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Abstract 
 
 

Wood is a complex biocomposite that exhibits a high work of fracture, making it 

an ideal model for multiphase man-made materials.  Typically, man-made composites 

demonstrate interfacial fracture at failure due to abrupt transitions between neighboring 

phases.  This phenomenon does not occur in wood because gradual phase transitions exist 

between regions of cellulose, hemicellulose, and lignin and therefore adhesion between 

adjacent phases is increased.  The formation of interphases occurs as a consequence of 

the self-assembly process which governs the formation of wood.  If this process was 

understood more thoroughly, perhaps tougher man-made, biobased composites could be 

prepared.  To study self-assembly phenomena in wood, a system composed of a model 

copolymer (pullulan abietate, DS=0.027) representing the lignin-carbohydrate complex 

(LCC) and a model surface for cellulose fibers was used.  The self-assembly of the 

polysaccharide pullulan abietate (DS=0.027) onto a regenerated cellulose surface 

prepared using the Langmuir-Blodgett (LB) technique was studied via surface plasmon 

resonance (SPR).  Rapid, spontaneous, and desorption-resistant cellulose surface 

modification resulted when exposed to the model LCC.  Adsorption was quantified using 

the de Feijter equation revealing that between 9-10 anhydroglucose units (AGUs) adsorb 

per nm2 of cellulose surface area when cellulose is exposed to pullulan abietate 

(DS=0.027) compared to the adsorption of 6.6 AGUs per nm2 of cellulose surface area 

when cellulose is exposed to unsubstituted pullulan.  
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1. Introduction 

1.1. Self-Assembly in Biological Systems 

Many materials found in nature such as tendon, bone, and wood exhibit a 

combination of properties that have yet to be documented for any synthetic material.1  

The unique properties of some of nature’s materials stem from the way they are 

structurally self-assembled.  In nature, molecular units or aggregates of molecules are 

embedded or intertwined within other phases, which in turn are similarly organized at 

increasing size scales.2  This gradual transition from one phase to the next (Figure 1.1) is 

responsible for the absence of interfacial delamination commonly seen in made-made 

materials, which have a more abrupt transition between phases.  

 The concept of creating man-made systems that mimic biological systems has 

generally been seen as an impossible task.  In recent years, man has been able to gain a 

deeper understanding of these materials due to advances in probing biological systems at 

the molecular level.3  From this work, scientists have been able to create so-called 

“hierarchical structures” from metals, ceramics and polymers, however, there are still 

many systems in nature lacking a man-made analog.   
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Figure 1.1.  Gradual vs. abrupt transitions between two distinct phases.  The dotted line 

represents a gradual transition between adjacent phases inherent to natural composites.  

The solid line represents a sharp interfacial region characteristic of synthetic composites. 

 

All biological structures have evolved through a process of trial and error 

equivalent to thousands of years of laboratory experiments.  Therefore, it seems intuitive 

that nature’s materials have superior structural design to man-made materials, which have 

been in production for only a fraction of that time.  Biological materials have the ability 

to sense and to repair localized damage to their structures.  This ability is a particularly 

attractive feature and a desirable goal for man-made structural systems.1, 4  Many 

scientists believe that biological materials can be used as models for the development of 

new classes of synthetic materials for use in architecture, engineering, aerospace, 

biomedicine, and telecommunications.2, 4  

1.2. Wood Structure and Properties 

Wood, in particular, is a biological composite material possessing an excellent 

combination of mechanical properties.  On a mass basis, the stiffness and strength of 
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wood is comparable with materials such as aluminum, steel, and glass-fiber composites.  

Another attractive mechanical property of wood is the high resistance to the propagation 

of cracks upon the introduction of a stress.5  It has become a dream of many scientists to 

develop a synthetic composite product possessing either similar or superior properties 

compared to those of wood.  The structure of the cell wall in wood can be used as a guide 

for the development of a multiphase composite that exhibits a gradual transition between 

two distinct phases potentially leading to the development of future synthetic wood 

composites.  In order to do this, the interactions between the components of wood need to 

be more thoroughly understood.   

Between 95 and 98% of the wood cell wall is made up of three polymeric 

materials: cellulose, hemicellulose, and lignin.6  Lignin is not present in very young cells, 

but is deposited in the wall in the later stages of cellular differentiation.7  The remaining 

2-5% is made up of lower molecular weight materials collectively referred to as 

extractives.6  Some examples of extractives are terpenes, fatty acids, aromatic compounds 

and volatile oils.8 

The largest component of the 

cell wall is the polysaccharide 

cellulose.  This polymer exists as 

linear chains composed of anhydro-D-
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Figure 1.2. Repeating unit of cellulose

glucopyranose units linked by β-(1-4) 

ucosidic bonds as shown in Figure 1.2.  In plants, cellulose molecules are arranged into 

icrofibrils (10-20 nm in diameter) containing crystalline and amorphous regions as 

own in Figure 1.3.2  The composite structure of the cellulose microfibrils in the S2 layer 
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of the cell wall is responsible for the stiffness and strength of plants.9  The toughness of 

wood is an anisotropic property, being approximately one hundred times greater when the 

crack propagates across the grain than when it travels with the grain.  When wood is 

fractured along the grain, the crack travels through the middle lamella, which lacks a 

fibrous component.  This mechanism leads to the disassociation of microfibrils rather 

than fracture of the cell wall itself.7  In contrast, when the fracture occurs perpendicular 

to the grain, the crack has to break the cell wall to propagate.9  Jeronimidis has shown 

that the cellulose fibers in the S2 portion of the cell wall adopt a helicoidal orientation 

which is optimal for retaining both stiffness and toughness upon the induction of strain.5  

 

Figure 1.3.  The hierarchical arrangement of wood.2 

 

The strong association and almost perfect parallel alignment of the cellulose 

molecules gives rise to extensive regions of crystallinity within the cellulose microfibril.  
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These highly ordered regions are interrupted approximately every 600 Å by amorphous 

regions.6  The microfibrils of cellulose form the open framework of the cell wall and are 

imbedded in a binding matrix of hemicelluloses and lignin.  Spaces which are not filled 

with either cellulose, a hemicellulose, or lignin are often occupied by water.7  

Hemicelluloses are also polymeric materials composed of anhydrosugar units.  

The difference between cellulose and hemicellulose is that the latter can be composed of 

several different sugar units and typically contains a much smaller number of sugar units 

per polymer chain.  The hemicelluloses are rather hygroscopic and are nearly saturated 

with water.  Some examples of sugars that are used to make hemicelluloses in wood are 

D-glucose, D-galactose, D-xylose, D-mannose, and L-arabinose.  The hemicelluloses 

along with lignin surround the crystalline regions of cellulose.  Lignins are unlike the 

other two components of wood in that they are not carbohydrates.  Instead, they are very 

complex, crosslinked, three-dimensional polymers formed from phenolic units.6  The 

absolute configuration of lignin varies in different morphological regions, different types 

of cells and different types of wood.  Lignin is insoluble in virtually all simple solvents.  

If the wood is extensively milled10 or enzymatically degraded, the solubility of lignin 

increases drastically.  Since milling conditions are often times extremely severe, it is 

likely that chemical bonds are broken leading to the increased solubility.  This 

observation has lead to the belief that lignin forms a three-dimensional network.11 

1.3. Wood-Based Composites 

Wood composites are a class of materials that generally consist of solid fragments 

of wood held together by some sort of adhesive.  Plywood, fiber board, particleboard, 

oriented strand board (OSB), and wood plastic composites are all examples of composite 
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materials commonly found in today’s market.12  Over time, wood composites have been 

designed to utilize smaller and smaller wood fragments , progressing from plies to strands 

to fibers to fine “flour” measuring only microns in size.  The latter represent the 

dimensions of wood fragments typically used for wood plastic composites produced by 

thermal extrusion processes.13  Wood composites are capturing ever-larger markets, 

partially in response to reductions in the supply of solid, large dimension timber.14, 15  

Composites in general are materials that combine the high strength and stiffness 

characteristics of a fiber (or particle) with the ductility of a (continuous) matrix.16  In 

many man-made composites the fiber-matrix interface is the weakest point resulting in 

“fiber pull-out” and failure before the fiber reaches its true strength potential.17  The ideal 

wood-like composite would combine the features of a high-strength and high-stiffness 

(hollow) fiber embedded in a continuous matrix from which it never (under any condition 

of moisture or temperature) separates interfacially, and with which it produces a 

lightweight material.1, 3  The National Academy of Sciences has recently recognized 

biological composites such as wood as ideal model structures for the development of 

future composite materials.2 

1.4. Biomimetic Approach to Composite Development 

In order to adopt the principles of biomimetics to the process of composite 

formation from wood fibers, two crucial elements must be understood.  First, how can a 

matrix material, i.e. a lignin-rich layer, be deposited on the surface of a cellulose fiber?  

Second, how can this layer of matrix material be consolidated to form an adhesive bond 

between fibers?  Solutions to these problems may potentially be accomplished thermally 

or biologically, i.e., by biomimetics. 
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Thermoplastic cellulose composites may potentially be formed when cellulose 

fibers are surface-coated with melt-deformable copolymers.  Such copolymers may 

consist of saccharidic amphiphiles containing waxy substituents.  Cellulose and/or 

cellulose derivatives have served as both adsorbing surface substrates and adsorbable 

amphiphiles.18-27  Employing this established method of surface modification using 

amphiphilic copolymers with olefinic character, a thermoplastic coating may be produced 

on cellulose fiber surfaces.  Cellulose mono- and di-esters with long chain fatty acids 

have recently been shown to represent thermoplastic entities with melting/softening 

points that decline in accordance with methylene group content (Figure 1.4).28, 29  Thus, 

melt-processable cellulose esters with low degrees of substitution (DS) may potentially 

open a route towards thermoplastic fiber composites by adsorption processes. 

 

Figure 1.4.  Glass transition temperatures (Tg) of long-chain cellulose mono-, di-, and tri-

esters (LCCE) with fatty acid substituents as a function of methylene content (in weight 

%) of the ester substituents. 
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A biology-mimicking approach may involve the surface adsorption of molecules 

amenable to enzymatic crosslinking.  During secondary wall formation in wood cells, 

cellulose is spun from rosette structures into an aqueous sol-like hemicellulose solution.30  

There is a body of work describing how hemicelluloses regulate (bacterial) cellulose 

fibril diameter.31-36  These studies demonstrate that the adsorption of hetero-

polysaccharides plays a key role in establishing an interfacial region that prevents 

delamination and fiber pull-out in wood.  This adsorption process is governed by self-

assembly, a process driven by thermodynamics that results in the aggregation of bipolar 

molecules on the fiber surface.  Self-assembly behavior has been observed with many 

other natural amphiphilic polymers including oligosaccharide-protein block 

copolymers37, hydroxyethyl cellulose38, 39, fluorine-containing cellulose diblock 

structures, xylan-rich heteropolysaccharides and their derivatives40, and lignin-

carbohydrate complexes.41, 42 

This project was motivated by a vision of biomimetics.  Presuming that a 

cellulose surface enriched with lignin or lignin precursors becomes susceptible to the 

generation of phenoxy radicals by enzyme catalysis, free radicals would then be able to 

form network polymers (thermoset adhesives) by coupling.43-45  Felby et al. 43-47 and 

Huettermann et al. 48-54 have shown that wood fibers can be enzymatically activated in 

vitro with phenoloxidase and/or laccase, and this treatment can be used to produce wood 

composites with enhanced auto-adhesion between components.49, 52  The lignin-coated 

fibers that are formed when a lignin-carbohydrate complex is adsorbed to a cellulose 

surface may possess the potential for enzymatic activation and the development of 

adhesive bonds that are similar to those in wood. 
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1.5. Model System 

The intractability of cellulose makes it difficult to recreate wood’s structure from 

solvent or melt processes.  In order to circumvent this problem, cellulose derivatives have 

been prepared to study the interactions between cellulose, hemicellulose and lignin 

indirectly. 

Self-assembly behavior 

has been studied because it is 

known to cause the hierarchical 

organization of the wood 

composite.  Amphiphilic block 

copolymers have been found to 

exhibit the formation of micelles 

even at low concentrations.55  

Self-assembled structures have 
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Figure 1.5.  Structure of inter-unit linkages in
LCCs.  
also been observed with natural amphiphilic polymers including oligosaccharide-protein 

block copolymers,37 hydroxylethyl cellulose, 38, 39 fluorine-containing cellulose diblock 

structures, and xylan-rich heteropolysaccharides and their derivatives.40  Lignin-

carbohydrate complexes have also been found to form micellar structures in water.42  

Lignin-carbohydrate complexes (LCCs) consist of sugar chains and small lignin 

fragments attached as pendant side chains.  The lignin is believed to be attached to the 

sugar moieties via an ether linkage as shown in Figure 1.5.  The exact nature of the 

interactions between these two materials is still unclear but it is known that they are 

covalently linked.  The LCCs exhibit a tendency to form micelles in aqueous solution due 
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to the hydrophobicity of the lignin portion of the complexes.  The study of these materials 

becomes relevant due to the fact that in natural systems, self-assembly behavior is 

believed to be responsible for the formation of the wood composite matrix.56 

Polysaccharides themselves are hydrophilic, but if pendant side chains containing 

hydrophobic groups are attached, amphiphilic character can be established.57  Akiyoshi 

and coworkers have studied the self-assembly behavior of hydrophobized 

polysaccharides in water.21, 58  Pullulan (Figure 1.6) is an extracellular water-soluble 

polysaccharide produced by strains of Aureobasidium pullulans.59, 60  It is an α-D glucan 

consisting of α-1,4- and α-1,6- linkages which behaves as a flexible chain in aqueous 

solution.61  Akiyoshi found that cholesterol substituted pullulan derivatives were capable 

of forming hydrogel nano-particles by their self-assembly in water.  By changing the 

degree of cholesterol substitution, the size, density, and colloidal stability of the 

nanoparticles could be controlled.21, 62 

 

Figure 1.6.  Structures of the repeating unit of pullulan and abietic acid, respectively. 

The aim of this project was to determine the adsorption properties of pullulan and 

a pullu

 

lan derivative to a cellulose surface.  As stated above, pullulan derivatives have the 

ability to self-assemble in solution and therefore can aid in the study of 

lignin/hemicellulose/cellulose interactions.  A pullulan derivative containing abietic acid 
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was studied to determine the effect of substitution with hydrophobic moieties on 

adsorption behavior.  Abietic acid is a hydrophobic molecule extracted from tree resin 

shown in Figure 1.6.8  Pullulan abietate represents a model lignin-carbohydrate complex 

that may be susceptible to enzymatic activation and therefore may be capable of forming 

adhesive bonds similar to those in wood.  

In order to study the adsorption properties of the model LCC onto a cellulose 

surface by surface plasmon resonance, a well-defined cellulose film must be prepared on 

a gold slide.  The insolubility of cellulose in common solvents makes film preparation 

from native cellulose difficult.  Schaub et al. were the first to determine that a hairy-rod 

polymer, trimethylsilylcellulose (TMSC) could be deposited onto a silicon substrate and 

be reconverted to cellulose in situ.63  TMSC is a cellulose derivative having pendant 

hydrophobic side chains that wrap around the cellulose backbone forming a hydrophobic 

shell.  TMSC forms homogeneous, well-oriented monolayers that are able to be 

transferred to a substrate with a constant transfer ratio of 1.00.63  The TMS side groups 

can be cleaved by exposure of the film to aqueous acids as shown below, leaving a well-

defined, ultrathin cellulose film (Figure 1.7).64  

 

Figure 1.7.  Desilylation of trimethylsilyl cellulose to regenerate cellulose.64 
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TMSC transfers very well onto a hydrophobic silicon or glass substrate.  The gold 

sensor slide used in surface plasmon resonance (SPR) actually consists of a glass slide 

coated with a layer of chromium and a second layer of gold.  The chromium aids in the 

adhesion of the gold onto the glass.  The glass side of the slide can be made hydrophobic 

with a 1, 1, 1, 3, 3, 3-hexamethyldisilazane treatment.  However, in order to interpret the 

LB-transfer information, it is desirable that both sides of the substrate be hydrophobic so 

that both sides pick-up uniform monolayers on the up and downstroke. Therefore the gold 

must also be made hydrophobic.  Hydrophobic gold surfaces can be obtained through the 

deposition of an alkanethiol self-assembled monolayer. 

Self-assembled monolayers (SAMs) are monolayers formed through the 

spontaneous adsorption of molecules onto a solid surface from solution.  Self-assembled 

monolayers are interesting because they have the potential of forming monolayers with a 

well-defined composition, structure, and thickness.  SAMs are relevant in this work 

because they have the ability to make a gold surface hydrophobic , thereby allowing the 

formation of model cellulose surfaces for surface plasmon resonance studies.  

1.6. Langmuir-Blodgett (LB) Technique 

The Langmuir-Blodgett (LB) technique is used to transfer monomolecular films 

from the surface of a liquid onto the surface of a solid substrate.  Water is typically used 

as the subphase (liquid upon which monolayer forms) although mercury, glycerol, and 

other materials have been used.   In order for the monolayer to remain on the surface 

of the water, it must be amphiphilic.  Most of the early work involving Langmuir 

monolayers was conducted using long-chain carboxylic acids such as stearic acid.   

65

66, 67

68, 69
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These molecules contain a polar head group which anchors them to water’s surface and a 

hydrophobic tail that prevents the molecule from dissolving.70  

Langmuir monolayers are produced on an apparatus traditionally referred to as a 

Langmuir trough.  This trough itself is made of a hydrophobic material such as Teflon™ 

and is designed to contain the subphase.  Movable barriers span the water’s surface and a 

device is attached to measure surface pressure.71  The measurement of the surface 

pressure (Π) as a function of the molecular area (A) at constant temperature is known as a 

Π-A isotherm.  This plot is the two-dimensional analog of the three-dimensional pressure 

vs. volume diagram.  The Π-A isotherm gives information about thermodynamic phase 

transitions within the monolayer. There are fundamentally two different methods of 

measuring surface pressure: the Langmuir balance and the Wilhelmy plate technique.  

For the Langmuir balance, a clean portion of the subphase surface is separated from the 

film-covered surface by a partition and the force on the partition in this region is 

measured by a float connected to a conventional balance.72  With the more common 

technique, the Wilhelmy plate technique, an absolute measurement is made by 

determining the surface tension by solving for a force on a plate that is suspended from 

an electrobalance or sensitive spring and is partially submerged in the subphase.70  A 

measurement is taken both for the film covered surface (γ) and the clean subphase (γo) 

and their difference is the surface pressure, Π=γo-γ, the two-dimensional analog of a bulk 

or osmotic pressure. 

In order to prepare an LB-film, a solution containing an amphiphile with known 

concentration is prepared in a volatile organic solvent such as chloroform.  The solution 

is spread on the surface of the subphase and the solvent is allowed sufficient time to 
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evaporate.  At this point, the amphiphilic molecules exist in a phase similar to a gas, 

where there is sufficient space between neighbors so there are no significant interactions 

between neighbors and the tail portions of the molecules have complete freedom of 

motion.  The barriers of the LB-trough are then compressed in order to bring the 

molecules on the surface closer together.  Continued compression of the barriers leads to 

the formation of a so-called liquid-expanded (LE) phase, where interactions begin to 

occur between neighbors, but the hydrophobic chains are still flexible.  The existence of a 

LE phase is dependent on the length of the hydrophobic chains.  An increase in the length 

of the hydrophobic chain leads to increased van der Waals’ attractions and enhanced 

cohesion.  Therefore, in some cases, the LE phase cannot be observed, and there is a 

direct transition from the gas phase to a liquid condensed (LC) phase.  Further 

compression causes the formation of the LC phase where the amphiphiles become closely 

packed and assume a vertical orientation relative to the subphase.  The molecules in the 

LC phase can assume a tilted or untilted orientation as shown in Figure 1.8.73, 74  

Compression past the untilted LC phase causes collapse of the film into multilayers 

which minimize the increased energy imposed by close packing.  In LB-film transfer, the 

monolayer must be deposited when the molecules are at their closest packing, just before 

collapse occurs.70  Usually the LC phase is desirable for LB-transfer, with the molecular 

orientation as a variable depending on the desired orientation of the resultant LB-film.73  

This condition ensures that the close-packed molecules are oriented vertically, with 

minimal voids.70 
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Figure 1.8.  Phase transitions in Langmuir monolayers. 

 

There are several transfer modes for the deposition of molecules onto a substrate, 

X, Y, and Z-type transfer, which are shown in Figure 1.9.  If a hydrophobic substrate is 

used, the most commonly observed type of transfer is Y-type (Figure 1.9a).  For Y-type 

deposition, a hydrophobic substrate is lowered into the subphase where the molecules 

orient their hydrophobic regions toward the substrate.  On the upstroke, the polar 

headgroups of molecules on the surface are attracted to the outward facing headgroups 

already deposited on the substrate.  The film is built up by a continuous series of upward 

and downward strokes until an even number of layers is achieved with the hydrophobic 

tails facing the air.  For the less common types of transfer, X-type (Figure 1.9b) and Z-

type (Figure 1.9c) deposition, molecules are only deposited on the downstroke and 

upstroke, respectively.  In some cases, it would be ideal to manufacture films with the 

basic structure being a monolayer rather than a bilayer.  In X- and Z-type transfer, the 
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molecules in every layer would theoretically have the same orientation rather than the 

alternating orientation of molecules seen in Y-type transfer.  X-ray diffraction studies of 

multilayers prepared via X-type transfer show that a bilayer structure often exists despite 

the predicted stacked monolayer structure shown in Figure 1.9b.75  This observation 

implies that molecules rearrange during or after transfer to form a more energetically 

favorable conformation.  Overall, LB-films generally exist with the hydrophobic tails of 

the final layer oriented toward air.76  

 

Figure 1.9.  Langmuir-Blodgett deposition modes.73 

 

1.7. Surface Plasmon Resonance (SPR) 

Surface plasmon resonance (SPR) is a unique optical, surface-sensitive technique 

with numerous applications in the fields of chemistry and biochemistry.  SPR is an 

 16 
 



attractive technique in the biosensing field because it is capable of measuring the kinetics 

of biomolecular interactions in real time for a variety of functionalized surfaces.77-79  

These interactions take place in a fluid medium which can be tailored to mimic 

conditions encountered in vivo80 such as DNA-DNA,81-83 antibody-antigen,84, 85 and 

DNA-protein86, 87 interactions.  SPR is even capable of monitoring the adsorption of 

weakly bound unlabeled analyte molecules to the surface of a substrate.77 

The most frequently used SPR prism setup is the Kretschmann prism arrangement 

(Figure 1.10), which operates on the principle of total internal reflection.88  The 

Kretchmann configuration consists of a glass substrate coated by a thin solid film of 

either gold or silver.  In the case of gold, a chromium layer must first be deposited to 

ensure adhesion of gold to the glass surface.  Other metallic films have been used for 

SPR including copper, aluminum, palladium, platinum, nickel, and cobalt.  However, 

gold and silver films have optical properties superior to other materials, are relatively 

easy to prepare, and therefore most common. The real part of the dielectric permittivity 

must be negative for a particular material to be a candidate for use as the thin film 

covering the glass substrate.  The material must also be able to support the oscillation of 

electrons on the surface.  
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Figure 1.10.  Kretschmann prism arrangement.89 

 

 

Figure 1.11.  Schematic of Kretschmann prism configuration.90 

As shown in Figure 1.11, light is passed through a p-polarizer, makes its way 

through the glass medium (which behaves as a waveguide), and travels toward the 

metal/sample interface of the prism.  A waveguide is a physical medium capable of 

guiding light through total internal reflection with minimal leakage to the surroundings.  
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In order for propagation to occur, the guiding medium must have a refractive index 

higher than the refractive index of the surroundings or total internal reflection cannot 

occur.  In this case, glass is the guiding medium with a refractive index of 1.33 compared 

with air whose refractive index is 1.0029.  According to the law of refraction (also known 

as Snell’s law),  

n1 sinθ1 = n2 sinθ2                                    Equation 1.1                               

where n1 is the refractive index of medium 1 and n2 is the refractive index of medium 2.  

Figure 1.12 shows a beam of incident radiation traveling through a glass medium and 

designates the angles addressed in Equation 1.1 and 1.2.  In this case, the incident angle is 

below the critical angle and therefore a portion of the radiation is refracted into the air 

medium.  Figure 1.13 demonstrates the occurrence of total internal reflectance when the 

incident angle, θ1, is greater than the critical angle, θc producing a 90o angle of refraction.  

Assuming θ2=90°, Snell’s law can be rearranged to obtain an expression for the critical 

angle.91 

                                θc = sin−1 n2

n1

                                     Equation 1.2 
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Figure 1.12.  Total internal reflectance will not occur if the incident angle is lower than 

the critical angle.91 

 

Figure 1.13.  Total internal reflectance occurs when the incident angle is greater than the 

critical angle, producing a refracted beam at 90° to the normal.  91 
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In SPR, a monochromatic, p-polarized light source is used to generate the incident 

light beam.  The light travels through the optically dense waveguide (glass) toward the 

less dense medium (air).  If the incident angle is larger than the critical angle, total 

internal reflectance occurs and the light is reflected back into the glass.  Some of the 

energy of a guided wave makes its way outside of the waveguide boundary and creates 

what is referred to as an evanescent field.  This process is much like the tunneling effect 

that is observed in quantum mechanics for a modified particle in a box model possessing 

walls of a finite height.  If the metal film is sufficiently thin, the evanescent field can 

penetrate it and couple with oscillating electrons on the metal’s surface to form a surface 

plasmon (SP).90  The surface plasmon is a wave that propagates along the metal/air or 

metal/solution interface and is described by the following wave vector, 

ksp =
2π
λ

εmεa

εm + εa

                                 Equation 1.3                               

where λ is the wavelength of incident light, εm the dielectric permittivity of the metal, and 

εa the dielectric permittivity of the ambient medium.80, 89 

 The SPR experiment is designed to tune the propagation vector of the incident 

light that travels through the prism, 

k =
2π
λ

εg                                     Equation 1.4 

where εg is the dielectric permittivity of the glass prism.  More precisely, the surface-

parallel component of the incident light, kx, is monitored for a given wavelength of light 
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until kx coincides with ksp .  The surface parallel component, kx, is described by the 

following equation, 

kx = k sinθ                                        Equation 1.5 

where θ is the angle of the incident beam.  Substituting Equation 1.4 for k into Equation 

1.5 yields, 

kx =
2π
λ

εg sinθ                                   Equation 1.6 

Recalling that ε = n for a non-polar insulator,92 allows Equation 1.6 to be expressed in 

terms of refractive indices.  By varying the angle of the incident light beam, the condition 

kx = ksp can be obtained so that,  

ng sinθsp =
nm

2 na
2

nm
2 + na

2                                Equation 1.7 

At θsp, most of the incident light is transferred to the surface plasmon and hence, there is 

a minimum in the reflected intensity.  Since the refractive indices of the glass prism and 

the metal are not varied during the course of an experiment, the only way to alter the 

resonance angle, θsp, is by altering the refractive index of the ambient medium, na.  

Therefore, if adsorption onto the surface of the metal occurs during an experiment, it 

causes a change in the refractive index of the ambient medium and shifts the resonance 

angle to a new value, θsp', as shown in Figure 1.14. 

 22 
 



 

Figure 1.14.  Change in resonance angle caused by adsorption.90 

 
The change in refractive index, ∆na, can be used to determine the surface 

concentration (Γ) of adsorbed material on the surface of the metal through the following 

formula developed by de Feijter93 

Γ =
L • ∆na

dn
dc

⎛ 
⎝ 
⎜ 

⎞ 
⎠ 
⎟ 

                                      Equation 1.8 

where L is the thickness of the adsorbed layer, dn
dc

⎛ 
⎝ 
⎜ 

⎞ 
⎠ 
⎟  is the refractive index increment of 

the adsorbed material, and ∆na is the difference between the refractive index of the 

adsorbed layer and the buffer.  Since the thickness of the adsorbed layer, L, can not be 

obtained directly using SPR, a simulation of the change in SPR response due to 
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increasing thickness of the adsorbed layer is used to determine dL
dθ

 which is then used 

along with the corrected SPR signal, ∆θa , to determine L.   

L = ∆θa
dL
dθsp

                                     Equation 1.9 

                                                       ∆θa = ∆θsp − c
dθsp

dc
                               Equation 1.10 

The change in angle due to surfactant adsorption, ∆θa, is determined from Equation 1.10 

to compensate for bulk effects that occur at high concentrations where the change in 

angle occurs because of changes in the refractive index of the solution.94  Combining 

Equations 1.8 and 1.9 allows for a re-expression of the de Feijter equation as shown in 

Equation 1.11. 

Γ =
∆θa nf − ns( )

dθsp

dL
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

dn
dc

⎛ 
⎝ 
⎜ 

⎞ 
⎠ 
⎟ 

                                  Equation 1.11 
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2. Experimental Methods 

2.1. Cellulose Model Film Preparation 

 SPR sensor slides (Reichert, Inc. and EMF Corporation), consisting of 12 mm x 

12 mm glass slides covered with 1 nm of chromium and 50 nm of gold, were removed 

from their packaging and rinsed with 18.2 MΩ Milli-Q water (Gradient A10, <10 ppb 

organic impurities) and dried under a stream of nitrogen gas.  Each slide was cleaned by 

immersion in piranha solution, a 7:3 solution of concentrated sulfuric acid:hydrogen 

peroxide (30%) by volume, for 30 minutes.  Each slide was removed from the piranha 

solution, rinsed thoroughly with Milli-Q water, and dried with nitrogen.  The glass 

portion of the sensor slide was hydrophobized by exposure to 1, 1, 1, 3, 3, 3-

hexamethyldisilazane (Sigma-Aldrich) in an 80 oC oven for 6 hours.  Upon cooling, the 

slide was placed into a 1 mM solution of 1-dodecanethiol (Aldrich) in absolute ethanol 

for 2 hours according to a procedure described by Laibinis et al.95   

The Langmuir-Blodgett (LB) technique was used to transfer trimethylsilyl 

cellulose (TMSC, Jena Bioscience, DS=2.8) onto SPR sensor slides by the repeated 

transfer of monomolecular films from the surface of a water subphase.  The LB-trough 

(KSV 2000) used for TMSC film preparation appears in Figure 2.1.  The trough was 

housed in a Plexiglas™ box to minimize dust deposition onto the water subphase and to 

create a humid environment free of air currents thereby preventing premature drying of 

the Wilhelmy plate.   The trough was set on a Vibraplane™ vibration-free table (Kinetic 

Systems, Inc.) located inside a softwall clean room equipped with a Hepa filtration 

system (Clean Rooms International, Inc.).   
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Figure 2.1.  KSV 2000 Langmuir-Blodgett trough used for transfer of TMSC onto SPR 

sensor slides.   

 

 Cleaning of the LB-trough consisted of wiping the Teflon™ trough bed with 

dichloromethane and the Delrin™ barriers with isopropanol.  After allowing adequate 

time for solvent evaporation, Milli-Q water was added to the trough and removed by 

suction using a vacuum pump (Gast).  This procedure was repeated several times to 

ensure cleanliness of the trough.  The final portion of water added to the trough was 

allowed to equilibrate for 15 minutes to reach a temperature of 22.5 oC.  This temperature 

was maintained for all experiments by using a circulating thermostated bath 

(Polyscience) connected to the LB-trough.  The sandblasted Wilhelmy plate was cleaned 

by immersion in either piranha solution or a 50:50 mixture of sulfuric acid:nitric acid and 

then rinsed generously with water and dried with nitrogen.  The plate was dipped into the 

water subphase to ensure complete wetting and then suspended from the pressure sensor.  

The barriers were compressed to their maximum position at which point a portion of the 
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subphase surface was suctioned to remove surface active contaminants.  The barriers 

were expanded until they occupied their original positions.  The balance was once again 

zeroed within the KSV-5000 software package immediately before beginning an 

experiment.     

Using a micro syringe, TMSC was spread from a solution of ≈ 5 mg of polymer in 

10 mL of chloroform onto the equilibrated water subphase until a surface pressure of Π ≈ 

10 mN•m-1 was achieved.  After allowing approximately 20 minutes for chloroform 

evaporation, the barriers of the trough were compressed at a speed of 50 mm•min-1 and 

held to produce a target surface pressure of 20 mN•m-1.  A prepared gold slide was 

removed from the thiol solution and rinsed with an ample amount of absolute ethanol to 

remove any traces of unbound thiol.  The slide was dried with nitrogen, rinsed with 

water, and dried again before being mounted on the dipper head.  It is important to note 

that the gold slides were not mounted directly to the dipper head of the LB-trough due to 

their small size.  Instead, Teflon™ tweezers clamped to one of the corners of the slide 

were mounted to the dipper head (as shown in Figure 2.1.), to increase the slide surface 

area that could be covered with TMSC.  The KSV software was used to control the 

movement of both the barriers and dipper head during monolayer transfer.  Once the 

target pressure had been reached, the software reset the barrier speed to 10 mm•min-1 to 

maintain a constant target surface pressure following removal of material from the 

surface.  The dipper head was set to a speed of 10 mm•min-1 and the desired number of 

layers to be transferred was programmed accordingly.  Transfer involved the vertical 

movement of the slide through the subphase picking up a film one molecule in thickness.  

On the return upward through the subphase, another layer of molecules was deposited 
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onto the substrate.  Repetition of this continued until the desired number of layers had 

been deposited.  At the commencement of the deposition process, the slide was rinsed 

with Milli-Q water, dried with nitrogen and placed in a glass vial for storage.  Before 

regenerating cellulose, the glass portion of the slide was wiped with chloroform to 

remove TMSC.  The film was then exposed to a solution of concentrated hydrochloric 

acid, which affords a wet HCl vapor, for 30 seconds to regenerate cellulose.   

2.2. Pullulan Abietate Synthesis 

 Mr. Mohammed Aziz Hussain, University of Wuppertal, Germany synthesized 

the pullulan abietate (DS=0.027) used in this study.  The preparation of this compound 

involved reacting pullulan with the acyl chloride of abietic acid in the presence of 

pyridine.  This procedure was adapted from the work of Sunamoto et al.96  The pullulan 

abietate was used in these experiments without further purification.   

2.3. Surface Plasmon Resonance 

A Reichert™ SR 7000 Surface Plasmon Resonance (SPR) Refractometer was 

employed to monitor the docking behavior of pullulan (from Aureobasidium pullulans, 

Sigma) and pullulan abietate (DS=0.027) onto a model cellulose surface.  Fluid delivery 

was controlled via a peristaltic pump composed of a Masterflex® L/S® 8-roller pump 

head system (Model # 07519-20) coupled to a computerized pump drive (Cole-Parmer 

Instrument Co., Model # 7550-50).  Small cartridges (Model # 07519-85) operating with 

L/S® 13 PharMed® tubing were loaded onto the pump head to direct flow.   Two 

cartridges were used simultaneously, one cartridge responsible for solvent flow, the other 

for sample flow.  PEEK® tubing (Upchurch Scientific), 1/16'' O.D. 0.02'' I.D. (orange) 

was connected to the PharMed® tubing via peristaltic tubing adapters (Model # P-757) to 
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transport water from the water reservoir to the selection valve.  Fluid exiting the solvent 

selection valve moved through PEEK® tubing, 1/16'' O.D. 0.01'' I.D. (blue) into the SPR 

flow cell.  The sample line was composed of blue PEEK® tubing and followed the path 

mentioned above after reaching the solvent selection valve.  A waste line composed of 

orange PEEK tubing transported solution exiting the flow cell to a waste collection 

container.  The SPR setup appears in Figure 2.2.   

 

Figure 2.2.  Components of the SPR setup include a selection valve, peristaltic pump and 

SR 7000.   

 

 The SPR was switched on and allowed to warm up for approximately 90 minutes.  

Meanwhile, both sample and water lines were cleaned by flowing absolute ethanol 

through each line for 10 minutes followed by rinsing with Milli-Q water for an additional 

10 minutes.  The sapphire prism and flow cell body were cleaned with cotton soaked in 

absolute ethanol and blown dry with nitrogen.  The gasket was rinsed in a stream of 

ethanol and blown dry.  Following cleaning, an SPR sensor slide was refractive index-
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matched to the sapphire prism of the SPR using immersion oil (nD=1.5150) (Reichert, 

Inc.).  For calibration purposes, a bare gold slide cleaned in piranha solution was 

mounted to the SPR prism.  For all other analyses, a sensor slide possessing a self-

assembled monolayer (SAM) topped with a regenerated cellulose thin film on its surface 

was attached to the SPR prism.  The flow cell body was equipped with a Viton gasket 

(Dupont Dow Elastomers, LLC) and mounted on top of the sensor slide.  Solutions were 

pumped into the flow cell at a flow rate of 0.35 mL•min-1 via PEEK tubing.  The 

selection valve was used to switch between water and sample solution avoiding the 

introduction of air bubbles into the system.   

 The custom executable program “SPR v2.21 alpha” created by Reichert using 

National Instruments Labview™ software was used for data acquisition.  The 

“Experiment Setup” menu located within the Labview™ instrument interface allowed the 

reading interval time (typically 9 seconds) to be set and file name to be entered.  The 

“Set/Reset Buffers” icon was used to clear the Labview™ memory locations and send a 

RS232 data format command to the instrument.  Once proper communication between 

computer and instrument had been established, a message “||SF KLZAIH” appeared in 

the “Instrument Output” window.  Once this message appeared, the instrument was 

initiated by clicking the “Initiate” icon.  The initiation procedure set an internal LED light 

level and saved a reference scan of the reflectivity array in the instrument memory.  

Following initiation, the instrument was calibrated by clicking the “Calibrate” icon which 

reset the resonance angle based on the index of the flowing solution, in this case water.  

Clicking “Read” followed by “Monitor Liquid On” started the data acquisition process.  

A steady baseline was established by running only water through the flow cell body.   
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 During the calibration procedure, water was allowed to run for approximately 10 

minutes before switching to ethylene glycol (EG) solutions of known mass concentration.  

These EG solutions were used to relate the pixel numbers recorded by the instrument to 

relevant refractive index values.         

 Once calibrated, experiments to monitor the docking behavior of pullulan and 

pullulan abietate (DS=0.027) were conducted.  In these experiments, the regenerated 

cellulose thin film on the sensor slide was allowed to reach an equilibrium swelling 

thickness by flowing water until a steady baseline was established after which time 

sample was introduced into the flow cell.  The solvent selection valve was used to switch 

back and forth between water and analyte solution.  All solutions analyzed using the SPR 

technique were prepared using Milli-Q water and volumetric glassware.  Typically, 

analyte solutions were allowed to run for 20-30 minutes before switching the valve back 

to water. As the signal did not return to the original baseline due to irreversible 

adsorption of analyte, water was allowed to flow until a new baseline had been 

established.  For most experiments, solutions of higher concentration were pumped 

through the flow cell under the same conditions described above after a new baseline had 

been established.   

2.4. Surface Tension Measurements 

 Surface tension measurements of aqueous pullulan and pullulan abietate solutions 

ranging in concentration from 0 to 10,000 mg•L-1 were conducted using the tensiometer 

from the LB-trough (KSV 2000).  The surface tension was determined by the Wilhelmy 

plate technique using a sandblasted platinum plate.  Each solution to be analyzed was 

placed in a specially designed glass jar that consisted of an inner cup containing the 
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solution and an outer jacket which allowed for insulation with 22.5 oC water flowing 

from a circulating thermostated bath.  The tensiometer and glass jar were set inside a 

Plexiglas™ box resting on a vibration-free table located within the portable clean room.  

All glass jars were cleaned in a 50:50 concentrated nitric acid:concentrated sulfuric acid 

solution while the Wilhelmy plate was soaked in piranha solution for several minutes 

prior to analysis.  The critical aggregation concentration (cac) for each material was 

determined by finding the intersection of the two trendlines fit to the linear portions of 

the surface tension versus concentration graph.  Error estimates of ± one standard 

deviation for each cac value were obtained from the standard deviations of the trendlines 

obtained by Igor Pro. 

2.5. Atomic Force Microscopy 

 Atomic Force Microscopy (AFM) images were obtained for the regenerated 

cellulose, pullulan (above and below the cac) on cellulose, and pullulan abietate (above 

and below cac) on cellulose.  All of these materials were deposited on 1'' x 1'' slides 

consisting of a glass slide coated with 1 nm chromium, and 50 nm gold (EMF 

Corporation).  The gold slides and LB-films were cleaned and prepared according to the 

procedure described in Section 2.1.  Two surfaces each of pullulan and pullulan abietate 

were prepared to compare adsorption behavior above and below the cac.  Pullulan was 

adsorbed onto substrates by submersion into solutions below the cac (23 mg•L-1) and 

above the cac (633 mg•L-1).  Similarly, pullulan abietate was adsorbed onto two separate 

substrates by submersion into solutions below and above the cac, 22.8 and 699 mg•L-1, 

respectively.  Substrates were soaked in their respective solutions for approximately 

seven hours and rinsed generously with Milli-Q water before being dried with nitrogen 
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and analyzed.  Measurements were conducted in Tapping Mode™ on a Digital 

Instruments Dimension 3000 Scope with a Nanoscope IIIa controller using etched single 

crystal silicon probes.  

2.6. Ultraviolet Spectroscopy  

 Ultraviolet spectroscopy was used to quantify the degree of substitution of 

pendant abietate groups on pullulan abietate.  Solutions of known abietic acid, pullulan, 

and pullulan abietate concentration were prepared in a mixed solvent system composed of 

44% water and 56% methanol by volume and analyzed in a 1 cm quartz cuvette using a 

Varian Cary 50 Bio UV-Visible Spectrophotometer.  Wavelength scans between 220 and 

400 nm were conducted in dual beam mode using two matched cuvettes at a scan rate of 

720 nm•min-1 using a data sampling interval of 0.15 nm and an averaging time of 0.0125 

seconds.  A baseline correction was used in which the 44% water and 56% methanol 

solvent system was used to set 100% transmission prior to analysis of each sample.  The 

concentration of abietic acid was plotted against absorbance to prepare a calibration 

curve.  Pullulan abietate solutions were analyzed and their absorbance values plugged 

into the calibration curve to determine the concentration of abietic acid substituted 

pullulan repeating units.  These values were used to determine the mole fraction of 

substituted pullulan repeat units and in turn, the degree of substitution.     

2.7. Refractive Index Increment Determination 

 The refractive indices at 20 oC ( ) of varying concentrations of pullulan and 

pullulan abietate in Milli-Q water were determined using a Thermospectronic Abbe 

Refractometer.  The data was corrected to 780 nm using an empirical model developed 

by Quan and Fry describing the dependence of the refractive index of water on 

D
20n
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wavelength.97  The refractive index increment dn
dc

⎛ 
⎝ 
⎜ 

⎞ 
⎠ 
⎟  of each material was obtained from 

the slope of a plot of concentration versus refractive index at 20 oC and 780 nm ( ). 780
20n

2.8. Reflectivity Simulations using Winspall™ 

 Winspall™ version 2.20 is a simulation program 

developed at the Max Planck Institut für Polymerforschung 

(Mainz, Germany) that uses the Fresnel equations to model 

the theoretical SPR minimum for given values of refractive 

index and thickness of a particular system.  Initially, the layer 

system shown in Figure 2.3 was used to determine the 

refractive index (RI) of gold by iteratively adjusting gold’s RI 

m

Figure 2.3. Layer system
used  in  determination of
the index of refraction for
gold. 
to fit experimental SPR data for the SPR minimum of this layer system.  RI values for the 

sapphire prism98, glass99, and water99 were obtained from the literature.  The self-

assembled monolayer (SAM) was not added to the layer system used for the simulations 

as Sigal et al. determined that the introduction of the SAM had negligible effects on the 

agnitude of calculated θsp  values and therefore was omitted for simplicity.94  Thickness 

values were input as zero for the prism, glass and water as they were considered infinitely 

thick.  The thickness of gold was known to be 500Å per manufacturer’s specifications.  

For all simulations, a hemispherical prism was chosen along with p-polarized light, a 

wavelength of 780 nm, a Pktanz value of 1000, and an X-axis ranging from 45 to 60.  All 

RI values were given in the n; κ form where n is the real part of the refractive index and κ 

is the absorption coefficient.  For this study, only the metallic gold layer possessed a κ 

value, all other layers had a κ value equal to zero.  Once the RI of gold had been 
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calculated, a regenerated cellulose layer was added to the 

layer system between the water and gold layers (Figure 2.4).  

Once again, an iterative approach was used to determine the 

RI of both swollen and non-swollen cellulose based on 

experimental SPR data.  Finally, a layer system containing 6 

isotropic layers was constructed to represent adsorption of 

pullulan and pullulan abietate onto a regenerated cellulose 

surface on the sensor slide.  Figure 2.5 represents the components of the model layer 

system along with refractive index and thickness values obtained from the simulation.  A 

refractive index of 1.46 was assigned to represent the adsorbed pullulan and pullulan 

abietate films.  

Figure 2.4.  Layer 
system containing 
regenerated cellulose. 

 

 

Figure 2.5.  Layer system configuration, thickness, and refractive index values used to 

simulate pullulan and pullulan abietate adsorption onto a cellulose surface. 
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2.9. Reflectivity Profiles 

 Tera Term Pro version 2.3 software is a terminal emulation program that was used 

to facilitate communication between the SPR Refractometer and the computer to which it 

was interfaced.  This program was utilized in the programming of the SPR coefficients 

(determined in the ethylene glycol calibration procedure) and in the acquisition of 

reflectivity profiles.  To perform both of these tasks, proper communication between the 

SPR and the PC had to be verified.  Once the Tera Term program was opened, the COM 

1 Serial connection was chosen from the menu that appeared.  From the “Setup” pull 

down menu, the “Terminal” option was chosen in which the “Local Echo” box was 

checked.  Local echo allowed typed commands to appear on the PC screen.  Within the  

“Serial Port” setup window, the COM 1 serial port baud rate was set to 19200 to match 

the baud rate of the lower serial port of the SR 7000.  The flow control was also set to 

“Xon/Xoff” within the “Serial Port” setup.  All other settings were allowed to remain as 

default values.  To test communication, the phrase “ping” was entered into Tera Term 

and transmitted by hitting the enter key.  If communication was established, a response 

stating:  i.)  MAIN OK, ii.)  LSA OK, and iii.)  PELTIER OK appeared.   

 To enter the SPR coefficients once this message appeared, the command 

“sprcoef” was typed followed by the coefficients from the third order polynomial fit of 

the real instrument pixel vs. refractive index plot from the ethylene glycol calibration.  

The numbers were entered in scientific notation beginning with the coefficient of the x3 

polynomial and ending with the constant, separating each value with a space.  The 

“Enter” key was used to transmit the data and a “Done” message was returned when the 

coefficients were accepted.     

 36 
 



 In order to obtain a reflectivity profile once communication was established, a file 

name had to be assigned to the data.  The file destination was chosen by accessing 

“LOG” from the “File” pull-down menu and entering a file name and path.  The 

command “dump” was input at which time the SPR sent the reflectivity profile data to the 

computer and saved it as the aforementioned text file.  Reflectivity profiles of various 

thicknesses of regenerated cellulose (0, 10, 20, 40, 50 layers) were obtained in both air 

and water.  Profiles were acquired on an initiated and calibrated SPR instrument prior to 

sample analysis due to the inability to operate Tera Term and Labview™ simultaneously.  

The data was then imported into either Microsoft Excel or Igor Pro for further analysis.   

2.10. Reflectivity Profile Fitting 

The custom executable program “Reflectivity Normalize” created by Reichert 

using National Instruments Labview™ software was used to fit the reflectivity profiles.  

An air scan (a reflectivity profile obtained with air as the background) was imported into 

the reflectivity normalize program by clicking on the “Set Air Scan” icon and choosing 

the file to import.  Similarly, a water scan was imported by clicking on the “Set Sample 

Scan” icon and choosing a file.  The program functioned by normalizing both the air and 

water arrays and finally generating a normalized water/normalized air array to determine 

the pixel number corresponding to the SPR minimum.  The movable cursors were used to 

surround the parabolic portion of the SPR curve.  Hitting the “Find Minimum” icon 

supplied the pixel number corresponding to the array minimum.  This value was 

calculated using a third order polynomial fit to the portion of the graph selected by the 

positioning of the cursors.  The pixel number was converted to an angle using the pixel to 

angle ratio determined during the ethylene glycol calibration procedure.   
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3. Solution Characterization Results and Discussion 

3.1. Critical Aggregation Concentration Determinations 

Prior to investigating the self-assembly of pullulan and pullulan abietate 

(DS=0.027) at a cellulose surface, their behavior in an aqueous environment was 

investigated using the Wilhelmy plate technique to determine surface tension.  Beginning 

with pure water at 22.5 oC, the surface tensions of pullulan and pullulan abietate solutions 

ranging in concentration from 0 to 10,000 mg•L-1 were determined.  To determine the 

critical aggregation concentration (cac), the surface tension (γ) values were plotted as a 

function of concentration.  The presence of surfactant acts to lower the surface tension of 

water as shown in Figure 3.1.  The addition of surfactant continues to lower the surface 

tension relative to pure water until a point is reached where additional increases in 

concentration no longer produce significant decreases in surface tension.  The 

concentration at which this occurs is known as the critical micelle concentration (cmc).   

The term critical aggregation concentration (cac) is used here rather than critical micelle 

concentration because it is unlikely that pullulan abietate forms traditional “micelles” due 

to the low degree of substitution of hydrophobic abietate substituents.  Rather, it is 

believed that aggregated structures form in which the abietate groups attempt to minimize 

their contacts with the aqueous surroundings.   

In Figure 3.1, the cac curves of pullulan abietate (DS=0.027) and pullulan are 

shown.  The cac for each material was determined by calculating the point of intersection 

of the two linear portions of the surface tension vs. concentration curves. Error estimates 

for each cac value were calculated from the trendlines of each curve assuming ± one 

standard deviation. The substituted pullulan has a lower cac value, 50 ± 5 mg•L-1, 
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compared to the cac of the homopolysaccharide, 240 ± 50 mg•L-1.  The presence of 

pullulan abietate in water has a more dramatic effect on the surface tension of water 

compared to pullulan.  Also, the cac of pullulan abietate occurs at a much lower 

concentration than the cac of pullulan, indicating a strong tendency to self-aggregate, 

which was expected due to the presence of the pendant abietate groups. 

 

 

Figure 3.1.  Critical aggregation concentration curves for pullulan abietate and pullulan 

determined using the Wilhelmy plate technique at 22.5 °C. 
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3.2. Ultraviolet Spectroscopy Results 

 Ultraviolet spectroscopy was used to 

quantify the amount of pendant abietate groups on 

pullulan abietate and thereby determine the degree 

of substitution (DS).  Degree of substitution is 

defined here as the average percentage of abietate 
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Figure 3.2. Structure of an
anhydroglucose unit. 
roups per anhydroglucose unit (AGU) (Figure 3.2).  The basic building block of 

ellulose, pullulan abietate and pullulan is the anhydroglucose unit; however, the 

epeating unit of each polymer is expressed with an adequate amount of AGUs to convey 

he stereochemistry between adjacent units.  Pullulan abietate with a DS=0.02 would 

ave 2 abietate groups for every 100 AGU units or 1 abietate for every 50 AGUs.  The 

ynthetic method used by Mr. Hussain, University of Wuppertal, produced a pullulan 

bietate with an estimated DS=0.02 based on ratios of reactants to products.  NMR was 

sed to quantify the DS, however, the NMR spectrum was non-descriptive in terms of the 

S on account of the low abietate content relative to the polysaccharide.   

Initially, a UV spectrum of pullulan abietate in water was obtained that provided 

lear evidence of the presence of the abietate substituents.  In order to compare pullulan 

bietate to abietic acid, a common solvent had to be found.  A solvent composed of 44% 

ater and 56% methanol by volume was effective at dissolving both species.  The UV 

pectrum of a 22.1 mg•L-1 solution of abietic acid in a 44% water / 56% methanol solvent 

ystem is shown in Figure 3.3 with the λmax values labeled accordingly.  A 2188 mg•L-1 

olution of un-derivatized pullulan analyzed in the 200-400 nm wavelength range failed 

o demonstrate absorbance and as a result was not shown.  Therefore, it was believed that 
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any absorbance by pullulan abietate came directly from the presence of the abietate 

groups.  The UV spectrum of a 574 mg•L-1 solution of pullulan abietate in the 

water/methanol mixed solvent system appears in Figure 3.3. 
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Figure 3.3.  UV spectra of abietic acid and pullulan abietate in a mixed solvent system 

composed of 44% water and 56% methanol by volume.  Un-derivatized pullulan does not 

absorb in this region and was therefore not shown.   
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 The calibration curve of abietic acid (inset) was obtained by plotting abietic acid 

concentration against absorbance at 252 nm.  This wavelength was chosen because both 

species have λmax values at 252 nm.  From the slope of the calibration curve, the molar 

absorptivity (ε) of abietic acid was estimated as 6928 cm-1M-1 at 252nm.  By substituting 

pullulan abietate absorbance values into the equation of the calibration curve, the 

effective concentration of abietic acid substituted repeating units contained in each 

solution was calculated.  The molecular weights of the substituted and unsubstituted 

repeating units, 446.583 g•mol-1 and 162.142 g•mol-1 respectively, were used to convert 

concentration to mg•L-1.  The concentration of unsubstituted pullulan units was 

calculated by subtracting the concentration of substituted repeating units from the initial 

total concentration of pullulan abietate.  Once both of these values were known, the 

following equation was used to calculate mole fraction and therefore determine the 

degree of substitution of pullulan abietate:   

Substituted Pullulan[ ]
Substituted Pullulan[ ] +  Un -Substituted Pullulan[ ]

Mole Fraction =     Equation 3.1 

 to be 0.027 ± 0.001 using this method of 

ultraviolet analysis.  This DS equates to having 1 abietic acid ester group for every 37 

anhydroglucose units.      

The degree of substitution was determined
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4. Surface Characterization Results and Discussion 

4.1. Calibration of the Surface Plasmon Resonance Refractometer 

The surface plasmon resonance (SPR) technique was used to monitor the docking 

behavior of a model lignin-carbohydrate complex, pullulan abietate, onto a model 

cellulose surface.  The SR7000 surface plasmon resonance refractometer is equipped with 

a 3694 pixel CCD array which detects changes in refractive index at the surface and 

expresses these values in terms of a change in resonance angle.  A calibration procedure 

to relate refractive index to pixel number and in turn, change in resonance angle was 

performed using ethylene glycol (EG) standards of known concentration.  The resonance 

angle, θsp, coincides to the angle of minimum intensity of the reflectivity profile.  The 

instrument supplies output in terms of specific pixel sites and therefore the instrument 

must be equipped with a dip finding algorithm to determine the minimum of the SPR dip.  

Simply finding the pixel with the smallest intensity i.e., using an intensity algorithm, is 

not adequate as the sensitivity of this technique suffers with increasing refractive index 

values.100  Therefore, a third-order polynomial  algorithm which also accounts for pixels 

symmetrically spaced around the minimum pixel is used to determine the position of the 

SPR dip.  Instrument demo data supplied by Thomas Ryan, Reichert Instruments, was 

used to determine the third-order polynomial pixel for an ethylene glycol solution with 

n=1.325953 for the SR7000.  The minimum pixel determined using an intensity 

algorithm for the TR SR7000 (Ryan Instrument) was subtracted from that of the AE 

SR7000 (Esker Instrument) yielding a value of 47.511 pixels.  This value was added to 

the TR third-order polynomial pixel for the EG solution to obtain the AE third-order 

polynomial pixel.  The difference between the AE and TR third-order polynomial pixel 
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values, 47.511, was termed the pixel correction factor and was used to correct the pixel 

numbers of the other ethylene glycol solutions used for the calibration.  This was done by 

taking the TR third-order polynomial pixel values of the other EG solutions and adding 

the pixel correction factor to them.   

The reflectivity simulation program Winspall™ was used to determine the 

theoretical minimum of the SPR dip in terms of angle for each EG solution using a 4 

layer system composed of sapphire, glass, gold, and ethylene glycol.  The theoretical SPR 

response obtained using Winspall™ for an EG solution with n=1.325953 appears in 

Figure 4.1.  Plotting the AE third-order polynomial pixel value against the corresponding 

Winspall™ angle for each ethylene glycol solution produced a plot with a slope of           

-0.00546315 degrees•pixel-1 and an intercept of 67.02 as shown in Figure 4.2.  This pixel 

to angle conversion factor allows the instrument to detect a change in pixel number and 

express it as a change in resonance angle, a more meaningful quantity.    
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Figure 4.1.  Theoretical SPR curve for an ethylene glycol standard obtained using 

Winspall™. 

 

Figure 4.2.  Pixel to angle relationship for ethylene glycol standards of known 

concentration.   
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To relate changes in pixel number to changes in refractive index, the SPR 

coefficients were determined.  These coefficients were obtained by running solutions of 

varying concentration of ethylene glycol over a clean, bare SPR sensor slide and 

recording the response in pixels expressed as array cell numbers.  The array cell number 

is defined as the total number of pixels in the CCD array (3694) less the real instrument 

pixel.  The refractive index values of ethylene glycol solutions of mass concentrations 

varying from 0 – 4.11% were determined using a linear extrapolation of mass 

concentration vs. refractive index data gathered from the literature and corrected to 780 

nm.  Initially, water was allowed to flow over the bare slide to establish a baseline 

corresponding to an array cell number of 680.851.  The ethylene glycol solutions were 

introduced into the flow cell causing a rise in signal corresponding to a change in 

refractive index.  Each solution was allowed to flow until leveling off at which point 

water was reintroduced into the system to clean the lines.  Each solution was allowed to 

flow twice for approximately 45-55 seconds each time before analyzing the next solution 

of higher concentration as shown in Figure 4.3.  After allowing the first ethylene glycol 

solution to flow over the SPR sensor, water was reintroduced into the flow cell however 

the baseline did not return to its original value due to a baseline drift.  Therefore, the 

difference between the peak maximum and the peak minimum were determined for each 

solution and then added to the original value of the baseline, 680.851, to correct for the 

drifting baseline.  Each array cell number corresponding to a specific ethylene glycol 

solution was converted to a real instrument pixel number by subtracting it from the total 

number of pixels in the CCD array (3694).  To determine the SPR coefficients, these real 

instrument pixel numbers were plotted against refractive index as shown in Figure 4.4.  A 
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third-order polynomial fit to the data was used to extract the SPR coefficients: Y = 

6.87875196 10× -9 X3 – 6.18001270 ×10-5 X2 + 1.84984112×10-1 X – 1.83149905 ×102 

where Y is the refractive index and X is the real instrument pixel.   

 

 

Figure 4.3.  Ethylene glycol calibration SPR output where A = water and B-F = ethylene 

glycol solutions of varying mass concentrations.  The concentrations are: A=0, B=0.121, 

C=0.514, D=1.02, E=2.03, and F=4.11 % ethylene glycol by weight.   
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Figure 4.4.  Determination of the SPR coefficients.  Coefficients were extracted from a 

third-order polynomial fit to the data, Refractive Index = 6.87875196×10-9 X3 -

6.18001270 10× -5 X2 + 1.84984112×10-1 X – 1.83149905 ×102, where X is the Real 

Instrument Pixel Number.   

The SPR coefficients were programmed into the instrument using the Tera Term 

software program.  Once communication had been established between the PC and the 

instrument, the coefficients were entered in scientific notation with 8 decimal places.  

Once the SPR coefficients had been programmed, the SPR data could be expressed in 

terms of ∆θsp, the change in resonance angle relative to pure water. 

4.2. Determination of the Optical Constants for Gold and Cellulose 

SPR sensor slides possessing a dodecanethiol self-assembled monolayer (SAM) 

and a varying thickness of regenerated cellulose on their surfaces were used to determine 

the relationship between thickness (L) and θsp for cellulose.  Slides with 0, 10, 20, 40, and 
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50 layers of regenerated cellulose were prepared using the Langmuir-Blodgett (LB) 

technique.  Each slide was mounted onto the prism of the SPR and Tera Term was used 

to obtain a reflectivity profile in air (air array) and water (water array) for each slide 

immediately upon exposure to water.  This water array obtained immediately after 

mounting was considered to describe the behavior of the regenerated cellulose in the “un-

swollen” state before its thickness per layer and refractive index changed due to water 

absorption.  After allowing water to run until a stable baseline had been established, 

another water scan was acquired and used to describe “swollen” cellulose.  In order to 

determine the minimum pixel of the SPR dip, the Reflectivity Normalize.exe program 

was used.  Figure 4.5 shows the air and water arrays for a slide possessing 20 layers of 

regenerated cellulose on its surface in terms of pixel while Figure 4.6 shows the same 

scans in terms of angle.  Each scan was normalized to itself and then the normalized 

water array was divided by the normalized air array to create a smooth SPR reflectivity 

profile.  Dividing the water scan by the air scan reduces noise and more clearly shows the 

critical angle component.   

The scans were obtained in terms of pixel but converted to angular expressions by 

first importing the profiles into the Reflectivity Normalize.exe program and then entering 

the pixel to angle conversion factor.  The critical angle is the incident angle which 

produces a 90º angle of refraction and above which total internal reflectance occurs.  

Figure 4.6 C shows the region where the critical angle occurs.  The critical angle was 

used to scale the water scan / air scan by 0.774 so that the maximum reflectivity did not 

exceed an intensity of 1.0.  The minimum of the SPR dip was also found using this 

program for each of the sensor slides by fitting a third-order polynomial function to the 
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parabolic portion of the curve similar to that shown in Figure 4.7.  For the slide with 20 

layers of “un-swollen” cellulose on its surface, a minimum of 2915 pixels (51.095 

degrees) was calculated with an R2 value of 0.989. 
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Figure 4.5.  Reflectivity profiles for an SPR sensor slide with 20 layers of regenerated 

cellulose on its surface in terms of pixel number:  A.)  Normalized Air Scan, B.) 

Normalized Water Scan, C.) Normalized Water Scan/Normalized Air Scan, D.) Scaled 

Normalized Water Scan/Normalized Air Scan.  
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Figure 4.6. Reflectivity profiles for an SPR sensor slide with 20 layers of regenerated 

cellulose on its surface in terms of angle:  A.)  Normalized Air Scan, B.) Normalized 

Water Scan, C.) Normalized Water Scan/Normalized Air Scan, D.) Scaled Normalized 

Water Scan/Normalized Air Scan.  
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Figure 4.7.  Approximation of the region fit with a third-order polynomial function to 

determine the SPR dip minimum for an SPR sensor slide coated with 20 layers of 

regenerated cellulose.  

 

The reflectivity profile fit procedure was conducted for each slide in the un-

swollen and swollen states to obtain the angles corresponding to the SPR minimum dip 

for each.  The thickness of an un-swollen regenerated cellulose layer was assumed to be 

4.2 Å•layer-1 based on X-ray reflectivity experiments performed by Buchholz et al.64  

Figure 4.8 displays experimental and simulation data for the relationship between θsp and 

thickness for un-swollen cellulose.  The simulation data was obtained from Winspall™ 

using the 5 component layer system shown in Figure 4.9.   

 53 
 



 

Figure 4.8. Theoretical data obtained using n=1.523 for un-swollen cellulose compared 

to experimental data obtained by determining the SPR minimum of each reflectivity 

profile. 

 

Figure 4.9. Winspall™ layer system used to acquire the theoretical data in Figure 4.8 for 

un-swollen cellulose. 
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 The traces in Figure 4.8 share neither a common slope nor intercept, therefore a 

self-consistent model allowing the theoretical data to better match the experimental data 

was developed.  The first point to be matched was for a thickness of cellulose equal to 

zero, corresponding to a bare gold slide.  Using a refractive index value of n=0.17; 

κ=4.93 for gold obtained from work conducted by Sigal et al.94, Winspall™ was used to 

obtain a theoretical θsp value (θsp, theo) of 51.5616 degrees for the layer system lacking a 

cellulose layer on gold.  The experimental value of θsp (θsp, exp) for the same system was 

50.7028 degrees.  The self-assembled monolayer was omitted from the layer system used 

to simulate the SPR response.  The justification for this treatment was the work of Sigal 

et al. who noted that the presence of the SAM had a negligible effect on the change in 

resonance angle and therefore could be ignored when conducting simulations.94 Sigal et 

al.’s finding was confirmed by examining a gold slide with only a SAM deposited on its 

surface and recording a θsp, exp of 50.7032 degrees for that system which is extremely 

close to the value recorded for the bare gold slide.    The parameters for gold were 

manipulated to match the theoretical data to the experimental data.  Increasing the 

imaginary portion of the refractive index, κ, relative to the value in Figure 4.9 while 

holding the real part, n, at 0.17 caused the theoretical theta minimum to shift to lower 

values and the reflected intensity of the dip to increase as shown in Figure 4.10.  The 

optimal κ value for the gold was determined to be 5.83.  This value was determined by 

fitting the curve in Figure 4.10 describing the relationship between kappa and θsp with an 

exponential function and inserting the θsp, exp value of 50.7028 degrees into the fit 

equation to obtain the corresponding kappa value.  The minimum of the “ideal” 

theoretical SPR dip should be as close to zero as possible; however, for κ=5.83, the 
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reflected intensity of the minimum shifted away from zero.  In order to correct for this 

deviation, the real part of the refractive index, n, was reduced to 0.07 while holding κ at 

5.83 until the reflected intensity of the minimum once again approached zero.  Increasing 

n did not shift the minimum angle, but did lower the reflected intensity at the minimum 

point as shown in Figure 4.11.  To determine the value of n producing a reflected 

intensity at the SPR minimum closest to zero, the portion of the curve in Figure 4.11 

close to the minimum was fit with a third-order polynomial.  The first derivative of this 

fit was taken and set equal to zero, solving for n yielded a minimum n value of 0.07.  The 

optimal parameters for a complex refractive index for gold were determined to be n=0.07 

and κ=5.83 producing θsp=50.7207 degrees with a reflected intensity of 0.0005.  

 

 

Figure 4.10.  The effect of κ on the minimum angle and its reflected intensity assuming 

n=0.17 for the gold layer. 
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Figure 4.11.  Relationship between the real part of the refractive index, n, for gold and 

the reflected intensity of the SPR minimum for κ=5.83. 

 
 Following the determination of the “optimal” refractive index for gold, a 

regenerated cellulose layer with a thickness (L) of 4.2 Å•layer-1 was added on top of the 

gold as shown in Figure 4.9.  The literature stated that the refractive index of dry 

cellulose was 1.523101 however; using this value produced a discrepancy between the 

experimental and theoretical data.  Refractive index values of 1.49, 1.50, 1.501, 1.503, 

1.505, 1.507, and 1.51 were used to generate thickness vs. θsp curves for 0, 10, 20, 40, 

and 50 layers of cellulose assuming a thickness of 4.2 Å•layer-1.  The trace corresponding 

to n=1.505 was chosen as its slope (0.0046578 degrees•Å-1) most closely matched the 

slope of the experimental data (0.0046553 degrees•Å-1) as shown in Table 4.1.  This 

value was used to represent the refractive index of un-swollen cellulose corresponding to 

a thickness per layer of 4.2 Å.  
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Table 4.1.  Slopes of theoretical thickness vs. θsp, theo plots along with corresponding 

refractive index values assuming a thickness of 4.2 Å per layer for cellulose. 

n Slope % Difference 
1.490 0.004239 8.95 
1.500 0.004515 3.01 
1.501 0.004515 3.01 
1.503 0.004566 1.92 
1.505 0.004658 0.0537 
1.507 0.004648 0.165 
1.510 0.004780 2.69 

 
Experimental Slope = 0.004655 

 

 When regenerated cellulose swells in the presence of water, it also experiences a 

change in refractive index therefore, the values of L=4.2 Å•layer-1 and n=1.505 are no 

longer valid.  The experimental values of θsp were obtained for 0, 10, 20, 40, and 50 

layers of swollen cellulose, however the actual thickness per layer and the refractive 

index were initially unknown.  In an attempt to match theoretical to experimental data, 

both the refractive index and the thickness per layer were simultaneously altered.  

Assuming ideal mixing, refractive index values were calculated using the following 

formula: 

n = 1Φ • cellulosen + 1− Φ1( )nwater                       Equation 4.1  

where  represents the volume fraction of cellulose and n is the refractive index of each 

respective material.  By assuming ideal mixing, the volume fraction of cellulose,  , is 

equal to the ratio of the thicknesses of the dry cellulose film to the swollen cellulose film.  

This formula was used assuming a dry cellulose thickness of 4.2 Å with a refractive index 

of 1.505 while the refractive index of water was assumed to be 1.32642.  The swollen 

thickness per layer of cellulose was varied from 4.3 to 6.0 Å in increments of 0.1 Å 

Φ1

Φ1
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producing refractive index values ranging from 1.501 to 1.451.  Each thickness and 

corresponding refractive index value were used to produce a plot of thickness vs θsp, theo.  

The experimental θsp values were plotted against the thickness calculated assuming the 

specific thickness per layer in question.  Table 4.2 shows the experimental and theoretical 

slopes for each refractive index and thickness combination along with the % difference 

between the slopes.  The refractive index and thickness combination providing the 

smallest difference from the experimental data were assigned as the values for swollen 

cellulose.  It was determined that in the presence of water, regenerated cellulose swells to 

a thickness per layer of 4.5Å with a refractive index of 1.493.    

 

Table 4.2.  Slopes of experimental and theoretical thickness vs. θsp plots along with 

corresponding refractive index values for varying thicknesses per layer of cellulose.   

n L (Å•layer-1) Experimental 
Slope 

Theoretical 
Slope 

% Difference 

1.501 4.3 0.004577 0.004540 0.771 
1.497 4.4 0.004471 0.004364 0.784 
1.493 4.5 0.004371 0.004338 0.770 
1.489 4.6 0.004276 0.004343 1.18 
1.486 4.7 0.004185 0.004226 0.968 
1.483 4.8 0.004098 0.004138 0.969 
1.479 4.9 0.004014 0.004054 0.967 
1.476 5.0 0.003934 0.003973 0.969 
1.473 5.1 0.003857 0.003895 0.968 
1.471 5.2 0.003783 0.003828 1.18 
1.468 5.3 0.003711 0.003756 1.18 
1.465 5.4 0.003643 0.003678 0.968 
1.463 5.5 0.003576 0.003619 1.18 
1.460 5.6 0.003513 0.003555 1.18 
1.458 5.7 0.003451 0.003492 1.18 
1.456 5.8 0.003392 0.003484 2.65 
1.454 5.9 0.003334 0.003403 2.02 
1.451 6.0 0.003278 0.003318 1.18 
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4.3. The de Feijter Equation 

As mentioned in Section 1, the de Feijter equation can be used along with SPR 

data to quantify adsorption onto a surface.  This equation contains three main 

components: 1.) ∆θa, 2.) dn
dc

⎛ 
⎝ 
⎜ 

⎞ 
⎠ 
⎟ , and 3.) 

dθsp

dL
.  The first component, ∆θa, is defined as the 

change in SPR angle due to adsorption only and was obtained by analyzing a series of 

solutions with varying concentrations using the SPR technique and correcting for bulk 

effects.  The second component, dn
dc

⎛ 
⎝ 
⎜ 

⎞ 
⎠ 
⎟ , is termed the refractive index increment and was 

found by determining the refractive indices of several highly concentrated solutions.  The 

third, 
dθsp

dL
, is the response of θsp to changes in thickness obtained theoretically using 

reflectivity simulation software and will be discussed first. 

4.4. Pullulan Abietate Reflectivity Simulation 

The layer system configuration shown in Figure 2.5 was used to determine the 

dθsp

dL
 parameter for pullulan abietate adsorbed onto 20 layers of regenerated cellulose.  

The value of the refractive index for the pullulan abietate thin film was estimated as 1.46.  

Although this is not an exact value, the refractive index was expected to be less than that 

of cellulose due to a greater flexibility of pullulan abietate chains compared to the rigid 

structure of cellulose.  Figure 4.12 shows how changes in the thickness (L) of adsorbed 

pullulan abietate affect the theoretical resonance angle (θsp).  A linear fit was added to the 

data, the slope of which yielded the value of 
dθsp

dL
 = 0.00363 degrees•Å-1 for pullulan 

abietate (DS=0.027).  Simulations of pullulan abietate onto 30 and 40 layers of cellulose 
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were also conducted (assuming a thickness of 4.5Å•layer-1 for cellulose) yielding 
dθsp

dL
 

values of 0.00375 and 0.00388 degrees•Å-1 respectively.  The adsorption of unsubstituted 

pullulan onto 20 layers of cellulose was also modeled using a refractive index of 1.46.  

This resulted in a 
dθsp

dL
 value of 0.00363 degrees•Å-1 for the homopolysaccharide.  

 

Figure 4.12.  Determination of 
dθsp

dL
 for pullulan abietate on 20 layers of cellulose using 

reflectivity simulation data.  The refractive index of the pullulan abietate was assumed to 

be n=1.46. 

 
4.5. Refractive Index Increments of Pullulan and Pullulan Abietate (DS=0.027) 

Initially, the solutions used for SPR analysis with concentrations ranging from 0 – 

1000 mg•L-1 were analyzed using an Abbe refractometer.  Rather than witnessing the 

refractive index increase with increasing concentration, the values did not shift 
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significantly from the value of pure water at 20 oC.  Therefore, solutions with much 

higher concentrations were prepared spanning a range from 0 – 232,000 mg•L-1 and 

analyzed.  The Abbe refractometer is designed with an optical setup allowing one to 

obtain values at the sodium D line, λ=589 nm.  The SPR operates at a wavelength of 780 

nm which requires the refractive index data to be corrected before determining the 

refractive index increment.  An empirical model (Equation 4.2) originally developed by 

Quan and Fry describing the dependence of refractive index on wavelength for water was 

used along with Equation 4.3 to convert  to n  for each data point.  nD
20

780
20

n λ( )=1.31279 +
15.762

λ
−

4382
λ2 +

1.1455 ×106

λ3                 Equation 4.2 

n780, solution = n589, solution + n 780( )− n 589( )[ ]water
               Equation 4.3 

The concentration of each solution was converted to g•mL-1 and plotted against its 

corresponding index of refraction to yield Figure 4.13.  The slope of the trendline is 

equivalent to the refractive index increment of each material. Error estimates of ± one 

standard deviation for each refractive index increment were obtained from the standard 

deviation of the trendlines obtained by Igor Pro.  Pullulan abietate (DS=0.027) has a 

slightly higher refractive index increment, 0.133±0.003 mL•g-1 compared to that of the 

unsubstituted pullulan, 0.119±0.003 mL•g-1.     
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Figure 4.13.  Determination of the refractive index increments for pullulan and pullulan 

abietate (DS=0.027) at 20 °C and a wavelength of λ=780 nm. 

 
4.6. Surface Plasmon Resonance Analysis 

The surface plasmon resonance (SPR) technique was used to monitor adsorption 

and desorption events for pullulan and pullulan abietate (DS=0.027) on a regenerated 

cellulose surface.  Figure 4.14 shows an SPR profile for the adsorption of pullulan 
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abietate (DS=0.027) onto 40 layers of regenerated cellulose where increases in ∆θsp 

reflect changes during exposure to a pullulan abietate solution, while decreases in ∆θsp 

reflect changes that occur after switching the solution to water.  Each SPR peak 

corresponds to a specific concentration of solution used for the analysis.  The adsorption 

behavior of pullulan abietate (DS=0.027) onto 20, 30, and 40 layers of regenerated 

cellulose was monitored using SPR.  The adsorption of unsubstituted pullulan onto a 

cellulose surface 20 layers in thickness was also studied as a comparison.   

 

Figure 4.14.  Raw SPR data for the adsorption of pullulan abietate onto 40 layers of 

regenerated cellulose at 20 °C.  The letters on the graph correspond to the concentrations 

of the pullulan abietate: A=27, B=56, C=106, D=212, E=524, F=1024, G=2000, H=3000, 

I=5000, and J=10000 mg•L-1. 
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4.7. Adsorption of Pullulan and Pullulan Abietate (DS=0.027) onto Cellulose 

The maximum values of ∆θsp for each solution were plotted against their 

respective concentrations to obtain Figures 4.15-4.17 representing pullulan abietate 

adsorption onto 20, 30, and 40 layers of cellulose, respectively.  The adsorption of 

pullulan onto 20 layers of cellulose was also monitored and appears in Figure 4.18.  Since 

SPR measurements detect changes in the refractive index of the medium within ~ 200 nm 

of the surface, this technique is sensitive to both adsorption of material at the surface as 

well as to the presence of molecules in the bulk.  The bulk effect produces a displacement 

in θsp proportional to the concentration of the analyte due solely to changes in the 

refractive index of the bulk and not necessarily to refractive index changes at the 

surface.94  To obtain the correct amount of material docked on the surface, a correction 

had to be made for the bulk effect.  In each case, θsp values were corrected by determining 

the slopes,
dθsp

dc
, of the linear portions of Figures 4.15-4.18 and by using Equation 4.4 to 

calculate ∆θa for each solution.   

∆θa = ∆θsp − c
dθsp

dc                                 Equation 4.4 

These ∆θa values were plotted against their respective concentrations to obtain the 

“corrected” data shown in Figures 4.15-4.18.  With all pieces of the de Feijter equation 

now calculated, a quantitative description of the adsorption of each material onto 

cellulose can be developed.      
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Figure 4.15.  “Maximum” and corrected ∆θsp values for the adsorption of pullulan 

abietate (DS=0.027) onto 20 layers of regenerated cellulose at 20 °C.  The “maximum” 

values contain contributions from irreversible and reversible adsorption as well as 

changes in the bulk refractive index.  Corrected adsorption represents the change in ∆θsp  

for irreversible adsorption.   

 

 66 
 



 

 

Figure 4.16.  “Maximum” and corrected ∆θsp values for the adsorption of pullulan 

abietate (DS=0.027) onto 30 layers of regenerated cellulose at 20 °C.  “Maximum” and 

corrected adsorption are defined in Figure 4.15.   
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Figure 4.17.  “Maximum” and corrected ∆θsp values for the adsorption of pullulan 

abietate (DS=0.027) onto 40 layers of regenerated cellulose at 20 °C.  “Maximum” and 

corrected adsorption are defined in Figure 4.15. 
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Figure 4.18.  “Maximum” and corrected ∆θsp values for the adsorption of pullulan onto 

20 layers of cellulose at 20 °C.  “Maximum” and corrected adsorption are defined in 

Figure 4.15. 

 
4.8. Adsorption Isotherms for Pullulan and Pullulan Abietate (DS=0.027). 

Initially, surface excess, Γ, values were calculated for each system using Equation 

4.5 knowing the corrected adsorption ∆θa( ), the refractive index increment dn
dc

⎛ 
⎝ 
⎜ 

⎞ 
⎠ 
⎟ , the 

change in SPR angle with thickness 
dθsp

dL
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ , the refractive index of the adsorbed film 

, and the refractive index of the buffer nf( ) ns( ) for each.  For all systems, a value of 

1.32642 was used for the refractive index of water ns( ).  Table 4.3 contains the data used 
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in the calculation of Γ values for pullulan and pullulan abietate (DS=0.027) adsorbed 

onto cellulose surfaces of varying thickness.   

Γ =
∆θa (nf − ns)

dθsp

dL
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

dn
dc

⎛ 
⎝ 
⎜ 

⎞ 
⎠ 
⎟ 

                                  Equation 4.5 

Table 4.3.  Data used in the calculation of Γ values for each system studied.  A value of 

1.32642 was used for refractive index of water ns( ) in all systems. 

# of 
Cellulose 
Layers 

Adsorbed 
Material ∆θa  nf  

dθsp

dL
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟  

(degrees•Å-1) 

dn
dc

⎛ 
⎝ 
⎜ 

⎞ 
⎠ 
⎟   

(mL•g-1) 

20 Pullulan Abietate Figure 4.15 1.46 0.00363 0.133 
30 Pullulan Abietate Figure 4.16 1.46 0.00375 0.133 
40 Pullulan Abietate Figure 4.17 1.46 0.00388 0.133 

 
20 Pullulan Figure 4.18 1.46 0.00363 0.119 

 

 Simply using Equation 4.5 and substituting in the appropriate values for all 

variables produces Γ values with units of Å•g•mL-1.  To convert Γ in terms of Å•g•mL-1 

to the desired units of anhydroglucose units (AGU)•nm-2, each Γ was multiplied by a 

factor of 10-22 to convert length units to nm (assuming 1 mL = 1 cm3), was divided by the 

average molecular weight for each anhydroglucose unit (MW) to convert to moles, and 

was finally multiplied by Avogadro’s number.  A MW value of 169.823 g•mol-1 was used 

for pullulan abietate (DS=0.027), while MW = 162.143 g•mol-1 was used for the pullulan.  

Values of Γ were plotted against their respective concentrations to obtain the adsorption 

isotherms shown in Figures 4.19-4.22.  In each case, an exponential function (solid trace) 

was fit to each curve to obtain the number of anhydroglucose units per nm2 of cellulose 

surface area present at “surface saturation” Γsat( ).  Error estimates obtained from Igor 
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Pro’s fitting routine represent ± one standard deviation.  Equation 4.6 represents the 

Langmuir isotherm where Γ is the number of AGUs adsorbed per nm2 of cellulose 

surface area for a specific bulk concentration, Γsat is the number of AGUs adsorbed per 

nm2 of cellulose surface area at surface saturation, K is the adsorption constant, and c is 

concentration. 

Γ = Γsat
Kc

1 +Kc
                                       Equation 4.6 

The adsorption isotherms in Figures 4.19-4.22 were fit with this function to determine 

values of K for each case.  K is defined as the ratio of the rate constant for association 

(ka) to the rate constant for disassociation (kd).  The Langmuir adsorption isotherm 

function was programmed into Igor Pro as a user defined function requiring an initial 

guess for the Γsat  and K coefficients.  Values of Γsat  obtained from the exponential fits to 

each curve appear in Figures 19-22 and were held constant to fit the data to the Langmuir 

adsorption isotherm.  
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Figure 4.19.  Adsorption isotherm of pullulan abietate (DS=0.027) on 20 layers of 

regenerated cellulose at 20 °C.  The solid line is an exponential fit used to obtain Γsat , 

while the dotted line is the best fit of the Langmuir adsorption isotherm, Equation 4.6, to 

the data.  The error bars on Γsat  and K represent ± one standard deviation.   
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Figure 4.20.  Adsorption isotherm of pullulan abietate (DS=0.027) on 30 layers of 

regenerated cellulose at 20 °C.  The solid line is an exponential fit used to obtain Γsat , 

while the dotted line is the best fit of the Langmuir adsorption isotherm, Equation 4.6, to 

the data.  The error bars on Γsat  and K represent ± one standard deviation.     
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Figure 4.21.  Adsorption isotherm of pullulan abietate (DS=0.027) on 40 layers of 

regenerated cellulose at 20 °C.  The solid line is an exponential fit used to obtain Γsat , 

while the dotted line is the best fit of the Langmuir adsorption isotherm, Equation 4.6, to 

the data.  The error bars on Γsat  and K represent ± one standard deviation. 
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Figure 4.22.  Adsorption isotherm of pullulan onto 20 layers of regenerated cellulose at 

20 °C.  The solid line is an exponential fit used to obtain Γsat , while the dotted line is the 

best fit of the Langmuir adsorption isotherm, Equation 4.6, to the data.  The error bars on 

Γsat  and K represent ± one standard deviation. 

 
 For the adsorption of pullulan abietate (DS=0.027), it appears that between 9-10 

anhydroglucose units adsorb per nm2 of cellulose surface area.  In comparison, 

approximately 6.6 anhydroglucose units of unsubstituted pullulan adsorb per nm2 of 

cellulose surface area.  It appears that the presence of the pendant abietate groups have a 

marked effect on adsorption, driving the self-assembly of pullulan abietate at the surface 

of cellulose.  Although the adsorption of pullulan and pullulan abietate is irreversible, the 

low K values indicate that the rate of disassociation is larger than the rate of association 

for all cases.  Given the hydrophilic nature of the regenerated cellulose surface, it is most 
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likely that the physical-adsorption of unmodified polysaccharides is driven by hydrogen 

bonding, whereas pullulan modified by hydrophobic substituents would also benefit from 

the sum of relatively weak van der Waal interactions that can drive polymer adsorption to 

surfaces.  As the polymer diffuses from dilute solution toward the surface, a monolayer of 

flattened chains starts to develop.  Over time, new chains form loops adjoining 

disconnected empty sites and a diffuse layer starts to build up as shown in Figure 4.23.102  

Using the molecular area for a single anhydroglucose unit lying flat on a surface 

(60Å2•AGU-1 for cellulose)103 and assuming the monolayer thickness of pullulan and 

pullulan abietate to be the same as that of regenerated cellulose (4.2Å)64 if they adsorb 

flat on the surface the values of Γsat  were used to calculate the thickness of the adsorbate. 

The theoretical thicknesses of pullulan and pullulan abietate on cellulose were also 

calculated by extracting θsat values from exponential fits to the corrected adsorption 

curves shown in Figures 15-18 and using 
dθsp

dL
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟  to determine adsorbed thickness values 

(Lads).  Table 4.4 shows the thicknesses of adsorbate on cellulose where method 1 

involved the utilization of Γsat values and molecular modeling, while method 2 involved 

the utilization of 
dθsp

dL
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟  values obtained through reflectivity simulations.  The presence 

of the abietic acid substituents on pullulan abietate causes the build up of a slightly 

thicker adsorbed layer compared to the unsubstituted pullulan.   

 76 
 



 

Figure 4.23.  Schematic displaying the average thicknesses (obtained from Table 4.4) of 

the diffuse layers formed through adsorption of pullulan and pullulan abietate on 

cellulose. 

 

Table 4.4.  Thickness of adsorbed layers of pullulan and pullulan abietate on cellulose.   

Adsorbed 
Material 

Γsat  
(AGU•nm-2) 

θsat   
(degrees) 

dθsp

dL
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟  

(degrees•Å-1) 

Lads (Å)  
Method 

 #1 

Lads (Å) 
Method 

 #2 
Pullulan Abietate 10.1 0.1035 0.00363 25.5 28.5 
Pullulan Abietate 9.7 0.1046 0.00375 24.4 27.9 
Pullulan Abietate 8.9 0.09514 0.00388 22.4 24.5 

 
Pullulan 6.6 0.06328 0.00363 16.6 17.4 

 

 The adsorption behavior of pullulan abietate (DS=0.027) onto 20 layers of 

cellulose was investigated as a function of the state of aggregation at the initial stage of 

adsorption.  Figure 4.24 shows the adsorption of pullulan abietate (DS=0.027) onto 20 

layers of regenerated cellulose beginning with initial exposure of the surface to a solution 

below the critical aggregation concentration (cac) when polymer chains behave as loose 

coils in solution.  Figure 4.25 shows the adsorption of pullulan abietate (DS=0.027) onto 

20 layers of regenerated cellulose beginning with initial exposure of the surface to a 
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solution above the cac when most of the molecules are in an aggregated state; however, 

some must also exist in the loose coil state as required by the thermodynamic equilibrium 

associated with the cac.  These figures reveal that if adsorption begins with the deposition 

of molecular aggregates, a larger number of AGUs are able to dock at the surface.  The 

apparent molecular area of the aggregated pullulan abietate is smaller allowing diffusion 

to the surface to occur more rapidly than the loose coils in solution.  Starting below the 

cac, pullulan abietate chains lie down on the surface to form a monolayer at the stage of 

initial adsorption.  Subsequent adsorption involves the deposition of polymer chains in 

loop/tail conformations.  When the concentration is raised above the cac, the surface is 

already saturated with polymer chains and therefore accessibility for aggregate adsorption 

is hindered; however, they are still free to adsorb to material that has already docked as 

shown in Figure 4.26-4.27, although this docking is most likely reversible rather than 

irreversible.   
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Figure 4.24.  Adsorption of pullulan abietate (DS=0.027) onto 20 layers of cellulose 

beginning with an initial exposure of the film to a solution below the cac at T=20 °C. 

 

Figure 4.25.  Adsorption of pullulan abietate (DS=0.027) onto 20 layers of cellulose 

beginning with an initial exposure of the film to a solution above the cac at T=20 °C. 
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Figure 4.26.  Schematic illustrating the adsorption beha
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Figure 4.27. Schematic illustrating the adsorption beha

cellulose with a.) initial exposure to a solution above th

adsorption when the solution concentration increases furthe
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4.9. Atomic Force Microscopy Results  

Atomic Force Microscopy (AFM) was used to probe the surface of regenerated 

cellulose, pullulan adsorbed onto cellulose, and pullulan abietate (DS=0.027) adsorbed 

onto cellulose.  For each polysaccharide, films were prepared by exposure to solutions 

above and below the cac to detect differences in surface roughness based on the state of 

molecules in solution (aggregated or non-aggregated).  AFM was used to obtain the 

topographical images shown in Figure 4.28.  These images represent the heights of 

structures found on the surface.  The root-mean squared roughness (RMS) defined in 

Equation 4.7 is the standard deviation of all heights (Z-values) within the given area of 

3.00 µm x 3.00 µm. 

RMS =
Zi − Zave( )2

i=1

N
∑

N
                                     Equation 4.7 
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a

 b 

f 

Figure 4.28.  AFM height images for a) 20 layers of regenerated ce

abietate (c=22.8 mg•L-1) exposed to 20 layers of cellulose, c) pullul

mg•L-1) exposed to 20 layers of cellulose, d) pullulan (c=23 mg•L-1) e

of cellulose, e) pullulan (c=633 mg•L-1) exposed to 20 layers of cellulo
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A small roughness value of 1.00 nm for example indicates a very smooth thin 

film.  A large roughness value of 30 nm for example is characteristic of a film with three-

dimensional structures raised from the surface.  In the case of regenerated cellulose, a 

roughness value of 1.34 nm was obtained indicating a relatively smooth film, which was 

expected.  In the case of pullulan abietate, smooth films were also detected.  There does 

not appear to be a significant difference in the roughness of the surface with solution 

concentration.  Pullulan abietate films prepared above the cac were just as smooth as 

those prepared below the cac.  Both RMS roughness values of pullulan abietate are lower 

than those for pullulan.  Again, the difference is not overly dramatic, however, this may 

indicate the propensity of pullulan abietate to seek out the cellulose surface and self-

assemble allowing pendant abietate groups to minimize their interactions with water.  

The pullulan has an affinity for the surface but the larger RMS roughness values of 2.10 

nm and 2.11 nm may indicate that even though they are attracted to the surface, the drive 

to completely cover the surface it is not as strong and therefore when the AFM comes in 

contact with the adsorbed film, it detects a patchy surface.  Again, there does not seem to 

be a large effect for pullulan concentration on the roughness of the adsorbed films. 
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5. Conclusions 

 The surface plasmon resonance (SPR) technique has been utilized to quantify the 

adsorption of a model lignin-carbohydrate complex (LCC) on a model surface for 

cellulose fibers.  The model lignin-carbohydrate complex, pullulan abietate, was found to 

have a degree of substitution (DS) of 0.027±0.001 indicating the presence of one abietic 

acid ester linkage per 37 anhydroglucose units (AGUs).  Surface tension measurements 

indicated that pullulan abietate has a stronger tendency to aggregate compared to the 

parent polysaccharide pullulan.  This feature is due to the presence of the pendant 

hydrophobic abietic acid groups.  The substituted pullulan also has a lower cac value, 

50±5 mg•L-1, compared to the cac of the homopolysaccharide, 240±50 mg•L-1.   

  Through the use of the de Feijter equation, theoretical and experimental data were 

compiled to produce adsorption isotherms for the adsorption of pullulan and pullulan 

abietate (DS=0.027) onto cellulose surfaces.  These results revealed saturated surface 

concentrations, Γsat , the adsorption of between 9-10 AGUs per nm2 of cellulose surface 

area for pullulan abietate compared to Γsat≈ 6.6 AGUs per nm2 of cellulose surface area 

for unsubstituted pullulan.  Using Γsat  values and assuming the molecular areas of an 

anhydroglucose unit in pullulan and pullulan abietate were comparable to the molecular 

area of an AGU in unsubstituted cellulose and the thickness per layer was similar to that 

of cellulose, the thicknesses of each adsorbed layer were calculated.  The limiting values 

of θsp and the theoretical 
dθsp

dL
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟  factors were also used to obtain thickness values (L).  An 

average thickness of 25Å was calculated for the adsorbed pullulan abietate film compared 

to 17Å for the adsorbed pullulan film.  These results indicate that the presence of the 

abietic acid groups drive adsorption to the surface and cause the formation of a slightly 
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thicker film.  Hence, SPR has proven to be a highly effective, surface-sensitive technique 

capable of monitoring the docking behavior of self-assembling species at a surface.          
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6. Suggestions for Future Work 

  Surface plasmon resonance (SPR) has proven to be an effective tool to study the 

adsorption of polysaccharides at a surface.  Pullulan and pullulan abietate are just two of 

a large range of sugars that may provide vital information about the interactions between 

cellulose, hemicellulose, and lignin and/or find commercial uses in the field of wood 

composite materials.  As a basis of comparison, other pullulans with differing degree of 

substitution may be studied.  Also, other systems containing a different parent 

polysaccharide may also be examined. 

  The system used in this project was designed to model the self-assembly behavior 

of the lignin-carbohydrate complex (LCC) onto a model surface for cellulose fibers.  The 

“model” LCC, pullulan abietate, is not a native component of wood; however, LCCs have 

been extracted and isolated from wood using a variety of solvent and temperature 

conditions.  Investigating the self-assembly behavior of a water-soluble LCC isolated 

from wood may provide further insight into the interactions between these wood 

components.  The xylans are a large group of hemicelluloses found in wood that have the 

potential to better mimic the behavior of the carbohydrate portion of the LCC compared 

to pullulan.  Derivatization of one of these xylans with a substituent more closely 

resembling lignin and studying its self-assembly behavior in the presence of cellulose is 

another possibility for future investigations.      

  In terms of the work reported here, size-exclusion chromatography can be utilized 

to determine aggregate sizes for pullulan and pullulan abietate.  Ellipsometry 

measurements of pullulan and pullulan abietate adsorbed on cellulose would provide 

thickness values for the films as well as refractive indices in both the dry and wet states.  
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The refractive indices for pullulan and pullulan abietate were only estimated for use in 

the de Feijter equation so these quantities would be of great value. 

  The SPR technique finds many applications in the field of biochemistry where it 

is used to determine kinetic information about specific binding events such as antigen-

antibody binding.  A model cellulose surface coated with a material such as pullulan 

abietate may provide protection from certain enzymes including cellulase which rapidly 

attacks and degrades cellulose.  SPR can be used to monitor the effect of introducing such 

a surface to cellulase and can also be used to obtain kinetic data about these processes.     

  

    

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 87 
 



7. References 

 
1. Bond, G.M.; Richman, R.H.; McNaughton, W.P., "Mimicry of Natural Material 

Designs and Processes", Journal of Materials Engineering and Performance, 
1995, 4, 334-342. 

2. National Academy of Science, Hierarchical structures in biology as a guide for 
new materials technology, Washington, D.C.: National Academy Press, 1994, 
130. 

3. Srinivasan, A.V.; Haritos, G.K.; Hedberg, F.L., "Biomimetics: Advancing man-
made materials through guidance from nature", Appl. Mech. Rev., 1991, 44, 463-
482. 

4. Currey, J.D., "Biological Composites", Journal of Materials Education, 1987, 9, 
118-296. 

5. Jeronimidis, G., "The Fracture Behavior of Wood and the Relations between 
Toughness and Morphology", Proc. R. Soc. Lond. B., 1980, 208, 447-460. 

6. Thomas, R.J., "Wood: Structure and Chemical Composition", In Wood 
Technology: Chemical Aspects, 43, I.S. Goldstein, Editor, American Chemical 
Society: San Francisco, CA, 1977, 1-23. 

7. Jane, F.W., The Structure of Wood 2nd, London: Adam & Charles Black, 1970, 
23. 

8. Hillis, W.E., Wood Extractives and their Significance to the Pulp and Paper 
Industry, New York, N.Y.: Academic Press Inc., 1962, 513. 

9. Jeronimidis, G., "Wood, One of Nature's Challenging Composites", In The 
mechanical properties of biological materials, Symposia of the Society for 
Experimental Biology No. 34, J.F.V. Vincent and J.D. Currey, Editors, 
Cambridge University Press, 1980, 169-182. 

10. Yaku, F.; Yamada, Y.; Koshijima, T., "Lignin Carbohydrate Complex Pt. II.  
Enzymatic Degradation of Acidic Polysaccharide in Bjorkman LCC", 
Holzforschung, 1976, 30, 148-156. 

11. Goring, D.A.I., "The Lignin Paradigm", In Lignin : Properties and Materials, 
ACS Symposium Series 397, S. Sarkanen, Editor, American Chemical Society: 
Washington, DC, 1989, 1-7. 

12. Youngquist, J., Wood-based composite panel products, In Wood Handbook: 
Wood as an Engineering Material, Forest Products Society USA, (1999) 10-1. 

13. Clemons, C., "Wood-plastic composites in the United States - The interfacing of 
two industries", Forest Prod. J., 2002, 52, 10-18. 

14. Anon., $900 million market for natural and wood fiber plastic composites in 
North American and Europe according to new Principia Partners study, Business 
Wire, (2002). 

15. Shook, S.; Eastin, I., "A Characterization of the U.S. Residential Deck Material 
Market", Forest Prod. J., 2001, 51, 28-36. 

16. Gordon, J.E.; Jeronimidis, G., "Composites with high work of fracture", Phil. 
Trans. R. Soc. Lond. A, 1980, 294, 545-550. 

 88 
 



 
17. Harris, B., "The mechanical behavior of composite materials", In The mechanical 

properties of biological materials, Symposia for the Society for Experimental 
Biology, J.F.V. Vincent and J.D. Currey, Editors, Cambridge University Press, 
1980, 37-74. 

18. Akiyoshi, K.; Yamaguchi, H.; Sunamoto, J., "Self-aggregates of hydrophobic 
polysaccharide derivatives", Chemistry Letters, 1991, 7, 1263-1266. 

19. Akiyoshi, K.; Nagai, K.; Nishikawa, T.; Sunamoto, J., "Self-aggregates of 
hydrophobized polysaccharides as a host for macromolecular guests", Chemistry 
Letters, 1992, 9, 1727-1730. 

20. Akiyoshi, K.; Sunamoto, J., "Physicochemical characterization of cholesterol-
bearing polysaccharides in solution", Surfactant Sci. Ser., 1992, 44, 289-304. 

21. Akiyoshi, K.; Deguchi, S.; Moriguchi, N.; Yamaguchi, S.; Sunamoto, J., "Self-
aggregates of hydrophobized polysaccharides in water.   Formation and 
characteristics of nanoparticles", Macromolecules, 1993, 26, 3062-3068. 

22. Guo, Z.-J.; Kallus, S.; Akiyoshi, K.; Sunamoto, J., "Artificial cell wall for plant 
protoplasts.  Coating of plasma with hydrophobized polysaccharides." Chemistry 
Letters, 1995, 6, 415-416. 

23. Akiyoshi, K.; Deguchi, S.; Tajima, H.; Nishikawa, T.; Sunamoto, J., "Self-
assembly of hydrophobized polysaccharides", Proc. Japan Acad. Ser. B, 1995, 71, 
15-19. 

24. Kuroda, K.; Fujimoto, K.; Sunamoto, J.; Akiyoshi, K., "Hierarchical Self-
Assembly of Hydrophobically Modified Pullulan in Water: Gelation by Networks 
of Nanoparticles", Langmuir, 2002, 18, 3780-3786. 

25. Kawaguchi, T.; Nakahara, H.; Fukuda, K., "Mono- and multilayers of amphiphilic 
cellulose esters and some novel comblike polymers", J. Colloid Interface Sci., 
1985, 104, 290-293. 

26. Sundari, C.S.; Raman, B.; Balasubramanian, D., "Hydrophobic surfaces in 
oligosaccharides: linear dextrins are amphiphilic chains", Biochimica et 
Biophysica Acta, 1991, 1065, 35-41. 

27. Frechet, J.M.J.; Gitsov, I.; Monteil, T.; Rochat, S.; Sassi, J.-F.; Vergelati, C.; Yu, 
D., "Modification of surfaces and interfaces by non-covalent assembly of hybrid 
linear-dendritic block copolymers: poly(benzyl ether) dendrons as anchors for 
poly(ethylene glycol) chains on cellulose or polyester", Chem. Materials, 1999, 
11, 1267-1274. 

28. Vaca-Garcia, C.; Gozzelino, G.; Glasser, W.G.; Borredon, M.E., "Dynamic 
mechanical thermal analysis transition of pertially and fully substituted cellulose 
fatty esters", J. Polym. Sci.: Polym. Phys., 2003, 41, 281-288. 

29. Vaca-Garcia, C.; Bras, J.; Borredon, M.E.; Glasser, W.G., "The internal 
plasticization of long-chain cellulose esters (LCCE) by methylenic groups", 
Manuscript submitted. 

30. Inomata, F.; Takabe, K.; Saiki, H., "Cell wall formation of conifer tracheid as 
revealed by rapid-freeze and substitution methods", J. Electron Microsc., 1992, 
41, 369-374. 

 89 
 



31. Atalla, R.; Hackney, J.; Uhlin, I.; Thompson, N., "Hemicelluloses as structure 
regulators in the aggregation of native celluloses", International Journal of 
Biological Macromolecules, 1993, 15, 109-112. 

32. Iwata, T.; Indrarti, L.; Azuma, J., "Affinity of hemicellulose for cellulose 
produced by Acetobacter xylinum", Cellulose, 1998, 5, 215-228. 

33. Tokoh, C.; Takabe, K.; Fujito, M.; Saiki, H., "Cellulose synthesized by 
Acetobacter xylinum in the presence of acetyl glucomanan", Cellulose, 1998, 5, 
249-261. 

34. Uhlin, K.; Atalla, R.; Thompson, N., "Influence of hemicelluloses on the 
aggregation patterns of bacterial celluloses", Cellulose, 1995, 2, 129-144. 

35. Whitney, S.; Brigham, J.; Darke, A.; Reid, J.; Gidley, M., "In vitro assembly of 
cellulose/xyloglucan networks: ultrastructural and molecular aspects", The Plant 
Journal, 1995, 8, 491-504. 

36. Whitney, S.; Brigham, J.; Darke, A.; Reid, J.; Gidley, M., "Structural aspects of 
the interaction of mannan-based polysaccharides with bacterial cellulose", 
Carbohydrate Research, 1998, 307, 299-309. 

37. Hirai, M.; Takizawa, T.; Yabuki, S.; Hirai, T.; Hayashi, K., "Thermotropic 
Structural Change of Disialoganglioside Micelles Studied by Using Synchrotron 
Radiation Small-Angle X-ray Scattering", J. Phys. Chem., 1996, 100, 11675-
11680. 

38. Winnick, F.; Regismond, S.; Goddard, E., "Interactions of an Anionic Surfactant 
with a Fluorescent-dye-labeled Hydrophobically-modified Cationic Cellulose 
Ether", Langmuir, 1997, 13, 111-114. 

39. Sau, A.C.; Landoll, L.M., "Synthesis and Solution Properties of Hydrophobically 
Modified (Hydroxyethyl)cellulose", In Polymers in Aqueous Media: Performance 
Through Association, Advances in Chemistry Series No. 223, J.E. Glass, Editor, 
1989, 343-363. 

40. Esker, A.R.; Glasser, W.G.; Becker, U.; Jamin, S.; Beppu, S.; Renneckar, S., 
"Self-Assembly Behavior of Some Co- and Heteropolysaccharides Related to 
Hemicelluloses", In Hemicelluloses: Science and Technology, ACS Symposium 
Series No. 864, P. Gatenholm and M. Tenkanen, Editors, American Chemical 
Society: Washington, DC, 2003, 198-219. 

41. Yaku, F.; Tsuji, S.; Koshijima, T., "Lignin Carbohydrate Complex.  Pt. III.  
Formation of Micelles in the Aqueous Solution of Acidic Lignin Carbohydrate 
Complex", Holzforschung, 1979, 33, 54-59. 

42. Johnson, K.G.; Overend, R.P., "Lignin-Carbohydrate Complexes from Populus 
deltoides I. Purification and Characterization", Holzforschung, 1991, 45, 469-475. 

43. Felby, C.; Pedersen, L.S.; Nielsen, B.R., "Enhanced Auto Adhesion of Wood 
Fibers Using Phenol Oxidases", Holzforschung, 1997, 51, 281-286. 

44. Felby, C.; Hassingboe, J.; Lund, M., "Pilot-scale production of fiberboards made 
by laccase oxidized wood fibers: board properties and evidence for cross-linking 
of lignin", Enzyme and Microbial Technology, 2002, 31, 736-741. 

45. Lund, M.; Eriksson, M.; Felby, C., "Reactivity of a Fungal Laccase Towards 
Lignin in Softwood Kraft Pulp", Holzforschung, 2003, 57, 21-26. 

 90 
 



 
46. Felby, C.; Nielsen, B.R.; Olesen, P.O.; Skibsted, L.H., "Identification and 

quantification of radical reaction intermediates by electron spin resonance 
spectrometry of laccase-catalyzed oxidation of wood fibers from beech (Fagus 
sylvatica)", Appl. Microbiol. Biotechnol., 1997, 48, 459-464. 

47. Felby, C.; Olesen, P.O.; Hansen, T.T., "Laccase Catalyzed Bonding of Wood 
Fibers", In Enzyme Applications in Fiber Processing, ACS Symposium Series 
687, K.-E.L. Eriksson and A. Cavaco-Paulo, Editors, American Chemical Society: 
Washington, DC, 1998, 88-98. 

48. Kharazipour, A.; Huettermann, A.; Luedemann, H.D., "Enzymatic activation of 
wood fibres as a means for the production of wood composites", J. Adhesion Sci. 
Technol., 1997, 11, 419-427. 

49. Haars, A.; Kharazipour, A.; Zanker, H.; Huettermann, A., "Room-Temperature 
Curing Adhesives Based on Lignin and Phenoloxidases", In Adhesives from 
Renewable Resources, ACS Symposium Series No. 385, R.W. Hemingway and 
A.H. Conner, Editors, American Chemical Society: Washington, DC, 1989, 126-
134. 

50. Kharazipour, A.; Haars, A.; Shekholeslami, M.; Huettermann, A., "Enzyme-
bonded wood materials based on lignin and phenol oxidases", Adhaesion, 1991, 
35, 30, 33-34, 36. 

51. Milstein, O.; Hütterman, A.; Majcherczyk, A.; Schulze, K., "Transformation of 
lignin-related compounds with laccase in organic solvents", Journal of 
Biotechnology, 1993, 30, 37-47. 

52. Kharazipour, A.; Schindel, K.; Hütterman, A., "Enzymatic Activation of Wood 
Fibers for Wood Composite Production", In Enzyme Applications in Fiber 
Processing, ACS Symposium Series 687, K.-E.L. Eriksson and A. Cavaco-Paulo, 
Editors, American Chemical Society: Washington, DC, 1998, 99-115. 

53. Kharazipour, A.; Bergmann, K.; Nonninger, K.; Huettermann, A., J. Adhesion 
Sci. Technol., 1998, 12, 1045-1053. 

54. Mai, C.; Milstein, O.; Hüttermann, A., "Fungal laccase grafts acrylamide onto 
lignin in presence of peroxides", Appl. Microbiol. Biotechnol., 1999, 51, 527-531. 

55. Barlow, R.J.; Zimmerman, S.; Zhougaz, K.; Eisenberg, A., "Phase Separation of 
Micellar Solutions of Extreme Dilution: A Study of Polystyrene-b-poly(sodium 
acrylate) Micelles in Aqeous NaCl Solution", J. Polym. Sci. B, 1996, 34, 1197-
1212. 

56. Koshijima, T.; Wantanabe, T.; Yaku, F., "Structure and Properties of the Lignin-
Carbohydrate Complex Polymer as an Amphiphilic Substance", In Lignin : 
Properties and Materials, ACS Symposium Series 397, S. Sarkanen, Editor, 
American Chemical Society: Washington, DC, 1989, 11-28. 

57. Uraki, Y.; Hashida, K.; Sano, Y., "Self-Assembly of Pulp Derivatives as 
Amphiphilic Compounds : Preparation of Amphiphilic Compound from Acetic 
Acid Pulp and its Properties as and Inclusion Compound", Holzforschung, 1997, 
51, 91-97. 

58. Akihiro, A.; Flory, P.J., "Statistical Thermodynamics of Mixtures of Rodlike 
Particles.  2.  Ternary Systems", Macromolecules, 1978, 11, 1122-1126. 

 91 
 



59. Youssef, F.; Roukas, T.; Biliaderis, C.G., "Pullulan Production by a Non-
Pigmented Strain of Aureobasidium pullulans using Batch and Fed-Batch 
Culture", Process Biochemistry, 1999, 34, 355-366. 

60. Lazaridou, A.; Roukas, T.; Biliaderis, C.G.; Vaikousi, H., "Characterization of 
Pullulan Produced from Beet Molasses by Aureobasidium pullulans in a Stirred 
Tank Reactor Under Varying Agitation", Enzyme and Microbial Technology, 
2002, 31, 122-132. 

61. Muroga, Y.; Yasunori, Y.; Noda, I.; Nagasawa, M., "Local Conformation of 
Polysaccharides in Solution Investigated by Small-Angle X-ray Scattering", 
Macromolecules, 1987, 20, 3003-3006. 

62. Akiyoshi, K.; Sunamoto, J., "Supramolecular assembly of hydrophobized 
polysaccharides", Supramolecular Science, 1996, 3, 157-163. 

63. Schaub, M.; Wenz, G.; Wegner, G.; Stein, A.; Klemm, D., "Ultrathin Films of 
Cellulose on Silicon Wafers", Advanced Materials, 1993, 5, 919-922. 

64. Buchholz, V.; Wegner, G.; Stemme, S.; Ödberg, L., "Regeneration, Derivatization 
and Utilization of Cellulose in Ultrathin Films", Advanced Materials, 1996, 8, 
399-402. 

65. Tredgold, R.H., Order in Thin Organic Films: Cambridge University Press, 1994, 
199. 

66. Gaines, G.L., Insoluble Monolayers at Liquid-Gas Interfaces, New York: 
Interscience, 1966, 386. 

67. Barraud, A.; Leloup, J.; Gouzerh, A.; Palacin, S., "Monolayers on a Glycerol 
Subphase", Thin Solid Films, 1985, 113, 117. 

68. Blodgett, K.B., "Films Built by Depositing Successive Monomolecular Layers on 
a Solid Surface", J. Am. Chem. Soc., 1935, 57, 1007-1022. 

69. Blodgett, K.B., "Properties of Built-Up Films of Barium Stearate", Phys. Rev., 
1937, 51, 975-984. 

70. Dynarowicz-Latka, P.; Dhanabalan, A.; Oliviera Jr., O.N., "Modern 
Physicochemical Research on Langmuir Monolayers", Advances in Colloid and 
Interface Science, 2001, 91, 221-293. 

71. Martin, P.; Szablewski, M., Langmuir-Blodgett Troughs 6th, Coventry, England: 
Nima Technologies, 2002, 138. 

72. Petty, M.C.; Barlow, W.A., "Film Deposition", In Langmuir-Blodgett Films, G. 
Roberts, Editor, Plenum Press: New York, 1990, 93-132. 

73. Petty, M.C., Langmuir-Blodgett Films: Cambridge University Press, 1996, 234. 
74. Kaganer, V.M., "Structure and Phase Transitions in Langmuir Monolayers", 

Reviews of Modern Physics, 1999, 71, 779-819. 
75. Ehlert, R.C., "Overturning of Monolayers", J. Coll. Sci., 1965, 20, 387-390. 
76. Schwartz, D.K., "Langmuir-Blodgett Film Structure", Surface Science Reports, 

1997, 27, 241-334. 
77. Brockman, J.M.; Nelson, B.P.; Corn, R.M., "Surface Plasmon Resonance Imaging 

Measurements of Ultrathin Organic Films", Annu. Rev. Phys. Chem., 2000, 51, 
41-63. 

78. Karlsson, R.; Michaelsson, A.; Mattsson, L., "Kinetic Analysis of Monoclonal 
Antibody-Antigen Interactions with a New Biosensor Based Analytical System", 
Journal of Immunological Methods, 1991, 145, 229-240. 

 92 
 



79. Jönsson, U.; Fågerstam, L.; Ivarsson, B.; Johnsson, B.; Karlsson, R.; Lundh, K.; 
Löfås, S.; Persson, B.; Roos, H.; Rönnberg, I.; Sjölander, S.; Stenberg, E.; 
Ståhlberg, R.; Urbaniczky, C.; Östlin, H.; Malmqvist, M., "Real-Time Biospecific 
Interaction Analysis Using Surface Plasmon Resonance and a Sensor Chip 
Technology", BioTechniques, 1991, 11, 620-627. 

80. Green, R.J.; Frazier, R.A.; Shakesheff, K.M.; Davies, M.C.; Roberts, C.J.; 
Tendler, S.J.B., "Surface Plasmon Resonance Analysis of Dynamic Biological 
Interactions with Biomaterials", Biomaterials, 2000, 21, 1823-1835. 

81. Jordan, C.E.; Frutos, A.G.; Thiel, A.J.; Corn, R.M.; Smith, L.M., Anal. Chem., 
1997, 69, 4939-4947. 

82. Thiel, A.J.; Frutos, A.G.; Jordan, C.E.; Corn, R.M.; Smith, L.M., Anal. Chem., 
1997, 69, 4948-4956. 

83. Frutos, A.G.; Corn, R.M., Anal. Chem., 1998, 70, A449-455. 
84. Fischer, B.; Heyn, S.P.; Egger, M.; Gaub, H.E., Langmuir, 1993, 9. 
85. Berger, C.E.H.; Beumer, T.A.M.; Kooyman, R.P.H.; Greve, J., Anal. Chem., 

1998, 70, 703-706. 
86. Nelson, B.P.; Frutos, A.G.; Brockman, J.M.; Corn, R.M., "Near-Infrared Surface 

Plasmon Resonance Measurements of Ultrathin Films.  1.  Angle Shift and SPR 
Imaging Experiments", Anal. Chem., 1999, 71, 3928-3934. 

87. Brockman, J.M.; Frutos, A.G.; Corn, R.M., J. Am. Chem. Soc., 1999, 121, 8044-
8051. 

88. Kretschmann, E., Z. Phys., 1971, 241, 313. 
89. Earp, R.L.; Dessy, R.E., "Surface Plasmon Resonance", In Commercial 

Biosensors : Applications to Clinical, Bioprocess, and Environmental Samples, G. 
Ramsay, Editor, John Wiley & Sons, Inc.: New York, 1996, 99-164. 

90. Liedberg, B.; Johansen, K., "Affinity Biosensing Based on Surface Plasmon 
Resonance Detection", In Affinity Biosensors, A. Mulchandani, Editor, Humana 
Press: Totowa, N.J., 1998. 

91. Halliday, D.; Resnick, R., Fundamentals of Physics 3rd, New York: John Wiley 
and Sons, Inc., 1988, 866-870. 

92. Van Krevelen, D.W., Properties of Polymers : Their Correlation with Chemical 
Structure; Their Numerical Estimation and Prediction from Additive Group 
Contributions Third, completely revised, Amsterdam: Elsevier, 1997, 875. 

93. de Feijter, J.A.; Benjamins, J.; Veer, F.A., "Ellipsometry as a tool to study the 
adsorption of synthetic biopolymers at the air-water interface", Biopolymers, 
1978, 17, 1759-1772. 

94. Sigal, G.B.; Mrksich, M.; Whitesides, G.M., "Using Surface Plasmon Resonance 
Spectroscopy To Measure the Association of Detergents with Self-Assembled 
Monolayers of Hexadecanethiolate on Gold", Langmuir, 1997, 13, 2749-2755. 

95. Laibinis, P.E.; Whitesides, G.M.; Allara, D.L.; Tao, Y.-T.; Parikh, A.N.; Nuzzo, 
R.G., "Comparison of the Structures and Wetting Properties of Self-Assembled 
Monolayers of n-Alkanethiols on the Coinage Metal Surfaces, Cu, Ag, Au", J. 
Am. Chem. Soc., 1991, 113, 7152-7167. 

96. Sunamoto, J.; Sato, T.; Taguchi, T.; Hamazaki, H., "Naturally Occurring 
Polysaccharide Derivatives Which Behave as an Artificial Cell Wall on an 
Artificial Cell Liposome", Macromolecules, 1992, 25, 5665-5670. 

 93 
 



97. Huibers, P.D.T., "Models for the Wavelength Dependence of the Index of 
Refraction of Water", Applied Optics, 1997, 36, 3785-3787. 

98. Malitson, I.H., "Refraction and Dispersion of Synthetic Sapphire", J. Opt. Soc. 
Am., 1962, 52, 1377-1379. 

99. Ryan, T., Reichert Analytical Instruments, Personal Communication, 2003. 
100. Johansen, K.; Ståhlberg, R.; Lundström, I.; Liedberg, B., "Surface plasmon 

resonance: instrumental resolution using photo diode arrays", Meas. Sci. Technol., 
2000, 11, 1630-1638. 

101. Brandrup, J.; Immergut, E.H.; Grulke, E.A.; Bloch, D., Polymer Handbook: 
Wiley Interscience, 1989. 

102. O'Shaughnessy, B.; Vavylonis, D., "Irreversible adsorption from dilute polymer 
solutions", Eur. Phys. J. E, 2003, 11, 213-230. 

103. Kawaguchi, T.; Nakahata, H.; Fukuda, K., "Monomolecular and multimolecular 
films of cellulose esters with various alkyl chains", Thin Solid Films, 1985, 133, 
29-38. 

 

 94 
 


	Introduction
	Self-Assembly in Biological Systems
	Wood Structure and Properties
	Wood-Based Composites
	Biomimetic Approach to Composite Development
	Model System
	Langmuir-Blodgett (LB) Technique
	Surface Plasmon Resonance (SPR)

	Experimental Methods
	Cellulose Model Film Preparation
	SPR sensor slides (Reichert, Inc. and EMF Corporation), consisting of 12 mm x 12 mm glass slides covered with 1 nm of chromium and 50 nm of gold, were removed from their packaging
	Pullulan Abietate Synthesis
	Surface Plasmon Resonance
	Surface Tension Measurements
	Atomic Force Microscopy
	Ultraviolet Spectroscopy
	Refractive Index Increment Determination
	Reflectivity Simulations using Winspall™
	Reflectivity Profiles
	Reflectivity Profile Fitting

	Solution Characterization Results and Discussion
	Critical Aggregation Concentration Determinations
	Ultraviolet Spectroscopy Results

	Surface Characterization Results and Discussion
	Calibration of the Surface Plasmon Resonance Refractometer
	Determination of the Optical Constants for Gold and Cellulos
	The de Feijter Equation
	Pullulan Abietate Reflectivity Simulation
	Refractive Index Increments of Pullulan and Pullulan Abietat
	Surface Plasmon Resonance Analysis
	Adsorption of Pullulan and Pullulan Abietate (DS=0.027) onto
	Adsorption Isotherms for Pullulan and Pullulan Abietate (DS=
	Atomic Force Microscopy Results

	Conclusions
	Suggestions for Future Work
	References

