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ABSTRACT OF DISSERTATION 

ENGINEERING NANOSTRUCTURED POLYSACCHARIDE-BASED 
POLYELECTROLYTE COMPLEXES 

The overall goal of this dissertation is to demonstrate how the structure and 

composition of polysaccharide-based materials might be tuned at the nanometer length 

scale. Nanostructured biomaterials are promising candidates for biomedical engineering 

applications. Among all biomaterials, polysaccharides have shown great potential 

because of their many biochemical functions and their complex nanoscale structure in 

biological contexts. The nanoscale structure of polysaccharides is an important property 

that controls their biochemical and biological functions, in a variety of tissues. Therefore, 

in this dissertation, the nanoscale assembly of polysaccharides-based polyelectrolytes 

using polyelectrolyte multilayers (PEMs), polyelectrolyte complex nanoparticles (PCNs), 

and combinations of these two nanostructures was investigated. These new 

nanostructured surface coatings are being further developed by the Kipper research group 

as means of stabilizing and delivering therapeutic proteins, and as bioactive surface 

coatings for stem cell engineering. Thus the ability to tune their structure and 

composition is an important contribution of the current work. 

The polysaccharides used in this work were chitosan, heparin, and hyaluronan. These 

three polysaccharides are biodegradable, biocompatible, and non-toxic. Chitosan, a weak 

polycation, has shown great potential in biomedical applications. Chitosan carries amine 

groups, and its charge density is determined by the protonation of the amine groups in 
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aqueous solutions. Heparin and hyaluronan are glycosaminoglycans (GAGs), and they 

are polyelectrolytes, carrying sulfate and carboxylate anionic substituents. They have 

been used in a variety of biomedical applications ranging from drug delivery to cell and 

tissue engineering. In this work, different nanostructured features have been fabricated 

and characterized based on these three polysaccharides. This work demonstrates the 

ability to tune the structure and composition of polysaccharide assemblies at the 

nanoscale by controlling the conditions under which the polyelectrolytes are complexed. 

The formation of PEMs using these polylelectrolytes was studied via in situ Fourier-

transform surface plasmon resonance (FT-SPR). Multilayer assembly was characterized 

as a function of both pH and ionic strength of buffer both with in situ and ex situ 

techniques. Both chitosan-heparin and chitosan-hyaluronan multilayers were 

electrostatically deposited on a gold surfaces for up to ten layers. X-ray photoelectron 

spectroscopy (XPS) and polarization-modulation infra-red reflection absorption 

spectroscopy (PM-IRRAS) were used to characterize the chemistry and composition of 

the multilayer thin films. 

The physical properties of chitosan, heparin, and hyaluronan in solution at different 

pH and ionic strength of buffer were also characterized and discussed in this work. The 

conformation in solution for these three polyelectrolytes was studied using gel 

permeation chromatography. Molecular weight distribution, hydrodynamic radius, Mark-

Houwink parameters, and intrinsic viscosity were measured for each macromolecule. 

The formation of PCNs using these three polyelectrolytes was also investigated in this 

work. PCNs have shown promising potential for the stabilization and delivery of several 

therapeutic agents, and have also been used in tissue engineering studies. A procedure 

iv 



was developed to form nanoparticles using chitosan, heparin, and hyaluronan. PCNs were 

complexed by combining polyelectrolyte solutions at different charge mixing ratios to 

promote the complexation of oppositely charged polyelectrolytes in solution. The size 

distributions and compositions of PCNs can be altered by changing the charge mixing 

ratios of the two constituent polyelectrolytes. Positively charged PCNs contain chitosan 

in excess, and negatively charged PCNs have either heparin or hyaluronan in excess. 

Formation of PCNs was best accomplished by one-shot addition of polyelectrolytes in pH 

5.0, 0.1 M buffer. The variations in PCN size, zeta potential, and morphology with charge 

mixing ratio were studied for both positively charged and negatively charged PCNs made 

from each of the two polyelectrolyte combinations. 

Finally, this work describes how PCNs can be combined with PEMs by 

electrostatically adsorbing PCNs during PEM deposition. The topography and 

composition of these polysaccharide-based, PCN-containing, PEM surface coatings can 

be tuned at the nanoscale. PCNs were adsorbed to oppositely charged PEMs, and were 

also embedded within PEMs. Nanostructured surface coatings were characterized on both 

modified gold substrates and tissue-culture polystyrene surfaces. The formation of these 

surface coatings was monitored by in situ quartz crystal microbalance with dissipation 

experiments. Surface topography was characterized by scanning electron microscopy and 

atomic force microscopy. Surface chemistry was confirmed by both PM-IRRAS and 

XPS. We demonstrate that PEM thickness can be controlled with nanometer resolution 

by altering the deposition conditions (buffer pH, molarity, number of layers). We 

demonstrate that PCNs were colloidally stable and homogeneously distributed when 

adsorbed on or in the PEMs. The combination of PCNs and PEMs can be used to tune the 
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nanoscale topographical features and composition of polysaccharide-based ultra thin 

films. 

Soheil Boddohi 
Department of Chemical and Biological Engineering 

Colorado State University 
Fort Collins, CO, 80523 

Fall 2009 
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Chapter 1 

Introduction and Objectives 

1.1 Why Engineering Nanostructured Materials? 

For several years, engineers have been trying to develop polymeric materials to 

mimic the biochemical and biomechanical properties of human tissue under physiological 

conditions. The combination of nanotechnology and biotechnology creates a wealth of 

opportunities for materials scientists to engineer biomaterials that mimic the structure and 

function of biological tissues. Biological tissues are composed of a complex mixture of 

materials (including proteins, polysaccharides, and small molecular weight molecules) 

that are organized at a variety of length scales, including the nanometer length scale. It is 

the hierarchical organization of materials that provides the foundation for the biochemical 

and biomechanical function of tissues. For example proteoglycans, which are proteins 

containing negatively charged glycosaminoglycans (GAG), are found in connective 

tissues. They exhibit complex nanostructure and participate in organizing other materials 

at nanoscale in extracellular matrices. 

In order to exploit their nanoscale structure and their potential for future biomedical 

applications, characterization of the physical and chemical properties of the nanoscale 

biologically-derived polymers is required. The ability to control their assembly at the 

nanometer length scale will provide new platforms for evaluating biological responses to 

engineered nanostructures. Engineering size, composition, and morphology of polymers 
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at the nanometer length scale can be a novel approach to designing functional 

1 T 

biomaterials. " 

1.1.1 Polysaccharides and Polysaccharide-Based Polyelectrolytes 

Polysaccharides are polymeric carbohydrates, many of which exhibit specific 

biochemical and biomechanical functions.4 In their biological contexts, many 

polysaccharides are organized at the nanometer length scale, and this organization is an 

essential determinant of their biological functions.4'5 Among all polysaccharides, GAGs 

are becoming increasingly important in biologically relevant applications. They have a 

rich biochemistry, which includes the ability to specifically bind and activate growth 

factors, enzymes, and other members of the extracellular matrix. GAGs have become 

target molecules for development of new therapies ranging from vaccines to cancer 

treatment.5 

Many biologically derived polysaccharides are also polyelectrolytes. Polyelectrolytes 

are polymers that carry electrolyte residues on their repeating units. They can be 

positively charged polyions, such as chitosan, which has amino groups, or negatively 

charged polyions such as heparin and hyaluronan, which carry sulfate and carboxylate 

groups respectively. Polysaccharide-based polyelectrolytes, which are generally 

biologically derived, have shown promise in applications ranging from drug delivery to 

tissue engineering.4'5'7' In order to tune the biological functions of these materials, their 

polyelectrolyte nature can be used to control electrostatic interactions between charged 

residues, resulting in the formation of nanoscale complexes of two oppositely charged 
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macromolecules. This electrostatic complexation can then be controlled to develop 

nanoscale polysaccharide-based assemblies. 

1.1.2 Polyelectrolytes Used in this Work 

In this chapter, a brief overview of the polysaccharides used for rest of the 

dissertation is given. A more detailed discussion of their physical chemistry and 

biological function is provided in Chapter 2. These polysaccharides are shown in Figure 

1.1. 

The polycation chitosan (Figure 1.1a) is mainly produced from partial N-

deacetylation of chitin. The main structural parameter of chitosan is the degree of 

acetylation (DA). Chitosan has a pKa of 6.46 to 7.32 and it is insoluble in most solvents 

but is soluble in aqueous weak organic acids such as acetic acid.9 Chitosan has some 

outstanding biological properties such as antimicrobial activity, biodegradability and 

biocompatibility for tissue culture applications. Chitosan promotes cell adhesion and 

migration.10' n Chitosan has also been shown to be a good candidate for biological 

applications such as drug delivery12, tissue engineering13'14, and cell adhesion15. 
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X = OH, OSO3-
Y = NHAc, NH2, NSO3 

Figure 1.1. Chemical structure of chitosan (a), heparin (b), and hyaluronan (c). 

Heparin (Figure 1.1b) is a biologically derived polyanion, which has the highest 

negative charge density among all biological polyanions. Heparin has an average 

molecular weight of 12 to 15 kDa. Heparin has been used in the clinic as an 

antithrombotic, anti-adhesive, and anticoagulant agent.16' 17 18 Heparin has the ability to 

bind to different proteins such as enzymes, growth factors, and extra cellular matrix 

proteins.19 Heparin can activate many growth factors such as fibroblast growth factors 

(FGF) and some members of the transforming growth factor beta superfamily (TGFP). 

22 TGFP growth factors can control proliferation and differentiation of different cell types 

including endothelial cells, fibroblasts, vascular smooth muscle cells, and epithelial 

cells.22"24 Heparin is also structurally similar to the other sulfated glycosaminoglycans. It 

is therefore a good model for other biologically active polysaccharides. 
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Hyaluronan (Figure 1.1c) is a non-sulfated glycosaminoglycan that behaves as a weak 

polyanion. It is composed of alternating D-glucuronic acid and TV acetyl-D-glucosamine 

residues. It carries one carboxylate group per disaccharide, with a pKa of 2.9. The 

average molecular weight of hyaluronan is 10 to 10000 kDa.25 Hyaluronan is found in 

many skeletal and connective tissues. Hyaluronan has been shown to be effective at 

promoting cell migration and proliferation. ' 

1.2 Research Objectives 

As mentioned earlier, the overall goal of this dissertation is to demonstrate how the 

structure and composition of polysaccharide-based materials might be tuned at the 

nanometer length scale. The polyelectrolyte nature of polysaccharides is used to assemble 

new materials with nano architecture for biomedical engineering applications. To achieve 

this goal, the relationships between polysaccharides' physical chemistry and self 

assembly must be studied to develop new polysaccharide-based nanostructured bioactive 

materials. 

The overall goal of this dissertation is achieved by the following objectives: 

Objective 1. Engineer polysaccahride-based polyelectrolyte multilayers (PEMs) using 

chitosan, heparin, and hyaluronan by varying the processing conditions. 

Objective 2. Experimental investigation of the solution behavior of polysaccharides. 

Objective 3. Develop a method to make polysaccharide-based polyelectrolyte complex 

nanoparticles (PCNs) at different charge mixing ratios with two different polycation-

polyanion pairs: chitosan-heparin (chi-hep) and chitosan-hyaluronan (chi-ha). 
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Objective 4. Tailor morphology and composition of different surface coatings using 

PEMs and PCNs. 

1.3 Organization of the Dissertation 

Chapter 2 is a review describing the current state of engineering nanoassemblies of 

polysaccharides, with a focus on tailoring their properties for biomedical applications. In 

this chapter, several relevant polysaccharides are discussed, and their unique properties 

for biochemical and biomedical applications are introduced. An important group of 

polysaccharides called GAGs is highlighted, and their potential application as nanoscale 

biomaterials is discussed. This chapter also focuses on the use of the polyelectrolyte 

nature of polysaccharides as a powerful tool to control their nanoscale assembly. 

Specifically, PEMs, PCNs, nanofibers, and complex combinations of these structures is 

reviewed. Finally, this chapter provides some perspectives on the application of these 

polysaccharide based nanomaterials for biomedical applications such as drug delivery 

and tissue engineering. 

In Chapter 3, the complexation of the chi-hep polycation-polyanion pair at surfaces is 

studied. Ten-layer PEMs were assembled at different values of pH and ionic strength of 

the buffer solution. In situ Fourier-transform surface plasmon resonance (FT-SPR) was 

used to monitor PEM formation. The novel contribution of this chapter is a detailed 

understanding of the physical chemistry of these PEMs, provided by a detailed study of 

the PEM formation under different conditions. PEM thickness and refractive index of 

chi-hep system were measured ex situ by spectroscopy ellipsometry. Ellipsometry is a 

sensitive optical technique for determining properties of surfaces and thin films. Surface 
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chemistry and composition of the PEMs were evaluated with polarization modulation 

infra-red reflection absorption spectroscopy (PM-IRRAS) and X-ray photoelectron 

spectroscopy (XPS). Results are completely interpreted in this chapter. 

Characterization of the polyelectrolytes in solution is presented in Chapter 4. The 

goal here was to discern how the solution conditions affect the conformation of chitosan, 

heparin, and hayluronan in solution as the solution properties may affect the formation of 

interpolyelectrolyte complexes at surfaces. The results obtained are related to the final 

properties of the polyelectrolyte multilayer surface coatings obtained for the chi-hep 

system (reported in Chapter 3) and the chi-ha system (reported in Chapter 4). To achieve 

this goal, gel permeation chromatography (GPC) coupled with laser light scattering and 

viscometry instruments was used to measure the molecular weight distributions and the 

intrinsic viscosity and hydrodynamic radii of each of the polyelectrolytes under different 

solution conditions. These results are reported in Chapter 4. 

Under the appropriate conditions, oppositely charged polyelectrolyte pairs can 

complex in solution to form nanoparticles. In Chapter 5, the formation of chi-hep and chi-

ha PCNs is described. A reproducible procedure was developed for the complexation of 

these polyelectrolytes at different charge mixing ratios. This work demonstrates that 

control over the size distribution and composition of the PCNs can be obtained by 

altering the charge mixing ratios. PCNs were all characterized by dynamic light 

scattering (DLS) to obtain their hydrodynamic radii. Stability of the PCNs was also 

evaluated by zeta potential measurements, and results are interpreted in detail in Chapter 

5. The morphology of the particles adsorbed to surfaces was also investigated by 

scanning electron microscopy (SEM). SEM confirmed that particles can be adsorbed 
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discretely or aggregated depending upon the stability and composition of the particles. 

Since particles were deposited on uncharged surface, they did not homogeneously cover 

the surface in all conditions. 

Finally Chapter 6 demonstrates one method whereby a combination of different types 

of polyelectrolyte complexation can be used to make more complex nanoscale 

assemblies. Here, chi-haPEMs are combined with chi-hep PCNs on both gold and 

polystyrene surfaces. Eight different types of surface coatings were characterized by 

quartz crystal microbalance with dissipation (QCM-D). Six-layer and seven-layer 

(negatively charged and positively charged) multilayers with like-charged PCNs 

adsorbed, multilayers with oppositely charged PCNs adsorbed, and PEMs with PCNs 

incorporated as sub-terminal layers are all characterized. The morphology of the PCN-

containing PEMs was also investigated by SEM and atomic force microscopy (AFM). 

Results confirm that PCNs can adsorb to charged surfaces discretely and homogeneously 

even as a sub-terminal layer. Composition of the PEM-PCN systems was also analyzed 

by XPS, and results confirm that morphological features observed in AFM and SEM 

correspond to adsorption of the PCNs. 

In Chapter 7, it is concluded that engineering these nanoscale surface coatings can 

lead to better control over composition, morphology, and size of the nanoscale features. 

These nanostructured polymers have a potential to be used in biochemical and biomedical 

applications. The work presented in this dissertation enables the tuning of nanoscale 

features of polysaccharide-based surface coatings. This will enable the biological 

activities of these materials that arise from their nanoscale organization to be tuned. 

Future work with these materials will include the study of protein adsorption and stability 
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on different surfaces and investigation of mammalian cell responses to different types 

nanostructures. It is hypothesized that cells will respond differently based on the 

nanoscale organization of the biochemical moieties, such as encapsulated proteins and the 

polysaccharides that bind them. 
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Chapter 2 

Engineering Nanoassemblies of Polysaccharides 

• S. Boddohi, M.J. Kipper,"Engineering nanoassembly of polysaccharides." Advanced 
Materials, 2009 (submitted). 

2.1 Introduction 

Polysaccharides are a class of biological macromolecules that play important roles in 

a vast repertoire of biochemical and biomechanical functions. Glycomics, which is the 

study of structure-function relationships of complex carbohydrates, is an emerging field 

that is recently producing a wealth of knowledge about the activity of this important class 

of biological macromolecules. This presents an opportunity for engineers and materials 

scientists developing biomaterials to capitalize on, by incorporating these carbohydrate 

chemistries into biologically active materials. Thus, saccharide-based chemistries have 

attracted the attention of biomaterials researchers as a class of materials with enormous 

potential in diverse areas including protein interactions, cell and tissue engineering, 

vaccine delivery, and cancer treatment. " Furthermore, in their native biological contexts, 

many polysaccharides are found organized into complex assemblies with nanoscale 

structures (e.g. virus capsids, bacterial cell walls, the eukaryotic cell glycocalyx, and 

extracellular structures such as the aggrecan aggregate in mammalian tissues). For 

example, Figure 2.1 shows a transmission electron micrograph of the endothelial 

glycocalyx from a normal blood vessel, and an atomic force micrograph of the 
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proteoglycan aggrecan. Both of these represent biological assemblies of polysaccharides 

with nanoscale organization that determines their biochemical and biomechanical 

function. Thus, in order to realize their full biochemical and biomechanical potential, 

biomaterials scientists are exploring ways to engineer polysaccharide nanostructure. 

Figure 2.1. Micrographs of biologically derived polysaccharide nanoassemblies. Normal 
vessel (A), whereas (B) has been subjected to mild thermal injury and has become 
inflamed. Both micrographs show the lumen (top), glycocalyx (centrally placed), 
endothelial cells (below the glycocalyx), and the collagenous extracellular matrix (lower 
area). Scale bars are 180 nm in both (A) and (B). Reprinted from Journal of Structural 
Biology, 136, J. M. Squire et ah, Quasi-Periodic Substructure in the Microvessel 
Endothelial Glycocalyx: A Possible Explanation for Molecular Filtering, 239-255, 
copyright (2003), with permission from Elsevier. High resolution AFM image of fetal 
epiphyseal aggrecan (C). Scale bar is 50 nm. Reprinted from Journal of Structural 
Biology, 143, L. Ng, et al, Individual Cartilage Aggrecan Macromolecules and their 
Constituent Glycosaminoglycans Visualized via Atomic Force Microscopy, 242-257, 
copyright (2003), with permission from Elsevier. 
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This review briefly summarizes the structure and function of polysaccharides 

commonly used in biomaterials, then discusses recent advances in engineering their 

nanoscale assembly for biomedical materials. The references cited in this review are 

selected for those interested in both the physical chemistry and nanoscale assembly of 

polysaccharides, and in how polysaccharide nanostructures can be used to tune the 

response of biological systems (e.g. cells and tissues) to these materials. 

2.2 Polysaccharides Used as Biomaterials 

Among the several classes of polymeric materials that have become important tools 

for the biomaterials scientist, polysaccharides possess unique properties that have 

recently been used in drug delivery (including the delivery of genes and therapeutic 

proteins), as scaffold materials for cell and tissue engineering studies, and as coatings for 

f\ 1 9 

implants and prostheses. " At the molecular level, polysaccharides are unique from both 

synthetic polymers and other biologically derived polymers. While synthetic polymers 

are generally composed of a single monomer or a small number of monomers, some 

polysaccharides contain a much larger number of monomer chemistries. Several common 

pendent groups, multiple valency of monomers, and the steriospecificity of the glycosidic 

bonds linking them all contribute to polysaccharide sequence variability. Furthermore, 

their biological synthesis can result in a heterogenous mixture of sequences. This is 

illustrated by the complex mechanism of heparan sulfate biosynthesis, which is a 

combination of sequential and simultaneous statistical steps.13'14 This is far different from 

the prescribed, template-driven process that guides the synthesis of other biological 

polymers, like protein and DNA. Thus, a single polysaccharide may perform many 
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sequence-dependent biochemical functions by possessing a diversity of biochemically 

active sequences. This is both a blessing and a curse for the biomaterials scientist. 

Biomaterials scientists can benefit from the ability to introduce multiple biochemical 

functions with the use of a single polymer. However, this may be done at the expense of 

precise control over the degree to which a particular functional group will be introduced 

and even which additional functionalities may be introduced in the process. 

To overcome this challenge and to advance the development of tools for glycomics 

research, significant efforts have been extended toward the production of defined 

saccharide sequences. The synthesis of defined polysaccharide sequences is difficult 

because of the multiple valency of the monomer groups and the chirality of the glycosidic 

linkages between them. The challenges associated with the synthesis of defined 

saccharide sequences and advances in synthetic sterioselective chemistries and protection 

strategies have been recently reviewed by Seeberger.15 Enzymatic synthesis has also been 

developed for the controlled polymerization of polysaccharides. However, for the 

present, the vast majority of research in the application of polysaccharides in biomaterials 

relies on polysaccharides produced by microbes or derived from animal tissues, which 

are harvested, purified, and in some cases, chemically modified. These naturally derived 

polysaccharides generally contain the full range of biological functionality (whether they 

be known or unknown) exhibited by the polysaccharides in their native contexts. 

2.2.1 Glycosaminoglycans 

The most important polysaccharides in mammalian tissues are the 

glycosaminoglycans (GAGs). These include chondroitin sulfate, dermatan sulfate, 
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keratan sulfate, heparan sulfate, heparin, and hyaluronan. The GAGs are all based on 

disaccharide repeating units containing a hexuronic acid (or a hexose in the case of 

keratan sulfate) and a hexoseamine. The basic structures are shown in Table 2.1. All of 

the GAGs are polyelectrolytes, containing functional groups including carboxylate, 

amino, sulfate, and ^-sulfonate substituents. GAGs are usually fully charged polyanions 

at physiological conditions. Thus electrostatic interactions are important for 

determining both their physical chemistry and their biochemical function. In the tissues in 

which they are found, these polysaccharides have important biochemical and 

biomechanical function. They also serve to regulate the nanoscale organization of other 

components of the extracellular matrix (ECM). 
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Table 2.1. Chemical structure glycosaminoglycans discussed in this review. 

Glycosaminoglycan 

Chondroitin 4-sulfate 

Chemical structures 

Heparin and Heparan 
sulfate 

Hyaluronan 

^P^-°\ x 

I ^ i J -
X = OH, OSO3-
Y = NHAc, NH2, NHSO3-

0- OH 

H 0 \ X V L , 0 - A - - - - > « ^ -OH NH 

0 ^ 

0" . 0 S Q OH " 

£2C^\.oV^X/ 
OH NH 

oAJ 

Chondroitin 6- sulfate O 
HO 

O- OH?S03 ' 

OH NH 

oAJ 

Keratan sulfate 
HO OH OSO3 

OH j 
O' AJ 

Dermatan sulfate 
HO 1 X NH 

X=OH, 0S03-

The sulfated GAGs (chondroitin sulfate, dermatan sulfate, karatan sulfate, heparan 

sulfate, and heparin) have high sequence variability that enables them to bind many 

proteins19 with varying levels of specificity or promiscuity. These include growth factors, 
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growth factor receptors, chemokines, enzymes, enzyme inhibitors, and other structural 

components of the extracellular matrix, such as collagen.14' 20~22 The biochemical 

diversity confers function in several physiological phenomena including cell migration, 

morphogenesis, and differentiation,19 which might be exploited for biomedical 

applications such as tissue engineering. 

Chondroitin sulfate is the most prevalent glycosaminoglycan, found in the glycocalyx 

(the polysaccharide coating on all eukaryotic cells) and the extracellular matrix (ECM) in 

tissues including those of the central nervous system, skeletal system, ' and 

connective tissues. Chondroitin sulfate can bind and activate growth factors such as 

basic fibroblast growth factor (FGF-2)26, FGF-721, platelet-derived growth factor 

(PDGF),27' 28 and transforming growth factor (31 (TGF{3-1).29 Chondroitin sulfate also 

binds the important fibrillar forms of collagen I and II altering the fibrillogenesis 

process. The structurally similar GAG dermatan sulfate is important in blood vessels, 

where it binds strongly to heparin cofactor II in a mechanism that inhibits the blood 

coagulation cascade. Dermatan sulfate is also found in skin. Keratan sulfate is found in 

the brain, cartilage, and cornea,30 and has a higher variability of charge density than the 

other GAGs.31 

Heparin is a GAG which behaves as a strong polyanion. In fact, heparin has the 

highest charge density of any biologically derived polyanion.14 Heparin is normally found 

in intracellular granules, but is structurally similar to heparan sulfate, which is found in 

the glycocalyx and ECM of many tissues."' 14' 18' 32' 33 Heparan sulfate differs from 

heparin in that it has regions which are less sulfated. Heparin and heparan sulfate consist 

of at least ten different monosaccharide building blocks that can be combined into a large 
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number of different saccharide sequences. They can interact with many proteins 

(termed "heparin binding proteins")35 from different protein families. These include 

enzymes like thrombin and platelet factor 4,14 growth factors, such as members of the 

FGF family and TGF|3 superfamily, growth factor receptors, such as FGF receptor 4, 

and ECM proteins, such as collagen, and lipid-binding proteins. ' " Additionally, 

heparin binding can enhance the biological activity of growth factors40, by stabilizing 

them with respect to degradation and forming a ternary complex between heparin, the 

growth factor, and the growth factor receptor on a cell surface.42 Heparin binding to 

members of the FGF family has been particularly well-studied. FGF-heparin binding 

occurs via a sequence of trisulfated disaccharide units but depends upon just a single O-

sulfate group and one or two N-sulfate groups. Transforming growth factor-betas 

(TGFP) comprise another growth factor superfamily that binds to heparin and heparan 

sulfate. TGFP growth factors control the proliferation, differentiation, and migration of 

many cell types. Rider and Lyon showed that not all members of the TGFP superfamily 

can bind to heparin. ' Bone morphogenetic proteins (BMPs) are a group of growth 

factors belonging to TGFP superfamily, and are important in regulating bone and 

cartilage anabolism and catabolism. BMP-2 and BMP-4 both have heparin binding 

sites.45 

Hyaluronan is the only glycosaminoglycan that does not contain sulfate substituents. 

It is generally found in the ECM, with a relatively high molecular weight. But its 

molecular weight can range from 10 to 10000 kDa.17 It has one carboxylic acid 

substituent per disaccharide repeat unit, making it a relatively weak polyanion with a pKa 

near 2.9. Hyaluronan forms aqueous solutions, behaving as a random coil polymer with 
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a very large hydrodynamic diameter. Hyaluronan binds some important proteoglycans 

that carry the sulfated GAGs, and thus plays in important role in organizing the 

structure and composition of the ECM.14 Hyaluronan also acts as the ligand for the cell 

surface receptor CD44.46 

By binding these many different types of proteins via specific saccharide sequences 

"1Q AH AQ 

GAGs activate or inhibit growth factors, ' act as ligands for cell surface receptors, 

organize the ECM, and potentiate enzyme activity.49"51 Potentiation of antithrombin III 

activity, for example, makes heparin useful as an anticoagulant. 

2.2.2 Other Polysaccharides Used as Biomedical Materials 

Some other polysaccharides that are important as biomedical materials are 

summarized in Table 2.2. These polymers have less complex sequence variability than 

the sulfated GAGs. Dextran is a water-soluble a-1,6 poly(glucose) containing a-1,4 

branches, that is produced by some bacteria. This microbial polysaccharide has a 

molecular weight ranging from 10 kDa to 1000 kDa. Dextran is the only polysaccharide 

shown in Tables 2.1 and 2.2 that does not behave as a polyelectrolyte. Alginate is an 

anionic block copolymer of (3-1,4 linked D-manuronic acid and a-1,4 linked L-guluronic 

acid, produced by algae. Thus it is a weak polyanion containing one carboxylate moiety 

per saccharide unit. 

Chitin is a polysaccharide produced by arthropods and is a major byproduct of the 

shellfish industry. It is a copolymer of p-1,4 linked D-glucosamine and N-acetyl D-

glucosamine, with a high degree of acetylation. Its high degree of acetylation makes it 

generally less water soluble than the other polysaccharides, though it is soluble in strong 
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acids. Chitosan is derived from the structurally similar polymer, chitin, by the partial N-

deacetylation of the N-acetyl D-glucosamine residues. It therefore has the same basic 

structure as chitin, except for the ratio of the two monomers. Deacetylation improves the 

water solubility, making chitosan soluble in dilute organic acids like acetic acid and 

formic acid. Chitosan has many properties that make it an attractive biomaterial. It is 

biodegradable, and its enzymatic degradation can be tuned by altering the degree of 

CO 

deacetylation. Chitin and chitosan are the only two polysaccharides shown in Tables 2.1 

and 2 that behave as polycations. Their polyelectrolyte properties enable them to interact 

with polyanions, including the GAGs, DNA, and RNA, leading to the formation of 

polyelectrolyte complexes. ' These complexes can then be used for the delivery of 
therapeutic agents. 10,56 

Table 2.2. Polysaccharides from non-mammalian sources discussed in this review. 

Polysaccharide Chemical structure 

Chitin and chitosan 

Alginate 
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HO 

Dextran 
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2.3 Biomedical Applications of Polysaccharides 

Each of the polysaccharides introduced in the preceding section has been used as a 

biomedical material. Here we briefly review how the biochemistry of each of these 

polysaccharides has been exploited for biomedical applications. 

The GAGs have been used extensively to modify surfaces for cell and tissue 

engineering and for blood-contacting materials. Heparin has been used clinically for 

many years as an anticoagulant. Its anticoagulant activity also makes heparin a 

particularly promising candidate for use as a coating on materials to improve their 

S7 

hemocompatibility. Heparin can also affect cell differentiation and migration by 

interacting with growth factors and their receptors. Its ability to bind and activate 

growth factors involved in mesenchymal stem cell differentiation suggests that heparin 

would be a promising candidate for bone and cartilage tissue engineering. Kim et al. and 

Ito et al. showed that surface-bound heparin can influence platelet adhesion and 

activation. ' Bacterial adhesion has also been shown to be reduced by activating 

surfaces with heparin.57 Hyaluronan and chondroitin sulfate have been used as coatings to 

reduce platelet adhesion in small diameter vascular grafts.60 Hyaluronan has been used 

for some time as a surgical aid in ophthalmology and as a viscosupplement for the 

treatment of joint diseases.61 Hyaluronan has also been used in pharmaceutical and tissue 

engineering applications. Introduction of sulfate groups into hyaluronan can impart 

similar heparin-like biochemical function into sulfated hyaluronan.57' 2 Dextran has also 

been studied in various three-dimensional constructs, including hydrogels, for cell culture 

and tissue regeneration.63'64 Dextran hydrogels have been shown to be cytophilic with 
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respect to fibroblast cells.64 Mehvar recently reviewed the use of different molecular 

weights of dextran for the delivery of therapeutic agents including drugs and proteins. 

Alginate can readily form hydrogels by complexing with low molecular weight divalent 

cations. Alginate has been used in nanoparticles and hydrogels for protein and drug 

delivery applications. ' For example, it has been studied as a vehicle for growth factor 

delivery for vascular tissue engineering.68 Alginate formulations have also been 

developed for encapsulation and delivery of cells. ' 

Chitin is biodegradable, is generally considered to be non-toxic, and has 

demonstrated significant potential as a biomaterial for tissue engineering applications.71"73 

Similar to chitosan, chitin also has shown the ability to bind to some proteins and DNA.74 

Nanostructured chitin-based materials have been shown to promote the growth and 

differentiation of human cells. Chitosan has been used in the formation of porous 

scaffolds for tissue engineering.76 The structure and feature size of chitosan scaffolds can 

also influence the cell adhesion and response to materials. Chitosan supports the growth 

of a variety of types of mammalian cells.6' 7' 76 It has shown promise for engineering a 

7 7 7 8 7 0 SO 81 87 8^ f\ 

variety of tissues including blood vessels ' , liver ' , skin , bone " , and cartilage. ' 

Chitosan also exhibits antimicrobial activity. ' Antibacterial and antifungal 

activities have been demonstrated for films89, coatings90, fibers7, hydrogels91 and other 

composites containing chitosan92. 

Despite their being derived from non-mammalian sources, chitin and chitosan can 

have significant biochemical activity with respect to mammalian cells and tissues. 

Chitosan, for example, enhances the wound healing process and angiogenesis. Chitosan 

can promote the migration of fibroblasts,81'94 via stimulation of growth factor (TGF(3-1, 
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PDGFy3) and interleukinVJ' (leukotriene B4, II-1, and 11-8) production. Muzzarelli 

recently reviewed the use of chitin and chitosan in wound healing applications. This 

review describes several mechanisms whereby chitosan may modulate the production and 

activity of matrix metaloproteinases, which are key enzymes acting during inflammation, 

wound healing, and tumor metastasis.98 In general, tissue healing near chitosan-based 

implants is characterized by initial inflammation with infiltration by neutrophils, 

followed by proliferation and a waning of the inflammation response, leading to good 

tissue integration and lack of chronic inflammation.6 This biochemical activity of chitin 

and chitosan has lead to the success of a number of commercially available chitin-based 

and chitosan-based wound dressings. 

2.4 Biologically-Derived Nanoassemblies of Polysaccharides 

Studies in structural biology have revealed that biological structures are characterized 

by the assembly of macromolecules at a hierarchy of length scales, and that this assembly 

is essential to the biological function of many tissues. In mammalian tissues, the sulfated 

glycosaminoglycans shown in Table 2.1 are most often found as proteoglycans - proteins 

modified with GAG side chains.18 These proteoglycans impart their biochemical and 

biomechanical function to the tissues in which they are found. These functions include 

acting as cell surface receptors, guiding cell differentiation, mediating cell-cell signaling, 

and imparting mechanical strength to tissues.11' 32' 99"104 Furthermore, they exhibit 

nanoscale organization and are also responsible for organizing other materials at the 

nanometer length scale in the ECM. This nanoscale assembly forms the foundation upon 

which additional assembly at larger length scales is also achieved. In the sections below, 
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we describe two important examples of the nanoscale assembly of polysaccharides and 

demonstrate how this nanoscale assembly influences their biochemical and 

biomechanical function. 

2.4.1 The Glycocalyx 

The glycocalyx is a biological nanoassembly that was first identified nearly a half 

century ago with electron microscopy.105 The glycocalyx is a group of glycoproteins that 

are present on the surface of almost all eukaryotic cells. In transmission electron 

micrographs, the glycocalyx appears as a polymer brush structure (Figure 2.1 A and 

2. IB). The glycocalyx is particularly important in epithelia and endothelia, where it 

forms a nanostructured thin film that defines both the physical chemistry and the 

biochemistry of the surfaces.106 One important function of the glycocalyx is to provide 

receptors for cell adhesion. For example, it is through the glycoproteins in the epithelial 

glycocalyx that the adhesion of platelets to damaged tissue is governed. In blood vessels 

the endothelial glycocalyx forms a nanostructured thin film lining the luminal surface. In 

blood vessels the glycocalyx defines the interactions of all blood components, including 

thrombocytes, with the blood vessel lumen, and is essential to preventing thrombosis. 

This endothelial glycocalyx consists primarily of heparan sulfate and hyluronan.107 

The glycocalyx has been shown to play an important role in human pathophysiology. 

The nanoscale dimensions of this polysaccharide brush have been studied in detail to in 

order to evaluate its relation to risk factors for cardiovascular disease. ' The mean 

thickness of the vascular endothelial glycocalyx is in the range of 400 to 600 nm.107'109 

Huxley et al. studied the dynamic properties of the glycocalyx in coronary arterioles in 
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the presence of different enzymes (pronase and heparinase), to determine how enzyme 

10S 

degradation of the glycocalyx influences the solute permeability and protein flux. 

Henry et al. also studied the effect of hyaluronan removal from the endothelial surface to 

evaluate how its presence influences the permeability and structural properties of the 

glycocalyx.110 Their results demonstrated that reduction of the glycocalyx density and 

thickness, by treatment with the hyaluronidase enzyme, increases the penetration of 

macromolecules into the glycocalyx.110 These are examples of studies demonstrating that 

the nanoscale organization of the glycocalyx structure is clearly a significant determinant 

of tissue function. The glycocalyx also plays important roles in cell recognition and cell-

cell communication both in eukaryotic and prokaryotic cells.111 

2.4.2 Aggrecan and the Aggrecan Aggregate 

Among the proteoglycans, aggrecan is the largest. Aggrecan is a protein that contains 

over 100 glycosaminoglycan side chains.112, 113 In fact, the majority of the weight of 

aggrecan is the chondroitin sulfate, keratan sulfate, and oligosaccharide side chains, 

which are spaced only about 4 to 5 nm apart along the core protein. ' ' ' The 

strong electrostatic repulsion among the GAG chains causes aggrecan to adopt a bottle-

brush structure. Ng et al. investigated individual cartilage aggrecan macromolecules in 

detail and reported the physical properties by atomic force microscopy.115 Their 

characterization revealed that the contour length is in the range of 300-500 nm and varies 

depending upon the maturity of the source.115 This structure is clearly seen in the atomic 

force micrograph shown in Figure 2.1C. The length of the individual GAG side chains 

attached to the core aggrecan protein was also measured, and ranges from 30-40 nm. 
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Aggrecan is classified as a hyaluronan-binding proteoglycan. In the ECM of articular 

cartilage, in the intervertebral disk, and in the vitreous humor of the eye, the proteoglycan 

aggrecan binds to hyaluronan, mediated by a binding protein, to form the aggrecan 

aggregate, illustrated schematically in Figure 2.2.101, U3'116 Each hyaluronan molecule can 

have over 100 aggrecan units bound to it, forming a densely packed, rod-like assembly 

with nanoscale structure. 17 The structure and dynamics of aggrecan and the aggrecan 

aggregate in solution have been studied in some detail by scattering and rheological 

techniques.116' m Solutions of the aggrecan aggregate exhibit viscous, shear-thinning 

behavior. At physiological concentrations (~ 5 wt %), aggrecan behaves as a 

concentrated solution, characterized by reptation, but not by entanglement of the stiff, 

side chain GAGs.116 The aggrecan aggregate is extremely stiff, with a persistence length 

on the order of 100 nm.116 

Figure 2.2. Schematic of the aggrecan aggregate showing that it is a nanostructured 
polysaccharide complex. The aggrecan core protein is represented in black, and the 
chondroitin sulfate and keratan sulfate chains are represented in red. 
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The biomechanics of aggrecan and the aggrecan aggregate has been the subject of 

extensive study by both experimental and computational approaches. 114'119'120 1 0 4 ' m The 

structure of the aggrecan aggregate confers a variety of unique properties to cartilage. 

The dense polyelectrolyte structure enables cartilage to maintain high water content (-70 

%),113, m imparting a relatively high compressive modulus101,118 (0.01 to 3.0 MPa122) and 

excellent tribological behavior,118 at physiological concentrations on the order of 20-80 

mg/mL.18 Meanwhile, the tensile properties of cartilage (e.g., viscoelastic stress 

relaxation) arise primarily from the mechanics of fibrillar collagen. Thus, the 

mechanical properties of articular cartilage in joints and fibrillar cartilage in 

intervertebral discs depend upon the nanostructure of the aggrecan aggregate. Dean et al. 

measured the forces between aggrecan macromolecules in compression by atomic force 

microscopy at different salt concentrations by atomic force microscopy. The objective of 

this work was to determine how the nanomechanical behavior of aggrecan is determined 

by its nanoscale structure under physiologically relevant conditions. They determined, 

by both experimental and modeling approaches, that at physiological concentrations, the 

spacing between neighboring GAG moieties is near the threshold where compression 

causes a sharp increase in the modulus.104'114'121 They estimate that the nanomechanical 

stiffness increases in the range of 40-80 mg/mL which is in the range of physiological 

114 

concentration. 

Aggrecan also has a variety of important biochemical functions that play a role in the 

maintenance of healthy tissue. Aggrecan serves to organize other components of the 

ECM and may play a key role in transport of other macromolecules across the 

pericellular space, between chondrocytes and the ECM.113 There is strong evidence that 
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aggrecan inhibits the proteolytic cleavage of collagen, another important structural 

194 

component of cartilage ECM. The affect of aggrecanase inhibitors on collagen 

degradation has been evaluated in cartilage tissue cultures, to determine whether 

aggrecan itself was responsible for the collagen stabilization. Aggrecanase inhibitors 

blocked the degradation of collagen, but only in the presence of aggrecan.124 If aggrecan 

was removed first, then the addition of aggrecanase inhibitors had no effect on the 
1 94 

collagen degradation process. As mentioned previously, the chondroitin sulfate chains 
0f\ 9 \ 97 98 

in aggrecan also bind and activate growth factors such as FGF2 , FGF7 , PDGF ' , 

andTGFpi29. 

2.4.3 Nanoscale Organization of other ECM Components 

In other tissues, the proteoglycans have a critical role in dictating the nanoscale 

organization of ECM components. For example, glycosaminoglycans in blood vessels 
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may influence the organization of structural proteins. Some authors have conjectured 

that the GAGs in the proteoglycan versican influence the mechanical properties of blood 

vessels as aggrecan does in cartilage, ' while others have downplayed its 

significance.125 

The small leucine-rich proteoglycans (SLRPs) are another group of proteoglycans 

that play essential roles in the nanoscale organization of the ECM in the tissues in which 

they are found. Decorin, for example, is an SLRP that helps to regulate the assembly and 

final size of collagen fibrils. When the decorin-mediated collagen assembly is disrupted 

in skin, degradation of the mechanical properties results.127 In the cornea, decorin ensures 
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that collagen fibrils have a uniform (-90 nm) diameter and uniform spacing, which is 

1 98 

essential to the transparency of the tissue. 

2.5 Engineering Polysaccharide Nanostructures 

The examples in the sections above demonstrate that the nanoscale assembly of 

polysaccharides is a key determinant of their biological function. Thus, by engineering 

their nanoscale assembly, biomaterials scientists may capitalize on the biochemical and 

biomechanical potential of polysaccharides for biomedical applications. For this endeavor 

to be successful, the responses of proteins, body fluids, cells, and tissues to 

nanostructured polysaccharides must be accurately characterized, so that design 

principles for new biomaterials can be developed. The biological responses to different 

polysaccharide chemistries are often most readily characterized on flat surfaces. Ultrathin 

films afford the opportunity for researchers to precisely tune the chemistry, thickness, and 

morphology of surfaces, and can be engineered from polysaccharides via several 

reproducible methods. 

The biological responses to nanoscale surface coatings however, are not always 

effective predictors of the biological response to the same chemistries presented in three 

dimensional nanostructures. Thus, in order to engineer nanostructured materials that 

afford predictive control over cell behavior, studies of cell responses to more complex 

nanostructures must be conducted. In the sections that follow, we will describe recent 

research in the development of polysaccharide nanostructures, primarily obtained through 

interpolyelectrolyte complexation. We will also summarize the interesting results that 
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begin to tell the story of how biological systems respond to the nanoscale features of 

these materials. 

2.6 Nanoscale Polysaccharide-Based Surface Coatings 

Among the several techniques available for modifying the surface chemistry of 

materials, the covalent attachment of self-assembled monolayers (SAMs), formation of 

polymer brushes, and the layer-by-layer (LBL) assembly of polyelectrolyte multilayers 

(PEMs) have demonstrated particular usefulness for saccharide chemistries. The covalent 

attachment of SAMs has been an effective strategy for studying the interactions of 

proteins " and cells with specific monosaccharides and oligosaccharides. Raynor 

et al. recently characterized the biological activity of a synthetic polymer brush 

containing saccharide side chains.134 The saccharide side chains imparted resistance to 

cell and protein adhesion, but the addition of peptide adhesion ligands enabled cells to 

bind to the otherwise non-fouling surfaces. Others have used thin films of 

polysaccharides covalently bound to surfaces to study their biochemical properties. 

A more common strategy for modifying surfaces with polysaccharides is through the 

formation of PEMs. Many of the polysaccharides of interest as biomaterials also behave 

as polyelectrolytes, due to pendent carboxylate, amino, sulfate, and Af-sulfonate groups. 

Thus, the modification of surfaces with polysaccharides by electrostatic adsorption is an 

effective method for introducing polysaccharides to surfaces. 

The layer-by-layer (LBL) deposition of oppositely charged polyelectrolytes to form 

PEMs was developed in the 1990's by Decher et al. 136140 and it has been extended to 

many nanotechnology applications.137'138'141'142 It has become an increasingly important 
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method for generation of functional thin films deposited on solid substrates such as gold, 

glass, or silicon.141' 142 The LBL assembly of PEMs been demonstrated to be a useful 

method for building nanostructured organic or inorganic thin films for biomedical 

applications, including biosnesors,140' 143 and cell encapsulation,144 and protein 

delivery.145' 146 PEMs are of scientific and technological interest because of the many 

possible variations on their physical and chemical properties, and the ability to accurately 

control the assembly of materials at the nanometer length scale. PEMs are formed by 

adsorbing a polyelectrolyte from solution onto an oppositely charged surface. Adsorption 

of the polyelectrolyte leads to an inversion of the surface charge, due to excess charged 

groups on the adsorbing polymer. 7 The charge inversion allows the surface to be 

subsequently modified with an additional layer of a polyelectrolyte with a charge 

opposite to that of the first. The process can be iterated by sequentially exposing the 

surface to polyelectrolyte solutions of alternating charge. In practice, the LBL assembly 

can be achieved by perfusing a surface with alternating solutions either by flowing 

solutions across the surface or by dipping the surface in the solutions. A rinse is usually 

conducted between adsorption steps to remove uncomplexed polymer and achieve more 

uniform PEM formation. PEM assembly with both strong and weak polyelectrolytes has 

been extensively investigated.148"151 

The mechanism of electrostatic LBL assembly has been attributed to the formation of 

a sufficiently stable interpolyelectrolyte complex at the interface. The charge density of 

each of the polymers and their solubility in the dipping and rinse solutions can have a 

strong influence on the PEM thickness and composition. For weak polyelectrolytes, the 

charge density on each of the polymers can be controlled by altering the solution pH. In 
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this case pH controls the linear charge density of an adsorbing polymer as well as the 

surface charge density of the previously adsorbed polymer layer. Any solution property 

which affects the electrostatic interactions can influence the PEM assembly, including 

solution pH, ionic strength,147' l50' 152 polymer charge density,149' 152~155 and polymer 

molecular weight.1 6 The LBL technique has recently been extended to take advantage of 

additional binary attractive interactions, including hydrogen bonding157, charge 

transfer ' , acid base pairing , and covalent bonding . In a detailed review, 

Schonhoff discussed the development of the theory of PEM formation, deposition of 

PEMs on colloidal templates, and the composition and transport properties of PEMs. 

The LBL assembly of PEM can provide control over layer thickness and surface 

composition at the sub-nanometer length scale. This technique has been used to 

precisely tune both the surface composition and biological function of PEMs containing 

biologically derived polysaccharides.151' 163~166 Furthermore, the ability to precisely tune 

the composition and thickness of ultra-thin films using LBL assembly of surface coatings 

based on polysaccharides has enabled the detailed investigations of the interactions of 

proteins, biological fluids, and cells with well-defined polysaccharide-based surfaces. 

Surfaces containing very hydrophilic polysaccharides, such as hyaluronan, tend to 

exhibit resistance to protein adsorption and cell adhesion. ' Elbert et al. demonstrated 

that the cell adhesion properties of surfaces could be dramatically modified by addition of 

polysaccharide-containing PEMs. Figure 2.3 shows fibroblasts growing on a fibroblast 

ECM-coated surface (A), a similar surface coated with a polylysine-alginate PEM (15 

bilayers) (B), and gelatin coated with a polylysine-alginate PEM (15 bilayers) (C).168 In 

similar experiments, they also demonstrated that addition of just two polylysine-alginate 
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bilayers could completely inhibit platelet adhesion to collagen coated surfaces (Figure 

1 /TO 

2.4). Polysaccharides have also been combined with other proteins or polymers to 

promote cell adhesion or proliferation on surfaces. Osteoblast proliferation on titanium, 

for example, can be enhanced by chitosan-gelatin PEMs.169 

Figure 2.3. Proteinaceous surfaces were treated by polylysine-alginate PEMs. Fibroblast 
cells were seeded onto the treated surfaces, and cell spreading was assessed at 24 h. 
Photomicrographs of the following surfaces are presented: (A) fibroblast extracellular 
matrix treated with buffer only; (B) fibroblast extracellular matrix treated with a 15-
bilayer PEM; (C) gelatin coated on tissue culture polystyrene treated with a 15-bilayers 
PEM. Scale bar is 200 urn Reprinted with permission from reference 168, copyright 
1999 American Chemical Society. 
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Figure 2.4. Type I collagen was adsorbed onto glass, and then treated with a PEM. The 
substrates were then contacted with flowing human blood for 2 min at a shear rate of 
1000 s~'. Adhered platelets were then stained with basic fuchsin. (A) Control, treated only 
with buffer. (B) Treated with a two-bilayer polylysine-alginate PEM. Scale bar is 100 
urn. Reprinted with permission from reference 168, copyright 1999 American Chemical 
Society. 

Surfaces containing sulfated polysaccharides tend to reduce platelet activation and 

exhibit anticoagulant activity.170' m Thus, the biochemistry of sulfated polysaccharides 

has also been exploited to tune the interactions of cells and biological fluids with 

materials, through the use of PEMs. Serizawa et al. investigated the anticoagulant 

properties of dextran sulfate-chitosan PEMs and demonstrated that the terminal layer of 

the PEM governed the biochemical anticoagulant functionality.170 Recently, chitosan-

heparin PEMs were used to improve the endothelialization of arterial stents made from 

316L stainless steel.172 Kreke et al. studied the PEM formation of poly(allylamine 

hydrochloride)-heparin PEMs over a range of pH, and investigated protein adsorption and 

osteoprogenitor cell adhesion.173 This work demonstrated that the internal nanoscale 

structure and composition of the PEMs influences cell and protein interactions at the 

surface.173 

These studies reviewed above demonstrate that the structure and composition of thin 

films can be altered at the nanoscale in order to influence their biological properties. In 
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order to achieve predictive control over the biological responses to PEMs, it is essential 

to understand how these nanoscale features can be controlled. To that end, our group and 

others have studied in detail how the assembly of PEMs is governed by the processing 

conditions and the physical chemistry of the constituent polyelectrolytes.151'I54'174 In our 

work, we found that the composition and thickness of chitosan-heparin PEMs could be 

independently tuned by altering the ionic strength and pH of the polyelectrolyte solutions, 

respectively. 

Mammalian cells may also respond to the nanomechanics of PEMs. Schneider et al. 

measured the viscoelestic properties of polysaccharide-containing PEMs before and after 

cross-linking using AFM. A number of recent studies have demonstrated improved cell 

adhesion or proliferation on polysaccharide-based PEMs that are cross-linked to increase 
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the film rigidity. ' Nanoscale topographical features may also have a strong influence 

on cell behaviors such adhesion and migration. The topographical features of PEMs can 

be tuned by altering deposition solution properties, polymer charge density, or by 

incorporation of nanoparticles into PEMs. ' 

Polysaccharide-based surface coatings have also been used to deliver proteins and 

DNA to influence cell behavior.145'180'18[ In the recent work by Crouzier et al. the release 

of bone morphogenetic protein-2 from polysaccharide-based PEM was demonstrated to 

effectively induce myocyte differentiation into osteoblasts, even after repeated cycles of 

cell culture on the same surface. They also demonstrated that the quantity of growth 

factor encapsulated could be tuned by altering the PEM thickness. Figure 2.5 shows 

that BMP-2 is distributed throughout both thick and thin PEMs. In these confocal 

micrographs, the PEMs are stained green and the BMP-2 is stained red. Thus the 
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thickness of the PEM can be tuned to alter the quantity and kinetics of protein release 

from the surface.145 In this work differentiation of myocytes into osteoblasts was 

demonstrated in a dose-dependent manner, where the growth factor dose could be 

controlled by the structure of the PEMs. Quantitative studies of this type are essential for 

controlling the biological activity of nanostructured polysaccharides. Polysaccharide-

based PEMs have also been used to regulate the release of bioactive proteins from 
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alginate hydrogels. In this work, the polysaccharide PEM coating helped to both 

maintain the integrity of the alginate gel, and to retard the diffusion of the growth factor 

from the gel matrix.182 

Figure 2.5. A and B: Confocal microscopy in HEPES/NaCl buffer (pH 7.4) of 
crosslinked polylysine-hyaluronan PEMs loaded with rhBMP-2; A) 12-bilayer PEM and 
B) 24-bilayer PEM. C and D: The z-intensity profiles and film thickness (left y axes) for 
BMP-2 (red) and for polylysine (green). T.Crouzier, et al, Layer-by-layer films as a 
biomimetic reservoir for rhBMP-2 delivery: Controlled differentiation of myoblasts to 
osteoblasts. Small. 2009. 5. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. 
Reproduced with permission. 
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2.7 Polysaccharide-Based Nanoparticles 

In the previous section we discussed how the complexation of polyelectrolytes at 

surfaces has proven particularly useful for generating surface coatings with control over 

composition and thickness at the nanometer length scale. We also discussed some 

examples illustrating how this control can influence the biological responses to 

nanostructured polysaccharides. Polyelectrolytes can also be electrostatically complexed 

in solution to form polyelectrolyte complex nanoparticles (PCNs). This can be done using 

either oppositely charged polyelectrolytes, or a complementary polyelectrolyte-surfactant 
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pair. ' This process is usually entropically driven by the release of counter ions and 
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water from the hydrated polyelectrolyte molecules. In some cases, van der Waals 

forces and dipole-charge transfer may be involved in the formation of PCNs. Several 

mechanisms of complexation have been described leading to different effects on PCN 

size and morphology. Early studies of PCN formation were conducted in the 1970s by 

Tsuchida, and later by both Tsuchida and Kabanov.185"188 This work was followed by 
I OQ lon 

several groups characterizing the complexation of weak and strong polyelectrolytes, ' 

and experimental studies of PCN formation at different charge mixing ratios, buffer 
1 8 ^ IQO 

concentration, and pH. ' The effects of salt on PCN formation and polyelectrolyte 

exchange continued to be a subject of study into the 1990s.188, ,90~192 

The formation of water soluble PCNs, and control over their composition, colloidal 

stability, and degree of hydration is of particular interest for developing nanoparticles for 

biomedical application. Dautzenberg et al. have made significant contributions in this 

area. This group has studied how salt addition can affect the stability, density, and 

aggregation state of PCNs. ' ' In general, their work has demonstrated that at lower 
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ionic strength particle flocculation is reduced. At higher ionic strength PCNs tend to 

aggregate, partially due to screening of electrostatic charges that otherwise stabilize PCN 

solutions. While polymer charge density is an important factor determining PCN 

stability, Dautzenberg et al. confirmed that charge density by itself cannot control the 

structure and stability of PCNs, specifically in the presence of salt.193 This work, 

primarily conducted with synthetic polyelectrolytes, provides a framework for 

understanding the mechanisms of PCN formation, and a basis upon which to design 

processes for PCN formation from polysaccharides. 

As early as the late 1970's, Kikuchi studied the electrostatic complexation of 

polysaccharides using the chitosan-heparin polyelectrolyte pair.194"196 In this work, the 

sulfur content was used to assess the composition of the complexes, without further 

characterization. ' l Since this work, the complexation of multiple polysaccharide pairs 

has been investigated in more detail. These including chitosan-dextran sulfate197"199, 
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chitosan-chondroitin sulfate " , chitosan-heparin ' , and chitosan-hyaluronan. ' 

202, 204 Q 1 j t o s a n h a s a j s o b e e n complexed with synthetic polyelectrolytes, such as 

poly(acrylicacid).205'206 

The formation, composition, size, stability, and swelling behavior of polysaccharide-

based PCNs has been the subject of extensive study. For example, Domard, Delair, and 

co-workers have characterized the chitosan-dextran sulfate system, using different 

molecular weights of chitosan and dextran sulfate, and different degrees of acetylation for 

chitosan. They found that for particles with chitosan in excess, the molecular weight of 

chitosan had a strong influence on the particle size, with larger particles formed from 

higher molecular weight chitosan.198 They also found that the hydrodynamic diameter of 



the particles tended to decrease with increasing pH, which is consistent with the 

interpretation that the particles form a neutral, hydrophobic core, surrounded by a 

chitosan-rich, charged corona.198 In separate publications by the same group, different 

complexation mechanisms were proposed depending upon the molecular weight ratio of 

the polyelectrolyte in excess and the polyelectrolyte in default, and the differences in 

chain stiffness and charge group reactivity.199 When the polyelectrolyte in excess is much 

lower molecular weight than the polyelectrolyte in default, a more compact morphology 

results, leading in some cases to flocculation of the PCNs and poor colloidal stability.197 

When dextran sulfate was in excess, this group found that the complexes could form 

by either random cross-linking of chitosan chains by dextran sulfate, or by a one-to-one 

charge complexation of the oppositely charged groups between two polyelectrolyte 

chains.199 The prevalence of the second mechanism increased with increasing stiffness of 

the chitosan.199 The method of complexation also influenced the stability of the PCNs. A 

"one-shot" addition of the polyelectrolytes resulted in more stable particle formulations 

than slow titration of the polyelectrolyte solutions when the charge mixing ratios were 

close to 1:1.197 

The extensive characterization of polysaccharide-based nanoparticles enables them to 

be engineered for specific biomedical applications. A particularly promising application 

of polysaccharide-based PCNs is the development of vehicles for the stabilization and 

delivery of a variety of therapeutic agents. Polysaccharide-based PCNs have the potential 

to address some of the most pressing challenges associated with polymeric drug delivery 

vehicles. Polymeric drug delivery vehicles must be capable of stabilizing their payload 

with respect to the body's natural defense mechanisms, target the drug to the desired site 

40 



of delivery, and safely release the drug with an optimized release profile. ' Rather 

than providing an exhaustive review, the overview offered here focuses on how the 

properties of polysaccharide-based PCNs have been engineered to improve their 

performance with respect to a few applications for which they are particularly well-

suited. Polysaccharide formulations are effective at stabilizing biological macromolecules 

such as proteins and DNA. Thus, development of polysaccharide based delivery systems 

for both protein-based and DNA-based drugs and vaccines has been pursued.9' I0'209~217 

Motwani et al. performed a particularly well-designed study to develop chitosan-

alginate PCNs for intra-ocular drug delivery with optimal drug loading and release 

profiles.212 Their study developed a predictive model for how the composition of the 

PCNs altered the size, zeta potential, drug loading, and release kinetics in order to 

perform engineering design optimization.212 Polysaccharide PCNs have generated 

particular interest as vehicles for mucosal delivery of various therapeutics, due to their 

mucoadhesive properties. The size and zeta potential of chitosan-hyaluronan 

nanoparticles, for example, can be tuned by altering their composition.213 Prego et al. 

studied a three different types of chitosan-based nanoparticle formulations for mucosal 

delivery, and demonstrated that all of them are capable of reducing the trans-epithelial 

resistance in a model tissue culture system. 

A number of studies elucidating the mechanisms by which polysaccharide-based 

PCNs interact with cells and tissues have been conducted. Chitosan-containing 

nanoparticles are known to facilitate mucosal drug delivery by opening tight junctions in 

epithelial tissues. Lin et al. studied the transport of chitosan-heparin PCNs in the gastric 
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epithelia of mice, demonstrating efficient uptake of the PCNs by epithelial cells and 

colocalization of PCNs to sites of Helicobacter pylori infection (Figure 2.6). 

Stomach Cy3-Chitosan FA-Heparin Nuclei Superimposition 

Figure 2.6. Confocal microscopy image of one of the vilii from the murine gastric 
epithelium, 120 minutes following oral administration of fluorescently labeled chitosan-
heparin PCNs. The chitosan is stained red, the heparin is stained green, and the cell 
nuclei are stained blue. The superimposed image shows nanoparticles in various stages of 
interaction with the cells. Particles can be seen at the surface (A), interacting with the 
outermost layer of cells (B), and transported into the tissue (C). Reprinted from 
Biomaterials, 30, Y.-H. Lin, et al, Development of pH-responsive chitosan/heparin 
nanoparticles for stomach-specific anti-Helicobacter pylori therapy, 3332-3342, 
copyright (2009), with permission from Elsevier. 

Chitosan-cyclodextrin nanoparticles have also been demonstrated to facilitate drug 

delivery by opening tight junctions in cell culture models of epithelia. This phenomena 

led to the successful in vivo demonstration of efficient trans-mucosal (nasal) delivery of 

therapeutic levels of insulin in a rabbit model.214 This study demonstrated that both 

opening of tight junctions and direct transport of nanoparticles across the epithelium 

contribute the enhanced delivery of insulin by this carrier.214 The interactions of 

endothelial cells with alginate and chondroitin sulfate-containing nanoparticles were also 

recently studied.215 In this work, a combination of techniques was used to determine the 

mechanisms PCN uptake by endothelial cells.215 While nonspecific binding to endothelial 

cells was confirmed by fluorescence assisted cell sorting, the dominant mechanism of 

PCN uptake was by active micropinocytosis. 
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A large number of studies have used chitosan containing PCNs for gene delivery. One 

recent study of chitosan-plasmid DNA nanoparticle delivery demonstrated successful 

protein and antibody production in a murine model after both intramuscular and 

subcutaneous injection. This study concluded that chitosan with low molecular weight 

and low degree of acetylation produced the best functional response. Chitosan-based 

PCNs may be used in the future for development of both gene therapies and DNA 

vaccines. 

2.8 Polysaccharide-Based Nanofibers 

In the previous two sections, we discussed how polysaccharide nanostructures can be 

engineered with a focus on interpolyelectrolyte complexation. The few examples cited 

demonstrate that rational design of such systems can lead to materials with biological 

properties dictated by the nanoscale features. However, these simple nanostructures do 

not fully represent the complexity of possible nanoscale assemblies that might be 

developed. The formation of electrospun nanofibers is another technique that has been 

used to tune the nanostructure of polymeric biomaterials, including polysaccharides.219"221 

Electrospinning has been used to develop nanofibers for engineering of many tissues, 

including bone,222 blood vessel,223 and cartilage.224 From these studies, some basic design 

parameters such as fiber size, alignment, and chemistry have been developed. The vast 

majority of this work has been done with synthetic polymers. 

Electrospinning of polysaccharides can be difficult due to their limited solubility in 

organic solvents, and the relatively high viscosity of concentrated aqueous solutions. 

Nonetheless, some success has been demonstrated by using solvent combinations or 
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blends with synthetic polymers. Ohkawa and co-workers studied electrospinning using 

99S 

chitosans of different molecular weights. In extensive work by Torres-Giner and co­

workers chitosan-poly(lactic acid) blend nanofibers were electrospun and the effects of 

chitosan molecular weight and buffer solution was investigated. Chitosan-

poly(ethylene oxide) blend nanofibers have also been studied by a few groups. This work 

has shown that the blend composition and molecular weight can affect the size and shape 
99S 997 998 

of nanofibers. ' ' Bhattarai and co-workers electrospun chitosan-poly(ethylene 
998 

oxide) blends in different blend ratios to adjust the solution viscosity. They cultured 

chondrocytes and osteoblasts on the nanofibers to observe the effects of nanofiber 
998 

geometry on cell response. Electrospinning of a cellulose-heparin blend was achieved 
99Q 

by Viswanathan et al. using room-temperature ionic liquids as the solvent. 

While it is not yet clear exactly what features of nanofibers influence cell response, 

nanofibers size and mechanical properties have been correlated to biological responses. 

In recent work done by Subramanian et al., the viability and proliferation of chondrocytes 

cultured on chitosan-poly(ethylene oxide) blend nanofibers was characterized as a 

function of nanofibers mechanical properties. Noh et al., compared the responses of 

human keratinocytes and fibroblasts to chitin nanofibers and microfibers.75 hi an in-vitro 

study, they found that over a pried of 15 days, degradation rate of chitin nanofibers was 

higher than for chitin microfibers due to the higher surface area to volume ratio.75 They 

also demonstrated biocompatibility in a subcutaneous implantation model. Figure 2.7 

shows scanning electron micrographs of human gingival fibroblasts cultured on 

nanofibers and microfibers, illustrating increased cell attachment and spreading on the 

nanofibers, both with and without collagen. 
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Figure 2.7. Scanning electron micrographs of human gingival fibroblasts cultured on 
chitin nanofibers (A) and microfibers (B) structures, with and without type I collagen 
coating after 0, 1, 3, and 7 days of culture. The scale bar is 20 um. Reprinted from 
Biomaterials, 27, H. K. Noh, et ah, Electrospinning of chitin nanofibers: Degradation 
behavior and cellular response to normal human keratinocytes and fibroblasts, 11, 
copyright (2006), with permission from Elsevier. 

Polysaccharide-based nanofibers are still under investigation by researchers interested 

in cell and tissue engineering, wound healing, and drug, protein, and gene delivery. The 

promising work done to date demonstrates that biological systems respond to the 

nanoscale features of these materials, and that their biochemical functions can be tuned 

by altering the nanostructure. This work suggests that there is a wealth of opportunities 

for the development of new nanostructured biomedical materials with tailored biological 

function. 

1 Day 3 Days 7 Days 
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2.9 Development of more Complex Polysaccharide-Based 

Nanoassemblies 

The repertoire of nanoscale assemblies currently available to biomaterials scientists is 

certainly not limited to surface coatings, nanoparticles, and nanofibers. New synthetic 

approaches are being developed to generate polysaccharides with novel architectures that 

self assemble at the nanoscale. Lithographic techniques provide for the top-down 

development of arbitrary nanoscale surface features with sub-micron resolution, and 

biological nanoassemblies such as the aggrecan aggregate can be harvested from tissues 

and modified to alter their nanoscale properties. An exhaustive review of all of these 

strategies would require far more space than is permitted here. Nonetheless, nanoscale 

surface coatings, nanoparticles, and nanofibers represent the three most well-

characterized methods to tune the nanostructure of polysaccharides. These three types of 

nanostrcutures could therefore be viewed as a set of building blocks from which more 

complex nanoassemblies might be developed. For example, the modification of 

nanofibers surfaces with polyelectrolyte multilayers, formation of nanofibers containing 

nanoparticles, and the incorporation of nanoparticles into PEM films has been 

demonstrated by a number of groups. " Most of this work has been done using 

synthetic polymers. The ability to engineer these three nanostructures therefore, provides 

a good starting point for the fabrication of more complex nanoassemblies. 

We have recently investigated the decoration of surfaces with polysaccharide-

containing PCNs as a means of altering surfaces with nanoscale regions of varying 

chemistry and surface topographical features. Figure 2.8 shows scanning electron 
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micrographs of chitosan-heparin PCNs adsorbed to an aluminum surface (left) and 

chitosan-heparin PCNs embedded within a chitosan-hyaluronan PEM (right). 

'•SEiiAvViSloky 3x33,000;; loohi 5!0kVf -,X33,000.t 100nir 

Figure 2.8. Scanning electron micrographs of positively charged chitosan-heparin PCNs 
adsorbed to an aluminum surface (left) and embedded within a chitosan-hyaluronan PEM 
(right). Adsorption within the PEM induces a more uniform surface coverage, while 
maintaining the PCN stability.179'204 

A similar approach was recently reported by Lin et al. to develop nanostructured 

surfaces for DNA delivery. In this work, PCNs were first formed from the chitosan-

plasmid DNA polyelectrolyte pair. These PCNs were then embedded in chitosan-

hyaluronan PEMs and used to transfect mammalian cells with a reporter gene (green 

fluorescent protein) with high transfection efficiency.180 The ability to tune the 

nanostructure and chemistry of polysaccharide based nanomaterials enables the design of 

systems such as this one, that can be optimized by to increase the stability of the DNA 

and engineer the payload release profile to achieve optimum results. 
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2.10 Conclusion 

Many important biochemical and biomechanical functions of polysaccharides are 

dependent upon their organization at the nanometer length scale. The strategies briefly 

reviewed here, and similar strategies that are under development, will enable more 

detailed investigations into the emergent biological properties of nanostructured 

polysaccharides. We already have the ability to precisely tune the structure of 

polysaccharides at the nanometer length scale. The next step in the development of 

biologically active polysaccharide nanostructures should be well-defined studies of the 

biological responses to these nanostructures that enable (1) elucidation of mechanisms 

whereby biological systems respond to the nanoscale features, and (2) the development of 

design principles that can guide the development of nanostructured materials for new 

applications as they arise. 
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Chapter 3 

Polyelectrolyte Multilayer Assembly as a Function of pH and Ionic 
Strength Using the Polysaccharides Chitosan and Heparin 

• S. Boddohi, C.E. Killingsworth, M.J. Kipper, "Polyelectrolyte multilayer assembly as a 
function of pH and ionic strength using the polysaccharides chitosan and heparin." 
Biomacromolecules, 9, 2021-2028, 2008. 

3.1 Abstract 

The goal of this work is to explore the effects of solution ionic strength and pH on 

polyelectrolyte multilayer (PEM) assembly, using biologically derived polysaccharides as 

the polyelectrolytes. We used the layer-by-layer (LBL) technique to assemble PEM of the 

polysaccharides heparin (a strong polyanion) and chitosan (a weak polycation) and 

characterized the sensitivity of the PEM composition and layer thickness to changes in 

processing parameters. Fourier-transform surface plasmon resonance (FT-SPR) and 

spectroscopic ellipsometry provided in situ and ex situ measurements of the PEM 

thickness, respectively. Vibrational spectroscopy and X-ray photoelectron spectroscopy 

(XPS) provided details of the chemistry (i.e. composition, electrostatic interactions) of the 

PEM. We found that when PEM were assembled from 0.2 M buffer, the PEM thickness 

could be increased from less than 2 nm per bilayer to greater than 4 nm per bilayer by 

changing the solution pH; higher and lower ionic strength buffer solutions resulted in 

narrower ranges of accessible thickness. Molar composition of the PEM was not very 
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sensitive to solution pH or ionic strength, but pH did affect the interactions between the 

sulfonates in heparin and amines in chitosan when PEM were assembled from 0.2 M 

buffer. Changes in the PEM thickness with pH and ionic strength can be interpreted 

through descriptions of the charge density and conformation of the polyelectrolyte chains 

in solution. 

3.2 Introduction 

During the past decade, the layer-by-layer (LBL) deposition of polyelectrolyte 

multilayers (PEM) has been demonstrated to be a simple, reproducible technique for the 

fabrication of structural and functional nanoscale thin films deposited on solid substrates 

such as gold, glass, or silicon. ' PEM are of scientific and technological interest because 

of the many possible variations on a single simple theme and the ability to accurately 

control the assembly of materials at the nanometer length scale. In the LBL deposition of 

PEM, oppositely charged polymers are alternately adsorbed to a charged surface. The 

surface charge density is inverted at each adsorption step, limiting the layer thickness and 

preparing the surface for the subsequent adsorption step.3 Electrostatic interactions 

between the polyelectrolyte in solution and the surface are the key to the final structure of 

the PEM.4 The electrostatic interactions governing the LBL assembly are affected by 

solution conditions such as the charge density of the polymers, solution pH,5' 6 salt 

concentration, and valency of small molecular weight ions. The pH-dependent 

electrostatics of weak polyelectrolytes have been exploited by several groups to tune 

PEM structure.7"9 Dependence of multilayer thickness on pH was studied in detail by 

Q 

Shiratori and co-workers, using a synthetic weak polyanion/polycation pair. Most of the 
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experimental research aimed at understanding the physical chemistry of PEM assembly 

has been conducted using synthetic polyelectrolytes. 

Biologically derived polysaccharides, many of which are polyelectrolytes, are rapidly 

gaining a place of prominence as chemistries with enormous potential for new biomedical 

technologies.10 Because heparin and other glycosaminoglycans are presented in materials 

organized at the nanometer length scale in vivo (as components of both the extracellular 

matrix and the glycocalyx of many organs and tissues), we propose that exploiting their 

biochemical functionality to design new biomaterials will require an ability to tune the 

structure and composition of these materials at the nanometer length scale. 

This work uses the polysaccharides chitosan (a weak polycation) and heparin (a 

strong polyanion). Figure 3.1 shows the structure of chitosan and heparin. The pendent 

primary amines make chitosan a weak polyanion, with an intrinsic pKa varying from 6.46 

to 7.32.11 Chitosan is insoluble in most solvents and insoluble in aqueous solutions above 

its pKa, but protonation of the amine below its pKa makes chitosan soluble in dilute 

aqueous solutions of organic acids such as acetic acid, formic acid, succinic acid, lactic 

acid and malic acid. ' The conformation and the size of chitosan chains in dilute 

solution depend upon the charge density and ionic strength. Reducing the charge density 

of chitosan, either by increasing solution pH or ionic strength, results in reduction in 

chain dimensions corresponding to collapse of the polymer. Heparin consists of 

sulfonated D-glucosamine units, joined in alternating sequence by a(l,4)-glycosidic 

linkages, to either D-glucuronic or L-iduronic acid.16 Heparin has the highest negative 

charge density of any known biological polyanion, due to the presence of carboxyl and 

sulfonate groups.17 It thus is prone to ionic interaction with a variety of proteins such as 
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extra cellular matrix proteins, enzymes, and growth factors. The ability of heparin to bind 

and activate fibroblast growth factors ' and bone morphogenetic proteins ' involved 

in osteoblast and chondrocyte activation and differentiation suggest heparin is a 

99 

promising candidate material for skeletal tissue engineering. 
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Figure 3.1. Chitosan (top) and heparin (bottom). 

The electrostatic complexation of heparin and chitosan has been described both in 

solution,23"25 and at surfaces.26 Fu et al. characterized PEM of chitosan and heparin 

assembled on modified poly(ethylene terephthalate) surfaces by contact angle, atomic 

force microscopy, lateral force microscopy, and UV-visible spectroscopy. Their focus 

was on the film roughness, wetability, and antimicrobial activity. 

In this paper we characterize the affect of processing parameters on thickness of the 

heparin/chitosan PEM using in-situ Fourier-transform surface plasmon resonance (FT-

SPR) and ex-situ ellipsometry. We have investigated the assembly of PEM from chitosan 



and heparin by their sequential electrostatic adsorption onto gold surfaces from aqueous 

solutions with pH and ionic strength varied over the range from 4.6 to 5.8, and 0.1 M to 

0.5 M, respectively. We have investigated whether nanoscale control can be achieved 

over the film thickness by varying these reproducible processing conditions. Furthermore, 

we characterized the chemistry of these materials using X-ray photoelectron spectroscopy 

(XPS) and polarization modulation infra-red reflection absorption spectroscopy (PM-

IRRAS). It is important to note that all of the characterization described above was 

performed on PEM assembled on a single platform. That is, the PEM thickness 

measurements from FT-SPR and ellipsometry, and the chemical analysis using PM-

IRRAS and XPS were all performed on PEM assembled on gold surfaces. 

3.3 Experimental 

3.3.1 Materials. 

Chitosan (poly (p-(l,4)-D-glucosamine-co-A^-acetyl-D-glucosamine)) (4.7 % 

acetylated) was purchased from Biosyntech Inc. (Laval, Canada). Heparin sodium (from 

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

(Cincinnati, OH). 11-mercaptoundecanioc acid 95% (MUA) was purchased from Sigma-

Aldrich (St. Louis, MO). 18 mm by 18 mm SF10 glass chips were purchased from GWC 

Technologies Inc. (Madison, WI). Gold was purchased from Alfa Aesar (Ward Hill, MA). 

Glacial acetic acid and ethanol (200 proof 99.5+ %) were purchased from Acros Organics 

(Geel, Belgium). Sodium acetate was purchased from Fisher Scientific (Pittsburgh, PA). 

A Millipore Synthesis water purification unit was used to obtain 18.2 MQ water, used for 

making all aqueous solutions (Millipore, Billerica, MA). 
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Chitosan and heparin were analyzed using a Viscotek gel permeation chromatograph 

(GPC) (Houston, TX) using a GPC Max (autosampler, solvent delivery pump, and 

solvent degasser) equipped with a column oven, differential refractive index detector 

(VE3580 RI Detector), low-angle and right-angle laser light scattering detector, and four-

capillary viscometer (270 Dual Detector). Polymer solutions (1 mg/ml for chitosan and 5 

mg/ml for heparin) were prepared in 0.2 M pH 4.6 acetate buffer. Chitosan solutions were 

stirred for 1 to 2 h at 40 °C. Both chitosan and heparin solutions were injected at 5 

different injection volumes (140, 120, 100, 80, and 60 |J,1) in order to determine the 

refractive index increment (dn/dc). Samples were eluted at 1 ml min"1 across two 

analytical PL aquagel-OH MIXED 8 Jim columns (Polymer Labs, Amherst, MA), kept at 

38 °C. The molecular weights obtained from light scattering, and the hydrodynamic radii, 

RH, and Mark-Houwink parameters (K and a) obtained from viscometry are summarized 

in Table 3.1. The Mark-Houwink parameters agree with those previously reported in the 

literature for similar solvent conditions. ' The relatively high Mark-Houwink exponent, 

a, for heparin indicates that it behaves as a relatively stiff coil, while chitosan behaves as 

a more flexible coil. The conformation of chitosan in solution is known to be a strong 

function of pH, ionic strength, and degree of acetylation, with experimentally reported 

Mark-Houwink exponents ranging from less than 0.6 to greater than l.l.15 
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Table 3.1. Polysaccharide properties obtained by GPC. 

Polymer Mw (Da) PDI Logw(Kx gdl"1) A RH (nm) 

Chitosan 289,000 2.05 -3.1 ±0.1 0.77 ±0.02 34.0 ±0.3 

Heparin 14,400 1.13 -4.57 ±0.07 0.95 ±0.02 3.72 ±0.01 

3.3.2 Substrate Preparation 

All SF10 glass substrates were coated with a chromium adhesion layer (< 1 nm) 

followed by gold (45 nm). Chromium and gold coating were accomplished using a BTT-

IV vacuum evaporator (Denton Vacuum, Moorestown, NJ) with a MDC-260 deposition 

controller (Maxtek, Inc., East Syracuse, NY). Gold-coated substrates were annealed for 2 

h at 250 °C to obtain a smooth gold( 1,1,1) surface.28 The annealed gold surfaces were 

modified with a self assembled monolayer (SAM) of MUA, by soaking in a 1 mM 

ethanolic solution for at least 20 h, followed by a brief ethanol rinse, and drying with a 

gentle stream of dry N2. ' The MUA SAM provides a well-characterized surface 

revealing carboxylic acid groups suitable for adsorption of a polycation from solution. 

The MUA SAM thickness of 1.7 nm was confirmed using a JA Woollam spectroscopic 

ellipsometer (Lincoln, NE), as described below. 

3.3.3 Heparin and Chitosan Solution Preparation 

Polysaccharide solutions were prepared in acetate buffer (sodium acetate and acetic 

acid) at four different pH values (4.6, 5.0, 5.4 and 5.8) and three different buffer ionic 
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strengths (0.1 M, 0.2 M, and 0.5 M). Chitosan solutions were stirred for 1 to 2 h at 40 °C. 

Solutions were prepared to be 0.01 M on a repeat unit basis for chitosan and on a 

sulfonate basis for heparin and were clarified by filtration through 0.22 um syringe filters 

(PVDF, Fisher Scientific). 

3.3.4 LBL Assembly and In Situ Fourier-Transform Surface Plasmon 

Resonance (FT-SPR) 

FT-SPR measures the intensity of p-polarized light reflected from the back side of the 

gold film on which the PEM are assembled, as a function of wavelength. A reflectivity 

minimum corresponding to the wavelength of light that is in resonance with surface 

plasmons in the gold film is sensitive to changes in the dielectric constant of the layer in 

contact with the thin metal film. Thus, changes in refractive index or thickness of the 

PEM on the gold can be detected in real time.31 LBL assembly of PEM was conducted in 

the flow cell of an SPR-100 module coupled to a Nicolet 8700 FT-IR spectrometer 

(Thermo-Electron, Madison, WI). A Masterflex peristaltic pump (Cole-Parmer, Vernon 

Hills, IL), connected to a 6-way valve (Upchurch Scientific, Oak Harbor, WA) that can be 

used to select among rinse, polycation, and polyanion solutions, was used to pump these 

solutions through the FT-SPR flow cell, at a flow rate of 1.3 ml min"1. The interferometer 

in the FT-IR instrument was used to scan wavelength at a fixed angle of incidence. In 

these experiments, FT-SPR was performed using a white light/near infrared source with a 

CaF2 beam splitter at the interferometer and an InGaS detector. Data were collected using 

the Omnic 7.3 software (Thermo Electron), at 8 cm'1 resolution over the range from 6000 
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to 12,000 cm"1. 16 scans were co-added at each time point to produce an FT-SPR 

spectrum every 4.7 seconds. 

Substrates were first exposed to a rinse solution (18.2 MQ. water acidified to pH 4.0 

with acetic acid). PEM were then produced by alternately exposing the substrate to the 

respective solutions of polycation and polyanion for 5 min. The substrates were rinsed for 

5 min between each adsorption step. Ten-layer PEM were assembled at each combination 

of buffer ionic strength and pH, except for 0.1 M, pH 5.8 buffer. Chitosan was insoluble 

in this buffer. Duplicate PEM were prepared from fresh solutions at each combination of 

pH and ionic strength studied. During PEM assembly, the shift in the position of the FT-

SPR peak center of gravity was used to determine the layer thickness, by comparing the 

experimental curves to those predicted from multiphase Fresnel calculations.31'32 These 

calculations require the refractive index of each layer (SF10 glass, gold, PEM, and 

solution), the thickness of the gold and PEM layers, and the angle of the incident p-

polarized light. The refractive indices of the SF10 glass, gold, and rinse solution are 

accurately known. Over reasonable ranges of the remaining parameters (gold thickness 

and incident angle), the slope of a plot of peak position vs. PEM thickness is only 

sensitive to the PEM refractive index. Thus, if the PEM refractive index is known, the 

change in thickness can be accurately determined from the change in the position of the 

FT-SPR peak. The PEM refractive index over the wavenumber range of interest was 

determined from spectroscopic ellipsometry. 
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3.3.5 Spectroscopic Ellipsometry 

Variable angle spectroscopic ellipsometry data for the MUA SAMs and PEM films 

were acquired using JA Woollam VASE ellipsometer in the wavelength range 400-1200 

nm (energy range 4.13-1.03 eV) at two angles of incidence 65° and 75°. Optical modeling 

and data analysis were done using the J.A. Woollam WVASE32 software package. The 

reflected light was modeled from each layer using the Cauchy equation relating the 

refractive index and thickness of each layer. For all PEM samples the refractive index of 

the PEM layer was about 1.41. This value was used to interpret the FT-SPR data. 

3.3.6 Polarization Modulation Infrared Reflection Absorption Spectroscopy 

(PM-IRRAS) 

PM-IRRAS is an infra-red spectroscopy technique that uses p-polarized and s-

polarized light reflected from a surface. PM-IRRAS is useful for characterizing thin films 

on metallic substrates when a grazing angle of incidence is used. PM-IRRAS was 

conducted using a Nicolet 8700 FT-IR spectrometer (Thermo-Electron) configured with a 

Tabletop Optics Module, equipped with a PEM-90 photoelastic modulator (Hinds 

Instruments, Hillsboro, OR), to provide a polarization of the incident infrared light, 

grazing angle sampling optics (86° for gold substrates), a liquid N2-cooled MCT-A 

detector, and a demodulator (GWC Technologies) to process the s- and p-polarized 

spectra. Ten-layer PEM were investigated with PM-IRRAS to characterize their 

chemistry. PM-IRRAS spectra were collected at 8 cm"1 resolution with 1000 scans for 

each sample. 
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PM-IRRAS spectra contain a component that is a second-order Bessel function of the 

first kind (J2), which can be accounted for by dividing by a baseline. The simplest method 

for determining the baseline is to use a cubic spline, with spline points selected in regions 

of the spectrum in which no IR absorption peaks appear.34 To ensure consistency of this 

processing, raw PM-IRRAS spectra from each of the ten-layer PEM and the MUA SAM 

were exported to spectroscopy analysis software (Igor Pro 5.0.5.7, WaveMetrics, Inc., 

Portland, OR). Each spectrum was analyzed by determining the cubic spline 

(background) function from a predefined set of spline points and dividing by the 

background function. The spectrum of the MUA SAM was then subtracted from each of 

the PEM spectra. The PM-IRRAS spectrum of the MUA SAM is shown in Figure 3.2, 

along with the spline points and the curve representing the background. The processed 

spectrum is plotted on the secondary axis. This correction procedure results in a higher 

signal-to-noise ratio near the Bessel function maxima, and much more noise near the 

Bessel function minima. Thus, the best data are obtained in the region of interest around 

1500 cm"1 in Figure 3.2. The MUA SAM shows characteristic absorption bands 

associated with the C-H vibrations (C-H vas 2900 to 3000 and C-H vs at 2850), carbonyl 

stretch of the carboxylic acid (weak peaks at 1715 and 1725), carboxylate stretch (COO" 

Vas from 1570 to 1650 and strong COO" vs at 1425) overlapping with the methylene 

scissors (CH2 8 at 1470), and carboxylic acid C-OH stretch (peak at 1170) overlapping 

r\Q 'J'l OA 

with other methylene modes. ' ' The relative weakness of the carboxylic acid peaks 

(1715 to 1725) has been reported for MUA exposed to ethanol, and indicates a high 

degree of ionization when compared to the relatively strong carboxylate peak.34 
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Figure 3.2. Baseline correction for MUA SAM. The left axis is for the PM-IRRAS 
spectrum and baseline and the right axis is for the corrected spectrum. 

3.3.7 X-ray Photoelectron Spectroscopy (XPS) 

XPS experiments were performed on a Physical Electronics 5800 spectrometer 

(Chanhassen, MN). This system has a monochromatic Al Ka X-ray source (hv = 

1486.6 eV), hemispherical analyzer, and multichannel detector. A low energy (30 eV) 

electron gun was used for charge neutralization on the non-conducting samples. The 

binding energy scales for the samples were referenced to the Cls peak at 284.7 eV. High 

resolution spectra of the Nls and S2p envelopes were acquired at an analyzer pass energy 

of 23.5 eV, with 0.1 eV steps, and an X-ray spot size of 800 urn. XPS elemental 

compositions of samples were obtained using pass energies of 187.85 and 0.8 eV steps. 

All XPS analyses were performed at a photoelectron takeoff angle of 45°. The 

composition of the PEM was computed from the atom balances on nitrogen and sulfur. 

These calculations are detailed in the supporting information. PEM composition is 

reported as the ratio of heparin to chitosan on a saccharide unit basis. 
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3.4 Results 

3.4.1 PEM Assembly and In Situ FT-SPR 

In situ FT-SPR data were collected during PEM assembly. The incident angle of the 

near-IR light (-53°) was adjusted such that the initial position of the FT-SPR peak was 

9000 cm'1. The peak position as a function of time during PEM assembly was determined 

from the COG (center of gravity method provided in the OMNIC software). 

Representative FT-SPR (absorbance) spectra for the PEM assembly from pH 4.6, 0.1 M 

buffer are shown in Figure 3.3a, and the COG as a function of time for this experiment is 

shown in Figure 3.3b. In Figure 3.3a, the curves shown represent the FT-SPR spectra 

collected during the rinse following each adsorption step. During the first five minutes of 

each experiment, the surface was exposed to the rinse solution. This is followed by a five-

minute chitosan adsorption step. A large peak shift occurs during chitosan adsorption 

(from 5 min to 10 min in Figure 3.3b), caused both by a change in the refractive index of 

the solution, as well as chitosan adsorption on the surface. During the subsequent five-

minute rinse step, the peak returns to a value closer to the value obtained during the initial 

rinse (from 10 min to 15 min in Figure 3.3b). This rinse was followed by a five-minute 

heparin adsorption step, and another five-minute rinse, to complete the first bilayer. 

Subsequent bilayers were assembled by iteration of this procedure. PEM assembly was 

continued for a total of 10 layers (5 bilayers) with a five-minute rinse following each 

adsorption step. The data shown in Figure 3.3 are qualitatively similar to the data from all 

PEM adsorption experiments conducted at other buffer conditions. In all cases, the peak 

shift associated with the heparin adsorption was smaller than that associated with chitosan 

adsorption. 
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Figure 3.3. Kinetics of PEM assembly from in situ FT-SPR for the PEM assembled at pH 
4.6 from 0.1 M buffer. FT-SPR traces for the initial rinse (MUA SAM) and each rinse 
following an adsorption step (a). Peak position (center of gravity) as a function of time 
during PEM assembly showing 5-minute rinse and adsorption intervals (b). 

The refractive index of the PEM (1.41) was used to determine the PEM thickness 

from the COG data. A wave number shift of -28 cm"1 corresponds to an increase in the 

PEM thickness of approximately 1 run. Figure 3.4a, b, and c show the in situ thickness 

data (mean of duplicate PEM for each condition) obtained from FT-SPR for the 0.1 M, 

0.2 M, and 0.5 M buffers respectively. In each data set, layer 0 represents the MUA SAM, 

odd-numbered layers represent the thickness obtained during the rinse following chitosan 

adsorption, and even-numbered layers represent the thickness obtained following heparin 

adsorption steps. The mean and range of the final PEM thickness from the duplicate 

experiments at each condition are also shown in Table 3.2. The average incremental 

bilayer thickness for each of the buffer conditions is shown in Figure 3.5. The mean and 

standard deviations of the contributions to the bilayer thickness from the chitosan and 

heparin adsorption steps are also shown in Figure 3.5. 
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Figure 3.4. PEM thickness obtained from in situ FT-SPR data as a function of layer 
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chitosan and even-numbered layers are heparin. Data for each condition are the averages 
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thickness for each condition are reported in Figure 3.5 and Table 3.2, respectively. 
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At each condition, the thickness increase associated with the chitosan adsorption steps 

is always larger than the thickness increase associated with the heparin adsorption steps. 

The chitosan used in this study was much higher molecular weight than the heparin 

(Table 3.1). Furthermore, GPC analysis indicates that the strong polyanion heparin adopts 

a more extended conformation in solution (Mark-Houwink exponent > 0.9). This could 

allow the heparin to adsorb in an extended conformation, leading to thinner layers. In 

contrast, the charge density of the weak polycation, chitosan, is expected to be affected by 

changing pH. Decreasing its charge density (by increasing pH) or increasing ionic 

strength causes chitosan to collapse in solution.15 (Chitosan becomes completely 

insoluble as the pH of the solution approaches the pKa.) Thus, we observe in Figure 3.5 

that the average thickness of the adsorbed chitosan layer increases at increased pH. The 

heparin layer thickness also increases with increasing pH. This is likely due to increased 
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mass of chitosan on the surface requiring additional heparin to accomplish complete 

charge reversal. In Figures 3.4 and 3.5 and Table 3.2, it is clear that the 0.2 M buffer 

conditions demonstrate a relatively broad range of accessible PEM thickness as pH is 

modulated. The increase in thickness with increased pH is consistent with the 

observations of Shiratori et al. that PEM thickness can increase as charge density on weak 

Q 

polyelectrolytes is decreased. Some of the observed changes in PEM thickness may also 

be due to differences in the charge density of the underlying MUA SAM as a function of 

pH, during the adsorption of the first chitosan layer. The pKa of the MUA SAM ranges 

between 4.7 and 6.4, depending upon the surface coverage. 

Our observed increase in the film thickness with increasing ionic strength is similar to 

the effects observed in previous studies. " Poptoshev et al. attributed increased PEM 

thickness at increased ionic strength to screening of electrostatic charges among the 

polyelectrolyte molecules.38 In another study, Sui et al. proposed that at high buffer 

molarity, PEM thickness can also be decreased by "stripping" when one or both of the 

polyelectrolytes are relatively low molecular weight (e.g. the heparin in our system). In 

this proposed process, during adsorption of the higher molecular weight component, 

soluble complexes of the polyanion and polycation form and the lower molecular weight 

polymer is carried into solution.39 They observed significantly reduced PEM thickness 

when PEM were formed from a long polycation and a short polyanion at ionic strengths 

higher than 0.6 M.39 We do not observe this stripping phenomenon in our experiments. 

Because we only investigated ionic strengths < 0.6 M, the charge screening effect 

dominates. 
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The FT-SPR thickness data in Table 3.2 also demonstrate that for the 0.1 M buffer 

conditions and for pH 4.6 0.2 M buffer, control of the PEM thickness by solution pH is 

not precise. In these cases, the uncertainty is > 10 % of the measured value. The 0.5 M 

buffer conditions are much less sensitive to changes in pH than the 0.2 M buffer 

conditions, but the PEM thickness is repeatable (uncertainty between 0.1 % and 6 %). We 

hypothesize that for 0.1 M buffers, the decreased buffer capacity results in less control 

over the PEM thickness, because the polyelectrolytes can influence the local pH (e.g. near 

the PEM surface). For the 0.5 M buffers, the much higher concentration of sodium and 

acetate ions in solution may result in significant screening of the electrostatic charges.38 

This electrostatic screening may reduce the sensitivity of the layer thickness to the 

chitosan charge density by reducing electrostatic repulsion and improving the chitosan 

solubility. This also improves the repeatability of the PEM formation. 
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Table 3.2. PEM thicknesses from both FT-SPR and ellipsometry. Thicknesses represent 
the mean and range of measurements from duplicate experiments. 

Thickness (nm) 

Molarity pH FT-SPR ellipsometry 

0.1 4.6 15.1 ±2.6 8.2 ±1.0 

0.1 5.0 15.2 ±1.8 11.2 ±0.3 

0.1 5.4 18.4 ±1.8 16.9 ±1.8 

0 2 4̂ 6 12.0 ±5.0 5.8 ±1.9 

0.2 5.0 13.3 ±0.2 11.6 ±0.6 

0.2 5.4 20.3 ±1.5 12.7 ± 1.6 

0.2 5.8 24.4 ±2.1 19.0 ±1.0 

05 4̂ 6 20.3 ±0.2 14.4 ±3.0 

0.5 5.0 21.8 ±0.7 15.7 ±1.8 

0.5 5.4 22.9 ±1.1 16.0 ±1.8 

0.5 5.8 24.6 ±1.6 18.1 ±0.5 

3.4.2 Ellipsometry 

PEM assembled under each buffer condition were removed from the flow cell, rinsed 

with ethanol, and analyzed ex situ by ellipsometry to determine the thickness and 

refractive index. The best fits to the ellipsometry data were obtained when the PEM and 

MUA SAM were modeled as a single layer. Table 3.2 compares the thickness data (mean 

and range of duplicate PEM at each condition) obtained from in situ FT-SPR and ex situ 

ellipsometry. All thicknesses obtained from ellipsometry are thinner than those obtained 

from in situ FT-SPR. The difference in thickness is attributed to some drying and collapse 

of the PEM, as the ellipsometry measurements are obtained in air after an ethanol rinse. 
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All ellipsometry thickness measurements confirm the trends with pH and ionic strength 

observed in the FT-SPR data. Increasing pH increases PEM thickness over the pH range 

studied, and the 0.2 M buffer condition provides the broadest range of PEM thickness. 

3.4.3 PM-IRRAS 

The chemistry of each 10-layer PEM was characterized with PM-IRRAS. Figure 3.6a, 

b, and c show the corrected PM-IRRAS spectra for PEM (with the MUA SAM spectrum 

subtracted) assembled under the 0.1, 0.2, and 0.5 M buffer conditions, respectively. All 

PEM have a strong amide I peak (C=0 vas at 1660) from acetylated saccharides in 

chitosan and heparin, with possible contributions from the carboxylate groups in heparin, 

expected at 1680.25 The carboxylic acid peak (1730) is strengthened at the expense of the 

carboxylate peaks (1425 and 1570 to 1650) that were observed for the MUA SAM. The 

strong peak at 1260 is attributed to the asymmetric sulfonate stretch in heparin.40' 41 A 

small peak at 1170 is also present. The peaks at 1170 and 1100 could have contributions 

from C-OH stretch and C-N stretch or complex sugar modes.42 The PM-IRRAS spectra 

for 0.1 M and 0.2 M at pH 4.6 and 5.0 exhibit weaker absorption bands than the spectra 

for the pH 5.4 and 5.8. All of the spectra for 0.5 M buffer exhibit relatively strong 

absorption bands. This correlates well to the thickness data (Table 3.2), indicating that 

PEM assembled at lower pH from 0.1 and 0.2 M buffer have less total polymer adsorbed. 
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Figure 3.6. PM-IRRAS spectra for PEM assembled from 0.1 M (a), 0.2 M (b), and 0.5 M 
(c) buffer. All spectra have the MUA spectrum shown in Figure 3.2 subtracted from them. 
Spectra are sequentially offset to separate them on the vertical axes. 

3.4.4 X-ray Photoelectron Spectroscopy (XPS) 

PEM composition was also assayed using X-ray photoelectron spectroscopy. The 

molar compositions of the PEM on a saccharide unit basis were computed from the S/N 

atom ratios, as described in the supporting information. These data are summarized in 

Table 3.3. Figure 3.7 shows the nitrogen Nls envelope and the sulfur S2p envelope for 



the PEM assembled from 0.2 M (a) and 0.5 M (b) buffers at all four pH values studied. 

Each of these envelopes contained two primary peaks, the ratios of which are also 

reported in Table 3.3. 

Table 3.3. Composition of PEM from XPS. 

Molarity 

0.1 

0.1 

0.1 

0.2 

0.2 

0.2 

0.2 

0.5 

0.5 

0.5 

0.5 

pH 

4.6 

5.0 

5.4 

4.6 

5.0 

5.4 

5.8 

4.6 

5.0 

5.4 

5.8 

Molar composition 
from XPS a 

S/N 

0.68 

0.68 

0.73 

0.87 

0.84 

0.90 

0.92 

0.91 

0.86 

0.93 

0.94 

Hep/Chi 

0.74 

0.74 

0.82 

1.05 

1.00 

1.11 

1.15 

1.14 

1.04 

1.19 

1.19 

Peak area ratio 

Nls 402/399.6 

1.1 

1.1 

1.2 

1.3 

1.7 

1.9 

2.0 

1.7 

2.2 

2.3 

2.0 

S2p 164.8/169 

0.33 

0.25 

0.23 

0.27 

0.12 

0.07 

0.06 

0.05 

0.05 

0.04 

0.03 

^ h e S/N ratio includes only the sulfur peak centered at 169 eV, to eliminate the sulfur 
from the MUA SAM (peak centered at 164.8). The heparin to chitosan ratio (Hep/Chi) is 
reported on a saccharide unit basis. 

In Figure 3.7, the S2p envelope shows a contribution from the sulfonate in heparin 

(169 eV) and a smaller peak representing the gold thiolate in the MUA SAM (164.8 eV). 

For the PEM assembled from 0.2 M buffer, the intensity of the sulfonate peak increases 



and the intensity of the gold thiolate peak decreases as the pH is increased. For the PEM 

assembled from 0.5 M buffer, the relative change in the peak areas of the sulfonate and 

thiolate follow the same trend, but are less sensitive to pH. This confirms the large 

increase in PEM thickness as pH is increased for the 0.2 M buffer, and the relatively 

small change in thickness observed for the 0.5 M buffer. 
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Figure 3.7. Nls (392-412 eV) and S2p (157-177 eV) envelopes from XPS spectra of 
PEM assembled from 0.2 M (a) and 0.5 M (b) buffers. Spectra are sequentially offset to 
separate on the vertical axes. 

In the Nls envelope, two peaks can be observed. The peak at 402 eV is associated 

with protonated amine. The peak at 399.6 contains contributions from three different 

species: deprotonated amine, amide, and protonated amine interacting with sulfonate, 

43, 44 possibly through hydrogen bonds. ' For the PEM assembled from 0.2 M buffer, the 
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fraction of nitrogens in the protonated amine increases with increasing pH. This cannot be 

explained through consideration of the pH alone. However, this trend can be understood 

in light of the pH dependence of the chitosan layer thickness. Recall that higher pH 

resulted in thicker PEM, with more chitosan being adsorbed during each adsorption step 

(cf. Figures 3.4b, 3.5, and 3.6b). We propose that for the thicker chitosan layers 

assembled at higher pH, a smaller fraction of the primary amines are available for 

interaction with the sulfonates in heparin (due to steric constraints and increased 

hydrophobicity of chitosan at higher pH). These non-interacting amines can be protonated 

during the pH 4.0 rinse step and contribute to the peak at 402 eV, while the amines that 

interact with sulfonates in heparin contribute to the peak at 399.6 eV. Morales-Cruz et al. 

have observed a similar Nls peak position at lower binding energy when protonated 

primary amines interact with sulfonates in polyelectrolyte multilayers and attribute this to 

possible H-bond.43 The two peaks in the Nls envelope for the PEM assembled from 0.5 

M buffer exhibit a similar trend, however, the relative change in peak area ratios is much 

less pronounced. This again confirms that PEM assembly from 0.2 M buffer is much 

more sensitive to pH than PEM assembly from 0.5 M buffer. 

3.5 Conclusions 

In this paper the assembly of PEM from biomedically relevant polysaccharides as a 

function of pH and ionic strength of the polyelectrolyte solutions was examined using in 

situ FT-SPR, ellipsometry, vibrational spectroscopy, and XPS. This combination of the 

chemical information from XPS and PM-IRRAS and the physical information from 

ellipsometry and FT-SPR provides a more complete understanding of the PEM assembly. 
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We have demonstrated that the LBL technique can be used to tune the nanoscale structure 

of heparin/chitosan surface coatings by modulating simple processing conditions. The 

thickness of the PEM increased with increasing pH over the range from 4.6 to 5.8. Buffer 

ionic strength also affected the accessible thickness range. An intermediate buffer ionic 

strength (0.2 M) provided the broadest range of accessible PEM thickness, which ranged 

from less than 2 nm per bilayer at pH 4.6 to greater than 4 nm per bilayer at pH 5.8. 

Higher (0.5 M) buffer ionic strength resulted in less pH sensitivity. At lower (0.1 M) 

buffer ionic strength, control over PEM thickness by modulating solution pH is not as 

precise as at higher buffer ionic strengths. These general trends in effects of pH and ionic 

strength on layer thickness were observed in both in situ and ex situ measurements. 

Chemical analysis by XPS and vibrational spectroscopy also confirmed that increasing 

pH increases the molar amount of polyelectrolyte adsorbed over the pH range studied. 

From XPS analysis, it appears that thicker PEM assembled at higher pH have a smaller 

fraction of the primary amines from chitosan interacting with sulfonates in heparin, 

possibly due to steric constraints or increased hydrophobicity of the chitosan. Surprisingly 

the PEM composition (ratio of heparin to chitosan) was not very sensitive to changes in 

adsorption conditions, even though the PEM thickness and chitosan charge density vary 

significantly over the range investigated. It is also interesting to note that the incremental 

thickness associated with the chitosan adsorption steps is always greater than the 

incremental thickness associated with heparin (Figure 3.5), even though the ratio of 

heparin to chitosan is equal to or slightly greater than unity for all of the PEM formed 

from 0.2 and 0.5 molar buffer conditions (Table 3.3). Additional experiments detailing 

the structure of the PEM may be required to understand the relationship between the 
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molar composition and the incremental PEM thickness associated with each adsorption 

step. 

This work contributes to understanding the physical chemistry and polyelectrolyte 

behavior of an important class of biological macromolecules. In their biological context, 

many polysaccharides are organized at the nanometer length scale. Thus, they provide 

both nanostructural and biochemical cues to cells. As polysaccharides are becoming 

increasingly important in biomaterials research, the ability to control the structure and 

composition of polysaccharide-based surface coatings at the nanometer length scale will 

provide further means to tune their biological functionality. Our ongoing research efforts 

in this area will build upon the work presented here, to develop additional nanostructured 

polysaccharide-based materials. 

3.6 Supporting Information (Appendix 1) 

Details of the methods used to compute the PEM composition from the XPS atom 

ratios are in the supporting information. This information is available free of charge via 

the Internet at http: //pubs.acs.org. 
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Chapter 4 

Experimental Investigation of the Solution Behavior and 
Polyelectrolyte Multilayer Formation of Polysaccharides 

Some of the results from the work in this chapter are published in following: 

• S. Boddohi, N. Moore, P.A. Johnson, MJ. Kipper, "Size and composition of 
polysaccharide-based polyelectrolyte complex nanoparticles at different charge molar 
ratios." Biomacromolecules, 10, 1402-1409, 2009 

• S. Boddohi, C.E. Killingsworth, M.J. Kipper, "Polyelectrolyte multilayer assembly as 
a function of pH and ionic strength using the polysaccharides chitosan and heparin." 
Biomacromolecules, 9, 2021-2028, 2008. 

4.1 Introduction 

Many polysaccharides have properties which make them valuable as biomedical 

materials. In biological systems, many polysaccharides are organized at the nanometer 

1 7 

length scale. ' Their nanoscale organization in biological systems, suggests that control 

over the structure and composition of these materials at the nanometer length scale will 

enable tuning of their biological functionality. Many biologically derived polysaccharides 

are also polyelectrolytes. We have studied the self assembly and electrostatic complex 

formation of the polysaccharides chitosan, heparin, and hyaluronan.3"5 This electrostatic 

complex formation might be controlled by tuning the charge density and solution 

conformation of the polysaccharide-based polyelectrolytes. This can be done by changing 

the pH and ionic strength of the polymer solutions. In this chapter, we characterize how 
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the solution conformation and polyelectrolyte multilayer (PEM) assembly are affected by 

solution conditions. 

In this work, 4.7 % acetylated chitosan with molecular weight of 290,000 Da was 

used. Chitosan has a pKa of 6.4 in pH over the range of 4.6 to 5.8. Chitosan is mainly 

produced from partial Af-deacetylation of chitin.6 Deacetylation of chitosan makes it more 

soluble in aqueous solution. Chitosan is soluble in aqueous organic acids such as acetic 

acid.7 Heparin is a glycosaminoglycan (GAGs) that has the highest negative charge 

density of any known biological polyanion due to the presence of both carboxyl and 

sulfate groups.8 Heparin used in this work was derived biologically from porcine 

intestinal mucosa (12.5 % sulfur). Hyaluronan is a natural macromolecule composed of 

D-glucuronic acid and ,/V-acetyl-D-glucosamine linked together via alternating P-1,4 and 

P-1,3 glycosidic bonds. Hyaluronan as a weak polyanion has a pKa of 2.9. 

The conformation of chitosan macromolecules and their physical properties in 

solution have been investigated both experimentally and theoretically.9' 10 These studies 

showed that the dimensions of chitosan molecules increase when solution pH is 

decreased. This increase in the dimensions of chitosan is accompanied by an increase in 

the differential refractive index of the solution. In a theoretical study, the physical 

properties of chitosan in solution, including the diffusion coefficient, hydrodynamic 

radius, and radius of gyration have been obtained as functions of the solution ionic 

strength.9 

Hyaluronan has also been characterized using several analytical techniques. Hokputsa 

et al. worked on hyaluronan samples of differing molar mass in order to investigate the 

difference in hydrodynamic parameters.11 In this work, degradation of hyaluronan using a 
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depolymerization method to obtain different molecular weight fractions revealed 

information concerning intrinsic viscosities, Mark-Houwink parameters (K and a), and 

other physical properties.11 Lapcik et al. worked on the structure and properties of 

Hyaluronan in solution for biomedical applications, obtaining information about 

hyaluronan hydrodynamic behavior, molecular weight, and intrinsic viscosity, and also 

examined the interaction between hyaluronan and other biologically relevant 

macromolecules. Other studies have investigated the influence of pH and ionic strength 

on size, viscosity, and polymer chain conformation of hyaluronan.13' 14 More recently it 

has been shown that the Mark-Houwink exponent (a) is dependent on the ionic strength 

and pH of the hyaluronan solution.15"17 

The conformation of heparin has been studied by several groups with experimental 

and theoretical methods.18"20 Povlov et al. investigated the conformation of different 

molecular weights of heparin with hydrodynamic and scattering methods to obtain 

diffusion coefficients, intrinsic viscosities, and hydrodynamic properties. Scattering 

methods have also been used to estimate the radius of gyration and Kuhn length for each 

molecule. Ortega et al. worked on worm-like macromolecules like heparin and could 

verify the consistency of the hydrodynamic properties in both experimental and 

theoretical methods.19 

Finally, Layer by layer (LBL) assembly of chitosan-hyaluronan (chi-ha) 

polyelectrolyte multilayers (PEMs) was performed and thicknesses as a function of layer 

number was obtained at different solution pH and ionic strength values. Ellipsometry 

measurements were performed on a single condition to obtain refractive index of the 

PEMs in dry condition. Ellipsometry data also verified results from previous chapter on 
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PEM thicknesses. Thicknesses were obtained at different pH and ionic strength to 

determine how these solution properties affect assembly of the PEMs. The overall goal of 

this work was to obtain conformational properties for each polymer and determine how 

the solution conformation influences the assembly of PEMs. 

4.2 Methods of Characterization 

4.2.1 Gel Permeation Chromatography (GPC) 

GPC is a chromatographic method that separates molecules based on hydrodynamic 

radius or volume. In this work a GPC system (Viscotek, Houston, TX) using a GPC Max 

(autosampler, solvent delivery pump, and solvent degasser) equipped with a column oven, 

differential refractive index detector (VE3580 RI Detector), low-angle and right-angle 

laser light scattering detector, and four-capillary viscometer (270 Dual Detector) was 

employed. Samples were eluted at 1 ml min"' across two analytical PL aquagel-OH 

MDCED 8 (im columns (Polymer Labs, Amherst, MA), kept at 38 °C. 

The refractive index increment of the samples (dn/dc) was calculated based on the RI 

signal obtained from RI detector in a Fix concentration of different injection volumes. 

The slope of the area beneath the RI signal during sample elution as a function of 

injection volume provides an accurate value for dn/dc. After measuring dn/dc, the 

molecular weight distribution of the polyelectrolyte can be obtained by low angle light 

scattering (LALLS) and average molecular weight can be measured using the Zimm 

equation (4.1). The importance of the LALLS direct measurement becomes most apparent 

when the analysis involves large molecules such as hyaluronan. These molecules have a 

very high angular dependence on the scattered light intensity that can cause significant 
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error when employing other light scattering methods such as multi-angle light scattering. 

This can be easily seen by plotting the scattering function versus the molecular weight of 

the macromolecules, where it can be observed that at the 7° angle, the particle scattering 

function, P^ stays constant and independent of molecular weight. The fundamental 

equation for the scattering of light from polymer solutions is the Zimm equation (4.1). 

KC 1 
— = — — + 2A2C , (4.1) 
Re MwPe 

Re is the Rayleigh factor (function of scattered light intensity), Mw is the molecular 

weight of the polymer sample, C is the sample concentration, A2 is the second virial 

coefficient of the solution that corrects for the interaction of polymer molecules with each 

other and can be calculated from the concentration dependence of the light scattering 

signal. Po is the measure of the angular dissymmetry of the scattered light and it is related 

to the size and the angle at which the scattering is determined. A' is a composite of optical 

and fundamental constants. 

The viscometer was used to obtain information about the size of the macromolecules 

by measuring the solution intrinsic viscosity. The intrinsic viscosity is obtained from 

Equation 4.2, by measuring the solution specific viscosity and concentration. 

M = ̂ U (4.2) 
c 
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The parameters of the Mark-Houwink equation were also determined. The exponent, 

a, in the equation (equation 4.3) provides a measure of the conformation of the polymer 

chains.21 

[r]]=KMw
a (4.3) 

K is a constant and a represents the stiffness of the polymer chain. The hydrodynamic 

radius (RH) of the polymer in solution is obtained from the Stokes-Einstein relationship, 

(equation 4.4). 

— XKXRh 

[TJ]XMW=^-— (4.4) 

NA is Avogadro's number. 

4.2.2 Fourier-Transform Surface Plasmon Resonance (FT-SPR) 

LBL assembly of PEMs was conducted in the flow cell of an SPR-100 module 

coupled to a Nicolet 8700 Fourier-transform infrared (FT-IR) spectrometer (Thermo-

Electron, Madison, WI). All hardware and software settings were similar to the LBL 

assembly and in situ FT-SPR section in Chapter 3. Sample preparation and conditions 

were similar to the ones explained in Chapter 3, expect here hyaluronan is used as a weak 

polyanion instead of heparin. Ten-layer PEMs were assembled at each combination of 

buffer ionic strength and pH, except for 0.1 M, pH 5.8 buffer. Chitosan was insoluble in 

this buffer. The method used to obtain PEM thickness from FT-SPR data is also similar to 
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the method described in Chapter 3, except the PEM refractive index over the wavenumber 

range of interest was determined from spectroscopic ellipsometry and it is 1.37. 

4.2.3 Spectroscopic Ellipsometry 

Variable angle spectroscopic ellipsometry data for a PEM film were acquired using 

JA Woollam VASE ellipsometer in the wavelength range 400-1200 nm (energy range 

4.13-1.03 eV) at two angles of incidence 65° and 75°. Optical modeling and data analysis 

were done using the J.A. Woollam WVASE32 software package. The reflected light was 

modeled from each layer using the Cauchy equation which relates the refractive index to 

the wavelength. 

4.3 Results 

4.3.1 GPC 

As previously discussed, the polyelectrolyte behavior in solution can be studied by 
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GPC coupled to laser light scattering and viscometry. The combination of these three 

analytical techniques can provide detailed information about polymer conformation, size, 

and molecular weight distribution. Experiments were performed using acetate buffer 

mobile phases with pH values ranging from 4.6 to 5.8 and ionic strengths of 0.1, 0.2, and 

0.5 mol L"1. Polymer solutions were also made at the same conditions. Polymer solutions 

(0.9 mg/mL for chitosan, 4.75 mg mL"1 for heparin, and 1 mg ml/1 for hyaluronan) were 

injected in different injection volumes (140, 120, 100, 80, and 60 fil) into the GPC. The 

different volumes allow dn/dc, the change in refractive index for a given concentration, to 



be calculated using a differential refractometer. Figure 4.1 shows typical data collected by 

the GPC system for heparin pH 5, 0.2 M buffer condition. 
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Figure 4.1. Responses of the refractive index, viscometer, and light scattering detectors 
as a function of retention time (top). Distribution of molecular weight, refractive index 
response, and hydrodynamic radius versus retention volume (bottom). Results are for the 
heparin at pH 5, 0.2 M acetate buffer. 

Figure 4.2 shows the general concept of the weak polycation conformation behavior 

in solution with respect to changing the pH and ionic strength. Increasing the pH causes a 

decrease in the degree of ionization. The resulting reduction in electrostatic repulsion and 
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solubility causing the polymer chain to collapse. Similarly, increasing ionic strength 

provides an increase of counter ions, which can screen electrostatic repulsions or decrease 

the charge density on the polymer chain, causing the polymer chain to collapse. 

Rigid Rod Stiff Coil 

Mark-Houwink Exponent range 

2 >0.9 0.5-0.7 <0.5 

Figure 4.2. Scheme of polycation chain conformation in solution with respect to 
changing pH and ionic strength of the buffer solution. 

Figures 4.3, 4.4, and 4.5 show the RH and a of the three polyelectrolytes determined 

from GPC. Figure 4.3 shows RH and a for chitosan, where the data show no significant 

trends for pH changes from pH 4.6 to pH 5.8; however, there is a weak trend 

corresponding to a change in ionic strength due to the buffer capacity at each buffer 

concentration. At 0.1 M buffer, because of the low capacity of the acetate buffer, the 

chitosan chain is not collapsing, thus the RH is relatively higher than other ionic strength 

conditions. At 0.2 M buffer, there is a balance between buffer capacity and charge density 

of the chain, where there are more counter ions than 0.1 M condition and those could 

neutralize some of the charges on the polymer chain. At 0.5 M buffer, there is some 

charge screening of counter ions due to the stronger buffer capacity. This phenomenon 

can cause the collapse of the chitosan chain by reducing the electrostatic repulsion, thus a 
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reduction of RH was expected with increasing ionic strength, resulting for polymer chain 

to have relatively more flexible coil shape. These phenomena can also affect a as well. 

Heparin molecules at all three buffer concentrations exhibit relative reduction of a 

with increasing buffer capacity. RH is not significantly different in all cases, which could 

be due to interacting of some counter ion associating with heparin in solution. In 0.5 M 

buffer condition, heparin chains will collapse relative to the two other buffer conditions. 

Heparin exhibits to have a stiff coil shape. 

The relatively low charge density of the polyanion hyaluronan results in a different 

behavior for this polyanion than was observed for the heparin. At the lowest pH (pH = 

4.6), which is the closest pH to the pKa of hyaluronan, the pH of the solution was 4.2 

after adding the hyaluronan. This reduction of the pH is due to the low capacity of the 0.1 

M buffer. The charge density had an important affect on a, which indicated a decrease in 

the flexibility of the hyaluronan chain by increasing ionic strength of the solution. Ionic 

strength also affected a as well, specifically at higher pH, but due to another reason. At 

pH 5.4, higher than the pKa of hyaluronan, charge screening of the buffer influenced a. 

There is some collapsing of hyaluronan chains by increasing the ionic strength. The RH 

didn't change significantly and there is no obvious trend for this behavior, hyaluronan 

exhibits a random coil shape in all conditions. 
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Figure 4.3. Mark-Houwink exponent (a) and hydrodynamic radius (b) of chitosan. Error 
bars show the value for a and RH obtained from 5 different injection volumes (140, 120, 
100, 80, and 60 ul). 
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bars show the value for the a and RH obtained from 5 different injection volumes (140, 
120, 100, 80, and 60 ul). 

Although there are some apparent trends observed in the data in Figures 4.3, 4.4, and 

4.5, none of these trends are statistically significant. Thus, neither the a nor RH of the 

polymers are dependent upon the solution pH and ionic strength under the conditions 

studied. Table 4.1 compares the range of a and RH obtained in this work and previous 

work published by other groups. 
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Table 4.1. Range of a and RH for chitosan, heparin, and hyaluronan in this work and 
some other published works. 

Hydrodynamic radius Mark-Houwink 
(RH) (nm) Exponent (a) 

Polymer 
Chitosan 

Heparin 

HA 

Solventa 

Acetate buffer 

HC1 / NaCl 

NaN03 

Phosphate buffer 

NaCl 

This work 
2 9 - 3 5 

-

3.3-3.7 

59 -70 

-

Ref.b 

25 - 42y 

-

3.57-3.6920 

65-70 1 7 

-

This work 
-

0.71-0.88 

0.8-1.24 

-

0.47 - 0.67 

Ref.b 

-

0.52-0.7123 

0.82 - 0.9420 

-

0.6-0.7824 

a Range of ionic strengths used by other groups are 0.01 - 0.3 M 
bThe molecular weight of chitosan was 194000 ± 5000 Da and 78000 - 914000 Da in 
references 9 and 23 respectively. The molecular weight of heparin in reference 20 was 
16400 - 18500 kDa. The molecular weight of hyaluronan was 1.9 x 106 kDa in 
reference 17. Reference 24 reported that for hyaluronan Mw< lx 106, a is 0.78 and for 
M w > l x 106, a is 0.6. 

4.3.2 Thickness Obtained by FT-SPR for Chi-ha Multilayers 

In the previous chapter, assembly of PEM using FT-SPR was used to characterize the 

chitosan-heparin (chi-hep) system at different PEM assembly conditions. In this chapter 

PEMs formation for the chi-ha pair was investigated at the same conditions. Figure 4.6 

shows the thicknesses obtained by in situ FT-SPR as a function of layer number. Figure 

4.6a shows the thickness for 0.1 M buffer at pH 4.6, 5.0, and 5.4 as a function of layer 

number. Results indicate that PEM thicknesses were influenced by the solution pH. At 0.2 

and 0.1 M buffer conditions, there is a strong increase in the layer thickness with 

increasing solution pH where as in 0.5 M buffer, this trend is not significant. As the ionic 

strength is reduced, this effect is stronger. In 0.5 M buffer condition, screening of 

polyelectrolyte charges is governing the thicknesses without the effect of pH on each 

condition. Therefore thicknesses are close to each other in the pH ranging from 4.6 to 5.8. 
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Figure 4.6 PEM thickness obtained from in situ FT-SPR data as a function of layer 
number and pH for 0.1 M buffer (a), 0.2 M buffer (b), and 0.5 M buffer (c). In all three 
plots, layer zero represents the MUA SAM thickness (1.7 nm). Odd-numbered layers are 
chitosan and even-numbered layers are hyaluronan. Refractive index used to calculate the 
thicknesses is 1.37 from spectroscopy ellipsometry. 

Electrostatic interaction, charge density, and charge screening can all influence the 

behavior of the polyelectrolytes both in solution and at surfaces. A comparison of the FT-

SPR data and GPC data indicates that several physical properties influence the PEM layer 

thickness over the range of conditions studied here. Polymer chain conformation in 

solution is not a strong function of pH; however PEM thickness is a function of pH for 

the 0.1 and 0.2 M buffer conditions. The conformation of chitosan in solution becomes 
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more compact at higher ionic strengths, and at this condition the PEM thickness has little 

pH dependence. The results above indicate that the changes in PEM thickness observed 

with changes in solution properties are not caused by changes in the conformation of the 

polymer chains in solution. 

4.3.3 Ellipsometry 

Chi-ha PEMs at pH 5, 0.2 M buffer condition was rinsed with ethanol, and analyzed 

ex situ by ellipsometry to determine the thickness and refractive index at dry condition. In 

Chapter 3, a similar set of experiments is reported obtained for the chi-hep thickness 

measurement using ellipsometry and data indicated that thicknesses measured from 

ellipsometry are thinner than that obtained by in situ FT-SPR, due to the drying and 

collapse of the sample, as the ellipsometry measurements are obtained in air. In order to 

confirm our measurement for another system of PEMs, ex situ ellipsometry was done on a 

chi-ha PEMs formed from pH 5, 0.2 M buffer, and the measured thickness was 36 nm. 

The corresponding refractive index of the dry PEMs measured from ellipsometry was 

1.47. Ellipsometry was also conducted on a wet film, and the refractive index was 

determined to be 1.37. This refractive index was used to calculate the chi-ha PEM from 

the FT-SPR data.5'25 The thickness obtained from FT-SPR, which is measured in-situ was 

78 nm for the same condition. Results clearly indicates that refractive index of wet and 

dry sample are significantly different for chi-ha PEMs. Figure 4.7 shows \\i as a function 

of wavelength for chi-ha PEMs at two different angles. Experimental results successfully 

overlaps with model fit which is obtained by Cauchy equation.3 
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Figure 4.7 Experimental and model fit measurements for v|/ (degree) as a function of 
wavenumber in two different angles, 65° and 75°, from spectroscopic ellipsometry for 
chi-ha PEMs assembled from pH 5, 0.2 M buffer. 

4.4 Conclusions 

The goal of the work presented in this chapter was to determine how the pH and ionic 

strength of buffer solutions influences the conformation of dissolved polyelectrolytes, and 

to determine whether this solution behavior could be related to the film thickness 

obtained from PEMs assembly. In general, we found that all three polysaccharides adopt 

more compact conformations in solution as the ionic strength of the solution is increased, 

except for hyaluronan at the lowest pH. This is probably due to screening of electrostatic 

repulsion at high ionic strength, and increased electrostatic repulsion at low ionic 

strength. However, these differences were not statistically significant. We also found for 

both chi-HA and chi-hep (c.f. Chapter 3) PEMs that the PEM thickness has little pH 

dependence at the highest buffer ionic strength. As the electrostatic screening is reduced, 

by reducing the ionic strength, the pH has a greater affect on the PEM thickness, but pH 

Model fit 65° 
• Experimental 65° 
— Model fit 75° 
O Experimental 75° 
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has little influence over the polymer conformation in solution. Thus, it can be concluded 

from this work that at reduced solution ionic strength, pH has a stronger influence over 

the complexation at surfaces, independent of the solution conformation, while at high 

ionic strength, the electrostatic screening tends to reduce the influence of electrostatic 

interactions in both individual polymer chains in solution and between oppositely charged 

polymer chains at surfaces. 
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Chapter 5 

Polysaccharide-based Polyelectrolyte Complex Nanoparticles from 
Chitosan, Heparin, and Hyaluronan 

• S. Boddohi, N. Moore, P.A. Johnson, M.J. Kipper, "Size and composition of 
polysaccharide-based polyelectrolyte complex nanoparticles at different charge molar 
ratios." Biomacromolecules, 10, 1402-1409, 2009 

5.1 Abstract 

The formation of polyelectrolyte complex nanoparticles (PCN) was investigated at 

different charge mixing ratios for the chitosan-heparin (chi-hep) and chitosan-hyaluronan 

(chi-ha) polycation-polyanion pairs. The range of 0.08-19.2 for charge mixing ratio (+/-) 

was examined. The one-shot addition of polycation and polyanion solutions used for the 

formation of the PCN permitted formation of both cationic and anionic particles from 

both polysaccharide pairs. The influence of the charge mixing ratio on the size and zeta 

potential of the particles was investigated. The morphology and stability of the particles 

when adsorbed to surfaces was studied by scanning electron microscopy (SEM). For most 

conditions studied, colloidally stable, non-stoichiometric PCN were formed in solution. 

However, PCN formation was inhibited by flocculation at charge mixing ratios near 1. 

When adsorbed to surfaces, and dried, some formulations resulted in discrete 

nanoparticles, while others partially or completely aggregated or coalesced, leading to 

different surface morphologies. 
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5.2 Introduction 

Several techniques have been reported for the formation of nanoparticles from soft 

materials. These include both nanoparticle-surfactant, and polymer-polymer complex 

formation.1"4 Oppositely charged polyelectrolytes are known to form stable intermolecular 

complexes. ' The formation of soluble complexes between oppositely charged 

polyelectrolytes was studied early on by Tsuchida.6 Subsequently, the formation of 

soluble PCN from polymers containing both weak and strong ionic groups was 

demonstrated and studied extensively. Many experimental parameters can influence the 

size of polyelectrolyte complex nanoparticles (PCN), including charge mixing ratio, 

polyelectrolyte size and charge density, the presence of low molecular weight ions, and 

•j fill 

concentration of polyelectrolytes. ' " The ability of a polycation-polyanion pair to form 

stable PCN may also be influenced by the local polymer chain stiffness, depending upon 

the relative molecular weights and the charge mixing ratio, as discussed by Schatz et al. 

for the chitosan-dextran sulfate system.9 The complexation between proteins and 

synthetic polyelectrolytes has been studied. In one such study, the aggregation of these 

complexes was shown to depend only on the mixing ratios of the polymer and protein, 

and not on their concentrations.12 

Recent investigations into the practical uses of PCN in biomedical applications has 

driven the desire to produce PCN from biomedically relevant polyelectrolytes.13' 14 

Evidence suggests that the nanoscale organization of surface features and surface 

chemistries can influence biological responses to materials.15"19 Thus, we are interested in 

developing techniques to tune the nanostructure of polysaccharide-based surfaces.20 

Polyelectrolyte complex nanoparticles (PCN) represent a potentially useful means for 
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introducing nanoscale features into biomaterials' surfaces. In this work the formation of 

PCN containing the polysaccharide chitosan, a weak polycation, and two different anionic 

polysaccharides was studied. The structures of these three polysaccharides are shown in 

Figure 5.1. 

OH 

•Bo 
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\ 
NH2 

OH 

Bo 
O 

NH 

X = OH, OSO3-
Y = NHAc, NH2, NSO3 

Figure 5.1. Chitosan (top), heparin (center), and hyaluronan (bottom). 

All three of these polysaccharides are of particular interest to the tissue engineering 

community. The ability to form nanostructures with controlled size and composition from 

these polysaccharides is an important step to engineering the nanostructure of 

polysaccharide-based materials and surfaces for tissue engineering applications. Chitosan 

has demonstrated antimicrobial activity and has been shown to promote wound healing 21-
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The conformation and the size of chitosan chains in dilute solution depend upon the 

charge density and ionic strength.24 Chitosan is insoluble in most solvents and insoluble 

in aqueous solutions above its pKa, but protonation of the amine below its pKa makes 

chitosan soluble in dilute aqueous solutions of organic acids such as acetic acid. Heparin 

behaves as a strong polyanion and hyaluronan behaves as a weak polyanion. Heparin has 

the highest negative charge density of any known biological polyanion, due to the 

presence of carboxyl and sulfate groups. It has high sequence variability, with multiple 

possible sulfation sites and some D-glucuronic acid residues replaced with L-iduronic 

acid.27 Heparin contains sequences which bind a variety of proteins including enzymes, 

and growth factors. In particular, heparin binds, stabilizes, and potentiates the activity of 

fibroblast growth factors, and members of the transforming growth factor beta 

superfamily. " Hyaluronan is a non-sulfated glycosaminoglycan and is an important 

component of the extracellular matrix of joint tissues. 

The two goals of this work are to demonstrate the formation of both anionic and 

cationic polysaccharide-based PCN and characterize their morphology and aggregation 

when adsorbed to surfaces. We use the chitosan-heparin (chi-hep) and chitosan-

hyaluronan (chi-ha) polyelectrolyte pairs. These polyelectrolyte pairs are both 

"asymmetric" in the sense that the molecular weights of the two constituent 

polyelectrolytes are very different. The chi-hep pair represents a relatively high-molecular 

weight weak polycation paired with a relatively low-molecular weight strong polyanion. 

The chi-ha pair represents a relatively high-molecular weight weak polyanion paired with 

a lower molecular weight weak polycation. Thus, successful formation of both anionic 

and cationic PCN from these two systems represents a broad range of accessible 
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polysaccharide-based PCN formulations. The effect of charge mixing ratio on the size, 

zeta potential, and stability of PCN particles is also evaluated. 

5.3 Experimental 

5.3.1 Materials 

Purified chitosan (poly(^(l,4)-D-glucosamine-co-JV-acetyl-D-glucosamme; 4.7% 

acetylated) was purchased from Biosyntech Inc. (Laval, Canada). Heparin sodium (from 

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

(Cincinnati, OH). Hyaluronic acid sodium salt was purchased from Sigma-Aldrich (St. 

Louis, MO). Glacial acetic acid and ethanol (200 proof 99.5+ %) were purchased from 

Acros Organics (Geel, Belgium). Sodium acetate was purchased from Fisher Scientific 

(Pittsburgh, PA). A Millipore Synthesis water purification unit was used to obtain 18.2 

MQ water, used for making all aqueous solutions (Millipore, Billerica, MA). 

Chitosan, heparin, and hyaluronan were analyzed using a Viscotek gel permeation 

chromatograph (GPC; Houston, TX) using a GPC Max (auto sampler, solvent delivery 

pump, and solvent degasser) equipped with a column oven, differential refractive index 

detector (VE3580 RI Detector), low-angle and right-angle laser light scattering detector, 

and four capillary viscometer (270 Dual Detector). For GPC analysis, polymer solutions 

(0.9 mg/mL for chitosan, 4.75 mg mL"1 for heparin, and 1 mg mL1 for hyaluronan) were 

prepared using a 0.1 M, pH 5.0 acetate buffer. Chitosan solutions were stirred for 1 to 2 

hours at 40 °C. The refractive index increments (dn/dc) of chitosan, heparin, and 

hyaluronan were determined by differential refractive index measurements from five 

different injection volumes (60, 80, 100, 120, and 140 ,uL). Elution took place at 1 mL 
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min"1 across two analytical PL Aquagel-OH MIXED 8 jum columns (Polymer 

Laboratories, Amherst, MA) at 38 °C. The weight-average molecular weights and 

polydispersity indices obtained from light scattering, and the hydrodynamic radii obtained 

from viscometry are summarized in Table 5.1. Also reported in Table 1 are the 

parameters of the Mark-Houwink equation for the molecular weight dependence of the 

intrinsic viscosity, [rj\ = KMw
a, obtained from viscometry. 

Table 5.1. Polysaccharide properties obtained by GPC. 

Polymer Mw (Da) PDI Log10(£x gd l 1 ) a RH (nm) 

Chitosan 302,000 L52 -3.7 ±0.2 0.86 ±0.04 34.0 ± 0.5 

Heparin 14,700 1.14 -4.6 ±0.1 0.96 ±0.02 3.68 ±0.02 

Hyaluronan 743,000 1.16 -2.5 ±0.5 0.64 ±0.07 61 ± 1 

The Mark-Houwink exponent, a, can be used to characterize the conformation of the 

polymer chains in solution. Smaller values indicate a more compact or globule 

conformation while larger values indicate increased chain stiffness. The Mark-Houwink 

exponent, a, for hyaluronan indicates that it exhibits random-coil behavior. The relatively 

high value of a obtained for heparin indicates that it exhibits stiff coil behavior, while the 

a value for chitosan indicates that it exhibits a more flexible coil behavior. The 

conformation of chitosan in solution has been found to be a strong function of ionic 

strength, degree of acetylation, and pH, with reported experimental Mark-Houwink 

exponents ranging from less than 0.6 to greater than 1.1. 
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5.3.2 PCN Preparation 

Pure polymer solutions (0.9 mg mL"1 for chitosan, 0.95 mg mL"1 for heparin, and 1 

mg mL"1 for hyaluronan) were prepared in 0.1 M, pH 5.0 acetate buffer. At pH 5.0 

chitosan has sufficient protonated amines to form complexes with sulfate groups of 

heparin and carboxylate groups in hyaluronan and heparin. These solutions were filtered 

using 0.22 /jm syringe filters (PVDF, Fisher Scientific). All mixed polymer solutions 

were prepared with 20 mL of total solution. The charge density of each polymer was 

computed assuming pKa = 6.4 for the amine groups in chitosan, and pKa = 2.9 for the 

carboxylic acid groups in hyaluronan, and assuming that each heparin disaccharide 

contains 3 sulfate groups. For example, for chitosan, the charge density (positively 

charged groups per gram of chitosan) was computed by accounting for the fraction of 

monomer units that would carry a positive charge at pH 5.0 given a pKa of 6.4 for the 

primary amine, accounting for the fraction of monomer units that are de-acetylated. PCN 

were prepared at room temperature by one-shot addition using chitosan as the starting 

solution for cationic particles and heparin or hyaluronan as the starting solution for 

anionic particles. The appropriate volume of the oppositely charged polymer solution was 

then added to the starting solution to obtain the desired charge mixing ratio. Charge 

mixing ratio was calculated based on the charge density of each polymer in solution. It 

has been shown that one-shot addition can help to inhibit some flocculation of PCN when 

the charge mixing ratio is close to 1, and that the size of the resulting PCN is less 

sensitive to the order of mixing than for the dropwise titration method used in some 

previous work.9 A constant magnetic stirring of 800 rpm for 3 hours was maintained 

during the complex formation. After 3 hours of stirring, all solutions were allowed to 
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settle overnight to remove aggregated particles. After settling, the solutions containing 

dissolved PCN were decanted. Decanted solutions were centrifuged at 4500xg for 15 

minutes to separate the particles from un-complexed polymer, using an Eppendorf 5804 

centrifuge, (Eppendorf, Westbury, NY). After centrifuging, the upper part of the solution 

was disposed of, leaving behind only the particles. These particles were then resuspended 

in 10 mL of the pH 5.0 0.1 M acetate buffer. Ten different charge mixing ratios were 

attempted for chi-hep PCN and six different charge mixing ratios were attempted for chi-

ha particles. The range of charge mixing ratios investigated was from 0.08 to 19.17 (+/-). 

5.3.3 Yield of Particles 

After the resuspension of PCN, 2 mL of that solution were used for estimating the 

particle yield at each condition. Solutions were centrifuged at 4500xg for 15 minutes. The 

majority of the supernatant was then removed, without removing the particles. 

Approximately 50 to 100 nh of buffer remained mixed with the particles so that the 

particles could easily be transferred for drying. The collected particles were dried in 

aluminum dishes of known mass in a drying oven to constant mass at 80 °C. The mass of 

the dried particles was then determined by difference, and the particle yield was estimated 

as the mass of dry PCN obtained per mass of polymer in the starting solutions. 

5.3.4 Dynamic Light Scattering (DLS) 

A DynaPro Titan (Wyatt Technologies, Santa Barbara, CA) instrument was used to 

perform DLS, using an 830-nm laser. All measurements were performed at a fixed angle 

of 90° at 25 °C. Five measurements of 50 s each were performed for each 10-/iL sample 
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of suspended PCN. DLS correlation functions were analyzed by two separate methods 

that are commonly used to interpret light scattering of polymer solutions and colloids. 

First, the regularization algorithm in the Dynamics software package (Wyatt, Version 

6.10.1.2) was used to determine relaxation rates, i~}, corresponding to the diffusion of 

nanoparticles (and, potentially, other modes of relaxation in the samples). The 

regularization algorithm is a regression method for obtaining a distribution of relaxation 

rates that fit the field autocorrelation function to a superposition of multiple relaxations 

according to: 

g (1)(r)=X^exP(-^) ( f U ) 

The relative intensity weight of the ith relaxation rate, 77, is w,-. (X,-w>,- = 1.) Second, 

field autocorrelation functions were also fit to a function containing a "fast" single 

exponential followed by a "slow" stretched exponential (Williams-Watts equation) of the 

form: 

g%) = Aexp(rfr)+ (1 - A)exp[- (rtf] (5<2) 

In equation 5.2, IJ and 77 represent the characteristic fast and slow relaxation rates, 

respectively, and the parameter J3 is a measure of the breadth of the distribution of 

relaxation rates for the stretched exponential component. This method has been found to 

be a good description of DLS for amphiphillic polymers in aqueous solutions in general, 

and for polysaccharides in particular, which are capable of interparticle interactions that 

result in a coupling of the individual particle dynamics to the surroundings. 36"41 In both 

methods hydrodynamic radii were obtained using the Stokes-Einstein relationship. 
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Equation 5.1 (the regularization method) provides a distribution of relaxation rates 

corresponding to a distribution of particles sizes, while equation 5.2 (the stretched 

exponential) assumes a single characteristic relaxation rate corresponding to the diffusion 

of the particle population sampled. Thus use of equation 5.2 requires far fewer 

parameters, and allows for the existence of non-diffusive modes of relaxation. Equation 

5.1 is capable of characterizing multimodal distributions, but because its solution is ill-

posed, it may result in minor peaks in the relaxation rate distribution that arise from 

experimental uncertainty and rounding errors in the numerical fitting algorithm. The 

details of these analyses are provided in the Supporting Information. 

5.3.5 Zeta Potential 

The zeta potential of the chi-hep and chi-ha nanoparticles in acetate buffer solution 

(pH 5.0, 0.1 M at 25 °C) was measured using a ZetaPALS instrument (Brookhaven 

Instruments Corp., Holtsville, NY). Each sample was measured 5 times and the values 

reported are the mean zeta potential for each sample ± the standard error of the mean. The 

zeta potentials of each sample were also measured by a Zetasizer nano series (Malvern 

Instruments, Westborough, MA). Three measurements for each sample were taken. The 

data from the Malvern instrument confirmed the results from the Brookhaven instrument, 

and are therefore not reported. 

5.3.6 Scanning Electron Microscopy (SEM) 

The shape and size of PCN adsorbed to surfaces was investigated by SEM using a 

JEOL JSM-6500F field emission scanning electron microscope (Jeol, Peabody, MA). To 
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prepare the SEM samples, a droplet of nanoparticles was deposited on carbon stickers on 

aluminum stubs, dried in a desiccator, and coated with 10 nm of gold using an argon 

atmosphere evaporator. Images at four different magnifications (330x, lOOOx, 3300x, and 

33000x) were collected for each sample. Some of the negatively charged PCN interacted 

very strongly with the adhesive on the carbon stickers, causing the PCN to sink into the 

adhesive. Negatively charged PCN were therefore also deposited either directly on the 

aluminum stubs or on gold-coated aluminum stubs. 

5.4 Results 

5.4.1 Yield of Particles 

Estimates (± 5 %) of the experimental yields of the chi-hep and chi-ha PCN at 

different charge mixing ratios are shown in Table 5.2 and Table 5.3, respectively. In 

general, conditions that yielded measurable quantities of PCN had yields less than 40 %. 

This raises the possibility that the composition of the particles might not be well-

correlated to the composition of the mixed solutions, as significant fractions of polymer 

may have formed aggregates, or (particularly the polymer in excess) may have remained 

in solution once the polymer in default was depleted. For both the chi-hep and chi-ha 

systems, the conditions with charge mixing ratios nearest to 1 did not form soluble PCN 

(0.78 and 1.42 for the chi-hep and chi-ha systems, respectively). Also, for the chi-ha 

system the condition with the largest excess of chitosan did not form soluble PCN. 
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Table 5.2. Yield, hydrodynamic radii from the regularization method (Rmreg)) and the 
stretched exponential method (i?w(se)), and zeta potential for chi-hep PCN at each charge 
mixing ratio. 

Charge mixing 
ratio 

(+/-) 

17.55 

10.53 

4.68 

2.73 

1.75 

0.78 

0.50 

0.29 

0.13 

0.08 

Yield 

(mass %) 

30 

30 

25 

18 

23 

0 

38 

25 

23 

28 

^tf(reg) 

(nm)a 

227 ±4 

271 ±9 

260 ± 10 

304 ±6 

318 ±6 

-

298 ±8 

217 ±3 

175 ± 1 

170 ±3 

•fttf(se) 

(nm)b 

232 ±2 

244 ±3 

260 ±4 

306 ±4 

329 ±7 

-

261 ±8 

199 ±3 

184 ±4 

174 + 2 

Zeta potential 

(mV) 

21.7 ±0.8 

29.5 ±1.7 

31.2 ±0.6 

29.7 ± 0.9 

25.1 ±0.9 

-

-25.4 ± 2.3 

-20.8 ± 0.6 

-18.7 ±3.3 

-22.8 ± 0.7 

Mean ± 95 % confidence interval, for RH determined by fitting the primary peak in the 
distribution of relaxation rates obtained from equation 5.1 to a log-normal distribution. 

RH ±95 % confidence interval, obtained from the fast relaxation rate, I), from equation 
5.2. 
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Table 5.3. Yield, hydrodynamic radii from the regularization method (R//(reg)) and the 
stretched exponential method (i?//(Se)X and zeta potential for chi-hep PCN at each charge 
mixing ratio. 

Charge 
mixing ratio 

(+/-) 

19.2 

8.52 

3.19 

1.4 

0.53 

0.23 

Yield 

(mass %) 

0 

18 

13 

0 

23 

23 

#tf(reg) 

(nm) 

-

277 ±2 

225 ±2 

-

197 ±2 

184 ±4 

RH(se) 

(nm) 

-

292 ±4 

235 ± 1 

-

193 ±5 

200 ± 12 

Zeta potential 

(mV) 

26.7 ±2.3 

26.7 ± 1.5 

24.6 ± 1.0 

-

-22.1 ±0.9 

-21.4 ±1.3 

aMean ± 95 % confidence interval, for RH determined by fitting the primary peak in the 
distribution of relaxation rates obtained from equation 5.1 to a log-normal distribution. 

hRH ± 95 % confidence interval, obtained from the fast relaxation rate, //, from equation 
5.2. 

5.4.2 Dynamic Light Scattering of PCN 

Figure 5.2 shows the field autocorrelation functions, g( \t), for representative 

examples of positively and negatively-charged chi-hep and chi-ha PCN. The data shown 

in Figure 5.2 are the means of the five replicate measurements for each sample. Fits to 

equations 5.1 and 5.2 are also shown. Beyond 104
 JLLS, as the intensity autocorrelation 

function nears 1 for all samples, the measurement uncertainty is amplified. This could 

have a significant effect on the estimation of parameters in equation 5.2.42 Therefore, the 

parameters for equation 5.2 were obtained from fits over the range from 1 to 104 |0,s. For 

equation 5.1, the behavior at very long relaxation times has little influence over the 

estimates of the relaxations at shorter times. Thus, the data for the five replicate 
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measurements of each formulation were individually fit to equation 5.1 over the entire 

range of the data. For each replicate, the distribution of relaxation rates, w,-, obtained from 

equation 5.1 contained a primary peak (generally accounting for > 90% of the total 

distribution) that was attributed to the diffusion of the PCN. Peaks in the relaxation rate 

distribution that represented faster or slower rates generally accounted for less than 10 % 

of the distribution of relaxation rates for all samples. These secondary peaks were often 

present, but did not appear at the same relaxation rates in all five replicate measurements 

for any of the formulations. They likely arise from a combination of small amounts of 

contaminants in the PCN samples (e.g. uncomplexed polymer, or PCN aggregates) and 

from uncertainty in fitting the data to the superposition of exponential decays. In all cases, 

the primary relaxations occur in the region from 103 to 104 jxs. Both methods fit the data 

with residuals less than ± 0.01 over the range from 1 to 104 ja.s. (Residuals are shown 

below each plot in Figure 5.2.) The inset in Figure 5.2a shows the field autocorrelation 

function plotted versus T, showing the linear behavior of the logarithm of g{X\f) in 

equation 5.2. 
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Figure 5.2. Electric field autocorrelations for chi-hep PCN formed at charge mixing 
ratios of 0.29 and 4.68 (a. and b., respectively) and for chi-ha PCN formed at charge 
mixing ratios of 0.53 and 8.52 (c. and d., respectively). In all four plots, O represents 
experimental data, the solid curve is the fit to equation 5.2 (fit parameters obtained over 
the region from 1 to 104 |J,s), and the broken curve is the fit to equation 5.1 (over the 
entire range of the data). The residuals (R = data - fit) are shown for equation 5.2 ( • ) and 
equation 5.1 (+) on the secondary axis below each plot. The inset in Figure 5.2a shows 
the range of linear behavior of the logarithm of g(l)(r) versus r predicted by equation 5.2. 

The distributions of relaxation rates obtained from the regularization method were 

used to compute a distribution of PCN hydrodynamic radii for each sample. These 
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distributions of hydrodynamic radii for chi-hep and chi-ha PCN are shown in parts a and 

b of Figure 5.3 and Figure 5.4, respectively. These particle size distributions are well-

represented by log-normal distributions. Figure 5.5 shows the distributions of relaxation 

rates, w,-, plotted versus 1/7], from which the particle size distributions in Figures 5.3 and 

5.4 were determined. Using equation 5.1, the distributions of relaxation rates cannot be 

very finely resolved, i.e. the primary peak contains only 5 to 15 data points. Fitting these 

data to a log-normal distribution therefore enables estimates of the mean particle size and 

the confidence intervals for each distribution. Part c of Figures 5.3 and 5.4 shows the 

geometric mean ± the standard deviation of the distribution of particle sizes for a log-

normal distribution that best fits the particle size distributions shown in parts a and b of 

the corresponding figures, as a function of charge mixing ratio. Tables 5.2 and 5.3 also 

show the mean hydrodynamic radii (i?//(reg)) of particles obtained at each condition. The 

uncertainties on /?#(reg) shown in Tables 5.2 and 5.3 represent the 95 % confidence 

interval on determination of the mean from the five replicate measurements made at each 

charge mixing ratio. Also shown in Tables 5.2 and 5.3 are the hydrodynamic radii (± 95 

% confidence interval) corresponding to the fast relaxation times obtained from fitting the 

data to equation 5.2 (R//(Se))-
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Figure 5.3. Size distributions of negatively charged (a.) and positively charged (b.) chi-
hep PCN at different charge mixing ratios, determined from the regularization method 
(equation 5.1). Approximate log-normal size distributions represented as the geometric 
mean ± standard deviation of the distribution (c.) for each of the distributions shown in a. 
and b. as a function of charge mixing ratio. In c , the data marked with symbols are 
statistically different (p < 0.05) from data of not marked with the same symbol. 
(Comparisons were only made among particles with like charge, i.e. charge mixing ratio 
either greater than or less than 1.) Statistical differences were determined by comparing 
the means determined from log-normal fits to the five replicate measurements made on 
each sample, using a two-tailed Mest (p < 0.05). 95 % confidence intervals on each mean 
are reported in Table 5.2. 
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Figure 5.4. Size distributions of negatively charged (a.) and positively charged (b.) chi-ha 
PCN at different charge mixing ratios, determined from the regularization method 
(equation 5.1). Approximate log-normal size distributions represented as the geometric 
mean ± standard deviation of the distribution (c.) for each of the distributions shown in a. 
and b. as a function of charge mixing ratio. In c , the data marked with symbols are 
statistically different (p < 0.05) from data of not marked with the same symbol. 
(Comparisons were only made among particles with like charge, i.e. charge mixing ratio 
either greater than or less than 1.) Statistical differences were determined by comparing 
the means determined from log-normal fits to .the five replicate measurements made on 
each sample, using a two-tailed /-test (p < 0.05). 95 % confidence intervals on each mean 
are reported in Table 5.3. 
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For chi-hep particles (Figure 5.3, Table 5.2), the mean size increases significantly as 

the charge mixing ratio approaches 1 for both anionic and cationic particles. The breadth 

of the size distribution also increases (Figure 5.3). PCN formation close to a charge 

mixing ratio of 1 (+/- = 0.78) was not possible, presumably because the colloidal stability 

is reduced as the net particle charge is reduced. As the charge mixing ratio gets farther 

from 1, the particle size is reduced. We attribute this reduction in particle size to an 

increase in the magnitude of the net charge on the resulting particles and a corresponding 

increase in the colloidal stability of smaller particles. 

For the chi-ha PCN, particles formed at a charge mixing ratio closer to 1 appear to 

have narrower size distributions (Figure 5.4). Note that no statistical difference was 

determined between the size distributions for the two negatively charged chi-ha PCN 

formulations. This is because the parametric test used to determine statistical difference 

compares only the means of the particle size distributions. These two formulations have 

similar means, but appear to have different distribution widths. 
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Figure 5.5. Intensity % versus decay time for chi-hep PCN (a.) and chi-ha PCN (b). Each 
trace is labeled with the charge mixing ratio. 

Figure 5.5 shows the distributions of relaxation times (1/77), obtained by fitting of the 

intensity autocorrelation functions to equation 5.1. The primary peak in all of the 

distributions corresponds to the translational diffusion of the PCN. Notice that for the chi-

hep PCN (Figure 5.5a) the primary peak represents a slower relaxation rate, 

corresponding to larger particles when the charge mixing ratio is closer to 1. Also, for the 

chi-ha PCN, the primary peak is noticeably narrower for the charge mixing ratios closer 

to 1, as indicated by the distributions of hydrodynamic radii in Figure 5.4. In addition to 

the primary peak corresponding to PCN diffusion, all distributions have secondary peaks 

at longer relaxation times. These secondary peaks were not consistently represented 

among the five replicates of each sample. They could represent large aggregates of PCN. 

Alternatively, they could represent the constrained relaxations associated with 
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coordinated diffusion of PCN, or they could arise due to uncertainty in accurately fitting 

the relatively noisy data at long relaxation times to a superposition of multiple 

relaxations. 

The fast relaxation rates obtained from the fits to the stretched exponential (IJ) 

indicate the same trend in hydrodynamic radii, /?//(Se), as the mean hydrodynamic radii of 

the log-normal fit to the distribution of radii obtained from the regularization method, 

f̂(reg)- (See Tables 5.2 and 5.3.) The other fit parameters obtained from the stretched 

exponential function are reported in Tables SI.l (appendix 2) and SI.2 (appendix 2) in the 

Supporting Information. In summary, for the chi-hep PCN the values of the stretching 

exponent do not indicate particularly weak coupling, however the ratio of the relative 

contributions of the fast to the slow relaxations indicates that any coupling between 

particles and their surroundings that would retard their relaxation rates is relatively weak. 

The only exception is for the chi-hep PCN with charge mixing ratio of 0.50, which is the 

case closest to the point where the particle dispersion becomes unstable. This condition 

also has the broadest distribution of apparent PCN radii, according to the regularization 

method. Thus, the significant contribution of the stretched exponential in this case could 

arise from the relatively broad distribution of PCN sizes. It is apparent that this condition 

is likely approaching the flocculation point and the sample likely contains some small 

aggregates. These observations indicate that the conditions studied here (< 1.0 mg mL"1) 

are likely in the dilute regime where the PCN size can be accurately determined by the 

regularization method. The chi-ha samples all exhibited even less contribution of the 

stretched exponential component, again indicating that there is very little coupling of the 

particle dynamics in these samples. 
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5.4.3 Zeta Potential Measurement 

The zeta potential measurements confirm that both anionic and cationic PCN can be 

formed from both the chi-ha and chi-hep polysaccharide pairs. The magnitude of the zeta 

potential for most formulations is less than 30 mV, suggesting that the PCN may be prone 

to aggregation. Ultimately, we are interested in using these PCN to introduce nanoscale 

topographical features and nanoscale regions of varying surface chemistry to 

polysaccharide-based surfaces. To achieve control over such features at the nanoscale, it 

is important to know how these PCN may aggregate when adsorbed to surfaces. The 

adsorption behavior was investigated by SEM. SEM images also provide some 

confirmation of the PCN sizes measured by DLS and may help to elucidate the degree of 

aggregation. 

5.4.4 Morphology of Surf ace-Adsorbed PCN 

PCN solutions were applied to aluminum stubs, dried, and coated with gold prior to 

imaging by scanning electron microscopy. Representative scanning electron micrographs 

are shown in Figure 5.6. Figure 5.6a and 5.6b depict positively and negatively charged 

chi-hep PCN (with charge mixing ratios of 4.68 and 0.29), respectively. Figure 5.6c and 

5.6d depict positively and negatively charged chi-ha PCN (with charge mixing ratios of 

8.52 and 0.53), respectively. Figure 6e shows the chi-hep preparation at a charge mixing 

ratio of 0.78, at which no soluble PCN were obtained (c.f. Table 5.2). The chi-hep PCN 

with charge mixing ratio of 4.68 exhibit a relatively uniform preparation of particles, free 

from aggregates, when these are dried on a surface (Figure 5.6a). The particles seen in the 

SEM image are somewhat smaller than the range of sizes determined by DLS, probably 
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due to collapse of the PCN upon drying. In contrast, the negatively charged chi-hep 

particles formed at a charge mixing ratio of 0.53 (Figure 5.6b) show some individual PCN 

and some apparent flocculation (see inset). The negatively charged chi-ha PCN (Figure 

5.6d) formed at a charge mixing ratio of 0.53 have a relatively narrow distribution of 

sizes in solution (see Figures 5.4 and 5.5b). However, when adsorbed to a surface and 

dried, these PCN show a very broad range of sizes, ranging from less than 100 nm to over 

1 |im. These appear to be a mixture of PCN and larger coalesced particles. The chi-ha 

PCN shown in Figure 6c and the chi-hep particles shown in Figure 5.6e are mostly 

flocculated when adsorbed to a surface. In these two samples, flocculated clusters are 

clearly made up of smaller, ~100-nm particles, as seen in the insets. 

Presumably, in solution the particles do not behave as hard spheres. Rather, they 

likely have a gel-like or solid core surrounded by a charged corona.43 Both the core and 

the corona likely collapse upon drying, but the drying also is accompanied by an increase 

in the concentration of both the PCN and the buffer salts. The increase in buffer 

concentration during drying results in additional screening of the electrostatic repulsions 

that otherwise stabilize the PCN and expand their coronas. Thus relatively stable particles 

may get smaller, as seen in Figure 5.6a and some of the particles in Figures 5.6b and 5.6d. 

While other PCN flocculate (as seen in Figures 5.6b and 5.6c) or coalesce (as seen in 

Figure 5.6d) to form larger particles. 
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fm 

Figure 5.6. Scanning electron micrographs of positively charged chi-hep PCN (a.), 
negatively charged chi-hep PCN (b.), positively charged chi-ha PCN (c), negatively 
charged chi-ha PCN (d.), and chi-hep particles at 0.78 charge mixing ratio showing 
aggregation (e.). The higher magnification inset in the upper left corner of each image 
shows the morphology of the PCN. 
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5.5 Discussion 

In this work, the formation of both positively charged and negatively charged PCN 

was achieved for both the chi-hep and the chi-ha polyelectrolyte pairs. DLS of the PCN 

solutions exhibited a primary relaxation that could be attributed to the diffusion of the 

particles, and secondary relaxations that could be attributed to either larger aggregates, 

constrained diffusion of the PCN, or uncertainty in fitting the DLS data at long relaxation 

times. The use of the stretched exponential (equation 5.2) to interpret the DLS data 

suggested that there is not strong coupling of the particle dynamics. Thus we conclude 

that at the concentrations studied (< 1.0 mg mL"1), the PCN are in the dilute regime, and 

that slower relaxations represent some aggregation arising from instability of the colloidal 

particles. 

PCN from a polysaccharide system (chitosan-dextran sulfate, chi-DS) similar to our 

chi-hep PCN were recently studied by Schatz et al. They observed a decrease in PCN size 

as the charge mixing ratio approached 1 (over the charge mixing ratio range from about 

1.2 to 20) for positively charged chi-DS nanoparticles when a high-molecular weight 

chitosan (350 kDa) was combined with relatively low molecular weight DS (5 or 10 

kDa).9 Also, they were not able to make negatively charged particles with 5 kDa DS or 

with charge mixing ratios greater than 0.3 (+/-) using 10 kDa DS. Because the heparin 

used in our work and the low-molecular weight DS used their work are both small strong 

polyanions with high negative charge density, these discrepancies warrant additional 

discussion. 

In the work of Schatz et al., the inability to form PCN using low molecular weight DS 

was attributed to the relative flexibility of the DS chains.9 In their model of the PCN 
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formation the relatively flexible (a-l,6-linked) DS chains are capable of achieving 

complete charge neutralization when interacting with a chitosan molecule by conforming 

to the larger chitosan molecule and by forming ionic cross-links among chitosan chains. 

This presumably results in two populations of DS chains - those that remain in solution 

and those that complex almost completely with chitosan, forming insoluble hydrophobic 

aggregates. The flexibility of the DS may also help to explain why they observe 

decreasing PCN size as the charge mixing ratio approaches 1 for positively charged 

particles. As DS is added, it can conform to chitosan in the corona of existing PCN, 

causing them to collapse. 

DS is a flexible, branched polysaccharide, whereas heparin is a relatively stiff (see 

Table 5.1), linear polysaccharide. Thus, we propose that the negatively charged chi-hep 

particles form by a different mechanism than the chi-DS aggregation observed by Schatz 

et al. When chitosan is added (in default) to a heparin solution (in excess), the high 

charge density and relative stiffness of the heparin combined with the large size of the 

chitosan prevents the conformational matching of the positive and negative charge 

groups. Thus a region of a chitosan molecule that is bound to excess heparin acquires a 

negative charge and strong water solubility, while the region that binds less heparin is 

able to form a gel-like core with similar regions of chitosan chains on other molecules, 

surrounded by the negatively charged corona. Over the range of charge mixing ratios 

investigated in this work, increasing the excess heparin causes farther collapse of the chi-

hep particles, possibly by increasing the degree of ionic crosslinking in the particle cores 

or by increased electrostatic repulsion that limits the coalescence of primary complexes. 

Positively charged chi-hep PCN formed when chitosan is in excess, are probably formed 
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when heparin forms ionic cross-links among multiple chitosan chains. In contrast to the 

chi-DS complexes, additional heparin causes positively charged chi-hep PCN to grow 

rather than to collapse. This could be because the relatively stiff heparin prefers to form 

ionic crosslinks among primary chi-hep complexes, rather than inducing collapse of the 

corona into the PCN core. 

For the weak polyelectrolyte pair, chi-ha, the conditions farther from a charge mixing 

ratio of 1 have a broader distribution of sizes than those closer to a charge mixing ratio of 

1. (See Figure 5.4 and 5.5b). This probably indicates that the particles consist of a 

relatively dense hydrophobic core, in which the charges are neutralized, surrounded by a 

much less dense hydrophilic corona containing the excess charge. Thus as the charge 

mixing ratio is farther from 1, the relative size of the corona is increased. 

The formulations of PCN studied here exhibit a variety of morphologies when 

adsorbed to surfaces. When adsorbed to surfaces and dried, the particles with sufficiently 

high zeta potential adsorb as discrete particles. Figure 5.6a shows a condition with the 

highest magnitude of zeta potential (chi-hep at charge mixing ratio of 4.68, zeta potential 

> 30 mV) exhibiting distinct particles adsorbed to the surface. For this and similar 

conditions, electrostatic repulsion prevented aggregation during adsorption. Less stable 

PCN may coalesce (Figure 5.6d) or flocculate (Figures 5.6b), or may aggregate almost 

completely before (Figure 5.6e) or during (Figures 5.6c) deposition and drying. 

Reihs et al. studied the adsorption of a preparation of PCN using a synthetic weak 

polyanion-strong polycation pair by scanning electron microscopy.44 Their PCN had 

similar size distributions to ours. In their work the adsorption of the neat PCN preparation 

and the PCN isolated by centrifugation were compared. They found that the neat PCN 
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solution, which had a higher polydispersity index, also had a higher propensity to 

coalesce when adsorbed, than the less polydisperse PCN isolated by centrifugation.44 This 

was attributed to the presence of many smaller primary aggregates in the non-purified 

sample, which might facilitate interactions among larger PCN during adsorption.44 We 

did not specifically investigate the effects of polydispersity on aggregation or 

coalescence, but we did observe some coalescence (Figure 5.6d) in our samples that had 

the narrowest size distributions. Nonetheless, the work of Reihs et al. suggests that 

controlling the purity and polydispersity of the PCN preparation may be important to 

controlling the morphology of adsorbed particles. 

5.6 Conclusion 

In this work, the formation of PCN from the chi-hep and chi-ha polyelectrolyte pairs 

was characterized. Both systems could form either positively charged or negatively 

charged PCN. The size and morphology of the particles were examined by DLS and SEM 

respectively. At conditions close to a charge mixing ratio of 1 the size of both positively 

charged and negatively charged chi-hep PCN tends to increase, and PCN tend to 

aggregate. For chi-ha PCN, this trend in PCN size with charge mixing ratio was not 

observed for the conditions investigated. These PCN provide a means of introducing 

nanoscale surface topographical features and nanoscale regions of varying biochemical 

functionality for the modification of biomaterials surfaces. The resulting surface 

morphology can be altered by changing the charge mixing ratio resulting in changes in 

the PCN stability. 
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5.7 Supporting Information (Appendix 2) 

Details of the two methods used to interpret the DLS data, and the results of these 

analyses are available in the Supporting Information. This material is available free of 

charge via the Internet at http://pubs.acs.org. 

http://pubs.acs.org
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Chapter 6 
Fabrication and Characterization of Polysaccharide-based 

Nanostructured Surfaces Prepared with Polyelectrolyte Complex 
Nanoparticles 

• S. Boddohi, J. Almodovar, H. Zhang, P.A. Johnson, and M.J. Kipper," Fabrication 
and characterization of polysaccharide-based nanostructured surfaces prepared with 
polyelectrolyte complex nanoparticles." Journal of colloids and surfaces B, 2009 
(submitted). 

6.1 Abstract 

Nanoscale chemical and topographical features have been demonstrated to influence a 

variety of significant responses of mammalian cells to biomaterials surfaces. Thus, an 

important goal for biomaterials scientists is the ability to engineer the nanoscale surface 

features of biologically active materials. Here we demonstrate the fabrication and 

characterization of polysaccharide-based nanostructured surface coatings that combine 

polyelectrolyte complex nanoparticles (PCNs) in polyelectrolyte multilayers (PEMs) to 

create surfaces with controlled nanoscale surface topography and nanoscale presentation 

of surface chemistry. The polysaccharides used in this work are the biomedically relevant 

chitosan, heparin, and hyaluronan. Nanostructured surface coatings were characterized on 

both modified gold substrates and tissue-culture polystyrene surfaces. PCNs were 

adsorbed to oppositely charged PEMs, and were also embedded within PEMs. The 

construction of the surface coatings was characterized by quartz crystal microbalance 
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with dissipation (QCM-D). The surface morphology was characterized by scanning 

electron microscopy (SEM) and atomic force microscopy (AFM). The chemistry of the 

coatings was confirmed by both X-ray photoelectron spectroscopy (XPS) and 

polarization modulation infra-red reflection absorption spectroscopy (PM-IRRAS). 

Morphologically, we found that PCNs were colloidally stable and homogeneously 

distributed when adsorbed on or in the PEMs. Chemical analysis confirms that the PCNs 

adsorbed to PEMs significantly altered the surface chemistry, indicating significant 

surface coverage. Furthermore, when incorporated as a sub-terminal layer within PEMs, 

the position of the PCNs normal to the surface can be tuned. Thus, PCNs can be used to 

introduce discrete nanoscale surface topographical features and varying surface chemistry 

into PEM surface coatings in a controlled way. 

6.2 Introduction 

Since the pioneering work by Decher and coworkers, who first introduced the layer-

by-layer (LBL) assembly of the polyelectrolyte multilayers (PEMs),1"4 this technology 

has gained attention as an attractive method of surface coating for a broad range of 

applications. LBL assembly is of great interest because of its simplicity and the control 

over coating thickness and composition that can be obtained at the nanometer length 

scale. PEMs are formed by the alternating adsorption of polycations and polyanions to 

charged surfaces. Surface charge inversion during each adsorption step limits each layer 

thickness and prepares the surface for the subsequent adsorption of the oppositely 

charged polyelectrolyte. PEMs have been used to tune the properties of surfaces and thin 

films for separations, catalysis, sensors, and optical and electronic devices.5"9 LBL 

assembly has generated particular interest as a technique for modifying biomaterials 
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surfaces.10"14 For example, PEMs containing inorganic nanoparticles have been 

demonstrated to improve the attachment and spreading of mesenchymal stem cells. 

PEMs containing polysaccharides have been used to develop surface coatings that have 

biochemical functionality,15' 16 and have also been used to control the delivery of 

therapeutic molecules.17"19 

Many of the applications mentioned above are made possible by the incorporation of 

functional macromolecules or nanoparticles into PEMs. The adsorption of inorganic and 

organic nanoparticles during PEM formation has been studied for several systems.20"23 

These strategies have included the use of polyelectrolyte complex nanoparticles (PCNs) 

incorporated into PEMs.23"25 PCNs are made by the electrostatic complexation of 

oppositely charged polyelectrolytes in solution. Their formation, stability, and behavior 

in solution and at surfaces has been studied extensively for over 30 years. " This line of 

research has been pursued by several research groups, primarily using synthetic 

polyelectrolytes. 

In their native biological contexts, the components of the extracellular matrix (ECM) 

and the pericellular space are organized into complex assemblies with nanoscale 

features.29 These nanoscale features are essential to the biochemical and biomechanical 

function of the tissues in which they are found. Thus, functionalization of thin films and 

surface coatings with nanoscale surface features for biological applications enables the 

investigation of the responses of biological systems to nanomaterials, and the engineering 

of nanoscale surface features to tune biochemical activity and biological responses. ' 

For example, nanoscale topographical features of surfaces have been shown to improve 

the adhesion of osteogenic cells32'33 and chondrocytes,34 and promote the production of 
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bone ECM components. ' Nanoscale organization of peptide adhesion ligands and 

surface chemistry have also been shown to increase the proliferation and ECM 

production of a pre-osteoblast cell line and to promote chondrocyte adhesion and 

TO 

proliferation. In order to fully realize the potential of nanostructured surfaces for 

bioengineering applications, it is essential to gain an understanding of how the nanoscale 

features of surfaces can be manipulated and how these features influence the emergent 

biological properties and biological responses of cells and tissues. 

Glycosaminoglycans are an important class of polysaccharides that are organized at 

the nanometer length scale in tissues.29 These polysaccharides are of particular interest as 

scaffolds for a variety of engineered tissues and as coatings for biomedical materials. 

Hyaluronan is a polyanionic glycosaminoglycan that plays an important role in 

organizing proteins in the pericellular space and extracellular matrix of joint tissues and 

acts as an adhesion ligand for cell surface receptors.29' 39' 40 Heparin is a 

glycosaminoglycan that acts as a strong polyanion, and is structurally similar to other 

glycosaminoglycans such as chondroitin sulfate and keratan sulfate. It binds to and 

potentiates the activity of members of several important families of growth factors, 

including the fibroblast growth factor family and the transforming growth factor beta 

superfamily. " Chitosan is a polycation that is structurally similar to 

glycosaminoglycans, has antimicrobial activity, and has been demonstrated to be 

compatible for a variety of mammalian cell types. "7 Because polysaccharides are 

organized at a variety of length scales in their native biological environments, we are 

interested in developing techniques to tune their nanoscale organization in order to 

develop bioactive surface coatings. Thus, we and others have studied the LBL technique 
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for the formation of nanoscale polysaccharide-based surface coatings. In particular, the 

oppositely-charged chitosan-heparin and chitosan-hyaluronan pairs have been studied in 

detail.10'14'l '4 '49 These studies have demonstrated that the thickness and composition of 

polysaccharide-based PEMs can be precisely tuned by altering the deposition solution 

conditions (e.g. solution pH and ionic strength), and that the biochemical functionalities 

of the polysaccharides are preserved in PEMs. 

We also recently reported on the formation of PCNs using the polysaccharides, 

chitosan, heparin, and hyaluronan.5 In this work, we demonstrated that both positively 

charged and negatively charged PCNs formed from the chitosan-heparin (chi-hep) and 

chitosan-hyaluronan (chi-ha) polyelectrolyte pairs can be used to introduce nanoscale 

topographical features on surfaces.50 However, some PCN compositions tended to 

aggregate or coalesce either before or during adsorption and drying. Furthermore, PCNs 

that adsorbed discretely were not homogeneously distributed on surfaces. The goal of the 

current work is to demonstrate that chi-hep PCNs can be used to modify surfaces, and 

that their homogeneous distribution can be achieved by combining them with PEMs. 

Because of our interest in nanostructured polysaccharide-based coatings, we used the 

chi-ha polysaccharide pair for the PEMs and the chi-hep polysaccharide pair for the 

PCNs. We demonstrated formation of these nanostructured surface coatings on both 

modified gold and tissue-culture polystyrene (TCPS) surfaces. The coating deposition 

was characterized on gold surfaces by quartz-crystal microbalance with dissipation 

(QCM-D). The surface morphology of these nanostructured surface coatings was 

characterized by scanning electron microscopy (SEM) and atomic force microscopy 

(AFM). The chemistry of the coatings was confirmed by both X-ray photoelectron 
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spectroscopy (XPS) and polarization modulation infra-red reflection absorption 

spectroscopy (PM-IRRAS). 

6.3 Materials and Methods 

6.3.1 Materials 

Purified chitosan (chi) (4.7% acetylated) was purchased from Biosyntech Inc. (Laval, 

Canada). Heparin sodium (hep) (from porcine intestinal mucosa, 12.5% sulfur) was 

purchased from Celsus Laboratories (Cincinnati, OH). Hyaluronic acid sodium salt (ha) 

was purchased from Sigma-Aldrich (St. Louis, MO). We previously determined that 

these three polymers had weight average molecular weights of 302 kDa (chi), 14.7 kDa 

(hep) and 743 kDa (ha).5 11-Mercaptoundecanoic acid was purchased from Sigma-

Aldrich (St. Louis, MO). Glacial acetic acid and ethanol (200 proof 99.5+ %) were 

purchased from Acros Organics (Geel, Belgium). Sodium acetate was purchased from 

Fisher Scientific (Pittsburgh, PA). A Millipore Synthesis water purification unit was used 

to obtain 18.2 MD. water, used for making all aqueous solutions (Millipore, Billerica, 

MA). 

6.3.2 PCN Preparation 

PCN formation is fully described in our previous work, where the size distribution 

and zeta potential of PCNs are also reported.5 Chitosan and heparin solutions were 

prepared at concentrations of 0.9 mg mL_1 and 0.95 mg mL"1, respectively in acetate 

buffer solution (pH 5, 0.1 M). PCNs were formed by the one-shot addition of the 

polyelectrolyte in default to the polyelectrolyte in excess, to create a total volume of 10 
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mL. Charge mixing ratios (n+/n~) of 0.29 and 4.68 were used for the anionic and cationic 

PCNs, respectively. The mixture was stirred for 3 hours at 800 rpm. PCNs were then 

centrifuged, after allowing aggregates to settle overnight, and PCNs were resuspended in 

10 mL of pH 5.0, 0.1 M acetate buffer. The yield of PCNs for these two conditions found 

in our previous work was about 25 % by mass. Thus, after resuspending in the 10 mL of 

acetate buffer the PCN concentration is about 0.20 to 0.25 mg mL-1. Zeta potential 

measurements reported in our previous work for these two conditions were -20.8 ± 0.6 

mV and 31.2 ± 0.6 mV for the negatively and positively charged PCNs, respectively.50 

6.3.3 Construction of Nanostructured Surface Coatings on Modified Gold 

Surfaces 

PEM and PCN-containing PEM surface coatings described in Table 6.1 were 

constructed on two different types of gold-coated substrates using similar techniques. 

These two types of gold-coated substrates were AT-cut piezoelectric gold-coated sensor 

crystals (Q-Sense, Inc. Glen Burnie, MD) and glass slides prepared by coating with an 

adhesion layer of chromium, followed by gold. Details of the coating procedure are given 

in our previous work.10 Both types of gold surfaces were annealed for 2 hours in 250 °C 

to obtain a smooth surface,51 and then modified with a self-assembled monolayer (SAM) 

of 11-mercaptoundecanoic acid by soaking in a 1 mM ethanolic solution for at least 20 h, 

followed by a brief ethanol rinse, and drying with a gentle stream of dry air. ' The 

SAM provides a well-characterized surface revealing carboxylic acid groups suitable for 

adsorption of a polycation from solution. Chitosan and hyaluronan polyelectrolyte 

solutions with concentrations of 0.01 M (on a repeat unit basis) were prepared at pH 5.0 
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in 0.2 M acetate buffer for PEM formation. Surface coatings were then constructed by 

alternating adsorption of polycationic chitosan, polyanionic hyaluronan, and PCNs using 

five-minute adsorption steps. A five-minute rinse step (water acidified to pH 4.0 using 

acetic acid) followed each adsorption step. Layer-by-layer assembly of the surface 

coatings was conducted on the QCM-D crystals in a Q-Sense E4™ quartz crystal 

microbalance with dissipation monitoring (QCM-D) system (Q-Sense, Inc.). The Q-

Sense E4 is equipped with QSoft 401™ software for resonance frequency and dissipation 

data acquisition and QTools 301™ (version 2.1.6.134) analytical software. The flow rate 

for the PEM formation was set at 400 ul/min. Surface coatings on the gold-coated glass 

substrates for PM-IRRAS were constructed in a flow cell using a similar protocol. 

Eight different types of nanostructured polys accharide-based surface coatings were 

studied, each of them based on chi-ha PEMs. All surfaces begin with a chi-ha PEM 

containing six layers, denoted iri6. These surfaces are terminated with hyaluronan. 

Surfaces terminated with a seventh layer (of chitosan) are denoted m7. Both the ni6 and 

the ni7 surfaces were then modified with either positively charged or negatively charged 

chi-hep PCNs. These surfaces are denoted iri6p+ or m7p
+, for modification with positively 

charged PCNs, and m6p~ or m7p~ for modification with negatively charged PCNs. PEMs 

containing PCNs in a sub-terminal layer were prepared by adding additional multilayers 

on top of the ni6p+ and m7p~ surfaces. The multilayers added on top of the PCNs begin 

with the polysaccharide that has a similar charge to the adsorbed PCNs. These PEM-

PCN-PEM surfaces are denoted ni6p+m6 and m7p"ni6. The composition and nomenclature 

for these is summarized in Table 6.1. 
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Table 6.1. Nomenclature used to refer to different types of surface coatings. 

sample name surface condition 

m6 

m6p~ 

m6p
+ 

m6p
+m6 

sample name 

ni7 

m7p
+ 

m7p" 

m7p"m6 

(chi-ha)3 

(chi-ha)3-(PCN)~ 

(chi-ha)3-(PCN)+ 

(chi-ha)3-(PCN)+-(chi-ha)3 

surface condition 

(chi-ha)3-chi 

(chi-ha)3-chi-( PCN)+ 

(chi-ha)3-chi-( PCN)~ 

(chi-ha)3-chi-( PCN)~-(ha-chi)3 

QCM-D was used to characterize the coating process during PEM and PCN 

deposition. In QCM-D a decrease in the resonance frequency (/) of the quartz crystal is 

linearly correlated with the thin film mass when the film is rigid, according to the 

Sauerbrey equation 54 

r, QCM 

C ^ 
-D= Af 

n 

(6.1) 

where FQCM-D is the mass adsorbed per unit area, C is the mass sensitivity constant 

(17.7 ng cm-1), and Afn is the measured resonant frequency shift for overtone n. For 

viscoelastic films, energy dissipation may become significant, requiring that the film be 

modeled with a complex shear modulus in order to relate the film thickness and density 

to the frequency shift. In such cases, the Sauerbrey model presented in equation 6.1 is not 

valid.55 The dissipation factor is defined as 
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^ ^ stored 

where Eiost is the energy dissipated during an oscillation and Estored is the energy 

stored during the oscillation. This dissipation factor contains information about the 

viscoelastic response of the film. In our experiments, we monitored both the frequency 

shift and the dissipation factor for the first, third, fifth, seventh, ninth, and eleventh 

overtones. 

6.3.4 Construction of Nanostructured Surface Coatings on Tissue Culture 

Polystyrene (TCPS) 

Construction of the PEM and PCN-containing PEM surface coatings described in 

Table 6.1 on TCPS was performed using sterile tissue culture polystyrene 6-well Nunclon 

A surfaces (Nunc ALS, Roskilde, Denmark). Chitosan, hyaluronan, and PCNs were 

adsorbed from solutions prepared as indicated above on the bottom of a 6-well plate, with 

adsorption steps of five minutes using acidified water (pH 4) as a rinse between 

adsorption steps. The adsorption and rinse steps were conducted under agitation using a 

vortexer, to improve mass transfer. The bottoms of the 6-well TCPS surfaces were then 

cut in pieces suitable for characterization 

6.3.5 Atomic Force Microscopy (AFM) 

The surface morphology of the nanostructured coatings was investigated using a 

Nanosurf Easyscan 2 AFM (Fort Lee, NJ) and PPP-NCLR-50 tips from Nanosensors 

(Switzerland). Micrographs were obtained using tapping mode. Image analysis was 



performed using the Scanning Image Probe Processor version 4.2.2.0 software. Samples 

prepared on the gold-coated nanosensor crystals and TCPS surfaces were both evaluated 

by AFM. AFM was performed at room temperature in air at a rate of one line scan per 

second. 

6.3.6 Scanning Electron Microscopy (SEM) 

The surface morphology of the nanostructured coatings was investigated by SEM 

using a JEOL JSM-6500F field emission scanning electron microscope (Jeol, Peabody, 

MA). All samples were coated with 10 nm of gold using an argon atmosphere evaporator 

before taking any images. Images at five different magnifications (330x, lOOOx, 3300x, 

lOOOx, and 33000x) were collected for each sample. 

6.3.7 X-ray Photoelectron Spectroscopy (XPS) 

XPS experiments were performed on a Physical Electronics 5800 spectrometer 

(Chanhassen, MN). This system has a monochromatic Al Ka X-ray source (hv = 

1486.6 eV), hemispherical analyzer, and multichannel detector. A low energy (30 eV) 

electron gun was used for charge neutralization on the non-conducting samples. The 

binding energy scales for the samples were referenced to the Aul peak at 84 eV. High 

resolution spectra of the Nls and S2p envelopes were acquired at analyzer pass energy of 

23.5 eV, with 0.1 eV steps, and an X-ray spot size of 800 urn. XPS elemental 

compositions of samples were obtained using a pass energy of 187.85 and 0.8 eV steps. 

All XPS analyses were performed at a photoelectron takeoff angle of 45°.56 
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6.3.8 Polarization Modulation-Infrared Reflection Absorption Spectroscopy 

(PM-IRRAS) 

PM-IRRAS was conducted using a Nicolet 8700 FT-IR spectrometer (Thermo-

Electron) configured with a Tabletop Optics Module, equipped with a PEM-90 

photoelastic modulator (Hinds Instruments, Hillsboro, OR), to provide a polarization of 

the incident infrared light, grazing angle sampling optics, a liquid N2-cooled MCT-A 

detector, and a demodulator (Hinds Instruments, Hillsboro, OR) to process the polarized 

spectra. 1000 PM-IRRAS spectra were collected for each sample at 8 cm-1 resolution. 

The raw PM-ERRAS spectra were then corrected to remove the second-order Bessel 

function of the first kind (J2) by dividing by a baseline. The baseline was determined 

using predefined splinepoints in regions of the spectrum in which no IR absorption peaks 

appear.57 

6.4 Results and Discussion 

6.4.1 Monitoring Formation of PEMs and PCN-Containing PEMs Using 

QCM-D 

Figure 6.1 shows the frequency shift for the third, fifth, seventh, and ninth overtones 

for the m6p+m6 sample. The alternating five-minute rinse and adsorption steps can be 

clearly seen. The first five minutes correspond to a rinse step, followed by a five-minute 

chitosan adsorption step. In Figure 6.1, the beginning of each of the first six 

polyelectrolyte adsorption steps is indicated with an up arrow (Is), and the beginning of 

the PCN adsorption step is indicated by the asterisk (*). The beginning of the rinse step 
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following each of these adsorption steps is indicated with a down arrow (4^). Notice that 

the normalized frequency shifts for the different overtones overlap during the rinse steps 

following each of the first six polyelectrolyte adsorptions. This indicates that the 

Sauerbrey relation is valid for determining the film mass during these rinse steps. 

However, during the adsorption steps the normalized frequency shifts for the different 

overtones do not precisely overlap, indicating that the film at this point is viscoelastic 

(i.e., the Sauerbrey relation does not hold). After adsorption of the PCNs (indicated by 

the *), the normalized frequency shifts no longer overlap during the rinse steps. This 

indicates that adsorbed films are viscoelastic, and that the mass can no longer be 

precisely determined from the Sauerbrey relationship. After adsorption of the PCNs, the 

ratio of the change in the dissipation factor to the change in frequency (AD/A/) remains 

between 0.5xl0~7 and 1.3xl0~7 Hz_1for the remainder of the experiment (not shown). 

Where the Sauerbrey model fails, a more complex model accounting for the mechanical 

properties of the coatings might be used to determine the adsorbed mass from the 

frequency shift and dissipation data, however the parameters required to describe this 

multiple layered system are difficult to determine with precision for these very thin films. 
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Figure 6.1. QCM-D data showing the normalized frequency shift as a function of time 
for the 3rd, 5th, 7l , and 9th overtones for the m6p

+ni6 surface coating. The beginning of 
each of the first six polyelectrolyte adsorption steps is marked with an up arrow ('Is), and 
the beginning of the PCN adsorption step is indicated by the asterisk (*). The beginning 
of each of the rinse steps following these adsorption steps is indicated with a down arrow 

Figure 6.2 shows the normalized frequency shift for the third overtone versus time for 

each of the different surface coatings summarized in Table 6.2 Figure 6.2a shows the 

normalized frequency shift of multilayers based on hyaluronic acid (ha )-terminated (ni6) 

PEMs, and Figure 6.2b shows the normalized frequency shift of multilayers based on 

chitosan (chi)-terminated (1117) PEMs. The mass per area for the ni6 and my surface 

coatings can be calculated accurately from the Sauerbrey relationship. These are 1130 ng 

cm" and 1310 ng cm" , respectively, using the 3r overtone. The QCM-D traces for each 

of the four surface coatings shown in Figure 6.2a and Figure 6.2b overlap during the 

adsorption of the first six layers, indicating that the coating procedure is reproducible. 
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Figure 6.2. QCM-D data showing the change of normalized frequency shift as a function 
of time at the third overtone during the construction of eight different PEM and PEM-
PCN surface coatings, with alternating five-minute rinse and adsorption intervals. 
Conditions based on ha-terminated (rri6) PEMs (a.). Conditions based on chi-terminated 
(m7) PEMs (b.). The adsorption of PCNs is indicated by the *. The surface coatings are 
described in Table 6.1. 
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The m6p~ and m7p
+ conditions are cases where the PCNs have the same charge as the 

terminal layer of the PEMs, resulting in little adsorption of PCNs. The m6p+ and m7p~ are 

the conditions in which positively charged PCNs were adsorbed to negatively charged 

surfaces and negatively charged PCNs were adsorbed to positively charged surfaces 

respectively. These two cases show significant frequency shifts following the PCN 

adsorption steps, indicating that PCNs strongly adsorb to oppositely charged surfaces. 

The ni6p+m6 and m7p~m6 conditions have three chi-ha bilayers deposited on top of the 

PCN layer. These conditions have the greatest frequency shift corresponding to the 

greatest mass adsorbed among all the surfaces. We also note that during construction of 

the m6p
+m6 and the m7p~m6 coatings (black traces in Figure 6.2), the frequency shifts 

before and after the adsorption step immediately following the PCN adsorption are very 

nearly equal. Since this layer has the same charge as the PCNs, it is apparent that the 

preceding PCN layer covers the surface uniformly and with sufficient density to 

electrostatically repel most of the subsequent like-charged polyelectrolyte layer. 

6.4.2 Surface Morphology 

Each of the eight types of surfaces represented in Table 6.1 and Figure 6.2 were 

imaged with atomic force microscopy (AFM). Representative 2.5 |im x 2.5 um 

micrographs are shown in Figure 6.3 and Figure 6.4 for surfaces based on the m6 PEMs 

and the m7 PEMs, respectively. Figure 6.3a and Figure 6.4a show the m6 and m7 PEMs, 

respectively. Figure 6.3b and Figure 6.4b show the mep- and m7p
+ surfaces, respectively. 

Some surface features are observed in both of these images, indicating some surface 

structural changes when the surface is exposed to like-charged PCNs solutions. However, 
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the relatively small frequency shifts associated with the adsorption of like-charged PCNs 

(c.f. Figure 6.2), indicates that very few of these particles adsorb to the surfaces. This 

conclusion was also supported by SEM images. (See below.) This confirms that the 

electrostatic repulsion between the surfaces and the like-charged PCNs prevents 

significant PCN adsorption. Figure 6.3c and Figure 6.4c show the surface coatings with 

one layer of positively charged PCNs on m(, and one layer of negatively charged PCNs on 

m7, respectively (m6p
+ and m7p~). QCM-D data demonstrate considerable accumulation 

of mass associated with the adsorption PCN onto oppositely charged surfaces (c.f. Figure 

6.2). Figures 6.3d and 6.4d show the m6p+iri6 and m7p ni6 surfaces, which have three 

polyelectrolyte bilayers deposited on top of the PCN layers. 

Figure 6.3. Atomic force micrographs of a chi-ha PEM (m^) (a.), a chi-ha PEM with 
negatively charged chi-hep PCNs adsorbed (m6p ) (b.), a chi-ha PEM with positively 
charged chi-hep PCNs adsorbed (ni6p+) (a), and a chi-ha PEM with a layer of PCNs and 
three bilayers of chi-ha PEM adsorbed (m6p+iri6) (d.). Each AFM image is 2.5 x 2.5 um. 
The color scale applies to all four images. 
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Figure 6.4. Atomic force micrographs of a chi-ha PEM (mj) (a.), a chi-ha PEM with 
positively charged chi-hep PCNs adsorbed (rri7p+) (b.), a chi-ha PEM with negatively 
charged chi-hep PCNs adsorbed (rri7p~) (a), and a chi-ha PEM with a layer of PCNs and 
three bilayers of chi-ha PEM adsorbed (m7p~ni6) (d.). Each AFM image is 2.5 x 2.5 urn. 
The color scale applies to all four images. Blue lines in a., c. and d. correspond to the line 
profiles shown in Figure 6.5. 

Figure 6.5 shows a line profile across the m7, m7p , and ni7p me surfaces. The 

locations of the line profiles are indicated by the blue lines in Figure 6.4. The m7 line 

profile illustrates the roughness of the PEM, while the m7p~ and m7p~m6 line profiles 

show the dimensions of the adsorbed PCNs. The width of the PCNs is from 80-250 nm 

and their height is from 15-30 nm depending on the experimental condition. Figure 6.5 

also shows that when adsorbed into or within PEMs, the adsorbed PCNs are not 

spherical. Rather, upon adsorption the PCNs collapse, both in the plane of the surface and 

in the direction normal to the surface. This morphological change during adsorption is 

161 



probably associated with water and counterion release as the PCNs form strong 

electrostatic interactions with the surface and potentially penetrate into the PEMs. 

.1 i 1 1 1 1 H i 

m7p-m6 I 20nm 

— m7p~ 

.f , 1 . 1 , f_T 

0 400 800 1200 

Position (nm) 

Figure 6.5. Line profile for three surface coatings obtained from AFM. The line profiles 
correspond to the blue lines on the images in Figure 6.4. 

Surfaces were also imaged with SEM in order to evaluate the surface coverage and 

the coating morphology. Representative SEM images of four of the surfaces (m6> m6p
+, 

m7p", and ni6p+m6) are shown in Figure 6.6. The ni6 surface shown in Figure 6.6a is 

relatively featureless compared to the other surfaces. When PCNs are added to PEMs 

(Figures 6.6b and 6.6c), uniform coverage of the entire surface is observed. This is in 

contrast to our observations in our previous publication, where PCNs were dried onto 

surfaces not modified with PEMs. In these studies PCNs did not uniformly cover the 

surfaces.50 A small number of larger (~1 iim diameter) features are also observed. When 

PEMs are added on top of PCNs some non-spherical features are observed in the SEM 
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images (Figure 6.6d). It appears that the particles act as nucleation sites for additional 

complexation of polyelectrolytes, resulting in these small non-spherical features. 
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i 

Figure 6.6. Scanning electron micrographs of ni6 (a.), ni6p (b.), m7p~ (a), and m6p m6 

(d.) surface coatings. The inset on the upper right corner of each image shows the surface 
features in higher magnification. 

6.4.3 Translation of Surface Coatings to Tissue-Culture Polystyrene 

In order to develop surfaces suitable for evaluating the response of mammalian cells 

to the nanostructured polysaccharide-based coatings described here, the polyelectrolyte 

multilayer assembly was also performed on tissue culture polystyrene. Surface coatings 

on polystyrene were prepared by exposing polystyrene surfaces to polymer, PCN, and 
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rinse solutions under agitation. Atomic force micrographs of the ni6 and ni6p ni6 coatings 

on tissue culture polystyrene are shown in Figure 6.7 The surface roughness of the 

polystyrene is greater than that observed on the QCM-D crystals shown in Figure 6.3 and 

Figure 6.4. Scanning electron micrographs of these two surfaces are shown in Figure 6.8 

Figure 6.7b shows that when PCNs are added to PEM surface coatings on polystyrene 

they do not aggregate or coalesce, similarly to their behavior on the gold-coated 

substrates. However, the surface coverage on polystyrene is not as dense as on the gold-

coated substrate. This is likely due to the relative charge density of the underlying 

substrate. The polystyrene surface may not have adsorbed as much polyelectrolyte as the 

modified gold-coated substrates, leading to reduced adsorption of the PCNs. Nonetheless, 

the micrographs of PCN-containing coatings on polystyrene (Figures 6.7b and 6.8b) 

demonstrate uniform, homogeneous coverage of the surface with nanoparticles. 

Figure 6.7. AFM image of a bare chi-ha PEM (m6) (a.), and a PEM-PCN-PEM coating 
(ni6p+m6) (b.) on polystyrene. Each AFM image is 2.5 x 2.5 |um. The color scale applies 
to both images. 
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Figure 6.8. Scanning electron micrographs of m6 (a.) and ni6p+m6 (b.) coatings on 
polystyrene. 

6.4.4 Chemistry of Surface Coatings 

The chemistry of the surface coatings was assayed with XPS and PM-IRRAS, to 

confirm that the features observed microscopically represent the polysaccharide-based 

PEMs and PCNs. Surface coatings on gold were prepared on gold-coated glass slides 

mounted in a flow cell, following a similar alternating rinse-adsorption protocol 

described for the QCM-D experiments. Atomic ratios of S to N were computed from 

high-resolution X-ray photoelectron spectra by finding the area of the S2p and Nls 

envelopes and accounting for the atom sensitivity factors, for surface coatings on both 

gold and polystyrene. These data are shown in Figure 6.9 Neither of the underlying 

substrates contains nitrogen. However, nitrogen is present in all three of the 

polysaccharides used in this work. Sulfur is only present in the heparin, and should 

therefore be detected when the PCNs are present. In the m6 coating on gold, a very small 

amount of sulfur is present but no sulfur is detected for the m6 coating on polystyrene. 

This small amount of sulfur observed on the gold surfaces may be from residual 
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physisorbed mercaptoundecanoic acid that was not completely removed from the surface 

prior to the PEM formation, and subsequently became oxidized. In the ni6p+ coatings, 

sulfur is detected on both substrates, confirming that the features observed in the AFM 

and SEM images are indeed the (heparin-containing) PCNs. In m6p
+m6 surfaces the S/N 

ratio is reduced compared to the m6p+ surfaces, confirming that the multilayers are 

deposited on top of the particles, thereby attenuating the sulfur signal. In m7p~ surfaces 

negatively charged PCNs are adsorbed onto the positively charged PEMs, meaning that 

heparin is the majority component in the PCNs. This is confirmed by the increased S-N 

ratio compared to the m6p+ surfaces. 
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Figure 6.9. Atom ratio of sulfur to nitrogen from XPS for four different surface coatings 
on both gold and polystyrene substrates. 

PM-IRRAS was used to study the composition of the surface coatings on gold-coated 

substrates. Figure 6.10 shows the corrected spectra for three of the coatings. All of the 

spectra have a peak at 1090 cm-1 corresponding to sugar modes from the 

polysaccharides.58 A shoulder on this peak at 1160 cm'1 can be assigned to C-OH and 

C-N stretching modes.38 A strong amide I peak at 1600-1700 cm"1 is observed from the 
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acetylated saccharides in chitosan and hyaluronan. A carboxylate peak at 1425 cm l 

arises from the carboxylic acid groups in heparin and hyaluronan. The m6p and 

m6p+ni6 samples both exhibit a peak from 1200-1260 cm"1, which is attributed to the 

asymmetric sulfonate stretch in heparin. 15, 59 In general, the vibrational intensities 

increase as more mass is added to the surface coatings. 
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Figure 6.10. PM-IRRAS spectra of m6-based nanostructured surface coatings on 
modified gold-coated glass surfaces. The m6p

+ and m6p
+m6 spectra are vertically offset. 

6.5 Conclusions 

In this work, nanostructured surface coatings formed by combination of 

polysaccharide-based PEMs and PCNs were characterized. By adsorbing PCNs to PEMs, 

or including PCNs as one of the sub-terminal layers within PEMs, we demonstrate that 

nanoscale regions of varying surface topography can be uniformly and homogeneously 

introduced into PEM surface coatings. Upon adsorption, PCNs collapse significantly, 



interacting strongly with the PEM surfaces. The nanoscale surface features represented 

by the PCNs are 15-30 nm in height and 80-250 nm in diameter. Chemical analysis by 

XPS and PM-IRRAS confirms the chemistry of the surfaces. Furthermore, XPS 

demonstrates that both positively charged and negatively charged PCNs adsorbing to 

oppositely charged PEMs significantly alter the surface chemistry as expected (increased 

sulfur for negatively charged PEMs and increased nitrogen for positively charged PEMs) 

indicating that the surface coverage is high. The incorporation of PCNs within PEMs 

enables the precise tuning of the location of the nanoparticles in the dimension normal to 

the surface. 

This work is of particular interest for the development of biologically active 

nanostructured surface coatings. Heparin, and other similar sulfated glycosaminoglycans 

are presented in the extra cellular matrix and pericellular space of a variety of tissues. In 

these contexts their biochemical functionality (e.g. regulation of growth factor activity) 

and biomechanical function (e.g. imparting compressive strength to skeletal tissues) may 

depend strongly on their organization at multiple length scales, including the nanometer 

length scale. Thus, the ability to engineer the nanostructure of polysaccharide-based 

surface coatings will lead to improved understanding of the effects of nanoscale features 

on biological systems, and the ability to tune nanostructured surfaces to exploit emergent 

biological properties for bioengineering applications. 
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Chapter 7 

Conclusions 

7.1 Conclusions 

The work reported in this dissertation has contributed to understanding the physical 

chemistry and polyelectrolyte behavior of an important class of biological 

macromolecules in different nanostructures, including polyelectrolyte multilayers 

(PEMs), polyelectrolyte complex nanoparticle (PCNs), and PCN-containing PEMs of 

various compositions. These polyelectrolytes were chosen based on their biocompatibility 

and biological functionality. Engineering nanostructured polyelectrolytes could provide 

valuable tools to characterize biological responses governed by biochemical and 

biomechanical functionalities organized at the nanoscale. 

The objectives accomplished by this work are: 

Objective 1. Engineer polysaccahride-based PEMs using chitosan, heparin, and 

hyaluronan by varying the processing conditions. 

Objective 2. Experimental investigation of the solution behavior of polysaccharides. 

Objective 3. Develop a method to make and tune PCNs in different charge mixing ratios 

with two different systems: chitosan-heparin (chi-hep) and chitosan-hyaluronan (chi-ha). 
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Objective 4. Tailor morphology and composition of different surface coatings with 

PEMs and PCNs. 

For Objective 1, results demonstrate the formation of chi-hep PEMs and thickness 

obtained at different values of pH ranging from 4.6 to 5.8 in 0.1, 0.2, 0.5 M buffer by in 

situ Fourier-transform surface plasmon resonance (FT-SPR). Oppositely charged 

polyelectrolytes were successfully deposited on modified gold surfaces. We confirmed 

that the layer-by-layer (LBL) technique can be used to tune the nanoscale structure of 

chi-hep PEMs by controlling pH and ionic strength. The thickness of the PEMs increased 

with increasing pH in all three ionic strengths. Buffer ionic strength changed the range of 

thickness accessible in all conditions. At 0.2 M buffer, a broader range of thickness was 

observed, and at 0.5 M buffer, a narrower range of thickness was obtained, due to the 

screening of the electrostatic interactions. Ellipsometry data also confirmed the trend for 

thickness increase for different conditions. X-ray photoelectron spectroscopy (XPS) 

provided information about the sulfur and nitrogen content of the films. The relative 

amount of these two atoms was then used to determine the PEM composition. While the 

pH of the buffer solution provided a means of controlling the PEM thickness, the 

composition of the PEMs was more sensitive to buffer ionic strength. High resolution 

XPS spectra also provided information about how the amine groups from chitosan 

interact with the sulfate groups from heparin. Chi-ha PEMs were also reproducibly 

constructed at different values of pH ranging from 4.6 to 5.8 in 0.1, 0.2, 0.5 M buffer by 

in situ FT-SPR. Comparison of these PEM formation experiments to the solution 

conformation of the polyelectrolytes (studied in Chapter 4) reveals how the solution 

properties affect both solution conformation and PEM assembly. 
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For Objective 2, the conformation of individual polyelectrolytes was characterized in 

solution. In Chapter 4, some physical properties of chitosan, heparin, and hyaluronan 

were evaluated. Conformation of the polyelectrolytes in solution was characterized by 

determining the hydrodynamic radius (RH) and Mark-Houwink exponent (a), at pH 

ranging from 4.6 to 5.8 and 0.1, 0.2, and 0.5 M buffer ionic strength. The average 

hydrodynamic radius for chitosan was 33 nm and average for a was 0.85, which suggests 

that chitosan behaves as a flexible coil in solution. Heparin had an average RH of 3.7 nm 

and average a of 1.0 which verifies that heparin has a stiff coil shape. For HA, the 

average RH and a were 62 nm and 0.64 respectively, which indicates that HA behaves 

more like a large random coil in solution. In this objective, we also concluded that for 

chi-hep and chi-ha systems at reduced solution ionic strength, pH has a stronger influence 

over the complexation at surfaces, independent of the solution conformation, while at 

high ionic strength, the electrostatic screening tends to reduce the influence of 

electrostatic interactions in both individual polymer chains in solution and between 

oppositely charged polymer chains at surfaces. 

For Objective 3, oppositely charged polyelectrolytes were electrostatically complexed 

in solution in different charge mixing ratios (n+/n) ranging from 0.08 to 19.2. Two 

systems of PCNs were studied in this dissertation; chi-hep and chi-ha. A reproducible 

method was designed for making these PCNs based on the one-shot addition method. The 

size distributions of the PCN preparations were measured by dynamic light scattering. 

The zeta potential for each condition was also measured for characterizing the colloidal 

stability of the PCNs in solution. Results ranged from -18.7 to 31.2 mV. For chi-hep 

PCNs, mean size for hydrodynamic radius increased when charge mixing ratios 
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approached 1:1. The mean hydrodynamic radius determined from dynamic light 

scattering was in the range of 170 to 318 nm for both positively charged and negatively 

charged particles for both polyelectrolyte pairs studied. 

Morphology of PCNs was also investigated by scanning electron microscopy by 

adsorbing the PCNs to metal surfaces. When deposited and dried on surfaces, PCNs are 

distributed non-homogeneously on the surface, and in conditions further from the 1:1 

ratio, particles were more colloidally stable than close to the 1:1 ratio. Aggregates were 

observed on conditions with mixing ratios near 1:1 point. 

For Objective 4, the combination of PCNs in PEMs is described. In Chapter 5, we 

showed that PCNs could be adsorbed to surfaces, but that the nanoscale features could 

not be accurately controlled, because the adsorption sometimes lead to aggregation and 

non-uniform surface coverage. In Chapter 6, we combined PCNs with PEMs as a surface 

coating to provide more uniform control over the geometry and composition at the 

nanoscale. Eight different types of surface coatings were characterized. The goal of this 

chapter was to make chi-ha PEMs as a multilayer surface and decorate the surfaces with 

chi-hep PCNs. PCNs were successfully deposited on PEMs and quartz crystal 

microbalance with dissipation experiments were used to characterize the adsorption. 

Atomic force microscopy and scanning electron microscopy were used to describe the 

topographic features of PEMs with like-charged and oppositely charged PCNs adsorbed. 

We also characterized surfaces with PCNs embedded in the PEMs. The nanostructured 

features introduced by adsorption of the PCNs were approximately 15-30 nm in height 

and 80-250 nm in diameter. The adsorption of both positively and negatively charged 
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PCNs was confirmed by XPS and polarization modulation infrared reflection absorption 

spectroscopy. 

We comprehensively investigated the engineering of nanostructured polysaccharides. 

The assembly of nanostructures from three biomedically relevant, naturally derived 

polysaccharides was studied at different processing conditions. We demonstrated that the 

physical chemistry of these polysaccharides can be used to tune the composition, 

morphology, and size of different nanostructures of polysaccharide complexes on 

surfaces and in solution. Development of reproducible methods of engineering these 

nanostructures can be a successful route toward application of nanoscale polysaccharides 

for a variety of biomaterials. Tuning the nanostructure of polysaccharide-based materials 

will enable detailed studies of their biological activities and developments of new 

materials for tissue engineering and drug delivery. 

7.2 Possible Future Studies 

Future studies in this field should include development of a theoretical model for 

PEM assembly and PCN formation in different processing conditions for polysaccharide-

based polyelectrolytes. We have already investigated these phenomena experimentally, 

and obtained detailed information about PEM and PCN physical chemistry, shape, size, 

morphology, and composition. We have investigated how these characteristics are 

influenced by buffer ionic strength and pH. Other researchers have investigated the 

effects of polyelectrolyte molecular weight. This information could be used to develop 

and validate detailed models of the electrostatic interactions that govern polyelectrolyte 

complexation. Such models should include effects due to counterion interactions and 
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charge screening. For example, the Debye length for electrostatic screening could be used 

as a predictor of how solution properties influence polyelectrolyte complexation. This 

might require investigation of a broader range of solution conditions (ion type, ionic 

strength, solvent quality, etc.), and polyelectrolyte chemistry (pKa, charge density, 

flexibility, etc.). Such theoretical models might provide detailed predictions about 

complex formation, and might provide a framework for interpreting future experimental 

results. 

Models of polyelectrolyte complexation should also account for the kinetics of 

different complexation mechanisms. Particularly during formation of PCN, there are 

likely multiple phenomena occurring simultaneously (e.g. nucleation of primary 

complexes, aggregation of these complexes to form nanoparticles, and rearrangement of 

polymer chains within nanoparticles). The relative rates of these processes may have a 

large effect on the final structure of individual nanoparticles and the final distribution of 

nanoparticle size and composition. In situ scattering methods could be used to monitor 

the PCN formation process to parameterize models of the PCN formation with the 

necessary rate coefficients. 

In this work, both in situ and ex situ techniques were used to characterize the 

formation of PEMs. However, all of the ex situ experiments (XPS, SEM, ellipsometry, 

and AFM) were performed on films that had been dried. Comparison of these ex situ 

characterizations to the in situ characterizations has raised some questions, particularly 

about the structure of the PCN-containing PEMs. It is not clear whether the PCNs in the 

PEMs are close enough together to influence the adsorption of neighboring PCNs in the 

hydrated state, and the collapse of PCNs is due to adsorption to the PEMs or due to 
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drying. In situ AFM experiments conducted in a liquid cell could provide valuable 

information about how the PCNs are interacting with the surface and with neighboring 

PCNs in the hydrated state. 

Finally, as indicated in Chapter 2, researchers are just beginning to understand how 

the nanostructure of polysaccharide-based materials influences the response of biological 

systems to these materials. Future experimental investigations can build on this work by 

using PEMs and PCNs to precisely tune the composition and morphology of 

polysaccharides at the nanometer length scale, to study how these features influence cell 

and tissue responses. These materials might be used to stabilize deliver therapeutic 

molecules (drugs, proteins, and DNA) with controlled release profiles from surfaces. 

They might also be used to develop nanostructured materials which features that mimic 

the features of biological nanostructures. 
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Appendix 1 

Supporting Information for: 

Polyelectrolyte Multilayer Assembly as a Function of pH and Ionic 
Strength Using the Polysaccharides Chitosan and Heparin 

PEM Composition from XPS Spectra 

The ratio of sulfur to nitrogen in pure heparin is assumed to be 0.751:0.249 

(according to the supplier's analysis). The fraction of the nitrogen in the multilayer 

associated with heparin, x^Heparin, is computed from 

XN, Heparin 
^ PEM 

\ r . \ 

\ ^ PEM + ^PEM J 

1 
\̂  ^ Heparin J 

N 
Heparin 

(S.l) 

where SPEM and NPEM are the atom fractions of sulfur and nitrogen in the PEM, 

respectively, on a sulfur plus nitrogen basis. SPEM includes only the contribution from the 

peak centered at 169 eV, to eliminate the contribution from sulfur in the MUA SAM (the 

peak centered at 164.8 eV). SHeparin and NHeparin are the atom fractions of sulfur and 

nitrogen in heparin (0.751 and 0.249), respectively, on a total sulfur plus nitrogen basis. 

1 The first term on the right-hand side of equation 1 is equal to , where S/N is the sulfur to nitrogen 
S/N + l 

atom ratio reported in Table 3.3 of the manuscript. 
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The balance of the nitrogen is associated with chitosan; so the fraction of nitrogen 

associated with chitosan in the multilayer, xN,chitosan is then 

XN,Chitosan = ^ PEM ~ XN,Heparin (S.2) 

Where NPEM is the fraction of nitrogen in the PEM (on a sulfur plus nitrogen basis). 

The ratio of heparin to chitosan in the PEM can then be computed on a saccharide basis, 

recognizing that there is one nitrogen per saccharide residue in chitosan and one nitrogen 

for every two saccharide residues in heparin (Figure 3.1). Thus, 

Heparin _ ^xNtHeparin (S.3) 
Chitosan x N C h i t o m n 

This ratio of heparin to chitosan is reported in Table 3.3 of the manuscript. 
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Appendix 2 

Supporting Information for: 

Polysaccharide-based Polyelectrolyte Complex Nanoparticles from 
Chitosan, Heparin, and Hyaluronan 

The dynamic light scattering instrument measures the intensity autocorrelation 

function, g(2)(r), of the scattered radiation. 

8 {) </(02> ( S L 1 ) 

From the intensity autocorrelation function, the electric field autocorrelation function, 

g(1)(2), can be obtained according to the Seigert relationship.1 

8%) = 
8 

( % ) - l 
B 

0.5 

(SI.2) 

where B is a parameter that depends upon the number of coherence volumes in the 

sample and can be obtained from the limit of g (t) as x approaches 0. DLS correlation 

functions were analyzed by two separate methods that are commonly used to interpret 

light scattering of polymer solutions and colloids. 
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First, the regularization algorithm in the Dynamics software package (Wyatt, Version 

6.10.1.2) was used to determine relaxation rates, /)-, corresponding to the diffusion of 

nanoparticles (and, potentially, other modes of relaxation in the samples). The 

regularization algorithm is a regression method for obtaining a distribution of relaxation 

rates that fit the field autocorrelation function to a superposition of multiple relaxations 

according to 

g ( 1 ) ( r )=2w«exp(-r / . r ) ] (SI.3) 
i 

The relative intensity weight of the ith relaxation rate, rt, is wt. (E,w, = 1.) The 

regularization algorithm makes no assumptions regarding the shape of the distribution of 

relaxation rates. For quasi-elastic light scattering from single particles the 77 are related to 

an observed translational diffusion coefficient for particles, £>,-, by the scattering vector, q 

(q= (47m0/X)sm(8/2)), 

ri=Diq
2 (Si.4) 

where no is the refractive index of dispersant, X is the wavelength of the scattered 

radiation in a vacuum, and 9 is the scattering angle (90°). Finally the hydrodynamic radii 

(RH) of the particles corresponding to each relaxation rate is calculated using the Stokes-

Einstein relationship. 
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The use of equation SI.3 is particularly useful when samples are multimodal and 

meaningful information can be extracted from the presence of multiple relaxation rates. 

However, use of equation SI.3 is an ill-posed problem in that the number of relaxation 

rates required to accurately describe the system is not known, so the solution is only 

unique when there are no experimental uncertainties in the data and there are no rounding 

errors in the fitting algorithm.1 This may result in peaks in the distribution of relaxation 

rates that have no physical significance. In our experiments, five replicate measurements 

were made for each sample. For each sample, the distribution of relaxation rates 

contained a primary peak (present in all five replicate measurements and generally 

accounting for > 90% of the total distribution) that was attributed to the diffusion of the 

PCN. Peaks in the relaxation rate distribution that represented faster or slower rates 

generally accounted for less than 10 % of the distribution of relaxation rates for all 

samples. These secondary peaks were often present, but did not appear in all five 

replicate measurements for any of the formulations. 

Second, field autocorrelation functions, g(1)(z), were also fit by regression using a 

modified Levenberg-Marquardt algorithm to a function containing a "fast" single 

exponential followed by a "slow" stretched exponential (Williams-Watts equation) of the 

form. 

g(l)(r) = Aexp(r /r)+ (l - A)exp[- {rsrf} (SI.6) 

In equation SI.6 1} and rs represent the characteristic fast and slow relaxation rates, 

respectively, and the parameter B is a measure of the breadth of the distribution of 



relaxation rates for the stretched exponential component. The fitting was performed using 

the function fitting operation in the Igor Pro software package with the default 

convergence criterion (< 0.1 % change in %" between successive iterations). Equation 

SI.6 has been found to be a good description of DLS for amphiphillic polymers in 

aqueous solutions in general, and for polysaccharides in particular, which are capable of 

interparticle interactions that result in a coupling of the individual particle dynamics to 

the surroundings.1"6 In the semidilute regime, the values of A and /? both decrease as the 

coupling among individual particles' motions becomes stronger, approaching 0 at the gel 

point, where the autocorrelation function is no longer described by equation SI.6.4'6 Thus, 

A and j3 are measures of the relative strength of particle-particle interactions. 

There are important differences between these two methods for interpreting the DLS 

data which make these two models complementary. While the regularization method 

(equation SI.3) requires a large number of adjustable parameters (two parameters for each 

of an unknown number relaxation rates), equation SI.6 describes the field autocorrelation 

function with only four adjustable parameters. Typically, each of the relaxation rates 

obtained from equation SI.3 is assigned to a diffusive mode, corresponding to a particle 

size, while equation SI.6 can be used to provide a different interpretation of slower 

relaxations (e.g., particle-particle interactions). If equation SI.6 reveals significant 

coupling among particles' relaxations, the slower relaxation modes observed using 

equation SI.3 can be interpreted differently. Finally, equation SI.6 is not capable of 

effectively dealing with multimodal distributions; it assumes that there is only one 

characteristic diffusive mode in the sample. 
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The results from the model fit to equation SI.6 for the chi-hep and chi-ha nanoparticle 

formulations are shown in Tables SI.l and SI.2, respectively. 

Table SI.l. Parameters from fits to equation SI.6 for chi-hep PCN at each charge mixing 
ratio. 

Charge mixing 
ratio 

(+/-) 

17.55 

10.53 

4.68 

2.73 

1.75 

0.78 

0.50 

0.29 

0.13 

0.08 

Aa 

0.68 

0.62 

0.66 

0.65 

0.62 

-

0.43 

0.58 

0.60 

0.73 

If 

(s-y 

216 

205 

192 

163 

152 

-

191 

251 

272 

287 

/? 

0.41 

0.45 

0.57 

0.46 

0.43 

-

0.64 

0.58 

0.47 

0.45 

aThe uncertainties on the parameter 1} are all less than 2 % of the parameter value, and 
the uncertainties on the values of A and J3 are all less than 6 % of the parameter value. 

186 



Table SI.2. Parameters from fits to equation SI.6, for chi-ha PCN at each charge mixing 
ratio. 

Charge mixing ratio 

(+/-) 

19.2 

8.52 

3.19 

1.4 

0.53 

0.23 

Aa 

-

0.80 

0.87 

-

0.88 

0.77 

If 

(s-')a 

-

171 

213 

-

258 

249 

P* 

-

0.35 

0.44 

-

0.41 

0.25 

''The uncertainties on the parameter IJ are all less than 2 % of the parameter value, and 
the uncertainties on the values of A and ft are all less than 6 % of the parameter value. 
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