample solution of excess cysteamine hydrochloride and EDC. 

Following the dialysis step, the samples were lyophilized in order to recover a solid, pure 

thiolated HA (HA-SH) intermediate (324 mg). This intermediate was analyzed for thiol content 

using the Ellman’s reagent test according to manufacturer’s instructions. 

 

Figure 4.3. Schematic of HA thiolation with cysteamine through EDC, sulfo-NHS coupling to 

form HA-SH. 

4.3.2.2 Coupling BMPH to HA-SH. Before coupling BMPH to HA-SH, HA-SH was 

reacted with TCEP to reduce any disulfide bonds. This was accomplished by dissolving 100 mg 

of HA-SH in 20 mL of phosphate buffered saline (PBS) (0.1 M sodium phosphate, 0.15 M NaCl, 

pH 8). TCEP (114 mg) was dissolved in the solution and the reduction was carried out for one 

hour. After one hour, the reaction solution was passed through desalting columns to exchange the 

reaction solution with PBS (0.1M sodium phosphate, 0.15M NaCl, pH 7.2).  

Next, 73 mg of BMPH was added to the solution and the coupling reaction proceeded for 

two hours at room temperature. The solution was then dialyzed as in the thiolation reaction to 

remove any unreacted BMPH and lyophilized, yielding pure solid HA-BMPH (110 mg). 

 

Figure 4.4. Schematic of HA-SH activation with BMPH through maleimide-thiol coupling to 

form HA-BMPH. 
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4.3.2.3 Coupling CS/Hep to HA-BMPH via Reductive Amination. Eight different 

compositions of graft copolymers were synthesized; four different ratios of either CS or Hep to 

HA-BMPH (1:1, 1:3, 1:10, and 1:30). The ratios were determined on a thiol content basis 

determined by Ellman’s reagent described in the previous section. The 1:1 ratio is one CS or Hep 

chain for every one thiol group on an HA-SH chain, 1:3 is one CS or Hep chain for every three 

thiols, 1:10 is one CS or Hep chain for every ten thiols, and 1:30 is one CS or Hep chain for 

every 30 thiols. This protocol was adapted from Sisu et al. and Dalpathado et al.
56, 57

 HA-BMPH 

(15 mg) was placed into a round-bottom flask, the flask was sealed, and 10 mL of anhydrous 

DMF were added. The flask was then purged with nitrogen. After purging, 350 µL of acetic acid 

was added and the reaction vessel was step-wise heated from 25 °C to 85 °C in 10 °C increments 

over a period of two hours. During this time, 1 g of sodium triacetoxyborohydride (STAB, 100x 

molar excess) was dissolved in 10 mL of anhydrous DMF in a separate round-bottom flask and 

purged with nitrogen. After the two hour heating, 356 µL of STAB was added to the reaction 

vessel, and every two hours for a total of ten hours (1.78 mL of STAB). The reaction was 

allowed to run overnight. After reaction, samples were heated to 60 °C under vacuum to remove 

DMF, dissolved in diH2O and dialyzed as described above. The samples were then lyophilized 

and the recovered product was a white powder. 

4.3.4 Chemical Characterization. Neat polymers, synthesis intermediates, and products 

at the different ratios were analyzed using attenuated total reflectance Fourier transform infrared 

spectroscopy (ATR-FTIR) and proton nuclear magnetic resonance (
1
H NMR). 

4.3.4.1 ATR-FTIR. A Nicolet 6700 spectrometer (Thermo Electron Corporation, 

Madison, WI) was used to perform ATR-FTIR on intermediate samples and graft copolymer 
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products to confirm coupling chemistry. A Smart iTR ATR sampling accessory was used with a 

ZnSe crystal to collect spectra from 4000 - 650 cm
−1

. 

 

Figure 4.5. Schematic of GAG coupling with HA-BMPH to form graft copolymers through 

reductive amination. 

4.3.4.2 NMR. The samples were dissolved in D2O at concentrations of 1-5 mg mL
−1 

depending on sample solubility. A 400 MHz spectrometer (Agilent Varian 400MR) equipped 

with automated tuning and a 7600 sample changer was used for 
1
H NMR spectra acquisition. 

The following parameters were used, of 64 scans, 5 seconds relaxation time, and 25 °C. 

4.3.3 DLS and Zeta Potential. Hydrodynamic diameter of the graft copolymers and the 

neat polymers was measured by dynamic light scattering (DLS) using a 90Plus/BI-MAS 

(Brookhaven Instruments, Holtsville, NY). All samples were dissolved in PBS to concentrations 

of 5 mg mL
−1

. Measurements were taken at 25 °C at a fixed angle of 90°, 1 min per 

measurement. The values reported are the mean effective diameter for each sample. For zeta 

potential, samples were dialyzed against diH2O (300 kDa MWCO) for 24 hours to remove any 

unreacted polymer, lyophilized and dissolved in PBS at 5 mg mL
−1

. The zeta potential was then 

measured using the same instrument as in DLS, via electrophoretic light scattering (ELS). Each 

sample was measured five times, 30 scans each, at 25 °C and the values reported are the mean 

zeta potential for each sample ± the standard error of the mean. 
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4.3.5 Cell Harvest and Culture. The cell harvesting and expansion procedure is 

described in detail in our previous work.
31

 Bone marrow aspirates from the iliac crest of female 

sheep were centrifuged. The supernatant containing the nucleated cells was mixed with growth 

media (low-glucose D-MEM with 10 % FBS, 1 % anti/anti, and 2.5 % HEPES) and seeded into 

culture flasks. After 24 h, the media was changed to remove all non-adherent cells. The marrow 

stromal cell (MSC) colonies were allowed to grow for at least seven days, then the cells were 

trypsinized, counted, and reseeded in culture flasks using maintenance media for culture 

expansion (α-MEM with 10 % FBS, 1 % anti/anti, and 2.5 % HEPES). MSCs were cryo-

preserved prior to seeding into experimental conditions. Cells were not used beyond the fifth 

passage. 

4.3.6 Preparing Surfaces for FGF Delivery. To test FGF-2 delivery from graft 

copolymers, a tissue culture polystyrene (TCPS) 96-well plate was coated with Chi-Hep or 

Chi-CS polyelectrolyte multilayers (PEMs) with Chi, Hep, CS, or different compositions of graft 

copolymers as the terminal layer, and FGF-2 was delivered via adsorption, solution as the 

positive control, or not at all for the negative control. Experimental conditions are displayed in 

Table 4.1 The deposition of PEMs is a facile method to coat a surface whereby two solutions 

containing oppositely charged polyelectrolytes are alternated until a desired thickness is attained. 

The procedure used here was adapted from Boddohi et al.
58

 Chi, Hep, CS, and graft copolymer 

solutions were prepared in acetate buffer (0.2 M, pH 5). Chi and Hep were dissolved at a 

concentration of 0.01 M (on a saccharide unit basis). CS was prepared at a concentration of 

0.02 M because it has half as many sulfate groups as Hep. Graft copolymers were dissolved at 5 

mg mL
−1

. A rinse solution was prepared by adjusting the pH of diH2O to 4 with acetic acid. Chi, 

Hep, CS, and rinse solutions were filtered with a 0.22 μm polyvinylidene fluoride (PVDF) 



105 

 

syringe filters (Fisher Scientific). All graft copolymers were dialyzed (300 kDa MWCO) against 

diH2O for 24 hours and lyophilized before use. PEM construction was done by alternating 

adsorption and rinse steps as follows.; 100 µL of solution was added to each well and adsorbed 

under gentle agitation for five minutes. Five layers of either Chi-Hep or Chi-CS were adsorbed. 

The sixth layer contained Hep, CS, or graft copolymer, and Chi-terminated samples were 

constructed with seven layers. All surfaces were produced in triplicate. Surfaces were then 

sterilized with 70 % ethanol for 15 minutes, and rinsed with sterile PBS prior to protein 

adsorption and cell seeding.  For adsorbing FGF-2, 100 µL (100 ng mL
−1

 in diH2O) was placed 

in each well of the 96-well plate and allowed to adsorb for two hours under gentle agitation. The 

FGF-2 solution was then aspirated, and the wells were rinsed with sterile PBS. All surfaces were 

coated with fibronectin (10 µg mL
−1

 in diH2O); 100 µL was placed in each well of the 96-well 

plate for one hour under static conditions. The fibronectin solution was then aspirated and the 

surfaces were rinsed with sterile PBS.   

Table 4.1. Conditions for MSC response to FGF-2 delivered from surfaces. 

PEM Type Mode of FGF Delivery 

[Chi-CS]3-Chi None Soluble Adsorbed 

[Chi-CS]3 None Soluble Adsorbed 

[Chi-CS]2-ChiCS1-1 None Soluble Adsorbed 

[Chi-CS]2-Chi-CS 1-30 None Soluble Adsorbed 

[Chi-Hep]3-Chi None Soluble Adsorbed 

[Chi-Hep]3 None Soluble Adsorbed 

[Chi-Hep]2-Chi-Hep 1-1 None Soluble Adsorbed 

[Chi-Hep]2-Chi-Hep 1-30 None Soluble Adsorbed 

4.3.7 MSC Response to FGF-2, Graft Copolymers, and FGF-2 bound to Graft 

Copolymers. MSCs were seeded at a density of 7000 cells cm
−2

 in α-MEM (10 % FBS) and 

allowed to attach for three hours. At this time the media was aspirated and replaced with 

low-serum media (2.5 % FBS) because under these conditions ovine MSCs do not proliferate 
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unless stimulated by FGF-2.
45

 FGF-2 delivered in solution at 1 ng mL
−1

 has been identified as 

the optimal mitogenic dose for ovine MSCs and thus was used as the positive control.
31

 Cultures 

were maintained for four days, with a medium change on day two with FGF-2 (1 ng mL
−1

) 

included in the media change for positive control samples, no additional FGF-2 was provided for 

samples with FGF-2 adsorbed on the surface. To evaluate FGF-2 delivery CellTiter-Blue Cell 

Viability Assay was performed on day two and day four. Additionally, on day four, cultures were 

evaluated via microscopy. Cells were fixed with glutaraldehyde (2 % in DPBS with Ca
2+

 and 

Mg
2+

) for 45 minutes at 4 °C, and then stained with DAPI (1 µg mL
−1

 in DPBS with Ca
2+

 and 

Mg
2+

) for 15 minutes at room temperature. The wells were rinsed with DPBS with Ca
2+

 and 

Mg
2+

 between each step, and protected from light. After fixing and staining, surfaces were stored 

dry, protected from light, at 4 °C until microscopy was performed. Images were obtained using a 

4× objective on an Olympus IX70 epi-fluorescence microscope (Center Valley, PA) equipped 

with a QImaging Micropublisher camera with an appropriate filter for DAPI.  

4.3.8 Dynamic Mechanical Analysis (DMA). A pilot study to test mechanical properties 

of the graft copolymers was performed.  Hydrogels containing 2.5 % w/v polymer in diH2O were 

formed using agarose or a mixture of 90 % agarose 10 % GAG or graft copolymer. Different 

compositions of hydrogels tested are displayed in Table 4.3. Agarose powder was mixed with 

diH2O and heated to 90 °C for three hours for dissolution, at this time the temperature was 

allowed to cool to 60 °C. GAG or graft copolymer was added and solutions were stirred for one 

hour at 60 °C. Solutions were then poured into an untreated 48-well plate and left to set 

overnight. DMA was performed on a servo-hydraulic mechanical test system (Bionic Model 

370.02 MTS Corp, Eden Prairie, MN) with 10 lb S beam load cell (LSB303 Futek, Irvine, CA). 

Samples were first preloaded with 0.05 N, and then subjected to cyclic loading between 0 and 10 
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% compressive strain at 0.05 Hz, 0.5 Hz, and 5 Hz for 5 cycles. Stress, strain, phase, and 

amplitude were calculated using a custom Matlab (Mathworks, Natick, MA) code. Stress versus 

strain was then graphed and fit with a two-parameter function to find the modulus at 0 % strain 

and at 10 % strain for each sample using a custom code written in IgorPro (version 5.0.5.7, Wave 

Metrics, Portland, OR). The two-parameter function, shown in Equation 4.1, was adapted from 

Park et al.
59

 

    (     (   ))           Equation 4.1 

Where –   is stress, (   ) is strain, and A and B are fit parameters.  

Table 4.2. List of Hydrogel Types for DMA Testing. 

Gel Type Composition 

Control 

Hydrogels 

Agarose 2.5 % Agarose 
HA 2.25 % Agarose, 0.25 % HA 
CS 2.25 % Agarose, 0.25 % CS 
Hep 2.25 % Agarose, 0.25 % Hep 

Copolymer 

Hydrogels 

CS 1:1 2.25 % Agarose, 0.25 % CS 1:1 
CS 1:30 2.25 % Agarose, 0.25 % CS1:30 
Hep 1:1 2.25 % Agarose, 0.25 % Hep 1:1 
Hep 1:30 2.25 % Agarose, 0.25 % Hep 1:30 

 

4.3.9 Statistics. Data analysis was performed using Minitab (Minitab, Inc., State College, 

PA), version 16. For CellTiter-Blue assay testing, comparisons between groups were performed 

via analysis of variance (ANOVA) models with Tukey’s multiple comparison tests. Differences 

with p < 0.05 were considered statistically significant. CellTiter-Blue Data are expressed as the 

mean ± standard error of the mean (n = 3). 

4.4 RESULTS AND DISCUSSION. 

4.4.1 Chemical Characterization. Ellman’s reagent was used to calculate thiol content 

on the HA-SH intermediate. It was found that approximately 50 % of the carboxylate groups, 
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present on each disaccharide of HA, were modified with thiol. This result was the basis used to 

determine stoichiometric ratios of GAG side chain to available grafting sites on HA. The 1:1 

ratio is one CS or Hep chain for every one thiol group on an HA-SH backbone, 1:3 is one CS or 

Hep chain for every three thiols, 1:10 is one CS or Hep chain for every ten thiols, and 1:30 is one 

CS or Hep chain for every 30 thiols. This notation will be used throughout the results.  

ATR-FTIR was conducted to qualitatively assess changes in the magnitude of 

characteristic peaks associated with the reaction scheme. A peak corresponding to the 

carbon-nitrogen bond formed when the sulfated GAGs are grafted onto the HA backbone was 

identified at approximately 1540 cm
−1

 and the peak for sulfate appears at approximately 

1260 cm
−1

. The spectra of the graft copolymers are displayed in Figure 4.6.  

 

Figure 4.6. ATR-FTIR spectra of neat GAGs and graft copolymers made with A.) CS and 

B.) Hep. Carbon-nitrogen peak associated with grafting is located at 1540 cm
-1

 and sulfate peak 

is located at 1260 cm
-1

. Changes in both peaks can be seen with change in grafting density. 

The carbon-nitrogen bond formed during grafting presents as a sharp peak in the Hep 

spectra and as a shoulder in the CS spectra. The peak decreases with increasing grafting density 

because it is diluted by the addition of more GAG, additionally it has been seen that the presence 

of water reduces peak intensities of molecules involved in hydrogen bonding.
60

 When more 
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hydrophilic GAG is present the relative humidity may also increase adding to the reduction in 

this peak. This peak is not seen in the HA-BMPH, spectra shown in the Appendix, indicating that 

coupling was successful. Sulfate groups are on CS and Hep, but not HA, thus changes in this 

peak are associated with the amount of CS or Hep present. For both the CS and Hep copolymers, 

a peak associated with the bond formed during grafting appear and the magnitude of the sulfate 

peak increases. This indicates that the CS and Hep are reacting with the hydrazide functional 

groups of the HA-BMPH backbone. There is also a large peak at 1000 cm
−1

 that is associated 

with saccharide ring breathing. There are shifts in shoulders on this peak between 1150 and 

1050 cm
−1

, and between 1000 and 950 cm
−1

 that occur with grafting density. Other spectra 

including samples before and after dialysis are shown in the Appendix. Additionally, 
1
H NMR 

was done to further verify the chemistry. The spectra confirmed the thiolation and addition of 

BMPH onto HA. Upon modification with CS or Hep, the spectra exhibit changes which support 

the success of reductive amination. These spectra are shown in the Appendix.  

4.4.2 DLS and Zeta Potential. DLS was conducted to determine the effective 

hydrodynamic diameter of each copolymer sample and the neat polymers. The diameters of both 

the CS and Hep bound copolymers increase with increasing grafting density. The CS copolymers 

range from approximately 90 nm to 450 nm in diameter. The Hep copolymers range from 

approximately 80 nm to 550 nm in diameter. The effective hydrodynamic diameters of the neat 

polymers are less than ten in all cases. A histogram of the results can be seen Figure 4.7. The 

DLS results indicate that synthesis of the graft copolymers has not only been achieved, but that 

controlling the degree of binding is possible as the size of the copolymers increases with 

increasing stoichiometric ratio. At the 1:1 stoichiometric ratio, both the CS and Hep copolymers 

have an effective hydrodynamic diameter of approximately 500 nm, which is comparable to that 
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of aggrecan.
11, 45

 Proteoglycans come in a variety of compositions and sizes, with core proteins 

ranging from 20-400 kDa and from 1 to over 100 GAG side chains.
22, 61, 62

 This results in a wide 

range of hydrodynamic diameters. The graft copolymers synthesized here exhibit an array of 

sizes from 90-500 nm.  

 

Figure 4.7. Histograms of the effective hydrodynamic diameter of neat polymers and graft 

copolymers made with A.) CS or B.) Hep. 
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Table 4.3. Zeta Potential Results. 

Composition ζ-Potential (mV) 

HA -23 ± 0.9 

CS -22 ± 1.3 

CS 1:1 -34 ± 0.8 

CS 1:3 -27 ± 0.9 

CS 1:10 -29 ± 2.4 

CS 1:30 -12 ± 1.8 

Hep -26 ± 2 

Hep 1:1 -29 ± 0.9 

Hep 1:3 -26 ± 2 

Hep 1:10 -23 ± 2 

Hep 1:30 -23 ± 1.6 

 

Zeta potential measurements were also taken of the neat GAGs and the graft copolymers. 

The change in zeta potential with grafting density is shown in Table 4.4. The polymers HA, CS 

and Hep all have negative zeta potentials. For the graft copolymers, the charge density tends to 

decrease with increasing CS or Hep grafting density. In both cases the neat CS or Hep has a zeta 

potential corresponding to an intermediate copolymer graft density. After performing ATR-

FTIR, 
1
HNMR, DLS, and ZLS it is evident that both the CS and Hep side chains have bound to 

the HA backbone via BMPH to form these graft copolymers with an array of grafting densities. 

4.4.3 MSC Response to FGF-2 delivered in solution or adsorbed to surfaces. Graft 

copolymers were tested for their ability to deliver FGF-2 to MSCs. Surfaces were coated with 

either Chi-CS or Chi-Hep PEMs, with the terminal layer being Chi, CS, Hep, CS 1:1, CS 1:30, 

Hep 1:1, or Hep 1:30. FGF-2 was then adsorbed to surfaces of each type in triplicate. MSCs were 

seeded onto these surfaces, onto surfaces without FGF-2 adsorbed but with FGF-2 delivered in 

solution, and onto surfaces with no FGF-2, and then cultured for four days. Samples were 

evaluated for cell activity via CellTiter-Blue Cell Viability Assay and stained with DAPI for 

imaging. The CellTiter-Blue results are displayed in Figure 4.8.  
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The surfaces containing CS are consistently higher than those containing Hep. In the CS 

case, the CS-terminated, CS 1:1-terminated, and CS 1:30-terminated surfaces do not perform any 

differently from each other, and on day 4 all perform better than the Chi-terminated samples. 

Additionally, all of these surfaces exhibit higher cell activity than their counterparts with no 

FGF-2. This indicates that both graft copolymer densities are able to deliver FGF-2 to MSCs as 

well as CS coated on the surface and as well as delivery in solution. The surfaces containing Hep 

generally exhibit lower cell activity than the CS surfaces. However, in the Hep1:30-terminated 

case activity levels are similar to those seen on CS surfaces. Additionally, FGF-2 adsorbed to the 

Hep 1:30 demonstrates similar levels as FGF-2 delivered in solution. Hep has been reported to 

interfere with cell attachment.
45

 Low cell attachment could result in the lower levels of cell 

activity observed here. The Hep 1:30-terminated surface may contain less Hep than the other 

conditions resulting in higher initial cell adhesion. These results suggest that both grafting 

densities on the CS copolymer and the 1:30 Hep copolymer are able to bind FGF-2 and enhance 

cell activity. After culture, cells were fixed and stained with DAPI for imaging to further support 

the CellTiter-Blue data. The results from microscopy are in agreement with the cell activity 

assay. Images of the CS 1:30-terminated and the Hep 1:30-terminated samples with no FGF-2, 

FGF-2 delivered in solution, and FGF-2 adsorbed to the surface are displayed in Figure 4.9. Very 

few cells are seen in the samples with no FGF-2, and samples with FGF-2 delivered in solution 

look similar to those with FGF-2 adsorbed. This increase in cell number in the presence of FGF-

2 indicates that the FGF-2 is active both when adsorbed to graft copolymers and when delivered 

in solution. These results are similar to those shown previously by our group with the use of 

GAG-rich PCNs. We have bound FGF-2 to GAG-rich PCNs and delivered them in solution and 

from electrospun nanofibers to MSCs. The MSCs exhibited upregulated cellular activity when 
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exposed to FGF-2 delivered from our PCNs and in some cases when delivered in solution.
43, 45

 

Delivery of growth factors in solution in vivo is impractical. Growth factors have a short half-life 

in the body on the order of minutes.
45, 63

 In our previous work we demonstrated that while FGF-2 

delivered in solution lost activity over time, our GAG-rich PCNs were able to sustain activity 

over 30 days.
43, 45

 The graft copolymers described in this work exhibit the ability to bind FGF-2 

and have the potential for incorporation into an implant for delivery of growth factor to sites of 

healing. 

 

Figure 4.8. CellTiter-Blue data for A.) CS on Day 2, B.) CS on Day 4, C.) Hep on Day 2, and 

D.) Hep on Day 4. A Tukey’s multiple comparisons test was performed to distinguish between 

groups. A “§” indicates that that treatment was higher than the same condition with no FGF-2, a 

“†” indicates that that treatment is higher than its Chi-terminated counterpart, a “‡” 
indicates that that treatment is higher than its Chi-terminated counterpart and its neat GAG 
terminated counterpart, “¥” indicates that the treatment is higher than its Chi-terminated, 

GAG-terminated, and Copolymer 1:1-terminated counterparts.
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Figure 4.9. Microscopy of cells cultured on 1:30 ratio graft copolymer surfaces A.) CS 1:30 no 

FGF-2, B.) CS 1:30 FGF-2 delivered in solution, C.) CS 1:30 FGF-2 adsorbed, D.) Hep 1:30 no 

FGF-2, E.) Hep 1:30 FGF-2 delivered in solution, F.) Hep 1:30 FGF-2 adsorbed. 

4.4.4 DMA of Graft Copolymer Impregnated Hydrogels. In a pilot study, graft 

copolymers were added to hydrogels to test their effect on mechanical properties. The results are 

displayed in Table 4.5. The minimum modulus (Emin), observed at 0 % strain, and the maximum 

modulus (Emax), seen at 10% strain, are shown for each sample. Representative stress versus 

strain and stress versus cycle number curves are shown in Figure 4.10. There is wide variability 

in compressive modulus between samples and within a sample; this is particularly evident at 5 
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Hz. There does not appear to be much difference in compressive modulus between the gels 

containing GAGs and those containing graft copolymers, but both types of hydrogels do 

generally exhibit higher compressive moduli than the agarose hydrogels. Additionally, hydrogels 

containing graft copolymers see an increase in compressive modulus with cycle frequency, 

whereas the agarose gels do not. This is characteristic of cartilage due to its viscoelastic 

properties.
59

 The proteoglycans in cartilage play a significant role in producing these mechanical 

properties. The proteoglycan-mimetic graft copolymers created here may be able to duplicate 

these characteristics. A full study is planned to explore this phenomena. Unconfined compression 

testing with cyclic loading in a PBS bath will be performed. More samples will be prepared in a 

reproducible manner. More frequencies will be tested with a focus on physiologically relevant 

loading from 0.01-2 Hz. The results will again be fit with the model used in the pilot study to 

calculate Emin and Emax.  

Table 4.4. Minimum and Maximum Modulus (Emin and Emax) for each hydrogel sample. 

Hydrogel 

Type 

0.05 Hz 0.5 Hz 5 Hz 

Emin (kPa)   Emax (kPa)   Emin (kPa)   Emax (kPa)    Emin (kPa)     Emax (kPa) 

Agarose 29 ± 0.8 69 ± 2.4 34 ± 2.3 52 ± 4.1 19 ± 6.1 81 ± 14 

HA 23 ± 0.4 75 ± 1.7 30 ± 1.1 98 ± 4.8 44 ± 9.4 89 ± 4.0 

HA 36 ± 0.5 99 ± 2.1 37 ± 1.7 100 ± 6 60 ± 6.5 75 ± 10 

CS 47 ± 2.9 62 ± 4.2 51 ± 2.2 110 ± 6 70 ± 4.4 84 ± 4.2 

CS 47 ± 3.0 75 ± 5.8 50 ± 2.1 120 ± 7 75 ± 3.6 110 ± 21 

Hep 52 ± 0.8 94 ± 1.9 54 ± 2.0 130 ± 6 80 ± 3.4 110 ± 18 

Hep 49 ± 1.0 91 ± 2.3 53 ± 1.8 130 ± 6 74 ± 5.0 110 ± 7 

CS 1:1 35 ± 0.8 70 ± 2.1 40 ± 1.7 130 ± 8 50 ± 14 91 ± 6.3 

CS 1:1 27 ± 0.8 45 ± 1.5 33 ± 1.7 73 ± 4.8 53 ± 3.7 69 ± 20 

CS 1:30 29 ± 1.1 65 ± 3.2 38 ± 1.2 99 ± 4.3 34 ± 17 44 ± 3.6 

CS 1:30 29 ± 0.6 54 ± 1.5 33 ± 2.2 91 ± 8.2 25 ± 21 74 ± 4.8 

Hep 1:1 48 ± 1.0 93 ± 2.4 48 ± 1.3 130 ± 4.6 64 ± 22 140 ± 63 

Hep 1:1 33 ± 0.6 89 ± 2.1 44 ± 1.6 110 ± 5.3 73 ± 5.2 100 ± 6 

Hep 1:1 32 ± 1.0 63 ± 2.6 34 ± 2.0 77 ± 5.8 52 ± 6.2 76 ± 5.8 

Hep 1:30 34 ± 0.8 75 ± 2.4 40 ± 3 110 ± 12 66 ± 19 76 ± 4.6 
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Figure 4.10. Representative stress vs strain and stress vs cycle curves for A.) Agarose and B.) 

Heparin 1:1.. The modulus increases more from 0 % strain to 10 % strain at higher frequencies in 

the Heparin 1:1 gel whereas no difference is observed with frequency in the agarose only gels. 

. 
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4.5 CONCLUSIONS. 

 The synthesis of proteoglycan-mimetic graft copolymers using HA as the backbone and 

either CS or Hep as the side chains with controllable grafting density was successful. 

Confirmation of the proposed chemistry was done via ATR-FTIR and 
1
H NMR. Characteristic 

peaks associated with the coupling agent and the sulfate groups on the GAG side chains were 

identified and analyzed for changes due to reaction. Alterations in peak magnitude and 

morphology confirmed the success of the coupling chemistry. The different compositions exhibit 

effective hydrodynamic diameters ranging from 90-500 nm as measured by DLS, and all 

demonstrated negative zeta potentials indicating a negative surface charge. A cell study was done 

to test the ability of the graft copolymers to deliver FGF-2 to MSCs. The CS containing graft 

copolymers exhibited higher cell activity than the Hep 1:1, but was similar to the Hep 1:30. The 

CS conditions and the Hep 1:30 performed as well as when FGF-2 was delivered in solution. 

Finally, a pilot study to explore the mechanical properties of the graft copolymers was 

performed. Hydrogels containing the copolymers exhibited changes in compressive modulus 

with compression frequency similar to the phenomena seen in cartilage. These results show 

much promise for the use of these graft copolymers to impart bio-functionality to a tissue 

engineering scaffold. 
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CHAPTER 5 

 

 

 

Two-Phase Emulsion and Coaxial Electrospinning to Incorporate Growth Factors into 

Electrospun Nanofibers
5 

5.1 SUMMARY. 

Cells are surrounded by an information-rich extracellular matrix (ECM) made of a 

complex network of macromolecules. This network provides both cell signaling and structural 

support. One strategy for tissue engineering scaffolds is to mimic both of these. Growth factors 

are prevalent in the ECM and provide cues for cell adhesion, migration, proliferation, and 

differentiation. However, the use of growth factors is complicated by their relative instability. In 

the ECM, glycosaminoglycan (GAG) side chains of proteoglycans bind and stabilize growth 

factors, creating a local reservoir. Electrospinning is a method for creating a scaffold of 

nanofibers on the same size scale as features found in the ECM. Here we report the development 

of two electrospinning techniques, using an emulsion and a coaxial needle, for incorporating 

growth factor into electrospun nanofibers. We use basic fibroblast growth factor (FGF-2) as a 

model growth factor, and bind it to GAG-rich polyelectrolyte complex nanoparticles (PCNs) for 

stabilization throughout electrospinning. The two techniques are characterized for morphology, 

nanoparticle and FGF-2 incorporation, cytocompatibility, and FGF-2 delivery. We demonstrate 

that both techniques result in nanofibers within the size range of collagen fiber bundles found in 

5
Portions of this chapter appear in the following: 

Place, L.W., Seyki, M., Taussig, J.E.,and Kipper, M.J.; “Two-Phase Emulsion and Coaxial Electrospinning to 

Incorporate Growth Factors into Electrospun Nanofibers”, in prep for submission to Macromolecular Bioscience, 

2014. 

Taussig, J.E.; “Formulation and Analysis of Emulsion-Electrospun Nanofibers with Embedded Nanoparticle-Bound 

Fibroblast Growth Factor-2 (FGF-2)”, Colorado State University Honors Thesis (Fort Collins, CO), May 2014. 

Seyki, M.; “Electrospinning Nanoparticle/Nanofiber Mats for Growth Factor Stabilization and Delivery”, Colorado 

State University Honors Thesis (Fort Collins, CO), May 2014. 
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 the ECM and dispersion of PCNs throughout the fiber mat, and exhibit cytocompatibility. We 

evaluate FGF-2 incorporation via an ELISA and determine that the coaxial technique is superior 

to the emulsion for growth factor incorporation. Finally, FGF-2 delivery to MSCs from coaxially 

electrospun nanofibers is assessed using a cell activity assay. The results suggest that binding 

FGF-2 to GAG-rich nanoparticles protects it from degradation during coaxial electrospinning 

making this technique a viable option for producing a bioactive tissue engineering scaffold. 

5.2 INTRODUCTION.  

Tissues are made up of cells surrounded by the extracellular matrix (ECM). The ECM 

consists of an intricate network of macromolecules made up of polysaccharides and cytokines 

surrounded by a framework of structural proteins which are typically secreted and assembled by 

the cells in their locality.
1, 2

 This creates a microenvironment rich in information for regulating 

cell adhesion, migration, proliferation, and differentiation.
1, 3, 4

 ECM is organized in a 

hierarchical structure that directs tissue function. For example, fibrous proteins such as collagen 

and elastin align in complex arrangements producing the unique mechanical properties seen in 

tendons and blood vessels.
5, 6

 Nanoscale features are a significant focus in the design of scaffolds 

for tissue engineering, as cells involved in tissue repair respond to nanoscale topographical 

features and nanomechanical properties through migration, differentiation, and cytokine 

profiles.
7-15

 Differences in ratios and geometrical arrangements of the macromolecular 

components of the ECM at the nanometer and micrometer levels are responsible for the wide 

variety seen in structure, topography, and physical properties of tissues.
1, 6, 16

 Mimicking these 

nanostructures can enhance the functionality of a scaffold. 

In addition to structural support, the ECM governs cell adhesion, cell-to-cell 

communication and differentiation through the presentation of signaling molecules, such as 
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adhesion ligands and growth factors.
17

 Growth factors stimulate cells to proliferate, 

differentiation, migrate, and regulate wound healing processes.
18-22

 They have clinical 

applications in the treatment of cardiovascular and bone diseases, and wound healing 

applications, and have been proposed for tissue engineering of nerves, bladders, blood vessels, 

and osteochondral defects.
22-29

 However, the therapeutic nature of growth factors has limitations. 

They are highly unstable in plasma and as a result, require large doses to be clinically 

effective.
18, 30-32

  Members of the fibroblast growth factor (FGF) family have half-lives that can 

be measured in minutes.
18, 33, 34

 Thus, in order to harness the potential of these proteins, 

stabilization is imperative.  

In the ECM of many tissues, glycosaminoglycan (GAG) side chains of proteoglycans, 

such as aggrecan, versican, and perlecan serve as a repository of stabilized growth factors, and 

direct signaling by interacting with integrins on the cell surface.
35-42

 GAGs are anionic linear 

polysaccharides that are involved in a wide variety of roles in tissue function. The GAG heparin 

protects and enhances the delivery of many growth factors including members of the FGF 

family, the transforming growth factor-β (TGF-β) superfamily (including some bone 

morphogenetic proteins), vascular endothelial growth factor (VEGF), nerve growth factor 

(NGF), and platelet-derived growth factor (PDGF).
34, 43

  

Polyelectrolyte complexed nanoparticles (PCNs) are formed by the electrostatic 

interaction of anionic and cationic polysaccharides which has been comprehensively investigated 

by several groups.
44-49

 Mori et al. created PCNs through the complexation of heparin, and the 

polycation protamine and demonstrated their ability to stabilize fibroblast growth factor 2 

(FGF-2) for seven days, against thermal degradation.
50

 Tan et al. impregnated a decellularized 

vein scaffold with chitosan-heparin nanoparticles to localize VEGF for improved vascularization 
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of the scaffold. They showed controlled release over 30 days and enhanced cell infiltration, 

proliferation, ECM production, and angiogenesis.
51

 Our group has previously studied growth 

factor binding, stabilization, and delivery using GAG-rich PCNs made from various 

combinations of the GAGs heparin and chondroitin sulfate and the polycations chitosan and 

trimethyl chitosan, and from heparin-chitosan and heparin-trimethyl chitosan polyelectrolyte 

multilayers.
18, 30, 33, 52

 We demonstrated improved stabilization and delivery when FGF-2 was 

bound to PCNs over naked delivery.
30

 Additionally, we showed that heparin-chitosan PCNs were 

superior to chondroitin sulfate-based PCNs at stabilizing and delivering FGF-2. Thus the study 

herein uses the heparin-chitosan formulation. A schematic of the formation of these GAG-rich 

PCNs is shown in Figure 5.1. 

 

Figure 5.1. A.) Schematic of GAG-rich PCNs created by our group. B.) SEM image of GAG-

rich PCNs 

Electrospinning is a versatile technique that produces biomimetic nanofibers with high 

porosity, and surface area.
53-55

 They are created by dissolving a polymer in a semi-viscous, 

volatile solution and passing it through a needle in the presence of an electric field. The electric 

field pulls the polymer to a grounded collector plate. Most of the solvent evaporates by the time 

the polymer fiber lands. Adding drugs or protein to the initial polymer solution is a strategy to 



130 

 

impregnate the fiber mat with therapeutic molecules. However, electrospinning typically uses 

harsh organic solvents that would destroy any therapeutic potential of the molecule. Thus, 

creative methods are being developed to protect molecules from degradation. 

Emulsion electrospinning is a specialized method which allows for the combination of 

immiscible solvents. This technique makes the mixing of an organic electrospinning solvent with 

an aqueous phase possible. Many bioactive molecules need to remain under physiological 

conditions to maintain their activity. An emulsion can provide enough separation between the 

two phases to protect the therapeutic species. Briggs et al. were successful in the use of emulsion 

electrospinning to create polycaprolactone and poly(ethylene oxide) blends, for the release of 

PDGF and demonstrated that the scaffolds enhanced osteogenic differentiation of human 

mesenchymal stem cells.
56

 Xu et al. demonstrated the controlled release of doxorubicin 

hydrochloride, a water soluble anticancer drug, from nanofibers electrospun from an emulsion. 

The doxorubicin hydrochloride incorporated in the nanofibers exhibited antitumor activity 

against mouse glioma cells.
57

 In a study performed by Zhao et al., FGF-2 was loaded into a 

scaffold electrospun from an emulsion containing the synthetic polymer, poly(lactide-co-

glycolide). The scaffold exhibited bioactivity of FGF-2 for 3 weeks.
58

 These studies show 

promise for the use of an emulsion technique to create an electrospun scaffold impregnated with 

active growth factor. 

A second technique for electrospinning immiscible phases is coaxial electrospinning. 

This system uses a compound needle with two separate feeds that keeps the solutions separate 

until they reach the tip of the needle. This minimizes the time the two phases are in contact with 

each other, protecting a sensitive molecule from the organic phase.
59

 Thuy et al. created porous 

coaxial nanofibers containing polylactic acid and salicylic acid in polyethylene glycol as a carrier 
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polymer. They found that they could alter the release profile by changing the porosity of the 

coaxial nanofibers.
60

 Recently, Man et al. fabricated coaxially electrospun nanofibers containing 

TGF-β and coated with bone marrow derived stem cells-specific affinity peptide E7 for cartilage 

tissue engineering. The incorporation of peptide E7 and TGF- β resulted in increased cell 

adhesion and chondrocyte differentiation.
61

 Ji et al. studied blend and coaxially electrospun 

polycaprolactone-based nanofibers for protein integration. Both techniques resulted in protein 

incorporation, however coaxial electrospinning resulted in more sustained release and higher 

protein activity.
62

  

Though the several groups have been successful in their growth factor release studies, Liu 

et al. and Ji et al. found that protein was susceptible to degradation during the electrospinning 

process, reducing its biological activity.
62, 63

 As mentioned earlier, growth factors are unstable in 

solution, but binding them to GAGs may provide the necessary protection. The intent of this 

work is to develop and compare two techniques, an emulsion and coaxial electrospinning, for 

incorporating growth factor into electrospun nanofibers. Furthermore, this work strives to 

demonstrate growth factor stabilization throughout electrospinning through the use of GAG-rich 

PCNs. This is accomplished through electrospinning the natural polysaccharide chitosan, which 

has a chemical structure similar to that of GAGs, FGF-2, GAG-rich PCNs, water, and polyvinyl 

alcohol (PVA) as a carrier polymer to create nanofibers loaded with growth factor. Schematics of 

the two different techniques are displayed in Figure 5.1. Both techniques allow for the separation 

of the growth factor-loaded aqueous phase from the organic phase. 
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Figure 5.2. Schematic of A.) Emulsion and B.) Coaxial Electrospinning. The blue solution 

represents the chitosan phase, the red dots represent the GAG-rich PCNs containing growth 

factor, and the gray represents the aqueous phase. 

5.3 MATERIALS AND METHODS. 

5.3.1 Materials. A coaxial needle was purchased from Ramé-Hart (Succasunna, NJ). 

Chitosan (80 kDa, 5% acetylated confirmed through 1H NMR, Protosan UP B 90/20, PDI=1.52) 

was purchased from Novamatrix (Sandvika, Norway). Heparin sodium (from porcine intestinal 

mucosa, 14.4 kDa, 12.5% sulfur, PDI=1.14) was purchased from Celsus Laboratories 

(Cincinnati, OH). Polyvinyl alcohol (87-89% hydrolyzed, 166 kDa), rhodamine B isothiocyanate 

(RITC), fluorescein isothiocyanate isomer I (FITC), ammonium hydroxide, and albumin from 

bovine serum (BSA) were purchased from Sigma-Aldrich (St. Louis, MO). Dichloromethane 

(DCM), trifluoroacetic acid (TFA), tween-20, and glacial acetic acid were purchased from Acros 

Organics (Geel, Belgium). Sodium hydroxide, methanol, sodium acetate, sodium chloride, 

potassium chloride, sodium phosphate dibasic anhydrous, potassium phosphate monobasic, and 

0.22 µm polyvinylidene fluoride filter syringe tips, were purchased from Thermo-Fisher 

Scientific (Waltham, MA). Slide-A-Lyzer dialysis cassettes MWCO of 3,500 Daltons were 
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purchased from Thermo-Scientific (Rockford, IL). Recombinant human FGF basic (FGF-2) 146 

aa (carrier free), and human FGF basic ELISA DuoSet were purchased from R&D Systems 

(Minneapolis, MN). Human fibronectin was purchased from BD Biosciences (Bedford, MA). 

LIVE/DEAD® Viability/Cytotoxicity Kit for mammalian cells was purchased from Invitrogen 

(Eugene, OR). CellTiter-Blue® Cell Viability Assay was purchased from Promega (Madison, 

WI). Fetal bovine serum (FBS), 0.25 % trypsin with EDTA, low-glucose Dulbecco’s modified 

Eagle’s medium (D-MEM), minimum essential medium alpha (α-MEM; supplemented with L-

glutamine, ribonucleosides, and deoxyribonucleosides), and Dulbecco’s phosphate buffered 

saline (DPBS) without Ca
2+

 and Mg
2+

 were purchased from HyClone (Logan, UT). Antibiotic-

antimycotic (anti/anti), 1 M HEPES buffer solution, and Dulbecco’s phosphate buffered saline 

with Ca
2+

 and Mg
2+

 were purchased from Gibco (Grand Island, NY). A Millipore Synthesis 

water purification unit (Millipore, Billerica, MA) was used to obtain 18.2 MΩ•cm water (DI 

water), used for making aqueous solutions. 

5.3.2 PCN Formation. The procedure for creating PCNs is described in detail in our 

previous work.
30

 Briefly, heparin (0.95 mg mL
−1

) and chitosan (0.9 mg mL
−1

) were each 

dissolved in 0.1 M acetate buffer at pH 5 and then filtered. The chitosan solution was added in 

one shot to the stirring heparin solution in a 1:6 volume ratio and vigorously stirred for three 

hours, then left to settle overnight to remove any aggregates. The solution containing PCNs and 

uncomplexed polymer was decanted from the settled aggregates and centrifuged (9000 rcf for 

15 min). The supernatant was decanted to remove any uncomplexed polymer and the pelleted 

PCNs were resuspended in 100 µl of DI water, this yields PCNs at 8 mg mL
−1

. At these 

concentrations PCNs do aggregate over time and are not used if they are older than 1 month. 
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Before being diluted for analysis or used in an experiment, PCNs were briefly vortexed, which 

was sufficient to break up aggregates and resuspend them. 

5.3.3 FGF-2 Loading onto PCNs. FGF-2 was reconstituted in PBS with 0.1 % BSA at a 

concentration of 100 μg mL
−1

. For loading, FGF-2 (100 ng mL
−1

) and PCNs (1 mg mL
−1

) were 

combined and mixed vigorously for 30 min. This procedure has been shown to result in about 

50 % binding of FGF-2 to PCNs.
30

 

5.3.4 Electrospinning Emulsion. The organic phase used in the emulsion consists of 

7 wt % chitosan in a 70:30 volume ratio of TFA to DCM. Chitosan was dissolved in TFA for 

three hours with minimal stirring, at which point DCM was added and stirred overnight. The 

aqueous phase containing, PCNs, FGF-2 or FGF-2 bound to PCNs, with 0.4 % tween-20 were 

mixed at a 1:10 volume ratio (aqueous to organic) for 15 minutes. 

First, a base layer containing only the 7 % chitosan in 70:30 TFA:DCM was electrospun 

at 1 mL h
−1

, 18 kV, and a collector distance of 7 in for two hours. Next, the emulsion was 

electrospun at 1 mL h
−1

, 15 kV, and a collector distance of 6 in for three hours. The electrospun 

nanofibers were collected onto aluminum foil covering a 0.5 in thick copper plate. 

5.3.5 Coaxial Electrospinning. Chitosan (3 wt %) was dissolved in a 70:30 volume ratio 

of glacial acetic acid to water for 1 week. PVA (8 wt %) was dissolved in water for 24 h at 

40 °C. Water, FGF-2 (100 ng mL
−1

), PCNs (1 mg mL
−1

), or FGF-2 bound to PCNs 

(100 ng mL
−1

, 1 mg mL
−1

 respectively) were added to the 8 % PVA solution in a 3:5 volume 

ratio to make a 5 % PVA solution. This solution was stirred for one hour prior to electrospinning. 

A custom coaxial needle was purchased from Ramé-Hart with a 22 gauge inner needle 

and a 16 gauge outer needle pictured in Figure 5.2. Two arrangements were electrospun using 

the two solutions described above, chitosan fed to the outer needle and PVA fed to the inner 
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needle and the reverse arrangement. These arrangements were electrospun at 18 kV, and a 

collector distance of 7 in for five hours with the solution fed to the outer needle at 2 mL h
−1

 and 

the solution fed to the inner needle at 1 mL h
−1

. The electrospun nanofibers were collected onto 

aluminum foil covering a 0.5 in thick copper plate. 

 

Figure 5.3. Coaxial needle purchased from Ramé-Hart. 

5.3.6 Fluorescent Tagging of Chitosan. Fluorescent microscopy was performed to 

confirm the presence of PCNs within the fibers. For these experiments, chitosan to be used in 

electrospinning or in PCNs was tagged with either RITC or FITC. When using tagged chitosan in 

electrospinning or PCN formulation, a 1:10 ratio of tagged to untagged chitosan was used; all 

other procedures were identical. When electrospinning the tagged emulsion, tagged chitosan was 

only used in the emulsion layer. Chitosan in the base layer was untagged. The tagged chitosan 

was not used in any other experiments. 

The procedure for making FITC- and RITC-tagged chitosan was previously described by 

Volpato et al.
33

 The method used to produce FITC- and RITC-tagged chitosan was identical 

aside from the dye concentrations. First, 100 mg of chitosan was dissolved in 10 mL of 0.10 M 

acetic acid. 10 mL of methanol was added to the solution followed by, 3.25 mL of 1.77 mg mL
−1

 

FITC in methanol. When making RITC-tagged chitosan, 3.25 mL of 2 mg mL
−1

 RITC dye 
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solution was used. The solution was mixed overnight, followed by dialysis to remove any 

unreacted dye, and finally lyophilized and stored at 4 °C. 

5.3.7 Preparation of Electrospun Nanofibers for Cell Culture. Electrospun sheets 

were peeled off of the aluminum foil collector. The sheet was folded twice to make four 

laminated layers and samples were cut out using an 8 mm biopsy punch to create scaffolds. 

Before being used in cell culture experiments, scaffolds were neutralized, sterilized, and coated 

with fibronectin. 

5.3.7.1 Neutralization. Nanofiber scaffolds were placed in a 48-well plate with 0.5 mL of 

5 M ammonium hydroxide. These were placed on a shaker plate for 30 min. The solutions were 

aspirated, and rinsed three times (10 min, 5 min, and 1 min) with PBS. Before neutralization, 

electrospun chitosan is water soluble. After neutralization using this procedure, electrospun 

chitosan is durable to aqueous processing, as we have shown previously.
33, 52

 

5.3.7.2 Sterilization. Neutralized nanofiber scaffolds were then sterilized; the last rinse 

was aspirated and 0.5 mL of 70 % ethanol in water was added to each well. The scaffolds were 

in solution for 15 minutes. The ethanol solution was removed, and then three rinses (10 min, 

5 min, and 1 min) were performed with sterile PBS. 

5.3.7.3 Fibronectin Coating. Sterilized nanofiber scaffolds were coated with fibronectin 

to improve cell attachment; the last PBS rinse was aspirated and 0.5 ml of fibronectin 

(10 μg mL
-1

) was added to each well. These were placed on a shaker plate for one hour. The 

solution was then aspirated and one PBS rinse was performed. Emulsion nanofiber scaffolds 

were used for cell culture on the same day. 

5.3.8 Characterization of Electrospun Nanofibers. Nanofiber mats were analyzed 

using scanning electron microscopy (SEM) and total internal reflectance (TIRF) microscopy to 
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confirm nanofiber formation and even dispersion of PCNs. Emulsion nanofiber scaffolds 

containing only water, water + PCNs, water + FGF-2 and water + PCNs/FGF-2 in the aqueous 

phase and coaxial nanofiber samples containing PVA, PVA + PCNs, PVA + FGF-2, and PVA+ 

PCNs/FGF-2, and emulsion and coaxial samples that were treated for cell culture were coated 

with 10 nm of gold and imaged at 5-15 kV on a Jeol JSM-5600F SEM. TIRF microscopy was 

done on FITC tagged nanofibers containing RITC-tagged PCNs, using a custom built 

microscope with lasers at 473 and 532 nm. 

5.3.9 Cell Harvest and Culture. The cell harvesting and expansion procedure is 

described in detail in our previous work.
18

 Bone marrow aspirates from the iliac crest of female 

sheep were centrifuged. The supernatant containing the nucleated cells was mixed with growth 

media (low-glucose D-MEM with 10 % FBS, 1 % anti/anti, and 2.5 % HEPES) and seeded into 

culture flasks. After 24 h, the media was changed to remove all non-adherent cells. The marrow 

stromal cell (MSC) colonies were allowed to grow for at least seven days, then the cells were 

trypsinized, counted, and reseeded in culture flasks using maintenance media for culture 

expansion (α-MEM with 10 % FBS, 1 % anti/anti, and 2.5 % HEPES). MSCs were 

cryo-preserved prior to seeding into experimental conditions. Cells were not used beyond the 

fifth passage. 

5.3.10 MSC Cytocomplatibility with Electrospun Nanofibers. MSCs were seeded onto 

emulsion, coaxial with chitosan in excess, and coaxial with PVA in excess nanofiber scaffolds 

(in triplicate), at a density of 100,000 cells per scaffold into an untreated 48-well plate with 0.2 

mL of α-MEM with 10 % FBS and allowed to attach for three hours. After three hours, the 

media was aspirated and 0.5 mL of fresh media was added to each well. Cells were cultured on 

the nanofiber scaffolds for four days in α-MEM media containing 10 % FBS, 1 % anti/anti, and 
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2.5 % HEPES buffer. Media was changed on the second day of culture. On the fourth day of 

culture, media was removed and nanofiber samples were stained with LIVE/DEAD® 

Viability/Cytotoxicity Kit for mammalian cells according to manufacturer’s instructions and 

imaged using a Zeiss fluorescence microscope with appropriate filters.  

5.3.11 FGF-2 Quantification within Electrospun Nanofiber Scaffolds via ELISA. A 

human FGF Basic DuoSet ELISA kit was used to according to manufacturer’s instructions to 

quantify FGF-2 within the nanofiber samples. The FGF-2 was released from the nanofibers by 

exposing the nanofibers to the ELISA diluent buffer without any neutralization step. Without the 

neutralization (described in section 5.3.7.1) the nanofibers are water soluble. Neat emulsion 

nanofiber scaffolds containing only water in the aqueous phase, emulsion nanofiber scaffolds 

containing FGF-2, coaxial nanofiber scaffolds containing only PVA, and coaxial nanofiber 

scaffolds containing PVA + FGF-2 (in both arrangements) were dissolved in diluent buffer in the 

ELISA plate coated with capture antibody for two hours. The rest of the manufacturer’s protocol 

was then followed and the plate was read at 450 nm. Each condition was performed in triplicate. 

5.3.12 MSC Dose Response to FGF-2 on Coaxial Fibers. MSCs were seeded onto 

coaxial nanofiber samples containing only PVA at a density of 20,000 cells per nanofiber 

scaffold into an untreated 48-well plate with 50 µL of α-MEM with 10 % FBS and allowed to 

attach for three hours. After three hours, the samples were moved to a fresh untreated 48-well 

plate and 0.5 mL of low serum α-MEM (2.5 % FBS) was added. Media was supplemented with 

0, 0.5, 1, 5, 10, or 50 ng mL
−1

 FGF-2. Cells were cultured on the nanofiber scaffolds for 4 days 

in α-MEM media with 2.5 % FBS, 1 % anti/anti, and 2.5 % HEPES buffer. Low-serum media 

was used because it has been previously shown that under these conditions ovine MSCs can 

survive, but do not proliferate unless provided with FGF-2. 
30

 Media containing the different 
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levels of FGF-2 was prepared and stored in the incubator during the culture period. Media was 

changed on the second day of culture using the prepared media containing FGF-2.  

On the second day of culture CellTiter-Blue Cell Viability Assay was performed 

according to manufacturer’s instructions. Briefly, 100 µL of dye was added to each well and 

incubated for 16 h. At this time, samples were taken from each well and read at 544 nm 

excitation and 590 nm emission. Samples were then rinsed twice with media to remove any 

residual dye and fresh media containing the appropriate amount of FGF-2 was added to each 

well. On the fourth day of culture, the CellTiter-Blue assay was repeated. 

5.3.13 MSC Response to FGF-2 delivered via Coaxial Fibers. The same protocol as in 

the dose response study was used, with the following modifications. MSCs were seeded onto, 

coaxial electrospun samples with the PVA phase containing only PVA, PVA + PCNs, 

PVA + FGF-2, PVA + PCNs/FGF-2. After attachment, samples were moved to a 96-well plate 

and 100 µL of α-MEM containing 2.5 % FBS, 1 % anti/anti, and 2.5 % HEPES buffer without 

any exogenous FGF-2 was added to each well. The CellTiter-Blue assay was performed in the 

same way except, 20 µL was added to each well. The media changes and microscopy were done 

the same as above. 

5.3.14 Statistics. Data analysis was performed using Minitab (Minitab, Inc., State 

College, PA), version 16. For the dose response study and the FGF-2 delivery study, 

comparisons between groups were performed via analysis of variance (ANOVA) models with 

Tukey’s multiple comparison tests. Differences with p < 0.05 were considered statistically 

significant. Cell activity data as detected by CellTiter-Blue are expressed as the mean ± standard 

error of the mean (n = 3). 
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5.4 RESULTS AND DISCUSSION. 

5.4.1 Characterization of Electrospun Nanofibers. Electrospun nanofibers were 

analyzed via SEM and TIRF microscopy for fiber morphology and even distribution of PCNs. 

SEM was performed on emulsion and coaxial samples containing no additives, PCNs, FGF-2, 

and PCNs/FGF-2. However no differences were observed in fiber morphology, thus 

representative images of emulsion and coaxial nanofibers without additives are displayed in 

Figure 5.4. 

 

Figure 5.4. A.) Emulsion nanofibers, B.) Coaxial nanofibers with chitosan in excess, C.) Coaxial 

nanofibers with PVA in excess. 

The emulsion layer is spun on top of a plain chitosan layer, there appears to be two 

different phases of fibers with the plain chitosan fibers being much larger than those from the 
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emulsion. Nanofibers from all electrospinning arrangements are submicron and contain beading. 

This indicates that there is some electrospraying occurring in conjunction with electrospinning. 

SEM images were taken of samples treated for cell culture to investigate any 

morphological changes. These are shown in Figure 5.5.  

 

Figure 5.5. Representative images of nanofiber scaffolds after treatment for cell culture. All 

three experience morphological changes. A.) Emulsion nanofibers, B.) Coaxial nanofibers with 

chitosan in excess, C.) Coaxial nanofibers with PVA in excess 

The nanofibers electrospun from the emulsion show swelling and mild crimping after cell 

culture treatment. The coaxial nanofibers exhibit more striking morphological changes. The 

fibers containing chitosan in excess display some swelling and exhibit crimping. The fibers 

containing PVA in excess also show crimping, but in addition they appear to have pores within 
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the fibers. PVA is water soluble; generally high temperature and extended amounts of time are 

required for complete dissolution, but electrospinning results in high surface area which would 

allow PVA to dissolve more easily. Thus, nanofibers containing higher amounts of PVA may be 

losing more material and would display a porous structure. The nanofibers containing more 

chitosan (which is only soluble at acidic pH) do not dissolve, but are able to absorb more water 

causing swelling. These changes are also apparent macroscopically; the scaffolds containing 

PVA in excess shrink during the treatment process whereas the scaffolds containing chitosan in 

excess swell. Although morphology is altered, a fibrous structure with high porosity and 

biomimetic nanofeatures is still present in all cases. 

TIRF microscopy was used to confirm the presence and distribution of PCNs throughout 

the nanofiber mats. Chitosan used in the TIRF experiments was tagged with FITC causing fibers 

to appear green; PCNs were tagged with RITC and appear red, shown in figure 5.6. below. 

 

Figure 5.6. TIRF microscopy of A.) Emulsion nanofibers tagged with FITC impregnated with 

RITC tagged PCNs and B.) Coaxial nanofibers tagged with FITC impregnated with RITC tagged 

PCNs. 

 Green fibers can be clearly seen in both conditions. Red can be seen both within the 

fibers and scattered around the fibers. There is also beading apparent and green dots present 

around the fibers. These agree with the observations made in the SEM images. In addition to 
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electrospinning there is electrospraying occurring. It has been previously seen in emulsion 

electrospinning that the rheological properties of the two phases may change under the stresses 

experienced in the Taylor cone. 
64

 Additionally over long electrospinning times there is a risk of 

phase separation both of which may lead to electrospraying. Despite electrospraying, nanoscale 

fibers similar in diameter to collagen fiber bundles (50-500 nm) found in the ECM are 

prevalent.
65

 Microscopy confirms the formation of ECM mimetic fibers and distribution of PCNs 

throughout the fiber mat. 

5.4.2 MSC Cytocompatiblity with Electrospun Nanofibers. MSCs were cultured on 

nanofiber scaffolds and stained using a LIVE/DEAD kit to test for cytocompatibility. MSCs 

were cultured on nanofiber scaffolds for four days and then stained for imaging. Results are 

shown in Figure 5.7., live cells are stained green and dead cells appear red. 

 

Figure 5.7. Fluorescent microscopy of MSCs growing on A.) An emulsion nanofiber scaffold, 

B.) A coaxial nanofiber scaffold with chitosan in excess, and C.) A coaxial nanofibers scaffold 

with PVA in excess. 
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There are differences in cell morphology on the three different scaffold types. The MSCs 

growing on the emulsion scaffold have abstract shapes, not round, not spindle. Some cells appear 

to be spreading and interacting with the fiber network, but overall a morphological pattern is not 

displayed. The MSCs growing on the coaxial scaffold with chitosan in excess exhibit a typical 

MSC spindle shape and show good spreading and interaction with the surface. The cells growing 

on the coaxial scaffold with PVA in excess have a round morphology similar to that of 

chondrocytes grown in a hydrogel. In all three cases very few red cells are observed and cells are 

interacting with the material, suggesting cytocompatibility. Although fewer cells are observed on 

the emulsion and the coaxial fibers with PVA in excess, the incorporation of growth factor could 

alter cellular response, thus all scaffold types may be useful as tissue engineering scaffolds and 

drug delivery systems. 

5.4.3 FGF-2 Quantification within Electrospun Nanofiber Scaffolds via ELISA. 

Human FGF basic ELISA was used to quantify FGF-2 within emulsion and coaxial nanofiber 

samples. Neat samples were incubated with capture antibody in a 96-well plate for two hours. 

Because the samples had not been neutralized, the emulsion scaffold and the coaxial scaffold 

with PVA in excess both dissolved. The coaxial scaffold with chitosan in excess remained 

macroscopically intact, but after analysis with SEM it was found that all nanostructure is lost 

(image available in the Appendix), thus FGF-2 inside the scaffold has been released and would 

bind to the capture antibody. Results are displayed in Table 5.1. 

Table 5.1. FGF-2 Quantification via ELISA 

  
FGF-2 detected ng/scaffold  

± SE 

Maximum FGF-2 

possible 
% Yield 

Emulsion - 0.27 0 

Coaxial Chi in Excess 0.34 ± 0.044 1.7 20 

Coaxial PVA in Excess 0.20 ± 0.038 3.4 5.9 
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 The emulsion scaffolds containing FGF-2 gave the same or lower readings as the blank 

emulsion nanofiber scaffolds without any FGF-2. This indicates that emulsion nanofibers contain 

no detectable FGF-2. When proteins come into contact with harsh solvents they can denature. It 

is possible that the emulsion did not offer enough protection from the TFA/DCM solvent system, 

denaturing the FGF-2. Denatured FGF-2 would not have the same reactivity with the ELISA, 

leading to lower readings. In the coaxial case, the ELISA shows that there is between 0.2 and 

0.4 ng of FGF-2 per scaffold, if used in a 96-well plate with 100 µL of media, there are 

2-4 ng mL
−1

 delivered to MSCs. According to a previous study done by our group this should be 

within the range for optimal mitogenic dose (0.1-10 ng mL
−1

).
18

 While there appears to be a 

sufficient amount of FGF-2 loaded into the nanofibers, the yield is between 6 and 20 %. The low 

yields in both cases could be due to several factors. As discussed earlier, any denatured FGF-2 

will have reduced affinity for the capture antibody, and electrospinning can be inefficient, with 

much of the material not being captured on the collector plate. Incorporating PCNs into the 

nanofibers may offer protection for the FGF-2 resulting in higher loading efficiency. However, 

when FGF-2 is bound to PCNs steric hindrance inhibits binding to the capture antibody, thus 

ELISA was not performed on these scaffold types.  

ELISA is very sensitive, detecting FGF-2 at concentrations as low as pg mL
−1

. While 

PCNs should increase loading efficiency, since no FGF-2 was detectable via ELISA in the 

emulsion nanofibers it is not believed that that technique will incorporate a therapeutic dose. 

Thus, only the coaxial nanofibers were pursued for FGF-2 delivery to MSCs. Although, the 

ability of the emulsion nanofibers to deliver FGF-2 is limited, they may still be useful for 

delivering small molecules that are not as sensitive to their surrounding environment such as 

antibiotics or antitumor drugs. 
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5.4.4 MSC Dose Response to FGF-2 on Coaxial Fibers. MSCs were exposed to 

exogenous FGF-2 in doses ranging from 0 to 50 ng mL
−1

, and then tested for cell proliferation 

using CellTiter-Blue assay. Results are displayed in Figure 5.8.  

 

 

Figure 5.8. CellTiter-Blue results from response of MSCs to different doses of FGF-2 delivered 

in solution. 1 ng/mL and 5 ng/mL elicited the most metabolic activity from cells on both day 2 

and day 4 of culture. “*” indicates statistical difference from the negative control. 

There is more cell activity at doses between 1-10 ng mL
−1

 than at zero and above 

10 ng mL
−1

, which agrees with a previous dose-response study performed by our group on tissue 

culture polystyrene.
18

 However, only doses at 1 and 5 ng mL
−1

 are statistically significant from 

no FGF-2. The ELISA results show that the coaxial nanofibers are capable of delivering an 

FGF-2 dose of 2-4 ng mL
-1

 to MSCs in a 96-well plate format which falls within this optimal 

range. 

5.4.5 MSC Response to FGF-2 delivered via Coaxial Fibers. MSCs were seeded onto 

coaxial nanofibers containing only PVA, PCNs, FGF-2, or PCNs/FGF-2 and cultured for four 
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days in α-MEM (2.5 % FBS). CellTiter-Blue cell proliferation assay was used to determine cell 

activity on the different nanofiber formulations. Results are show in figure 5.9.  

On day 2, FGF-2 delivered in solution to both coaxial arrangements appear to be higher 

than the other conditions, and are statistically different from fibers with PVA in excess 

containing FGF-2, PVA in excess containing FGF-2 bound to PCNs, and both coaxial 

arrangements containing PCNs. On day 4, FGF-2 delivered in solution continues to elicit the 

highest response, and statistical differences remain similar, however other conditions saw a rise 

in cell activity from day to 2 to day 4 as exhibited by the ratio of cell activity on day 4 to that of 

day 2. The nanofibers containing PCNs and FGF-2 bound to PCNs exhibit a higher response than 

their counterpart on day 2 (ratios are greater than 1) indicating proliferation, while FGF-2 

delivered in solution does not change. However, there are no statistical differences in cell 

proliferation. It should be noted that while the fibers containing only PCNs exhibit proliferation, 

they have relatively low cell activity compared to FGF-2 delivered in solution on both days. On 

day 4 FGF-2 delivered in solution exhibits the highest amount of cell activity followed by FGF-2 

bound to PCNs, when chitosan is in excess. All other conditions, including those containing 

FGF-2 without PCN protection, behave similarly to nanofibers without FGF-2. This suggests that 

FGF-2 is degraded by the electrospinning process and PCNs may offer protection when coaxially 

electrospun with chitosan in excess, making this technique a viable option for incorporating 

growth factor into an electrospun scaffold for tissue engineering.  
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Figure 5.9. CellTiter-Blue results from MSC response to FGF-2 delivered from different 

formulations of coaxial nanofibers, chitosan in excess and PVA in excess with no additives (Chi 

Excess, PVA Excess), chitosan in excess and PVA in excess with FGF-2 delivered in solution at 

1 ng mL
-1

 (Chi FGFsol and PVA FGFsol), chitosan in excess and PVA in excess with FGF-2 

incorporated into the nanofibers (Chi FGFfiber and PVA FGFfiber), chitosan in excess and PVA in 

excess with PCNs incorporated into the nanofibers (Chi PCNfiber and PVA PCNfiber), and 

chitosan in excess and PVA in excess with FGF-2 bound to PCNs incorporated into the 

nanofibers (Chi P/Ffiber and PVA P/Ffiber) A.) Day 2 cell response, B.) Day 4 cell response, 

C.) Day 4 cell response divided by day 2 cell response, indicating proliferation if the result is 

greater than 1. Bars labeled with the same letter indicate same statistical group, there were no 

statistical differences in day 4 divided by day 2. 

In our previous work we saw that when unprotected FGF-2 was preconditioned at 37 °C 

activity was lost over time. However, when FGF-2 was bound to our GAG-rich PCNs stability 
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was maintained for more than 21 days.
30

 Additionally we have demonstrated sustained release of 

adsorbed FGF-2/PCN complexes from electrospun nanofibers over a period of 30 days.
33

 In this 

work we have established a method for incorporating these complexes into electrospun 

nanofibers and shown that the FGF-2 remains active throughout processing. The activity levels 

are not statistically different from FGF-2 delivered in solution that did not undergo any 

processing. This suggests that this technique could be used to localize active growth factor into 

an implant for presentation to cells at a site of injury, mitigating the need for multiple bolus 

injections of growth factor. 

5.5 CONCLUSIONS. 

 Electrospinning using an emulsion and a coaxial technique both successfully created 

nanofibers within the size range of collagen fiber bundles found in the ECM and resulted in 

dispersion of PCNs throughout the fiber mat. All three scaffold types exhibited 

cytocompatibility, with coaxial fibers with chitosan in excess showing the greatest amount of cell 

adhesion and spreading, emulsion fibers showing heterogeneous interactions, and coaxial fibers 

with PVA in excess demonstrating round cell morphology similar to that of chondrocytes. 

Emulsion fibers were not able to incorporate a stable clinical dose of FGF-2, but may be 

applicable for the delivery of small molecules that are resistant to organic solvents. Coaxial 

fibers were loaded with therapeutic levels of FGF-2. While there were no statistical differences, 

when FGF-2 was bound to GAG-rich PCNs and delivered via coaxial nanofibers with chitosan in 

excess, cell activity appeared to be higher than fibers containing FGF-2 with no PCNs, 

suggesting that the PCNs protect FGF-2 throughout the electrospinning process. Thus, coaxial 

electrospinning is a viable option for producing a bioactive scaffold for tissue engineering. 
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CHAPTER 6 

 

 

 

Nanostructured Biomaterials from Electrospun Demineralized Bone Matrix: A Survey of 

Processing and Crosslinking Strategies
6 

6.1 SUMMARY. 

In the design of scaffolds for tissue engineering biochemical function and nanoscale 

features are of particular interest. Natural polymers provide a wealth of biochemical function, but 

do not have the processability of synthetic polymers, limiting their ability to mimic the hierarchy 

of structures in the natural extracellular matrix. Thus, they are often combined with synthetic 

carrier polymers to enable processing. Demineralized bone matrix (DBM), a natural polymer, is 

allograft bone with inorganic material removed. DBM contains the protein components of bone, 

which includes adhesion ligands and osteoinductive signals, such as important growth factors. 

Herein we describe a novel method for tuning the nanostructure of DBM through electrospinning 

without the use of a carrier polymer. This work surveys solvents and solvent blends for 

electrospinning DBM. Blends of hexafluoroisopropanol and trifluoroacetic acid are studied in 

detail. The effects of DBM concentration and dissolution time on solution viscosity are also 

reported and correlated to observed differences in electrospun fiber morphology. We also present 

a survey of techniques to stabilize the resultant fibers with respect to aqueous environments. 

Glutaraldehyde vapor treatment is successful at maintaining both macroscopic and microscopic 

structure of the electrospun DBM fibers. Finally, we report results from tensile testing of 

6
Portions of this chapter appear in the following: 

Leszczak, V., Place, L.W., Franz, N., Popat, K.C., and Kipper, M.J.; “Nanostructured Biomaterials from Electrospun 

Demineralized Bone Matrix: A Survey of Processing and Crosslinking Strategies”, ACS Applied Materials and 

Interfaces, In Press. DOI:10.1021/am501700e. Copyright ACS 2014. Used with permission. 

http://en.wikipedia.org/wiki/Allograft


160 

 

 stabilized DBM nanofiber mats, and preliminary evaluation of their cytocompatibility. The 

DBM nanofiber mats exhibit good cytocompatibility toward human dermal fibroblasts (HDF) in 

a 4-day culture; neither the electrospun solvents nor the crosslinking results in any measurable 

residual cytotoxicity toward HDF.  

6.2 INTRODUCTION. 

The hierarchy of structures at different length scales is a distinguishing characteristic of 

all human tissues. These structural features give rise to biological properties that govern tissue 

function and influence the myriad of processes involved in immune response and tissue repair. In 

the design of scaffolds for tissue engineering, features at the nanoscale are of particular interest, 

as cells involved in tissue repair respond to nanoscale topographical features and 

nanomechanical properties of materials by migrating, differentiating or de-differentiating, and 

altering their cytokine profiles, and other phenotype indicators.
1-9

 

Both synthetic and natural polymers have been researched extensively to create nanoscale 

scaffolds for engineering various tissues. Synthetic polymers may have tunable degradation 

kinetics, processability and mechanical properties.
10

 However, current scaffolds fabricated from 

synthetic polymers have surfaces that cells do not recognize unless proteins and peptides are 

introduced.
11

 This lack of recognition may inhibit cell attachment, proliferation and 

differentiation.
2
 Furthermore, synthetic polymers face a challenge when implanted into the body. 

Despite the fact that they are termed biocompatible and biodegradable, foreign body reactions 

inhibit the amount of tissue integration, which can ultimately lead to implant failure.
12-15

 Natural 

polymers may be the solution to creating a scaffold that can drive cell proliferation and 

differentiation, while limiting foreign body reactions.
16, 17

 Natural polymers such as collagen, 

glycosaminoglycans, chitosan and alginates are advantageous due to their low toxicity and low 
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chronic inflammatory response.
18

 Unlike synthetic polymers, natural polymers have a complexity 

that consists of functional peptides, growth factors and bioactive factors which are already 

present in the body. Therefore, biologically derived materials can possibly provide both a 

scaffold and a signal for tissue engineering applications, without the addition of growth factors 

or cytokines.
19

 However, many natural polymers do not have the processability of synthetic 

polymers, limiting their ability to mimic the hierarchy of structures in the natural ECM. Thus, 

they are often combined with synthetic carrier polymers to facilitate processing into tissue 

scaffolds. 

Demineralized bone matrix (DBM), a natural polymer blend, is allograft bone with 

inorganic material removed. DBM contains the protein components of bone, including adhesion 

ligands and osteoinductive signals. It is the natural protein network in which osteocytes perform 

the anabolic and catabolic processes that maintain healthy bone. Therefore, it can be remodeled 

and it promotes mineralization. Hence, over the past 30 years, the use of DBM in orthopedic 

surgery has flourished. However, as prepared, DBM is a dry powder that is typically combined 

with carrier polymers or other materials to form a composite, paste, or putty that can be more 

readily used in an orthopedic surgery.
20

 Commercial products containing DBM are now available 

in a variety of different shapes, sizes and forms including morsels, cubes, dowels, strips, etc. 

However, none of the aforementioned products have tunable nano-features inherent in the 

osteoconductive nanostructure of bone. Thus, natural polymers such as DBM would be greatly 

improved for tissue engineering applications if they could be processed into biomimetic 

nanostructures.  

To realize the potential of donated human tissues to develop new tissue constructs, this 

work establishes techniques to design the nanostructure of DBM. Thus far, DBM products have 

http://en.wikipedia.org/wiki/Allograft
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not been successfully manufactured without the use of a carrier. Further, no DBM products on 

the market have engineered nano-structured features. Engineering nanostructured materials from 

human tissues is potentially a simple, low-cost, reproducible strategy for imparting stable 

biological signals to tissue engineering scaffolds. This strategy may rival or surpass more 

expensive strategies like growth factor and gene delivery. Herein we describe a novel method for 

tuning the nanostructure of DBM through electrospinning, a versatile technique for the 

fabrication of nano-featured surfaces.
21

  

To form electrospun nanofibers, a polymer solution is drawn into a fiber by a strong 

electric field (~kV cm
−1

) between a nozzle and a grounded collector, while a syringe pump 

supplies polymer solution to the nozzle. The solvent rapidly evaporates as the polymer solution 

travels from the nozzle to the collector, resulting in the formation of a nanofiber, collected in a 

randomly oriented, non-woven mat. The polymer solution in a volatile solvent must have 

appropriate surface tension, viscosity, conductivity, and polymer concentration for the process to 

be successful. Nanofiber scaffolds can be prepared from a wide number of synthetic and natural 

polymers, providing a three-dimensional cell culture environment, nanoscale topographical and 

mechanical cues, and a porous network for nutrient and metabolite exchange. Nanofibers from 

natural polymers have been proposed as tissue engineering scaffolds, including collagen, 

chitosan, silk, synthetic elastin peptides, and DNA.
22, 23

 Blends of natural and synthetic polymers 

(e.g. collagen/polyester and collagen/elastin/polyester) have also been used to make nanofiber 

scaffolds.
24

 Very recently, human adipose tissue ECM has been proposed as a nanofiber scaffold 

material.
25

 To our knowledge, this report from 2012 is the only report in the peer-reviewed 

literature in which a pure tissue ECM (rather than an ECM component) has been formed into 

nanofiber tissue scaffolds. 
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In this work, we survey techniques for production and stabilization of electrospun DBM 

nanofibers. This novel technique results in a biopolymer construct that is stable in aqueous 

conditions and contains nanoscale features that recapitulate features of tissue ECM, without the 

use of a synthetic carrier polymer. Finally, we demonstrate that crosslinked DBM nanofibers are 

cytocompatible using human dermal fibroblasts. 

6.3 METHODS.  

6.3.1 Materials. Morselized demineralized bone matrix (DBM) was generously supplied 

by Allosource (Centennial, CO). Chloroform, dimethylformamide (DMF), glycerol, methanol, 

and tetrahydrofuran (THF) were purchased from Mallinckrodt Chemicals (St. Louis, MO). 

Dichloromethane (DCM), ethanol, hexafluoro-2-propanol (HFIP), and trifluoroacetic acid 

(TFA), were purchased from Acros Organics (Geel, Belgium). Dimethylsulfoxide (DMSO) was 

purchased from EMD Chemicals (Darmstadt, Germany). Acetic acid was purchased from Fisher 

Scientific (Pittsburgh, PA). Ammonium hydroxide, glutaraldehyde (30 %), riboflavin, and 

tetrachloroethylene (TCE) were purchased from Sigma-Aldrich (St. Louis, MO). Isopropanol 

(IPA) was purchased from Macron Chemicals (Phillipsburg, NJ). 1-Ethyl-3-[3-

dimethylaminopropyl]carbodiimide hydrochloride (EDC), HEPES buffer, and tissue culture 

polystyrene coverslips were purchased from Thermo (Waltham, MA). Phosphate buffered saline 

(PBS) and Trypsin 0.25% were purchased from HyClone (Logan, UT). Antibiotic-antimycotic 

(anti/anti) was purchased from Gibco (Grand Island, NY). Dulbecco’s Modification of Eagle’s 

Medium (DMEM, supplemented with 4.5 g L
−1

 glucose, L-glutamine, and sodium pyruvate) was 

purchased from Corning Cellgro® (Manassas, VA). Fetal Bovine Serum (FBS) was purchased 

from Atlanta Biologicals (Flowery Branch, GA). Human Dermal Fibroblasts (HDF) were 

purchased from Zen-Bio (Research Triangle Park, NC). LIVE/DEAD® Viability/Cytotoxicity 
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Kit for mammalian cells was purchased from Invitrogen (Eugene, OR). CellTiter-Blue® cell 

viability assay was purchased from Promega (Madison, WI). All chemicals were used as 

received unless indicated otherwise. 

6.3.2 Determining Appropriate Solvents for DBM. Solutions were made by adding 0.5 

g of DBM to 10 mL of the solvents listed in Table 1 at room temperature (RT) and 65 C. 

Solutions of DBM with pure solvents were observed after 18-24 hrs according to Table 1. 

Solvent blends were made by combining DMF, DCM, HFIP and glycerol with TFA in 50:50, 

70:30 and 90:10 ratios (Table 2). Solutions were made by adding 0.5 g DBM to these 10 mL 

solvent blends. Solutions of DBM with solvent blends were observed after 22 hrs at 40 C. 

6.3.3 Effect of DBM Concentration on Viscosity. To study the effect of DBM 

concentration on viscosity, solutions of 0.5 g, 0.8 g, 1.1 g, 1.4 g, 1.7 g and 2.0 g of DBM in a 10 

mL solvent blend of 70:30 HFIP:TFA were made. Each solution was allowed to dissolve for 22 

hrs at 40 C. At 22 hrs, solutions were removed from heat and allowed to reach room 

temperature before taking viscosity measurements. Viscosity measurements were taken with a 

TL5 or TL6 spindle on a Fungilab viscometer attached to a water bath to maintain constant 

temperature at 25 C. After taking viscosity measurements, solutions were immediately 

electrospun at 1 mL hr
−1

, 15 kV and a collector distance of 6 in. Fibers were then coated with a 

10-nm layer of gold and imaged at 7 kV on a Jeol JSM-5600F scanning electron microscope 

(SEM) to examine fiber structure. The images were analyzed using Image J, to measure fiber 

diameters. Between 320 and 450 fiber diameter measurements were obtained from multiple 

micrographs representing each condition.  

6.3.4 Solution Stability. A solution of 1.1 g of DBM in a 10 mL solvent blend of 70:30 

HFIP:TFA was made at 40 °C for 22 hrs. This solution was photographed digitally and then 
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incubated at RT for an additional 48 hrs. A second photograph was taken at this time and 

solution color was compared. 

This same solution (five different vials for five different time points) was prepared and 

tested for change in viscosity over time. After 22 hrs of dissolution, the vials were allowed to 

cool to RT and the viscosity of the zero time point vial was tested using a TL5 spindle on a 

Fungilab viscometer attached to a water bath to maintain constant temperature at 25 C. The 

other four vials were incubated at RT for 6, 12, 24, or 48 hrs. At each respective time point the 

sample viscosity was measured. 

After taking viscosity measurements, each of the solutions was immediately electrospun 

at 1 mL hr
−1

, 15 kV and a collector distance of 6 in. After spinning, each sample was coated with 

a 10-nm layer of gold and imaged at 7 kV using an SEM to examine fiber structure. The images 

were analyzed using Image J, to measure fiber diameters. Between 320 and 450 fiber diameter 

measurements were obtained from multiple micrographs representing each condition. 

6.3.5 Stabilizing DBM Fibers. A solution of 1.1 g of DBM in a 10 mL solvent blend of 

70:30 HFIP:TFA was made at 40 °C for 22 hrs and electrospun at 1 mL hr
−1

, 15 kV and a 

collector distance of 6 in. After spinning, a sample of neat fibers was vacuum dried for 18 hrs. A 

number of solvents were investigated for extraction of residual fluorinated solvents from the 

fibers; these are listed in Table 3. Spot tests were done on neat fibers using these solvents to 

check for solvent compatibility with fibers. TCE was chosen as a likely solvent for the residual 

TFA and HFIP. Fibers were soaked in TCE for 18 hrs and dried for analysis. Neat fibers, vacuum 

dried fibers, TCE-treated fibers, and DBM powder were subjected to X-ray photoelectron 

spectroscopy (XPS) on a Physical Electronics 5800 spectrometer. Spectra were analyzed using 

Multipak. 
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Several crosslinking methods were attempted. Fibers underwent dehydrothermal (DHT) 

treatment and ultraviolet (UV) light treatment alone and in combination. For DHT treatment, 

they were placed in a vacuum oven at 150 °C for 18 hrs. Ultraviolet (UV) treatment was 

performed at 256 nm for 1 hr on each side of the fiber mat. Fibers were then exposed to water to 

check for stability. 

Three covalent chemical crosslinking agents, genipin, 1-ethyl-3-[3-dimethylaminopropyl] 

carbodiimide hydrochloride (EDC), and riboflavin were studied. Suitable solvents from Table 3 

were chosen for the crosslinking experiments. Suitable solvents in this case are non-solvents for 

DBM but are able to solubilize the crosslinker. Genipin, at 30 mM, was dissolved in isopropanol 

(IPA) and fibers were soaked in this solution for 18, 42, or 72 hours.
26

 A 200 mM solution of 

EDC in IPA was made and fibers were soaked for 18, 42, or 72 hours. EDC-treated fiber mats 

were rinsed with sodium phosphate buffer (pH 7.4) for 2 hrs, followed by rinsing with phosphate 

buffered saline (PBS) for an additional 2 hrs. This method was adapted from Barnes.
27

 This 

experiment was repeated using dichloromethane (DCM), chloroform, and TCE as solvents for 18 

hrs. Samples of the fiber mats soaked in only the solvent, the solvent + EDC, and the solvent + 

EDC followed by PBS were then and coated with a 10 nm layer of gold and imaged at 7 kV 

using SEM.  

In situ crosslinking via addition of EDC or riboflavin directly to the spinning solutions 

was also studied. EDC (38.5 mg mL
−1

) or riboflavin (2 mg mL
−1

) was mixed into the 

electrospinning solution immediately before spinning. The same electrospinning procedure 

previously described was used here. After electrospinning, the riboflavin sample was exposed to 

broad spectrum UV light for 1 hr. After spinning, fibers were exposed to water to test for 

stability. Fibers containing riboflavin before and after UV treatment were imaged using SEM. 
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Finally, crosslinking using glutaraldehyde vapor was investigated. After spinning, fibers 

supported with aluminum foil were placed into a desiccator with 10 mL of glutaraldehyde (50%). 

The dessicator was subjected to vacuum for 3 days. After 3 days, fibers were removed and 

exposed to DI water to remove unreacted glutaraldehyde and to test for stability.
28

 

Glutaraldehyde-crosslinked fibers before and after exposure to DI water were imaged using 

SEM. 

6.3.6 Mechanical Testing. Uniaxial tensile testing of a dog-bone-shaped sample of 

glutaraldehyde crosslinked DBM nanofiber mat was performed using a servo-hydraulic 

mechanical test system (Bionic Model 370.02 MTS Corp, Eden Prairie, MN)  equipped with a n 

8.9 N load cell (Futek LSB200, Irvine, California). The fiber mat was hydrated with PBS and 

positioned into customized thin film grips. The fiber mat was speckle coated with India ink and 

surface images were captured during tensile testing (0.1 % per second with a 0.01 N preload) 

with a CCD camera (Flea3, Point Grey Research, Richmond, BC, Canada) until mechanical 

failure occurred.  

To calculate strain, images were analyzed using a Matlab (Mathworks, Natick, MA)-

based Digital Image Correlation code  (E.M.C. Jones, University of Illinois) to track the 

displacement of the speckle pattern in the central region of each dog-bone-shaped sample. Stress 

was calculated by dividing the force values by the cross-sectional area of the central region of 

sample, which had a thickness of 65 µm. Tensile modulus was obtained from the slope of the 

linear region of the stress-strain curve. 

6.3.7 Cytocompatibility Evaluation. DBM samples were soaked in PBS on a shaker 

plate for seven days with PBS changes every 24 h, to ensure the complete removal of 

glutaraldehyde after crosslinking. An 8-mm biopsy punch was used to cut samples of DBM and 
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TCPS for cell culture. These were then treated with ultraviolet light for 1 hour for sterilization. 

HDF were expanded and seeded in DMEM containing 10% FBS, 2.5% HEPES, and 1% 

anti/anti. HDF were seeded at 100,000 cells/sample (in 200 uL DMEM) in an untreated 48-well 

plate. Cells were allowed to attach for 3 h, then 300 uL DMEM was added to each well. Samples 

were moved to a new untreated 48-well plate with fresh DMEM the next day and samples were 

assayed for cell viability after 24 h of culture. Cell metabolic activity was assayed after 1 day and 

4 days of culture, using the CellTiter-Blue® assay. Both the viability and metabolic activity of 

cells on nanofibers were compared to the cells on TCPS. 

The Live/Dead® assay was used according to manufacturer’s instructions. Briefly, three 

samples of TCPS and three samples of DBM seeded with HDF and one sample of blank DBM 

were stained with calcein (2 µM) and ethidium homodimer-1 (4 µM) in PBS for 35 min. 

Samples were imaged using a Zeiss fluorescence microscope with filter sets 62 HE BP 585/35 

(red) and BP 474/28 (green). The CellTiter-Blue® cell viability assay was used according to 

manufacturer’s instructions. Briefly, 100 µL of CellTiter-Blue dye was added to 500 µl of 

DMEM in an untreated 48-well plate containing, three samples of TCPS and three samples of 

DBM seeded with HDF and three samples of blank TCPS and three samples of blank DBM and 

incubated for 8 h at 37°C. Three 150 µL samples were taken from each sample and placed in a 

black 96-well plate and read in a fluorescence microplate reader (FLUOstar Omega, BMG 

Labtech, Durham, NC) at 544 nm excitation and 590 nm emission. 

6.4 RESULTS AND DISCUSSION.  

6.4.1 Determining appropriate solvents for DBM. Prior to electrospinning, an 

appropriate solvent or solvent blend capable of dissolving the DBM had to be determined. 

Initially, pure solvents were used to investigate the solubility of DBM. TFA is the only solvent 
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from Table 1 that can dissolve DBM completely at 5 g dL
−1

 (Table 1) at room temperature and at 

65 C, turning the solution a transparent dark brown color. The dark brown color of the solution 

may indicate that TFA oxidizes the DBM. TFA is a common electrospinning solvent for 

synthetic and natural polymers and polymer blends due to its volatility, miscibility with other 

solvents, and its acidity.
29-33

 However, electrospinning the homogenous solution of DBM in TFA 

at 1 mL hr
−1

 was not successful over a range of voltages (0-6 kV) and tip-to-collector distances 

(5-7in). While attempting to electrospin charge build up and arcing occurred with no fiber 

formation, limiting the voltage to 6 kV. Therefore, the solution of DBM in TFA does not provide 

a solution with an ideal viscosity or electrical properties for electrospinning. Thus, blends of 

solvents with TFA were pursued to increase viscosity and decrease charging, while minimizing 

oxidation.  

Table 6.1. Dissolution for DBM in pure solvents (5 % DBM), at room temperature and at 65 °C. 

 

Non-polar solvents 

Vapor pressure 

at 20 °C (Torr) 

Dielectric 

constant 

Soluble 

at RT 

Soluble 

at 65 °C 

Chloroform 158.4 4.8 No No 

Dichloromethane (DCM) 350 9.1 No No 

Polar aprotic solvents 

Tetrahydrofuran  (THF) 142 7.6 No No 

Dimethylformamide (DMF) 2.7 36.7 No No 

Dimethylsulfoxide (DMSO) <1 46.7 No No 

Polar protic solvents 

Acetic Acid 10.1 6.2 No Partially 

Trifluoroacetic acid (TFA) 97.5 8.6 Yes Yes 

Hexafluoroisopropanol (HFIP) 120 16.8 No Partially 

Glycerol <1 42.5 No No 

Water 17.54 80.1 No No 

Next, solvent blends containing TFA were investigated (Table 6.2.). In order to 

potentially preserve the biological function of proteins in DBM, the dissolution temperature for 

the solvent blend experiments was reduced to 40 °C.
34

 DMF:TFA blends do not dissolve DBM; 
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DCM:TFA and glycerol:TFA partially dissolve DBM at 50:50, 70:30 and 90:10 solvent ratios, 

and HFIP:TFA dissolve DBM at 50:50, 70:30 and 90:10 ratios after 22 hrs. In addition to not 

being capable of dissolving the DBM completely, the high volatility of DCM (boiling point = 

39.6 ºC) hindered its use in preparing the electrospinning solution, and glycerol was too viscous 

and not volatile enough for use in the electrospinning process. Hence, HFIP was chosen as an 

appropriate solvent to blend with TFA. By visually inspecting the solutions, it was noted that the 

90:10 HFIP:TFA solution was turbid, while the 50:50 HFIP:TFA blend was still dark brown in 

color (Figure 6.1.). Thus the blend of 70:30 HFIP:TFA was selected, as this composition 

minimizes the amount of TFA used, while still achieving complete dissolution of the DBM. 

Table 6.2. Dissolution of DBM in solvent blends (5 % DBM at 40 ºC for 22 h). 

  50:50 70:30 90:10 

DMF:TFA No No No 

DCM:TFA Yes Yes Yes 

HFIP:TFA Yes Yes Yes 

Glycerol:TFA Yes Yes Yes 

 

 
Figure 6.1. HFIP:TFA blends with 5 % DBM observed after 22 h at 40 C. The 90:10 

HFIP:TFA solution is turbid, while the 50:50 HFIP:TFA blend is still dark brown in color. Thus 

the 70:30 HFIP:TFA blend was further pursued. 
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6.4.2 Effect of concentration on viscosity. The size and uniformity of electrospun fibers 

is highly dependent on the viscosity of the solution. To reveal how viscosity affects the 

morphology of DBM fibers, various concentrations of DBM (5, 8, 11, 14, 17, and 20 g dL
−1

) in 

70:30 HFIP:TFA were electrospun. Viscosity of the solutions increased exponentially with 

solution concentration (Figure 6.2.). 

 

Figure 6.2. Viscosity of DBM in 70:30 HFIP:TFA increases exponentially with increasing 

concentration. 

Each solution was electrospun and fiber structure was examined with SEM. Representative 

images and histograms of fiber diameters obtained from multiple images at each condition are 

shown in Figure 6.3. Electrospraying occurred when attempting to electrospin the 5 g dL
−1

 DBM 

solution (13.5 cP), evident by the presence of particulates in Figure 6.3. A. It is common at low 

concentrations, when surface tension of the solution is high, for there to be insufficient viscosity 

and electrical conductivity of the solution, producing beads.
35

 As the concentration of DBM and 

the viscosity of the solution increase, fibers become more uniform and beads disappear. At high 

polymer concentrations chain entanglements are more readily created, which stabilize the 

electrospinning jet by inhibiting jet breakup. However, when polymer concentration gets too 

high, the electrospinning process is also inhibited. This can be seen at 17 g dL
−1

 (189 cP) and 20 
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g dL
−1

 DBM (448 cP) concentration. At these highest solution concentrations (17 g dL
−1

 and 20 

g dL
−1

) the distribution of fiber diameters becomes non-uniform with some very small fibers (< 

100 nm) and some very large fibers (> 1 µm) (Figure 6.3. E and F). This indicates that the 

appropriate viscosity for electrospinning DBM in a 70:30 HFIP:TFA blend ranges from 23-78 

cP. For further experiments the 11 g dL
−1

 DBM concentration (56 cP) was selected. 

Figure 6.3. Representative SEM images and fiber diameter distributions reveal that the range of 

fiber diameter changes with increasing concentrations of DBM. (A) At low DBM concentration 

(5 g dL
−1

) the fibers are thinner and beads are present. (B-D) As the concentration increases (8 g 

dL
−1

 to 14 g dL
−1

) the fibers become uniform. (E-F) Once the concentration increases to 17 g 

dL
−1

 however, the fibers are no longer uniform and webbing is observed. In the histograms in E 

and F the bars at 2 µm also include all fiber diameters larger than 2 µm. 
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6.4.3 Solution Stability. To further investigate polymer instability, viscosity 

measurements were taken at 0, 6, 12, 24, and 48 hrs after dissolution of DBM (11 g dL
−1

 in 

70:30 HFIP:TFA). Each of these solutions was then electrospun immediately after viscosity 

measurements were taken, and fibers were imaged using SEM (Figure 6.4.).  

 

Figure 6.4. Representative SEM images and fiber diameter distributions of DBM fibers 

electrospun from solutions immediately after DBM dissolution (A), 6 (B), 12 (C), 24 (D), and 48 

hrs (E) after dissolution. The higher viscosity solutions (B and C) result in least uniform fiber 

diameter distribution. As the solution ages and the viscosity goes down, the resulting fiber 

diameter and distribution width also decrease (D and E). 



174 

 

Over the first 6 hours the viscosity of the solution increases, and then the viscosity decreases 

over the next 42 hrs (Figure 6.4.). As previously stated, the polymer solution may be undergoing 

oxidation, indicating that the polymer is breaking down. Initially, degradation results in a higher 

concentration of polymer chains, increasing the solution viscosity. This results in the larger 

diameter fibers and broader fiber diameter distribution observed in Figure 6.4. B. As degradation 

continues from 6 to 48 hours after dissolution, the polymer chains get shorter, and the viscosity 

then decreases over time, suggesting that fewer entanglements are formed. This results in 

progressively smaller diameter fibers and narrower fiber diameter distributions as the solution 

ages (Figures 6.4. C-E). The solution color (not shown), viscosity, and fiber diameter changes 

over 48 hrs indicate that the polymer is breaking down over time. This suggests that the solution 

is unstable and should be used immediately upon preparation. 

6.4.4 Stabilizing and Crosslinking DBM Fibers. After electrospinning from HFIP:TFA 

solvent blends, the DBM fibers are water soluble. In order for these to be used as a biomaterial, 

they must be stable in aqueous environments. X-ray photoelectron spectra (XPS) of electrospun 

fibers and the neat DBM powder are shown in Figure 6.5.  

 
Figure 6.5. Representative XPS survey scans of DBM powder and electrospun DBM. After 

electrospinning a fluorine peak is evident, not present in the DBM powder. TCE treatment 

extracts 67 % of the residual fluorinated solvents (TFA and HFIP). 
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After electrospinning there is fluorine present that is not present in the DBM powder. 

This indicates that there is residual solvent remaining in the fibers. Vacuum drying for 18 hrs 

was done to remove volatile solvent and XPS was repeated. There was no change in the fluorine 

peak between neat fibers and vacuum dried fibers. It is possible that the solvent blend used 

denatured or partially degraded the protein components of the DBM, resulting in a large number 

of primary amines capable of forming salts with TFA.
29, 34, 36-39

 These salts would make the 

DBM fibers soluble and cannot be removed by application of vacuum.
29

 

To attempt to remove the residual fluorinated solvents, the fibers were exposed to the 

extractants shown in Table 6.3. to determine which of these do not solubilize the fibers. These 

solvents are, TCE, chloroform, DCM, and IPA. Of these extractants TCE was chosen as the most 

likely to extract the residual solvent. The fibers were exposed to TCE for 18 hrs and dried. XPS 

was done on neat fibers and TCE-treated fibers. The fluorine content was reduced by 67 % (XPS 

data shown in Figure 6.5.), however the fibers were still water soluble. Thus crosslinking was 

explored to stabilize the fibers.  

Table 6.3. Stability of fibers in extractants. 

Extractant Stable 

Tetrachloroethylene (TCE) Yes 

Chloroform Yes 

Dichloromethane (DCM) Yes 

Hexafluoroisopropanol (HFIP) No 

Dimethylformamide (DMF) No 

Dimethylsulfoxide (DMSO) No 

Isopropanol (IPA) Yes 

Ethanol No 

Methanol No 

Aqueous ammonium hydroxide (5 M) No 
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The crosslinking methods explored are summarized in Table 6.4. DHT and UV treatment 

were investigated, along with four crosslinking agents, genipin, EDC, riboflavin, and 

glutaraldehyde. In Table 6.4., fiber mats that retained mechanical integrity after treatment were 

determined to be macroscopically stable; fiber mats that also retained the fiber nanostructure 

observed in SEM were determined to be microscopically stable. DHT alone did not stabilize the 

fibers, UV treatment and the combination of UV and DHT treatments made the fibers partially 

insoluble. Treatment with DHT crosslinks by forming a bond between amine and carboxylate 

groups through thermal dehydration.
40

 Crosslinking via UV treatment is initiated by the 

formation of free radicals on aromatic rings (e.g. in tyrosine and phenylalanine residues).
41

 These 

free radicals then react with each other to form crosslinks. The degree of UV crosslinking is 

limited by the amount of these structures available. Both DHT and UV treatment may also be 

limited to the surface of the fibers.
40

 When the fibers are exposed to DI water, the water 

penetrates the fibers causing the mat to dissolve.  

Table 6.4. Stability of fibers after different crosslinking protocols.  

Crosslinking Conditions Macroscopically Stable Microscopically Stable 

DHT Treatment Yes No 

UV Treatment Partially No  

DHT and UV Treatment Partially No  

Genipin in IPA No No 

EDC in Chloroform Yes No 

EDC in DCM Yes No  

EDC in IPA Yes No 

EDC in situ No No 

Riboflavin + UV Partially No 

Glutaraldehyde vapor Yes Yes 
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Chemical treatments were then pursued to more fully crosslink. Genipin is a naturally 

occurring crosslinking agent derived from the plant Gardenia jasminoides.
42

 In a study by Sung 

et al., it was found that genipin is 10,000 times less cytotoxic than glutaraldehyde, making 

genipin an attractive crosslinking agent for biomaterials. Genipin reacts with free amines found 

in amino acids and then can dimerize giving rise to both intermolecular and intramolecular 

bonds.
43

 When genipin reacts with amino acids a dark blue pigment is produced. The presence of 

this pigment is an indication of crosslinking. In this study we dissolved genipin in IPA and 

soaked fiber mats in the solution for 18-72 hrs. Dark blue was visible in isolated spots on the 

fiber mat only after 72 hrs of treatment, fiber mats treated for shorter periods of time remained 

white. All genipin-treated fiber mats remained water soluble after treatment.  

EDC forms crosslinks between amines and carboxylates. Here, EDC was dissolved in 

IPA and fiber mats were soaked for 18-72 hrs. After this treatment fiber mats did not appear 

water soluble to the naked eye. The EDC-treated mats were then subjected to a 2-hr rinse in 

phosphate buffer (pH 7.4) followed by a second rinse in phosphate buffered saline (PBS) for an 

additional 2 hrs. These were dried and imaged using SEM (Figure 6.6.). After the PBS rinse the 

fibers are swollen and appear fused. EDC treatment in less polar solvents, DCM, chloroform, and 

TCE was pursued to minimize fiber swelling. After treatment in DCM and chloroform the mat 

did not appear to be water soluble, but EDC was insoluble in TCE and unable to crosslink. Fiber 

mats were soaked in only the solvent, the solvent + EDC, or solvent + EDC followed by PBS 

and then imaged using SEM. Representative micrographs are shown in Figure 6.6. Chloroform + 

EDC treatment maintains the most fiber structure before the PBS rinse, but all nanostructure is 

lost after rinsing. The DCM + EDC treatment swells the fibers somewhat, but after rinsing all 

nanostructure is absent. IPA alone swells the fibers slightly. When EDC is added, a large amount 
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of porosity and some nanostructure is lost. Unlike the less polar solvents, a small amount of the 

structure is maintained after rinsing with PBS, however all porosity is eliminated. 

 

Figure 6.6. Representative SEM images of the fibers after soaking in the solvent alone (A, D, 

and G), the solvent + EDC (B, E, and H), and the solvent + EDC followed by a PBS rinse (C, F, 

and I). Even though crosslinking in chloroform, DCM, and IPA prevents the mats from 

completely dissolving, in PBS the nanostructure is lost.  

A crosslinking agent must be incorporated throughout the fibers in order to successfully 

stabilize the nanostructure. In nonpolar solvents the EDC is unable to penetrate inside the fibers 

to crosslink, and stabilizing bonds are only formed on the outside. When fibers are placed in a 

polar solvent such as water, the water penetrates the fibers causing them to swell, and crosslinks 

present on the fiber surfaces are insufficient to preserve the nanostructure. IPA is the most polar 

of these solvents, thus, fibers swell to a greater extent and some EDC is able penetrate inside and 

form crosslinks within allowing some structure to be maintained.  
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To achieve more uniform distribution of EDC throughout the fibers, in situ crosslinking 

was attempted to stabilize the fibers from within. EDC was mixed into the electrospinning 

solution immediately before spinning. The same electrospinning procedure previously used was 

performed. Fibers were exposed to DI water and dissolved immediately. EDC binds amines to 

carboxylates and TFA contains carboxylates. Therefore, it is possible that the EDC reacted with 

the TFA instead of with the DBM and no crosslinking occurred within the polymer. A 

crosslinker that does not react with the solvent is needed. Riboflavin was chosen as a candidate 

because it crosslinks by forming free radicals when exposed to UV light, thus it can be 

incorporated throughout the fibers and activated when desired.
44

 Riboflavin was added to the 

electrospinning solution, fibers were spun as described earlier, and UV treatment was then 

performed. The riboflavin incorporation turns the electrospun fibers neon yellow, but after UV 

exposure the fibers return to a light cream color. SEM images of the riboflavin-containing fibers 

after electrospinning and after subsequent UV treatment are displayed in Figure 6.7. The UV-

treated fibers exhibit a curled appearance under SEM suggesting that crosslinks have been 

formed within the fibers. However, after UV treatment, these fibers were exposed to DI water 

and partially dissolved. The two chemical crosslinking agents that react primarily with amines, 

genipin and riboflavin, do not stabilize fibers, however EDC treatment (binds amines to 

carboxylates) resulted in a fiber mat that macroscopically remained intact after contact with 

water, but lacked fibrous nanostructure.  
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Figure 6.7. Representative SEM images of the riboflavin-incorporated fibers after 

electrospinning and after subsequent activation via UV treatment post-spinning. The riboflavin 

treatment was not able to preserve the nanostructure after exposure to water. 

Unlike the other techniques reviewed above, crosslinking using glutaraldehyde vapor 

successfully preserves some fiber nanostructure and porosity. Glutaraldehyde creates intra and 

-amino group of 

lysine.
45 

After electrospinning, fibers were placed in a dessicator subjected to vacuum with 

glutaraldehyde for 3 days. Fibers exposed to this treatment were imaged before and after 

exposure to DI water. While there is significant change to the fiber and pore morphology upon 

crosslinking, the porous nanostructured network is preserved (Figure 6.8.). Furthermore, the 

same structure is seen after exposure to DI water, indicating that glutaraldehyde successfully 

crosslinked the DBM fibers.  

Figure 

6.8. Representative SEM images of glutaraldehyde vapor-treated fibers before (A) and after (B) 

exposure to water. Glutaraldehyde vapor successfully stabilized the fibers, allowing them to 

maintain their nanostructure and porosity. 
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 6.4.5 Mechanical Testing. Figure 6.9. shows the stress strain behavior of glutaraldehyde-

crosslinked DBM nanofibers after rehydration. The sample exhibits a toe region from about 0 % 

to about 3 % strain, followed by a linear elastic region. The ultimate strain of this sample is 8.85 

% and the Young’s modulus obtained from the linear region of the stress-strain curve (between 4 

% and 8.85 % strain) is 3.37 MPa.  

 

Figure 6.9. Stress-strain behavior of glutaraldehyde-crosslinked DBM nanofibers under uniaxial 

tensile testing. 

6.4.6 Cytocompatibility Testing. Human dermal fibroblasts (HDF) were cultured on 

glutaraldehyde-crosslinked DBM nanofibers and on tissue culture polystyrene for 24 hrs and for 

4 days. HDF viability was assayed using Live/Dead staining after 24 hrs, and metabolic activity 

was assayed by CellTiter-Blue assay after both 24 hrs and 4 days. Figure 6.10. shows a 

representative merged image of both the green (“live”) and red (“dead”) channels from 

fluorescence microscopy of HDF cultured on DBM nanofibers for 24 hours. Dead cells were so 

sparse, that they could not be meaningfully quantified from multiple fields of view and multiple 

DBM nanofiber samples, which is similar to the HDF cultured on TCPS (not shown). HDF on 

nanofibers shown in Figure 6.10. are well spread and interacting with the fibers. The metabolic 



182 

 

activity of HDF cultured on DBM nanofibers was about 40 % lower than that of HDF cultured 

on TCPS after 24 hours (not shown); based on the viability assay, we attribute this apparent 

reduction in metabolic activity to inefficient cell seeding on the nanofibers rather than to 

cytotoxicity. After 4 days, there was no change in the metabolic activity on either the HDF 

cultured on TCPS or HDF cultured DBM nanofibers, indicating good survival of cells on DBM 

nanofibers. These results confirm that after crosslinking with glutaraldehyde, the DBM 

nanofibers are stable in aqueous cell culture media, and support mammalian cell growth; neither 

the solvents used for electrospinning, nor the glutaraldehyde crosslinking result in measureable 

cytotoxicity toward HDF. Furthermore, the HDF on DBM nanofibers are well spread, indicating 

that DBM nanofibers require no exogenous adhesion ligand modification (e.g. addition of 

fibronectin, collagen, or RGD peptides) as are commonly required to promote cell adhesion to 

many synthetic polymer scaffolds.   

 
 

Figure 6.10. Merged red and green channel fluorescence micrographs of HDF on DBM 

nanofibers after 24 hours of culture. Dead (red) cells could not be quantified, indicating that the 

DBM nanofibers exhibit good cytocompatibility toward HDF. 

 

6.5 CONCLUSIONS.  

DBM is completely soluble in TFA, but the solution does not exhibit properties 

conducive to electrospinning. After exploring a number of solvent blends, 70:30 HFIP:TFA was 



183 

 

chosen as having ideal properties for electrospinning. DBM concentration in the spinning 

solution affects fiber morphology due to changes in viscosity and polymer entanglements. 

Electrospraying is observed at low concentrations, uniform fibers are observed at intermediate 

concentrations, and fiber diameter becomes widely variable at high concentrations. DBM is 

being degraded by the solvent mixture over time. This degradation affects solution viscosity, 

fiber morphology, and stability of fibers in aqueous environments. Initially, viscosity and fiber 

diameter increase due to a higher number of polymer chains in solution, but as degradation 

continues and polymer chains become shorter, viscosity and fiber diameter decrease. In order to 

have consistent fiber mats solutions may not be stored for later use. After the electrospinning 

process, the fiber mats are water soluble. Crosslinking is imperative for the success of using 

DBM as electrospun tissue engineering scaffolds. Thus far, the only crosslinking method that is 

capable of maintaining fiber structure and porosity is a glutaraldehyde vapor treatment. After 

glutaraldehyde crosslinking, rehydrated DBM nanofibers have good handling characteristics, and 

are stable in aqueous environments. Importantly, initial cytocompatibility testing gives no 

indication of cytotoxicity that might be caused by electrospinning solvents or residual 

glutaraldehyde, and the DBM nanofibers support cell attachment with no addition of exogenous 

adhesion ligands. 
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CHAPTER 7 

 

 

 

Conclusions and Future Work 

7.1 CONCLUSIONS. 

This dissertation investigated the inherent properties of natural polymers to create 

biomimetic nanomaterials for growth factor stabilization and delivery. This was done through a 

literature review followed by the investigation of four specific aims. Six biopolymers were used 

to create three different geometries of nanoassemblies. These include chitosan (CHI), 

N,N,N-trimethylchitosan (TMC), heparin (HEP), chondroitin sulfate (CS), hyaluronan (HA), and 

demineralized bone matrix (DBM). These biopolymers were used in combination with the basic 

fibroblast growth factor (FGF-2) to create and evaluate biomimetic nanoassemblies for use in 

tissue engineering.  

7.1.1 Research Aims. The specific aims proposed were accomplished by: 

Specific Aim 1: Polyelectrolyte complex nanoparticles (PCNs) were made from four 

different combinations of polysaccharides, FGF-2 was bound to them and they were compared to 

each other and to aggrecan to investigate stabilization of growth factors. This was addressed in 

chapter three. 

Specific Aim 2: Proteoglycan-mimetic graft copolymers containing either heparin or 

chondroitin sulfate at four different grafting densities were synthesized and characterized. This 

was addressed in chapter four. 

Specific Aim 3: Both emulsion and coaxial electrospinning techniques were developed to 

incorporate growth factor into electrospun nanofibers and were characterized for FGF-2 stability 

after processing. This was addressed in chapter five. 
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Specific Aim 4: Processing conditions to form a nanostructured tissue engineering 

scaffold made from demineralized bone matrix without a carrier polymer were determined. This 

was addressed in chapter six. 

7.1.2 Literature Review. The literature supports the hypothesis that biopolymers have 

inherent biophysical and biochemical properties that can be exploited for growth factor 

stabilization and delivery. The ECM is made up of an intricate network of polysaccharides and 

proteins. Proteoglycans found in the ECM and on the cell surface are crucial to tissue function. 

They are made up of a core protein and GAG side chains. The composition and geometry of the 

GAGs dictate the function of the proteoglycan. GAGs impart a high anionic charge density to 

proteoglycans resulting in high osmotic pressure and hydrophilicity which is compounded to 

lubricity and compressive strength in tissues. Proteins form structural components of the ECM. 

They align into hierarchical structures that give rise to mechanical properties of tissue. 

Additionally, they interact with other macromolecules in the ECM participating in cell signaling. 

Growth factors are signaling molecules on the cell surface and in the ECM of tissues. They are 

implicated in metabolic pathways that regulate homeostasis and wound healing. Growth factors 

have great therapeutic potential, but are unstable in solution. In the ECM, GAGs bind to growth 

factors protecting them from proteolytic degradation and participating in cell surface receptor-

growth factor interactions. Biopolymers for growth factor delivery have been designed in a wide 

array of shapes and sizes. Formats such as coatings, nanoparticles, three dimensional constructs, 

ECM-derived materials, and synthetic approaches have been studied. There has been much 

research on biopolymers and their functional roles in structure and cell signaling, but not to the 

same extent as synthetic polymers. Harnessing the intricate relationship between growth factors 

and the ECM is a powerful tool for the design of bioactive tissue engineering scaffolds. 
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7.1.3 Aggrecan-mimetic, Glycosaminoglycan-containing Nanoparticles for Growth 

Factor Stabilization and Delivery. The PCNs produced have a size and high density of GAGs 

similar to aggrecan. At doses of 10 µg mL
−1

 and above they may inhibit cell attachment to 

tissue-culture polystyrene, and at higher doses, they may be cytotoxic toward MSCs. 

Nonetheless, these PCNs bind and stabilize FGF-2 enhancing both the mitogenic activity and the 

metabolic activity of MSCs in low-serum media.  

This work shows that the mitogenic activity of FGF-2 is best maintained by binding to 

Hep-containing PCNs. Over the same preconditioning time period, delivery of FGF-2 using 

PCNs results in higher metabolic activity than delivery of FGF-2 using aggrecan. Furthermore, 

after 21 days of preconditioning, all of the PCN formulations are superior to aggrecan, and the 

Hep-containing PCNs are superior to FGF-2 in solution at stimulating metabolic activity of 

MSCs. FGF-2 in solution has no significant mitogenic activity after any of the preconditioning 

periods (normalized cell numbers were not statistically different from the untreated control). 

FGF-2 bound to aggrecan and CS-based PCNs lost some mitogenic activity during the 14-day 

preconditioning, but FGF-2 bound to heparin-containing PCNs exhibited no loss of activity 

during the 14-day preconditioning. The metabolic activity assay showed that after 14 days of 

preconditioning, two of the PCN types were superior to aggrecan at maintaining the FGF-2 

activity, and after 21 days of preconditioning the PCNs were superior to both aggrecan and 

FGF-2 alone. These aggrecan-mimetic PCNs may be used for growth factor delivery either in 

soluble form or bound to surfaces. This could improve the prospects for therapeutic delivery of 

heparin-binding growth factors and cytokines for tissue engineering and wound healing 

applications. 
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7.1.3 Synthesis and Characterization of Proteoglycan-mimetic Graft Copolymers. 

The synthesis of proteoglycan-mimetic graft copolymers using HA as the backbone and either 

CS or Hep as the side chains with controllable grafting density was successful. Confirmation of 

the proposed chemistry was done via ATR-FTIR and 
1
H NMR. Characteristic peaks associated 

with the coupling agent and the sulfate groups on the GAG side chains were identified and 

analyzed for changes due to reaction. Alterations in peak magnitude and morphology confirmed 

the success of the coupling chemistry. The different compositions exhibit effective 

hydrodynamic diameters ranging from 90-500 nm as measured by DLS, and all demonstrated 

negative zeta potentials, indicating a negative surface charge. A cell study was done to test the 

ability of the graft copolymers to deliver FGF-2 to MSCs. The CS-containing graft copolymers 

exhibited higher cell activity than the Hep 1:1, but was similar to the Hep 1:30. The CS 

conditions and the Hep 1:30 performed equally as well as when FGF-2 was delivered in solution. 

Finally, preliminary mechanical testing was performed to test for physical properties of the graft 

copolymers. Hydrogels containing the copolymers exhibited changes in compressive modulus 

with cycle frequency. These results show much promise for these graft copolymers to impart bio-

functionality to tissue engineering scaffolds. 

7.1.5 Two-Phase Emulsion and Coaxial Electrospinning to Incorporate Growth 

Factors into Electrospun Nanofibers. Electrospinning using an emulsion and a coaxial 

technique both successfully created nanofibers within the size range of collagen fiber bundles 

found in the ECM and resulted in dispersion of PCNs throughout the fiber mat. All three scaffold 

types exhibited cytocompatibility, with coaxial fibers with chitosan in excess showing the 

greatest amount of cell adhesion and spreading, emulsion fibers showing heterogeneous 

interactions, and coaxial fibers with PVA in excess demonstrating round cell morphology similar 
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to that of chondrocytes. Emulsion fibers were not able to incorporate a stable bioactive dose of 

FGF-2, but may be applicable for the delivery of small molecules that are incompatible with 

organic solvents. Coaxial fibers were loaded with biologically active levels of FGF-2. While 

there were no statistical differences, when FGF-2 was bound to GAG-rich PCNs and delivered 

via coaxial nanofibers with chitosan in excess, cell activity appeared to be higher than fibers 

containing FGF-2 with no PCNs, suggesting that the PCNs protect FGF-2 throughout the 

electrospinning process. Thus, coaxial electrospinning is a viable option for producing a 

bioactive scaffold for tissue engineering. 

7.1.6. Nanostructured Biomaterials from Electrospun Demineralized Bone Matrix: 

A Survey of Processing and Crosslinking Strategies. DBM is completely soluble in TFA, but 

the solution does not exhibit properties conducive to electrospinning. After exploring a number 

of solvent blends, 70:30 HFIP:TFA was chosen as having ideal properties for electrospinning. 

DBM concentration in the spinning solution affects fiber morphology due to changes in viscosity 

and polymer entanglements. Electrospraying is observed at low concentrations, uniform fibers 

are observed at intermediate concentrations, and fiber diameter becomes widely variable at high 

concentrations. DBM is being degraded by the solvent mixture over time. This degradation 

affects solution viscosity, fiber morphology, and stability of fibers in aqueous environments. 

Initially, viscosity and fiber diameter increase due to a higher number of polymer chains in 

solution, but as degradation continues and polymer chains become shorter, viscosity and fiber 

diameter decrease. In order to have consistent fiber mats solutions may not be stored for later 

use. After the electrospinning process, the fiber mats are water soluble. Crosslinking is 

imperative for the success of using DBM as electrospun tissue engineering scaffolds. Thus far, 

the only crosslinking method that is capable of maintaining fiber structure and porosity is a 
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glutaraldehyde vapor treatment. After glutaraldehyde crosslinking, rehydrated DBM nanofibers 

have good handling characteristics, and are stable in aqueous environments. Importantly, initial 

cytocompatibility testing gives no indication of cytotoxicity that might be caused by 

electrospinning solvents or residual glutaraldehyde, and the DBM nanofibers support cell 

attachment with no addition of exogenous adhesion ligands. 

7.2 FUTURE WORK. 

 While considerable work has been done in this dissertation, future studies are needed to 

address experimental limitations, answer lingering questions, and expand this work to other 

applications. The experiments addressing the aggrecan-mimetic PCNs described in chapter three 

had some limitations including calculation of PCN yield and FGF-2 binding, characterization of 

aggrecan, and verification of cell activity. Yield was calculated using fluorescence on a 

polycation basis. This is an indirect method and did not account for the polyanions. The low 

mass of the particles and salt from the buffer prevent mass from being an option, however 

thermogravimetric analysis may be a better method to determine yield. Binding efficiency of 

FGF-2 to PCNs was determined by difference using an ELISA on the supernatant. When FGF-2 

is bound to PCNs it does not interact with the capture antibody in the ELISA in the same manner 

as free FGF-2. Thus an ELISA could not be used directly. Measuring fluorescently tagged FGF-2 

has been attempted, but is not as sensitive as an ELISA. This limitation also affected the ability 

to measure the amount of FGF-2 obtained in the emulsion and coaxial nanofibers described in 

chapter five. A method of directly measuring FGF-2 when it is bound to PCNs would provide 

more certainty in the evaluation of binding efficiency. The techniques used for measuring both 

mitogenic and metabolic activity are limited by the necessity of fixing the cells. Thus each 

sample could only be analyzed at one time point during culture. Multiple samples for evaluation 
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at different time points or an assay such as CellTiter-Blue which does not require fixation would 

have provided information on cell activity throughout the culture period.  

In the future these PCNs could be expanded to deliver other growth factors and to deliver 

multiple growth factors. Growth factors that stimulate differentiation in a long-term culture 

would be an interesting experiment. Additionally, in vivo experiments would provide 

information on immune response elicited by the PCNs.  

Emulsion and coaxial electrospinning, described in chapter five, are an extension of the 

work in chapter three. The same limitations of determining PCN yield and FGF-2 binding 

efficiency present uncertainties. These experiments were also hindered by difficulties in imaging 

a three dimensional construct and low initial cell attachment. To confirm the presence of PCNs 

in the nanofibers, PCNs and nanofibers were tagged with different fluorophores and then imaged 

using TIRF microscopy. The excitation and emission spectra of the two fluorophores chosen 

were similar, causing both to fluoresce when excited at 473 nm, the use of other fluorophores 

such as Texas Red would mitigate this problem. Additionally, the three dimensional nature of the 

nanofibers caused fluorescence from different planes to appear in imaging, this lead to issues in 

fiber characterization and cell imaging. CellTiter-Blue was thus used as a measure of cell activity 

and an indication of cell number. However it is difficult to separate metabolic activity and cell 

number which both give higher results in the CellTiter-Blue assay. Low cell numbers also made 

imaging difficult and required long incubation times with the CellTiter-Blue dye. Use of a higher 

seeding density, and a combination of confocal microscopy with metabolic assays would 

mitigate these limitations. Although complications were present throughout the experiments 

performed in chapter five, incorporation of PCNs into various scaffold types is an interesting 
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prospect. They can protect growth factor throughout processing conditions, or be used to pattern 

different growth factors throughout a scaffold.  

 The proteoglycan-mimetic graft copolymers described in chapter four have only just been 

developed. While NMR has been performed it needs to be more thoroughly analyzed to confirm 

the chemistry. Additionally, neutron scattering or atomic force microscopy would provide 

information on the structure of these graft copolymers. Longer growth factor stability studies are 

necessary to verify their ability to not only deliver, but protect growth factor from degradation. 

More in depth mechanical testing would provide information on solution dynamics, functionality 

in a hydrogel scaffold,and possible applications for these assemblies. More grafting densities 

should be explored, as well as different GAG side chains, such as dermatan and karatan, and 

combinations of GAG side chains should be used. It would be interesting to optimize growth 

factor-copolymer complex properties by varying brush composition with different growth 

factors. Similar to PCNs, differentiation and in vivo studies would provide a wealth of 

information.  

 The electrospun DBM reported in chapter six is also a young project. The study was 

limited by the availability of DBM as well as the ability to analyze it for content. Only DBM 

from one donor was used and only XPS was performed on the material. A thorough 

understanding of the components of DBM and differences between donors would help in 

determining an appropriate solvent system. Additionally, more mechanical testing and longer 

term cell studies for differentiation would help to define an application for this novel material. 

Tuning the structure into aligned fibers, layered constructs, and rolling into a three dimensional 

tube may define or open this material to a multitude of applications. Although the electrospun 

fibers are cytocompatible, the solvent system currently used for electrospinning is toxic. 
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Developing a benign and “green” solvent system would improve the biological potential of this 

material. 

 This dissertation contains a vast amount of information gained from the outlined specific 

aims. However, there remains much to be explored. The biomaterials developed here have 

promising therapeutic potential and could be tailored to any number of tissue engineering 

applications.  
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APPENDIX 

 

 

 

A.1 SUPPORTING MATERIAL FOR CHAPTER 3. 

 A.1.1 MSC Response to FGF-2, PCNs, and Preconditioned FGF-2-Loaded PCNs 

and Aggrecan. MSCs were cultured with the different PCNs and aggrecan with and without 

FGF-2 for four days. 

 A.1.1.1 Mitogenic Activity Assay. After the culture period cells were fixed and stained 

with DAPI and counted using ImageJ. Figure A.1.1 shows representative microscopy images of 

cells cultured with no treatment, and with PCNs and aggrecan at 10 µg mL
-1

 without FGF-2. 

 

Figure A.1.1. Representative fluorescence micrographs of DAPI-stained MSC nuclei after four 

days of culture with (A) no treatment, and (B-F) 10 µg mL
-1

 aggrecan, Hep-Chi, Hep-TMC, 

CS-Chi, and CS-TMC without FGF-2, respectively. There is no apparent cell proliferation with 

any of these treatments. 
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A.2 SUPPORTING MATERIAL FOR CHAPTER 4. 

 A.2.1 Chemical Characterization. Graft copolymers were characterized using 

ATR-FTIR and proton NMR to confirm the chemical reaction. 

A.2.1.1 ATR-FTIR. Chemistry was confirmed using ATR-FTIR on all graft copolymers 

synthesized. The spectra of HA, HA-SH, and HA-BMPH are shown in Figure A.2.1. 

 

Figure A.2.1. ATR-FTIR spectra of HA, HA-SH, and HA-BMPH intermediates. 

 The sharp peak at 1540 cm
-1

 due to the carbon-nitrogen bond that forms during grafting is 

not present. 

Dialysis against diH2O in 300 kDa MWCO dialysis tubing was done to remove any 

uncomplexed GAG. FTIR was repeated after the dialysis. Results are shown in Figures A.2.2. 

 

Figure A.2.2. ATR-FTIR spectra of A.) Hep 1:1 and 1:30 and B.) CS 1:1 and 1:30 graft 

copolymers before and after dialysis.  
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A.2.1.2 Proton NMR. Chemistry was confirmed through Proton NMR of intermediates 

and graft copolymers. Changes in peaks associated with the BMPH coupling agent are seen at 

~2.3 and ~2.0 ppm. NMR spectra for neat CS and HA, and CS graft copolymers are presented in 

Figure A.2.3. Some peak assignments and integrals are shown, “*” indicates small molecule 

contamination. Peaks associated with the BMPH coupling agent are apparent in the CS 1:30 

spectra. 

 

Figure A.2.3. NMR Spectra of neat CS, neat HA, and CS graft copolymers with some peak 

assignments and integrals. “*” indicates small molecule contamination. Peaks associated with the 

BMPH coupling agent are apparent in the CS 1:30 spectra. 
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Spectra for the Hep graft copolymers are displayed in Figure A.2.3. Peaks from the 

BMPH coupling agent are apparent in the 1:30, 1:10, and 1:3 samples. 

 

Figure A.2.4. NMR spectra of Hep graft copolymers. 

The spectra for HA, HA-SH, and HA-BMPH intermediates are shown in Figure A.2.5.  

 

Figure A.2.5. NMR Spectra of HA intermediates. 



203 
 

A.3 SUPPORTING MATERIAL FOR CHAPTER 5. 

A.3.1 FGF-2 Quantification within Electrospun Nanofiber Scaffolds via ELISA. 

Without any neutralization step, scaffolds were placed in ELISA diluent buffer for two hours. 

The Emulsion and the PVA in excess coaxial scaffolds dissolved, however the chitosan in excess 

coaxial scaffold did not dissolve. It was imaged using SEM to investigate its nanostructure, 

shown in Figure A.3.1. All nanostructure is gone. It is assumed that all FGF-2 was released from 

the scaffold. 

 

Figure A.3.1. SEM of Chi in excess coaxial scaffold after soaking in ELISA buffer for two 

hours. 
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