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ABSTRACT 
 
 
 Plant cell wall polysaccharides are abundant natural polymers making them 

potential sources for sustainable and biodegradable materials. Interfacial behavior, 

including adsorption and enzymatic degradation, of several plant cell wall 

polysaccharides and their derivatives were studied with a quartz crystal microbalance 

with dissipation monitoring (QCM-D), surface plasmon resonance (SPR) and atomic 

force microscopy (AFM). Xyloglucan adsorption isotherms were obtained to probe how 

cellulose-hemicellulose interactions were affected by the type of cellulose substrate and 

molar mass of xyloglucan. Xyloglucan as small as a heptasaccharide still adsorbed 

irreversibly onto cellulose. Carboxymethyl cellulose (CMC) adsorption onto cellulose 

and viscoelastic properties and water contents of the adsorbed CMC layers were obtained 

from a combination of QCM-D and SPR data. The CMC samples formed hydrated and 

viscoelastic layers compared to the relatively rigid xyloglucan layer. Pectin model 

surfaces were prepared by pectin adsorption from citric phosphate buffer onto gold 

substrates. These pectin model surfaces were used for subsequent interaction studies with 

xyloglucan and enzymatic degradation behavior. There is a strong correlation between 

the degree of esterification (DE) and film resistance to degradation with the high DE 

being the most susceptible to degradation. The adsorption of two mixed linkage glucans 

(MLG), barley and lichen MLG, onto regenerated cellulose (RC) surfaces in the absence 

and presence of other matrix polysaccharides was studied. Viscoelastic properties of the 

resulting layer were compared as a function of the proprotion of β-(1→3) linkages with 



 iii 

lichen MLG forming softer gel-like layers on RC. The lichen MLG layers were further 

used for enzymatic degradation studies with respect to enzyme concentration, 

temperature, pH and ionic strength. These studies show that polymer adsorption is a 

promising strategy to modify material surfaces and provides fundamental understanding 

of interactions and biodegradation of cell wall polysaccharides at solid/liquid interfaces. 
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the degree of polymerization in the cello-oligosaccharide unit and n is the number 

of sequential groups of the same cello-oligosaccharide unit. Adapted from Tosh et 

al. 

Figure 6.2 Representative time dependent (A) Δƒ/n and (B) ΔD profiles for 

barley MLG adsorption onto RC surfaces from MLG solutions in SA buffer (20 

mM, pH = 5.5) with concentrations (w/w) of (Ο) 0.1%, (�) 0.05%, (Δ) 0.025% 

and (∇) 0.01% at 50.0 °C. Data correspond to the fifth overtone and arrows 

indicate where solutions were switched. 

Figure 6.3 Representative kinetic data for barley MLG adsorption onto RC 

surfaces from solutions in SA buffer (20 mM, pH = 5.5) with different 

concentrations at 50.0 °C. The data is the same as the data in Figure 6.2 between 

500 and 900 seconds. Symbols correspond to barley MLG solutions with 

concentrations (w/w) of (Ο) 0.1%, (�) 0.05%, (Δ) 0.025% and (∇) 0.01%. Data 

correspond to the fifth overtone and arrows indicate where solutions were 

switched. 

Figure 6.4 Representative AFM height images of (A) a bare RC-coated substrate 

and RC-coated substrates after the adsorption of (B) barley and (C) lichen MLG 

from 0.05% (w/w) solutions in SA buffer (20 mM, pH = 5.5) at 50.0 °C. The 

RMS roughnesses were (A) 1.0 nm, (B) 1.1 nm and (C) 1.3 nm and were obtained 

from the entire 2 µm × 2 µm scan areas and the z range was 20 nm. 
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Figure 6.5 Representative time dependent (A) Δƒ/n and (B) ΔD adsorption curves 

with fits obtained from Voigt-based viscoelastic modeling for barley MLG 

adsorption onto RC substrates from 0.05% (w/w) solutions in SA buffer (20 mM, 

pH = 5.5) at 50.0 °C. For both graphs, isolated symbols represent a subset of 

smooth experimental data from n = (Ο) 7,  (�) 9, (Δ) 11 and (∇) 13 and solid 

lines represent fits of the entire data set. 

Figure 6.6 Representative time dependent (A) Δƒ/n and (B) ΔD adsorption curves 

with fits obtained from Voigt-based viscoelastic modeling for barley MLG 

adsorption onto RC substrates from 0.05% (w/w) solutions in SA buffer (20 mM, 

pH = 5.5) at 50.0 °C. For both graphs, isolated symbols represent a sub set of 

smooth experimental data from n = (+) 3, (×) 5, (Ο) 7,  (�) 9, (Δ) 11 and (∇) 13 

and solid lines represent fits of the entire data set. 

Figure 6.7 Representative time dependent (A) Δƒ/n and (B) ΔD adsorption curves 

with fits obtained from Voigt-based viscoelastic modeling for barley MLG 

adsorption onto RC substrates from 0.05% (w/w) solutions in SA buffer (20 mM, 

pH = 5.5) at 50.0 °C. For both graphs, isolated symbols represent a subset of 

smooth experimental data from n = (�) 9, (Δ) 11 and (∇) 13 and solid lines 

represent fits of the entire data set. 

Figure 6.8 Representative time dependent (A) Δƒ/n and (B) ΔD profiles for 

lichen MLG adsorption onto RC surfaces from solutions in SA buffer (20 mM, 

pH = 5.5) with lichen MLG concentrations (w/w) of (Ο) 0.1%, (�) 0.05%, (Δ) 

0.025% and (∇) 0.01% at 50.0 °C. Data correspond to the fifth overtone and 

arrows indicate where solutions were switched. 
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Figure 6.9 Representative kinetic data for lichen MLG adsorption onto RC 

surfaces from solutions in SA buffer (20 mM, pH = 5.5) with different 

concentrations. The data is the same as the data in Figure 6.8 from 500 to 900 

seconds. Symbols correspond to lichen MLG solutions with concentrations (w/w) 

of (Ο) 0.1%,  (�) 0.05%, (Δ) 0.025% and (∇) 0.01%. Data correspond to the fifth 

overtone and arrows indicate where solutions were switched. 

Figure 6.10 Representative time dependent (A) Δƒ/n and (B) ΔD profiles for 

lichen MLG adsorption onto RC surfaces from 0.05% (w/w) solutions in SA 

buffer (20 mM, pH = 5.5) at temperatures of  (Ο) 15.0 °C, (�) 30.0 °C,  (Δ) 40.0 

°C and (∇) 50.0 °C. Data correspond to the fifth overtone and arrows indicate 

where solutions were switched. 

Figure 6.11 Representative time dependent (A) Δƒ/n and (B) ΔD adsorption 

curves with fits obtained from Voigt-based viscoelastic modeling for lichen MLG 

adsorption onto RC substrates from 0.05% (w/w) solutions in SA buffer (20 mM, 

pH = 5.5) at 50.0 °C. For both graphs, isolated symbols represent a subset of 

smooth experimental data from n = (Ο) 7,  (�) 9, (Δ) 11 and (∇) 13 and solid 

lines represent fits of the entire data set. 

Figure 6.12 Representative time dependent (A) Δƒ/n and (B) ΔD profiles for the 

adsorption of lichen MLG adsorption onto (Ο) XG-, (�) GAX-, (Δ) AX-, (∇) 

arabinan-, (×) pectin-coated RC surfaces and (") RC surfaces from 0.05% (w/w) 

solutions in SA buffer (20 mM, pH =5.5) at 50.0 °C. Data correspond to the fifth 

overtone and arrows indicate where solutions were switched. 
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Figure 6.13 Representative AFM height images for bare and modified RC 

surfaces obtained (A) before and (B) after the adsorption of lichen MLG onto 

XG-, arabinan- and pectin-coated RC from 0.05% (w/w) solutions in SA buffer 

(20 mM, pH = 5.5) at 50.0 °C. The matrix polysaccharide is indicated in white 

letters on each image. The RMS roughnesses (white numbers on images) were 

obtained from the entire 2 µm × 2 µm scan areas and the z range was 20 nm. 

Figure 6.14 Representative AFM height images for bare and modified RC 

surfaces obtained (A) before and (B) after the adsorption of lichen MLG onto 

GAX- and AX-coated and untreated bare RC surfaces from 0.05% (w/w) 

solutions in SA buffer (20 mM, pH = 5.5) at 50.0 °C. The matrix polysaccharide 

is indicated in white letters on each image. The RMS roughnesses (white numbers 

on images) were obtained from the entire 2 µm × 2 µm scan areas and the z range 

was 20 nm. 

Figure 6.15 Representative time dependent (A) Δƒ/n and (B) ΔD adsorption 

curves with fits obtained from Voigt-based viscoelastic modeling for lichen MLG 

adsorption onto XG-coated RC surface from 0.05% (w/w) solutions in SA buffer 

(20 mM, pH = 5.5) at 50.0 °C. For both graphs, isolated symbols represent a 

subset of smooth experimental data from n = (Ο) 7,  (�) 9, (Δ) 11 and (∇) 13 and 

solid lines represent fits of the entire data set. 

Chapter 7 

Figure 7.1 Simplified structures of a pectin backbone and PGA. Group R at a C6 

position represents a methyl group. For the pectin molecular structure depicted 

here, the DE would be 50%. 
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 xxvii 

Figure 7.2 Different sites of pectinesterase, polygalacturonase and pectate lyase 

activity. 

Figure 7.3 A schematic representation of the molecular structure of lichen MLG 

highlighting specific cleavage sites for lichenase. Blue arrows and bonds show the 

cleavage sites and bonds that are broken, respectively. 

Figure 7.4 The first step (glycosylation) of the double displacement mechanism 

of a retaining lichenase. The second step is depicted in Figure 7.5. Adapted from 

Abel et al. 

Figure 7.5 The second step (deglycosylation) of the double displacement 

mechanism of a retaining lichenase. The first step is depicted in Figure 7.4. 

Adapted from Abel et al. 

Figure 7.6 Representative time dependent (A) Δƒ/n and (B) ΔD adsorption 

profiles for high DE pectin adsorbed onto gold substrates from 500 mg!L-1 

solutions in CP buffer (50 mM, pH = 5.0) at 40.0 °C. An additional switch to SA 

buffer (50 mM, pH = 4.0) was performed to change the surrounding solution 

conditions for pectinase studies. Data correspond to the fifth overtone and arrows 

indicate where solutions were switched. 

Figure 7.7 Representative time dependent (A) Δƒ/n and (B) ΔD degradation 

profiles for pectinase action on high DE pectin layers in SA buffer (50 mM, pH = 

4.0) at 40.0 °C. A series of enzyme concentrations were used, including (Ο) 0.1, 

(�) 0.5, (Δ) 1.0 and (∇) 2.3 U!mL-1. Data correspond to the fifth overtone and 

arrows indicate where solutions were switched. 
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Figure 7.8 Representative AFM images of (A) a bare gold substrate, (B) a gold 

substrate with a high DE pectin layers before pectinase degradation and (C) and 

(D) high DE pectin layers after degradation by a pectinase from Aspergillus niger 

at 40.0 °C. The enzyme concentrations for the degraded films were (C) 2.3  

U!mL-1 and (D) 5.0 U!mL-1 in SA buffer (50 mM, pH = 4.0). The RMS 

roughnesses (white numbers on images) were obtained from the entire 2 µm × 2 

µm image areas with z range of 20 nm. 

Figure 7.9 Representative time dependent (A) Δƒ/n and (B) ΔD degradation 

profiles for pectinase action on high DE pectin layers using 50 mM SA buffer at 

40.0 °C and different pH conditions: (Ο) pH = 4.0 and (�) pH = 6.0. The enzyme 

concentration was 2.3 U!mL-1. Data correspond to the fifth overtone and arrows 

indicate where solutions were switched. 

Figure 7.10 Representative AFM images of high DE pectin layers after 

degradation by a pectinase from Aspergillus niger at (A) pH = 4.0 and (B) pH = 

6.0 and (C) a control experiment for pectinase adsorption onto bare gold 

substrates at 40.0 °C. The enzyme concentration was 2.3 U!mL-1 in SA buffer (50 

mM). The RMS roughnesses (white numbers on images) were obtained from the 

entire 2 µm × 2 µm image areas with z range of 20 nm. 

Figure 7.11 Representative time dependent (A) Δƒ/n and (B) ΔD degradation 

profiles for pectinase action on pectin samples with different DE, including (Ο) 

high DE pectin, (�) low DE pectin, (Δ) pectin and (∇) PGA with decreasing DE. 

The enzyme concentration was 2.3 U!mL-1 in SA buffer (50 mM, pH = 4.0) at 
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40.0 °C. Data correspond to the fifth overtone and arrows indicate where 

solutions were switched. 

Figure 7.12 Representative AFM height images for the two pectin samples with 

relatively high DE before and after degradation by a pectinase solution with a 

concentration of 2.3 U!mL-1 in SA buffer (50 mM, pH = 4.0) at 40.0 °C. The 

RMS roughnesses (white numbers on images) were obtained from the entire 2 µm 

× 2 µm image areas with z range of 20 nm. 

Figure 7.13 Representative AFM height images for the two pectin samples with 

relatively low DE before and after "degradation" by a pectinase solution with a 

concentration of 2.3 U!mL-1 in SA buffer (50 mM, pH = 4.0) at 40.0 °C. The 

RMS roughnesses (white numbers on images) were obtained from the entire 2 µm 

× 2 µm image areas with z range of 20 nm. 

Figure 7.14 Depiction of a β-elimination mechanism for highly esterified pectin. 

The anionic intermediate is shown in brackets. Esterification at the C6 positions 

eliminates a local negative charge that inhibits hydrogen abstraction from the C5 

position seen in Figure 7.15 for PGA. 

Figure 7.15 Depiction of a β-elimination mechanism for PGA. The anionic 

intermediates are shown in brackets. The presence of two negative changes in 

close proximity severely impedes β-elimination. 

Figure 7.16 Representative time dependent (A) Δƒ/n and (B) ΔD adsorption 

profiles for lichen MLG adsorption onto RC substrates from 0.05% (w/w) 

solutions in SA buffer (20 mM, pH = 5.5) at 50.0 °C. An additional switch to SP 

buffer (20 mM, pH =6.5) was performed to change the surrounding solution 
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conditions for lichenase solutions. Data correspond to the fifth overtone and 

arrows indicate where solutions were switched. 

Figure 7.17 Representative time dependent (A) Δƒ/n and (B) ΔD degradation 

profiles for lichenase action on lichen MLG layers adsorbed onto RC substrates at 

50.0 °C. A series of enzyme concentrations were used, including (Ο) 0.1, (�) 

0.5, (Δ) 1.0, (∇) 2.5, (×) 5.0 and (◊) 10 U!mL-1 in SP buffer (20 mM, pH = 6.5). 

Data correspond to the fifth overtone and arrows indicate where solutions were 

switched. 

Figure 7.18 Representative AFM images of (A) a bare RC surface and (B) a 

lichen MLG layer on a RC surface before enzyme degradation and after 

degradation by a lichenase from Bacillus subtilis with an enzyme concentration of  

(C) 0.1 U!mL-1 and (D) 5.0 U!mL-1 in SP buffer (20 mM, pH = 6.5) at 50.0 °C. 

The RMS roughnesses (white numbers on images) were obtained from the entire 

2 µm × 2 µm image areas with z ranges of 20 nm. 

Figure 7.19 Representative time dependent (A) Δƒ/n and (B) ΔD degradation 

profiles for lichenase action on lichen MLG surface layers for different pH: (Ο) 

5.5, (�) 6.5 and (Δ) 7.5 at 50.0 °C. The enzyme concentration was 5 U!mL-1 in 

SP buffer (20 mM). Data correspond to the fifth overtone and arrows indicate 

where solutions were switched. 

Figure 7.20 Representative AFM height images for lichen MLG layers (A) before 

and after lichenase degradation at (B) pH = 5.5, (C) pH = 6.5 and (D) pH = 7.5 at 

50.0 °C. The enzyme concentration was 5 U!mL-1. The RMS roughnesses (white 
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numbers on images) were obtained from the entire 2 µm × 2 µm image areas with 

z ranges of 20 nm. 

Figure 7.21 Representative time dependent (A) Δƒ/n and (B) ΔD degradation 

profiles for lichenase action on lichen MLG layers at various temperatures: (Ο) 

15.0 °C, (�) 30.0 °C, (Δ) 40.0 °C and (∇) 50.0 °C. The enzyme concentration 

was 5 U!mL-1 in SP buffer (20 mM, pH = 6.5). Data correspond to the fifth 

overtone and arrows indicate where solutions were switched. 

Figure 7.22 Representative AFM height images for lichen MLG layers after 

lichenase degradation at (A) 15.0 °C, (B) 30.0 °C, (C) 40.0 °C and (D) 50.0 °C. 

The enzyme concentration was 5 U!mL-1. The RMS roughnesses (white numbers 

on images) were obtained from the entire 2 µm × 2 µm image areas with z ranges 

of 20 nm. 

Chapter 8 

Figure 8.1 Representative time dependent (A) Δƒ/n and (B) ΔD degradation 

profiles for (Ο) pectinase from Aspergillus niger, (�) pectinase Aspergillus 

aculeatus and (Δ) a polygalacturonase from Aspergillus aculeatus acting upon 

high DE pectin layers. The enzyme concentration was 2.3 U!mL-1 in a sodium 

acetate buffer (50 mM, pH = 4.0). 
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Chapter 1: Scope of Dissertation 

 Plant cell walls are natural composites composed of different cell wall 

polysaccharides having applications in many industrial sectors, such as food, pulp and 

paper, animal feed and biofuels.1 A complete understanding of the interactions between 

these biomacromolecules is crucial for understanding cell wall assembly, deconstructing 

cell walls for biofuels and designing sustainable biomaterials. Lignocellulosic materials, 

containing cellulose, hemicelluloses, pectins and lignins, have gained more interest and 

attention due to their ability to produce products that meet the needs of people in a 

sustainable fashion. The overall goal of this dissertation is to prepare and characterize 

polysaccharide model surfaces for studying their interactions with other 

biomacromolecules, such as cell wall polysaccharides and enzymes. Understanding the 

interactions between cell wall polysaccharide and other biomacromolecules is of great 

fundamental importance for understanding the assembly of plant cell walls and designing 

new strategies for degrading lignocellulosic biomass.  

While plant cell wall models continue to be refined with the advancement of 

different characterization techniques, little is known about the precise nature of 

interactions between cell wall components. Model polysaccharide surfaces have attracted 

increasing attention for studying interactions with other cell wall polysaccharides and are 

being used as substrates for enzymatic degradation. Over the past decade, surface 

techniques have addressed interactions between polysaccharides.2 In this dissertation, 

several surface techniques have been applied, including a quartz crystal microbalance 

with dissipation monitoring (QCM-D), surface plasmon resonance (SPR) and atomic 

force microscopy (AFM). Especially for the cases of QCM-D and SPR, in situ 
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measurements can provide rapid identification of interactions between cell wall 

polysaccharides and quantification of surface excess and water content of adsorbed 

layers.  

Chapter 2 provides an overall introduction and literature review of the 

hierarchical structure of plants with three major cell wall polysaccharides, including 

cellulose, hemicelluloses and pectins, along with non-polysaccharide cell wall polymers, 

lignins. Corresponding model films are also discussed, specifically focusing on the 

assembly of plant cell walls and key interactions between cell wall polysaccharides. 

Biodegradation and bioconversion of lignocellulosic materials by various enzymes are 

introduced. Additionally, interfacial thermodynamics and polymer adsorption at 

solid/liquid interfaces are presented. Finally, a brief introduction to the key experimental 

techniques, including QCM-D, SPR and AFM, is provided. 

Chapter 3 details the materials, substrate preparation and experimental procedures 

used in this dissertation. This information will not be repeated in subsequent chapters.  

In Chapter 4, quantification of hemicellulose and cellulose derivative adsorption 

onto cellulose model surfaces is studied by QCM-D and SPR. Studying interactions 

between hemicelluloses and cellulose can provide a better understanding of the assembly 

of plant cell walls and is crucial to the development of advanced wood-based materials. 

Representative hemicelluloses, xyloglucan and its oligosaccharides, are used for studying 

cellulose-xyloglucan interactions and adsorption isotherms are determined and fit with 

Langmuir or Freundlich adsorption isotherms. Additionally, the adsorption of 

carboxymethyl cellulose (CMC), a representative cellulose derivative, onto cellulose is 

studied with respect to salt concentration, degree of substitution (DS) and degree of 
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polymerization (DP). The discussion focuses on DS and DP effects on CMC adsorption 

onto cellulose and highlights the gel-like and viscoelastic properties of CMC layers 

compared to hemicellulose layers that adsorb flat onto cellulose. 

In Chapter 5, the preparation and characterization of pectin model surfaces are 

introduced. Given previous studies on CMC and polygalacturonic acid adsorption,3, 4 

there was an excellent opportunity to prepare pectin model surfaces. This chapter 

highlights interaction studies between a xyloglucan and pectins by using pectin model 

surfaces and provides some insight into existing cell wall models. Better degradation and 

conversion strategies for lignocellulosic materials can be developed by knowing how 

plant cell walls assemble. 

Chapter 6 presents an adsorption study of hemicelluloses from type II cell walls, 

mixed linkage glucans (MLG), onto cellulose. Two MLG samples, barley and lichen 

MLG, with different proportions of β-(1→3) linkages are studied. The influence of the 

proportion of β-(1→3) linkages on the final viscoelastic properties of the adsorbed  MLG 

layers was examined. Additionally, MLG interactions with other cell wall matrix 

polysaccharides were investigated. This study shows that the viscoelastic properties of 

the adsorbed MLG layers are strongly dependent upon the molecular structure of the 

MLG and provides some insight into the deposition of cell wall polysaccharides.  

Chapter 7 presents enzymatic degradation studies of different polysaccharide 

layers, including pectins and a lichen MLG, using QCM-D and AFM. Preparation of 

pectin and lichen MLG layers are described in Chapters 5 and 6, respectively. Pectin 

model surfaces were used as platforms for studying enzymatic degradation as a function 

of pectin molecular structure, especially degree of esterification (DE). Lichen MLG 
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degradation by a lichenase with specific cleavage sites was investigated as a function of 

enzyme concentration, pH and temperature. A better understanding of plant cell wall 

polysaccharide degradation is helpful for the design of enzyme mixtures that can 

efficiently degrade crude biomass fractions. 

The overall conclusions of this dissertation are provided in Chapter 8 as well as 

some suggestions for future work.  
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Chapter 2: Introduction and Literature Review 

2.1 Introduction to Plant Cell Walls 

Natural materials often exhibit unique properties that are not found in synthetic 

systems. Plants are biocomposites with unique properties conferred by their multilevel 

architectures as shown in Figure 2.1. The unique material properties and environmental 

tolerances of different plant species arise from their hierarchical structures over a wide 

range of length scales. Generally a tree is on the scale of meters, consisting of three basic 

substructures: roots, stems and leaves. Due to the multicellular origin of plants, each 

substructure is composed of different tissues and tissues are composed of different cell 

types. Each cell is surrounded by a multilayer cell wall within the range of micrometers. 

Cellulose microfibrils, in the scale of nanometers, are the major building blocks of the 

entire plant kingdom. 

 

Figure 2.1 Hierarchical structure and complexity of wood: from tree to sugar unit. 

Adapted from Tirrell.1 
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Nearly all plant cells are characterized by an enclosing cell wall. Cell walls were 

first observed by Hooke in 1663 who regarded them as “dead” structures.2 With the 

advancement of microscopic techniques, a clear demarcation between individual layers 

can be seen by the electron microscope.  Recent studies have shown that the walls are 

dynamic structures and provide a pathway for molecular and mechanical signals between 

cells or between cells and the external environment.2, 3 In addition to the communication 

role, cell walls also provide support and protective functions.4  

 Most cell walls are layered structures, consisting of a primary cell wall produced 

by the protoplast and a three-layer secondary cell wall deposited subsequently on the 

interior side of the primary cell wall. The primary and secondary cell walls differ in both 

composition and function. The primary cell wall, the first layer deposited during the 

development of a cell, is about 0.1 to 0.2 µm thick and contains randomly and loosely 

organized cellulose microfibrils, hemicelluloses, pectins and many proteins.5 The 

polysaccharide composition of a primary cell wall can vary and is further designated as a 

type I or type II cell wall. Type I cell walls are most commonly found in dicots while 

type II cell walls are mainly observed in grasses and some lichen species. The secondary 

cell walls, with limited expandability, are responsible for the mechanical support of 

plants. They are composed of three distinct layers, including the S1, S2 and S3 layer with 

different orientations of the cellulose microfibrils (Figure 2.2). The outermost S1 layers 

with thicknesses of 0.1 to 0.3 µm and the innermost S3 layers with thicknesses of ~ 0.1 

µm are characterized by shallow or flat helixes of cellulose microfibrils with large angles 

measured relative to the long axes of the cells. The S2 layers, with thicknesses of 1 to 5 

µm, are typically the thickest layers of secondary cell walls, and are characterized by 
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steep helices of cellulose microfibrils that are oriented almost parallel to the long axes of 

the cells. Changes in the orientation of cellulose microfibrils between the S1, S2 and S3 

layers result from a helicoidal rotation of microfibrils between these layers.6 Although 

different cell wall layers can be distinguished using an electron microscope, a direct 

isolation of various cell wall layers has not been achieved yet.5 

 

Figure 2.2 Simplified structure of the cell wall of a softwood tracheid or a hardwood 

fiber. Adapted from Timell.5  

 An increasing interest in environmentally benign and sustainable materials leads 

to a more extensive exploitation of the plant kingdom. With the advancement of various 

characterization techniques, several proposed models for primary cell walls were 

reviewed by Cosgrove (Figure 2.3).7 Keegstra and coworkers (Figure 2.3A) have 

suggested that matrix polysaccharides are covalently linked together and anchor cellulose 

by hydrogen bonding to xyloglucan.8 In a more recent model, as shown in Figure 2.3B, 

cellulose microfibrils are coated and tethered by xyloglucan as a network, while pectins 

form a coextensive but independent network filling the voids.9, 10 A recently published 
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model proposed hypothetical load-bearing junctions of xyloglucan located within limited 

regions of tight contact between microfibrils.11 As is evident from Figures 2.3C and 2.3D, 

the multicoat model12 and stratified model,13 respectively, are based upon strong non-

covalent interactions between matrix polysaccharides, especially xyloglucan and pectins. 

Recently, a new model proposed by Dick-Pérez and coworkers has suggested the central 

role of pectins in maintaining the structure and function of plant cell walls.14 Although 

much has been learned about individual cell wall components over the past decade, a 

complete understanding on how they assemble into the structures that are cell walls 

remains a challenge. 
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Figure 2.3 Various models for primary cell wall structure, including (A) covalently 

linked model, (B) tethered network model, (C) multicoat model and (D) stratified model.7 

“Reprinted from Plant Physiology, 125, Cosgrove, D. J. Wall structure and wall 

loosening. A look backwards and forwards, 131-134, Copyright (2001), with permission 

from American Society of Plant Biologists.” 

2.2 Major Cell Wall Polysaccharides 

 Cell wall polysaccharides are natural biomacromolecules with structural diversity 

and functional versatility.15 In nature, cell wall polysaccharides have specific molecular 

structures and properties that allow them to fulfill their functions. The relative proportion 

of each cell wall polysaccharide depends upon the nature of the cell and its function. In 

resulting in severe defects in wall structure and or-
dered growth. This discovery was also important as a
confirmation of the landmark paper by Delmer and
coworkers (17) identifying the first cellulose synthase
gene in plants. We can anticipate that genes encod-
ing the many glycosyl transferases required for syn-
thesis of other wall polysaccharides will be identi-
fied soon (18).

MATRIX METABOLISM AND ITS RELATION TO
WALL LOOSENING

The wall contains many enzymes able to modify
matrix polysaccharides (7). These include various en-

doglycanases that may cleave the backbone of matrix
polysaccharides; glycosidases that may remove side
chains, thus allowing greater interactions between
polysaccharide backbones; transglycosylases that
may cut polysaccharides and ligate them together;
esterases that can remove methyl groups from pec-
tins and cleave ester linkages between polysaccha-
ride chains; and peroxidases that may form or break
phenolic linkages in the wall.

These enzymes offer many possibilities for altering
wall structure, and thereby modulating wall expan-
sion. Here we run into a subtlety of what constitutes
wall loosening. Wall hydrolytic enzymes may phys-
ically weaken the wall, yet not induce wall extension

Figure 1. Alternative models of cell wall structure. A, The model of Keegstra et al. (10) in which the matrix polymers are all
covalently linked to one another and anchor cellulose by hydrogen bonding to xyloglucans. B, The “tethered network”
model of Hayashi (9) and Fry (6) in which single xyloglucan chains span the gap between microfibrils and tether them
together. The pectic polysaccharides and structural proteins are not shown, but occupy the space between xyloglucan
chains. C, The “multicoat” model of Talbott and Ray (21) in which cellulose is coated with successively looser layers of
matrix polysaccharides. D, The “stratified” wall model of Ha et al. (8) in which strata of pectic polysaccharides separate
cellulose-xyloglucan lamellae. pm, Plasma membrane; ml, middle lamella.

Cosgrove

132 Plant Physiol. Vol. 125, 2001
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dicots, the primary cell walls are called type I cell walls, consisting of approximately 

30% cellulose, 30% hemicelluloses, 35% pectin and 1 to 5% structural proteins on a dry 

mass basis.16 The walls of grasses and cereals differ dramatically from dicot species in 

terms of composition. These kinds of cell walls, also known as type II cell walls, are 

composed of cellulose microfibrils, glucuronoarabinoxylans and mixed linkage glucans, 

together with reduced amounts of xyloglucan and pectins.17, 18  

2.2.1 Cellulose 

 Cellulose, the most abundant biomacromolecule in nature, is the major constituent 

of plant cell walls. The first identification of cellulose by Payne in 1838 is the onset of 

the modern history of cellulose chemistry.19 Cellulose is highly abundant biopolymer 

representing about 1.5 trillion tons of the total annual biomass production.20 Biosynthesis, 

physical and chemical aspects of cellulose have been widely studied and reviewed.21, 22 

Cellulose is expressed as fibrils from rosettes of cellulose synthesis complexes (CSCs) in 

plant cell membranes and elementary microfibrils aggregate into larger microfibrils.23 

These cellulose microfibrils are embedded in a polysaccharide matrix in both primary and 

secondary plant cell walls. Native cellulose always occurs as microfibrils and the 

cellulose chains are oriented along the direction of the microfibrils. Cellulose is the main 

load-bearing component of all plant cell walls and consists of anhydroglucose units 

(AGUs) linked together by β-(1�4) glycosidic bonds as shown in Figure 2.4A. The 

glucose dimer, cellobiose, is the structural repeating unit of cellulose and every other 

AGU is rotated 180° to achieve the thermodynamically favored acetal bond angle. Each 

cellulose chain has two different end groups, one is a reducing end with an aldehyde 

group and the other is a nonreducing end with a closed ring structure. Each glucose unit 
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has three hydroxyl groups with different reactivity, including one primary hydroxyl group 

at the C6 position and two secondary hydroxyl groups at the C2 and C3 positions. As 

shown in Figure 2.4B, these hydroxyl groups participate in both intramolecular 

(O3−H…O5 and O2−H…O6) and intermolecular hydrogen bonding (O6−H…O3).24 

 

Figure 2.4 (A) A representative chemical structure of cellulose with cellobiose as the 

repeating unit. Two end groups, including a reducing and a nonreducing end, are labeled 

on the figure. (B) Depiction of the intermolecular (O6−H…O3) and intramolecular 

(O3−H…O5 and O2−H…O6) hydrogen bonding network within cellulose chains.  

Six crystalline cellulose polymorphs, cellulose I (Iα and Iβ), cellulose II, cellulose 

IIII, cellulose IIIII, cellulose IVI and cellulose IVII, have been identified.25 

Interconversions between different cellulose polymorphs are summarized in Figure 2.5. 

Solid-state nuclear magnetic resonance (NMR) has shown that native cellulose consists 

of cellulose Iα (algae and bacteria) and Iβ (plants).26 Cellulose II is obtained by an 
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irreversible conversion of cellulose I by either regeneration or mercerization. In contrast 

to cellulose I that has a parallel arrangement of individual cellulose chains in the unit cell 

of the crystal structure, cellulose II has an antiparallel arrangement of individual chains, 

yielding a more thermodynamically stable structure.25 Cellulose IIII and IIIII are obtained 

by treating cellulose I and II with ammonia, respectively. Cellulose IV1 and IVII are 

obtained by heating cellulose IIII and IIIII up to 260 °C in glycerol. Unlike irreversible 

conversion from cellulose I to II, interconversions among cellulose I, III and IV are 

reversible. The crystalline structure of cellulose can be determined by solid-state NMR, 

X-ray or neutron diffraction.27-30 In nature, cellulose is considered to be partially 

crystalline, including both highly ordered crystalline and disordered amorphous regions. 

The relative amounts of crystalline and amorphous cellulose depend upon the origin of 

the sample and processing conditions used during isolation. 

 

Figure 2.5 Interconversions between different cellulose polymorphs. Irreversible 

reactions are labeled with unidirectional arrows, while reversible reactions are labeled 

with bidirectional arrows. 

Cellulose is insoluble in most solvents due to the presence of strong 

intermolecular and intramolecular hydrogen bonding. Several special solvent systems 

Cellulose I Cellulose II

Cellulose IIII Cellulose IIIII

Cellulose IV1 Cellulose IVII

NH3NH3

heat heat

Regeneration

Mercerization
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have been used for the dissolution of cellulose, including N,N-dimethylacetamide with 

lithium chloride (DMAc/LiCl), N-methylmorpholine-N-oxide (NMMO) monohydrate, or 

tri(ethylenediamine) cadmium hydroxide (Cadoxen).22 Ionic liquids, known as “green 

solvents” also have the ability to dissolve cellulose. Various ionic liquids have been 

studied, such as 1-N-butyl-3-methylimidazolium ([C4mim]+) with different anions, 3-

methyl-N-butyl-pyridinium chloride and benzyldimethyl(tetradecyl)ammonium chloride 

(Figure 2.6).31, 32 

 

Figure 2.6 Representative molecular structures of ionic liquids used for cellulose 

dissolution and modification. 

 Unlike cellulose that is insoluble in most solvents, cellulose derivatives attract 

greater industrial interest because of their good solubility and processability compared to 

cellulose. Cellulose modification has been an active research area due to the three 

reactive hydroxyl groups per AGU. While each hydroxyl group shows somewhat 

different reactivity, regioselective esterification and etherification of cellulose via 

protecting group chemistry is highly desired especially for drug delivery applications.33 
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Representative cellulose derivatives include cellulose esters and cellulose ethers. For 

instance, cellulose nitrate, cellulose sulfate, cellulose phosphate and cellulose xanthate 

are important inorganic cellulose esters. Cellulose acetate is the most important organic 

cellulose ester and is widely used in coating and packaging applications.34 

Carboxymethyl cellulose (CMC), an important cellulose ether, is of prime significance in 

many industrial applications. For example, in papermaking, CMC has been used to 

introduce negative charges onto cellulose fiber surfaces,35 while CMC has been used as 

an aqueous thickener and dispersion stabilizer in the food industry. Detergent 

applications are also important for CMC as it can coat the surfaces of clothing fibers and 

prevent redeposition of anionic dirt particles.36 

2.2.2 Hemicelluloses 

Unlike cellulose structure that is conserved throughout all plants, structures and 

amounts of hemicelluloses are strongly dependent upon the species, tissues and growth 

periods of plants. Hemicelluloses are non-crystalline, branched heteropolysaccharides 

that can be partially acetylated and even ionic. Several methods have been used to obtain 

hemicelluloses from plants, including extraction with alkali, dimethyl sulfoxide (DMSO), 

methanol/water, steam and microwave treatments.15 Hemicelluloses are biosynthesized in 

the Golgi apparatus and are transported to the plasma membrane via Golgi vesicles. 

Hemicelluloses are chemically heterogeneous, consisting of glucose, galactose, mannose, 

xylose, arabinose, rhamnose and other sugar units (Figure 2.7). Hemicelluloses are 

categorized according to the main sugar in the backbone and four groups of 

hemicelluloses are defined: xyloglucans, xylans, β-glucans and mannans. As this 

dissertation focuses on the first three groups, they will be discussed in greater detail. The 
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composition and distribution of hemicelluloses are strongly influenced by the botanical 

origin and the cytological localization. For instance, the composition of hemicelluloses 

varies notably between hardwoods and softwoods. Xylans are the most abundant 

hemicelluloses in hardwoods while glucomannans are the major hemicelluloses in 

softwoods. Hemicelluloses constitute the major part of plant biomass next to cellulose 

and are also excellent and sustainable alternatives to petroleum-based resources. In pulp 

and paper manufacturing from wood, the importance of hemicelluloses on the properties 

of the final paper has long been recognized. Hemicelluloses can be used as stabilizers in 

the thermomechanical pulping process to prevent extractive colloids from aggregating 

and accumulating on the fiber surfaces.37  

 

Figure 2.7 Representative sugars commonly found in hemicelluloses. 

 Xyloglucans (XG), the most abundant hemicelluloses in type I cell walls, have a 

cellulose-like backbone with xylose, galactose and fucose as side branches. They are the 

principal coating and crosslinking polysaccharides that are closely associated with 

cellulose through both surface adsorption and entrapment within the cellulose 

microfibrils. Cellulose-xyloglucan interactions are mainly through hydrogen bonding and 

hydrophobic interactions in primary cell walls.9 In addition, a proportion of xyloglucans 
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is covalently bonded to pectin.38 It is also believed that xyloglucans perform an important 

role in the structural integrity of cell walls and the regulation of cell wall extension. In 

addition to their structural roles, xyloglucan oligosaccharides are related to the production 

of auxin, an important signaling molecule in plants.39, 40 Xyloglucans also exist in 

secondary cell walls as storage polysaccharides.41, 42 Considerable efforts have been 

devoted to the determination of the fine structure of xyloglucans and xyloglucan 

oligosaccharides by both chromatographic and spectroscopic techniques.43-45 A single 

letter notation has been proposed to describe the complex structure of xyloglucan based 

upon the substitution pattern of glucose units in the backbone (Figure 2.8). An 

unsubstituted glucose is assigned “G”, a glucose unit with a single unit of α-D-xylose 

substituent at O6 is assigned “X”. As some of the xylose units are further substituted at 

O2 by β-D-galactose, they are assigned “L” and the “L” unit with an additional α-D-

fucose substituent at O2 is assigned as “F”. Two major types of xyloglucans with 

predominant structural units of XXXG or XXGG oligosaccharides have been identified 

(Figures 2.8A and 2.8B).46 These structural units are biosynthesized by 

glucosyltransferase and xylosyltransferase in the Golgi apparatus.47, 48 The backbones are 

further substituted by acetyl substituents and various sugar units, such as fucose and 

galactose. A representative structure of a xyloglucan segment is also provided in Figure 

2.8C. Tamarind xyloglucan has been used as a model compound for cell wall xyloglucans 

due to its structural similarity.42, 47 Xyloglucans have flexible random coil conformations 

and form viscous solutions at high concentrations due to polymer entanglements. 

Xyloglucans also have numerous practical applications as thickeners, stabilizers and 

gelling agents in the food industry.42 Xyloglucans are also widely used as sizing agents 
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for the pulp and textile industries.49 Xyloglucans can bind to wood pulp fibers and 

enhance fiber crosslinking, thereby improving paper formation and strength. Xyloglucans 

also find application in drug delivery in controlled release formulations.42, 50 

 

Figure 2.8 Structural units of (A) XXXG or (B) XXGG xyloglucan oligosaccharides and 

(C) a representative structure of a xyloglucan segment. 

Partially acetylated, acidic xylans are the predominant hardwood hemicelluloses 

are, and about 70-80% of hardwood xylans can be isolated by aqueous potassium 

hydroxide.5 Hardwood xylans are quite stable in alkaline solution at room temperature 

and the extraction products are quite similar to those from native xylans. The 

predominant softwood hemicelluloses are galactoglucomannans that cannot be directly 

extracted with alkali. Xylans are also the most abundant hemicelluloses in grass cell walls 
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(type II). Xylans consist of a backbone of β-(1�4)-xylose that can be substituted by 

different side groups to form arabinoxylans and glucuronoarabinoxylans. An 

arabinoxylan consists of a xylan backbone that is partially glycosylated at the O2 or O3 

positions with arabinose units. Arabinoxylans constitute 40% or more by mass of the 

primary cell walls of monocots.51 In grass cell walls, glucuronoarabinoxylans take the 

place of xyloglucans, crosslinking cellulose microfibrils and constituting about 25% by 

dry mass of the primary cell walls. A glucuronoarabinoxylan consists of a xylan 

backbone with both neutral and acidic side chains. The neutral side chains are composed 

of arabinose units attached at the O3 positions on the xylose units and acidic side chains 

are glucuronic acid units at the O2 positions. These side chains not only provide surface 

charges to type II cell walls but also create spacing between cell wall components leading 

to porous cell wall structures.18 

 Mixed linkage glucans (MLGs) account for about 3 to 5% of the cell wall 

materials on a dry mass basis in the cell walls of Poales, cereals and some lichens 

(Cetraria islandica).52 They are the major hemicelluloses in type II cell walls and are 

biosynthesized in the Golgi apparatus.17 The primary structure of a MLG is an 

unbranched homopolymer of glucose with both β-(1�3) and β-(1�4) linkages as shown 

in Figure 2.9. The common ratio of β-(1�3) to β-(1�4) linkages in MLG molecules is 

about 2:1.53 Typically, a MLG can be viewed as a β-(1�4) linked cellulosic backbone 

interrupted by single β-(1�3) linkages which introduce “kinks” into the backbone, 

giving rise to flexibility and MLG solubility in aqueous solutions.54 Consecutive β-(1�3) 

linkages have not been found.55 The conformation of a single MLG chain in aqueous 

solution is depicted as an extended random coil on the basis of both experimental results 
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and theoretical models.56, 57 Molecular structures of MLG are usually determined by 

quantitative analysis of the oligosaccharides obtained upon digestion of MLG with a 

lichenase.58 As shown in Figure 2.9, most of the β-(1�4) linkages occur in randomly 

distributed cellotriosyl (x = 3) or cellotetraosyl (x = 4) units, while longer blocks of β-(1

�4) linkages (x = 5 to 11) are also present. The composition of the linkages is one of the 

most important characteristics of MLGs and varies on the basis of the origin and tissue 

type.59 Some MLGs can also be found in high concentrations within the endosperms of 

some grains where they serve as storage carbohydrates.60 They are associated with 

cellulose microfibrils during cell growth and are enzymatically hydrolyzed into small 

fragments when growth is complete. Turnover of MLGs during cell wall growth suggests 

that MLGs play an important role in the formation of plant cell walls.17 Commercial 

interest in MLGs has increased due to their potential application in the treatment and 

prevention of several diseases, such as high cholesterol, obesity and heart disease.60 
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Figure 2.9 A representative molecular structure of a mixed linkage glucan (MLG). Bonds 

in black represent β-(1�4) linkages and bonds in red represent β-(1�3) linkages. Letter 

x is defined as the degree of polymerization in the cello-oligosaccharide unit and n is the 

number of sequential groups of the same cello-oligosaccharide unit. 

2.2.3 Pectins 

 Pectins are less prominently present in most plant cell walls compared to cellulose 

and hemicelluloses. However, pectins contribute most of the negative charge carried by 

plant cell walls and can be found not only in primary cell walls but also in middle 

lamella. Pectins (Figure 2.10), are of the most complex classes of biomacromolecules, 

have domains of homogalacturonan (HG), rhamnogalacturonan I (RG I) and 

rhamnogalacturonan II (RG II). Polygalacturonic acid (PGA) is a pectin degradation 

product and commercial PGA is prepared from citrus pectin by partial depolymerization 

and demethylation. Greater than 60% of all pectins in the plant cell wall are HGs with the 

PGA backbone having varying degrees of methylation and acetylation.61 The degrees of 

methylation and acetylation of PGA, as well as the distributions of methyl and acetyl 

groups, play important roles in interactions with other cell wall polysaccharides.62, 63 

Sequences designated as RG I have alternating galacturonic acid and rhamnose units as a 

monomer (glucose) 

β-(1→ 3) linkage 

β-(1→ 4) linkage 

tetraosyl unit 
x = 4, n = 1 

sequence of triosyl units 
x = 3, n = 3 

cello-oligosaccharide unit  
x = 9, n = 1 
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backbone and are branched at approximately half of the rhamnose units with arabinan, 

galactan or arabinogalactan side chains as depicted in Figure 2.10. The structure of RG II 

sequences are even more complicated with four different complex side chains that can be 

crosslinked by diborate ester bonds.64 The RG II sequences comprise about 10% of 

pectins and consist of approximately 30 monosaccharide units which also include some 

uncommon sugars, such as apiose, aceric acid, 2-O-methyl-L-fucose, 3-deoxy-lyxo-2-

heptulosaric acid and 3-deoxy-D-manno-2-octulosonic acid.65 Pectins can also be defined 

on the basis of their structures, including “smooth” regions with methylated or acetylated 

HG domains and “hairy” regions with RG I and RG II domains as depicted in Figure 

2.11.  
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Figure 2.10 Detailed structure of three different domains of pectin, including 

homogalacturonan (HG), rhamnogalacturonan I (RG I) and rhamnogalacturonan II (RG 

II). 
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Figure 2.11 A simplified depiction of pectins like those in Figure 2.10 with different 

domains covalently linked together. 

2.2.4 Lignins 

 Substantial amounts of lignin can be found in the secondary cell wall and middle 

lamella, providing rigidity and protective coating for the plant cell walls. Lignins are 

amorphous, crosslinked aromatic polymers. They are predominantly composed of three 

different monolignol monomers: p-coumaryl alcohol, coniferyl alcohol and sinapyl 

alcohol (Figure 2.12). The biosynthesis of lignin starts with the synthesis of monolignols 

in the cytoplasm and then the monomers are transported through the plasma membrane 

into the cell walls. Lignins are formed through the enzymatic dehydrogenation of 

monolignols that are further crosslinked by double bonds through radical coupling.66, 67 

Lignins can form two types of covalent crosslinks, including diferulic acid bridges and 

ester linkages, resulting in an increased rigidity of the cell wall that limits cell growth and 

reduces cell wall degradability.46 Unlike cell wall polysaccharides that are hydrophilic in 

nature, lignins are hydrophobic and form waterproof channels in plants. The distribution 
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of lignins has been studied with the aid of electron microscopy.68, 69 Lignin content 

decreases in the order of softwoods > hardwoods > grasses. The exact structures of 

natural lignins are unknown due to their structural complexity as well as structural 

changes caused by harsh isolation conditions. Most commercially available lignins are 

obtained from the Kraft process, using sodium hydroxide and sodium sulfide to separate 

lignin from wood pulp. Lignins are the main source of color in mechanical pulps due to 

the presence of a variety of chromophores. The use of bleaching and optical brightening 

agents is necessary to improve the whiteness and brightness of paper products.70 The 

presence of lignins in plants also prevents further processing and bioconversion of wood 

materials. Chemical pretreatments are required to degrade lignins into smaller fragments 

and improve biodegradability of biomass. 

 

Figure 2.12 Molecular structures of three monolignol monomers for lignin. 

2.3 Model Surfaces for Plant Cell Wall Polysaccharides 

 Due to their complex structures and undefined compositions, it is difficult for 

surface techniques to directly probe natural plant polysaccharides. Model surfaces 

prepared by depositing a small amount of chemically defined compounds onto a flat 

substrate are widely used in surface chemistry. There are two established techniques for 
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the preparation of model surfaces: Langmuir-Blodgett (LB) deposition and spincoating. 

For LB-deposition, a Langmuir trough is required, while spincoating is a much simpler 

and easier way to prepare model surfaces.71, 72 These model surfaces with well defined 

morphology and chemical characteristics are perfect platforms for studying interactions 

between different cell wall polysaccharides as well as interactions between cell wall 

polysaccharides and other biomacromolecules, such as enzymes. 

 Preparation of thin films of cellulose, using the LB-technique to deposit 

trimethylsilyl cellulose (TMSC) onto silicon wafers followed by subsequent acid vapor 

hydrolysis, was first reported in 1993.73 The cellulose derivative, TMSC, can be prepared 

by dissolving cellulose in lithium chloride in dimethylacetamide (DMAc/LiCl) and 

reacting with hexamethyldisilazane (HMDS) as described elsewhere.74 The bulky TMSC 

structure is converted into a compact, tightly hydrogen bonded cellulose structure upon 

the removal of the trimethylsilyl groups. The reactions involved in the preparation of 

TMSC and the regeneration of cellulose structure are given in Figure 2.13. The 

trimethylsilyl chloride is immediately hydrolyzed to trimethylsilanol and further 

condensed into volatile hexamethyldisiloxane.75 Regenerated cellulose has long been 

studied and reviewed in the past76, 77 and used as a model system for surface forces 

studies.78 Kontturi and coworkers used an approach comparable to the LB-technique, 

spincoating, for the preparation of cellulose model surfaces from TMSC.79 The 

regeneration of cellulose from TMSC converts the hydrophobic “as spincoated” surface 

into a hydrophilic surface as depicted in Figure 2.14. This method has motivated 

numerous studies involving the preparation of cellulose model surfaces in a similar 

fashion. It has been found that the source of cellulose and the method of film preparation 
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influence the wetting properties of the substrates.80 Regenerated cellulose (RC) surfaces 

obtained from spincoated TMSC films do not contain cellulose I domains. Previous 

studies of RC films via reflection absorption infrared spectroscopy81 and grazing 

incidence X-ray diffraction82 have determined that spincoated RC layers are largely 

amorphous. 

 

Figure 2.13 Reactions involved in the preparation of TMSC and regeneration of 

cellulose. 

 

Figure 2.14 A schematic representation of the preparation of RC surfaces by spincoating, 

followed by regeneration in hydrochloric acid vapor. Water droplets (blue) bead on 

TMSC but undergo greater spreading on the RC surfaces. 

 Preparation and characterization of other cellulose model surfaces are 

summarized in Table 2.1. Besides RC surfaces, nanocrystalline cellulose (NC) surfaces 

have attracted interest for studying interactions between cell wall polysaccharides.83 

Preparation, modification and application of cellulose nanocrystals have been widely 

studied and reviewed.25 In the 1950s, Ränby first reported the preparation of colloidal 

suspensions of cellulose by exposing native cellulose to mineral acids, such as H2SO4, for 

a limited period of time.84 Partial degradation of the more accessible portions of the fibril 

occurred, leaving behind highly crystalline regions of cellulose I. Cellulose nanocrystals 
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obtained by H2SO4 treatment often carry negative charges due to the presence of sulfate 

esters.25 Jiang and coworkers recently showed that it was possible to desulfate 

nanocrystalline cellulose,85 while other researchers have used HCl instead of H2SO4 to 

avoid the introduction of surface sulfate groups while retaining a cellulose I crystal 

structure.86 The Avicel surface is another important and well-characterized cellulose 

model surface. These surfaces are prepared by spincoating Avicel-PH101 from 

NMMO/DMSO with subsequent precipitation with water.76 The resulting film has a 

cellulose II crystal structure.76  

Table 2.1 Selected properties of cellulose model surfaces.a,b,c,d  

Model Surfaces Preparation  
Method 

Characterization 
Methods 

Thickness 
/nm 

Roughness  
/nm 

Regenerated 
Cellulose 

(Amorphous)79 
 

Spincoating 
from 

trimethylsilyl 
cellulose in 
toluene and 
subsequent 

regeneration 
via HCl vapor 

XPSa 

ATR-IRb 

AFMc 

Ellipsometry 

10 1 

Nanocrystalline 
Cellulose 

(Type I)83, 87 
 

Spincoating 
from aqueous 
suspensions of 

sulfated 
cellulose 

nanocrystals 

XPS 
XRDd 

AFM 
Ellipsometry 

9 2 

Avicel 
Cellulose 

(Type II)76 
 

Spincoating 
from Avicel-

PH101 in 
NMMO/DMS

O and 
subsequent 

precipitation 

XPS 
AFM 

Ellipsometry 

14 7 

     a. XPS = X-ray photoelectron spectroscopy 
     b. ATR-IR = Attenuated total reflectance infrared spectroscopy 
     c. AFM = Atomic force microscopy 
     d. XRD = X-ray diffraction 

!
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As hemicelluloses are polysaccharides with different side chain branches, the 

presence of branches affects not only the molecular structure but also the solution 

properties. The presence of side branches tends to disrupt the regularity and inhibit the 

close packing of the backbone, resulting in enhanced aqueous solubility for 

hemicelluloses. Enhanced solubility over cellulose makes the preparation of 

hemicellulose films extremely difficult, especially in a thin film situation. The resulting 

hemicellulose films are unstable and can be easily removed from the substrates with time 

in aqueous solutions. Bulk or surface chemical modification, such as esterification, 

etherification or grafting, is required to improve their stability. Sustainable films and 

coatings from hemicelluloses and modified hemicelluloses have been studied and used 

for food packaging and biomedical applications.88 

Unlike cellulose model surfaces that have been widely studied, pectin model 

surfaces remain underdeveloped. Studies of pectin model surfaces are inhibited by the 

complex structure of pectin. A recent QCM-D study with an alginate and a 

polygalacturonic acid has shown that divalent Ca2+ can crosslink anionic polyelectrolytes 

and form stable coatings on SiO2.89 This approach provides an excellent opportunity to 

prepare pectin model surfaces.  

Methods for preparing lignin model surfaces have been studied and reviewed. 

Lignin model surfaces can be prepared by solvent casting90, LB deposition91 and 

spincoating.92 However, the lignin structure was altered from the native state due to the 

utilization of processed lignin.  Preparation of model lignin surfaces using monolignols 

via the action of peroxidase has also been demonstrated.93  
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2.4 Biodegradation and Bioconversion of Lignocellulosic Materials 

Current industrial practices have started to focus on sustainable technologies that 

produce safe materials with minimal hazardous by-products and waste generation as well 

as the ability to recycle or degrade the material at the end of use. All these foci make 

lignocellulosic materials perfect candidates for sustainable development. Lignocellulosic 

materials consist of three main polymers, cellulose, hemicelluloses and lignins. They are 

produced from carbon dioxide (CO2) in the atmosphere during photosynthesis. Wood is 

the largest component of biomass in the US; about 700 million tons of lignocellulosic 

biomass accumulate annually.94 Lignocellulosic biomass composed of renewable 

building blocks provides key materials for the sustainable production of renewable and 

environmentally friendly products to meet the needs of people in modern society. In 

addition, building functionality onto lignocellulosic surfaces at the nanoscale enables 

applications in pharmaceutical products, self-sterilizing surfaces and electronic 

lignocellulosic devices.94, 95  

Various enzymes in plants participate in degradation and modification of 

lignocellulosic materials for the regulation of cell wall expansion and alteration.4 In 

addition, enzymatic degradation of lignocellulosic materials has many industrial 

applications, especially for the sustainable production of fuels and chemicals. As a result, 

knowledge of different classes of enzymes involved in plant cell wall degradation is 

highly desirable. Enzymes involved in the degradation of lignocellulosic biomass have 

been reviewed with respect to their structural properties, specificity and degradation 

mechanisms.4, 96 Four classes of enzymes are involved in the biodegradation of cellulose, 

including endoglucanases (EC 3.2.1.4), cellobiohydrolases (EC.3.2.1.91), β-glucosidases 
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(EC 3.2.1.21) and exoglucanases (EC 3.2.1.58). Although each enzyme shows specificity 

with respect to the cleavage site and degradation mechanism, they act synergistically to 

break down cellulose efficiently. The heterogeneous nature of hemicelluloses requires 

various enzymes for complete and efficient biodegradation. Some cellulose degrading 

enzymes can also be used for hemicellulose degradation. For instance, endoglucanases 

can cleave the backbone of xyloglucan and mixed linkage glucans (MLGs). Enzymes 

involved in pectin degradation are generally termed as pectinases and commercially 

available samples are usually a mixture of different enzymes.  Pectinases are of great 

importance to the food industry as well as the pulp and paper industry. Although various 

enzymes are present in plants, efficient biodegradation of cell wall polysaccharides 

requires synergistic cooperation between different enzymes. 

Another application of lignocellulosic materials is their conversion to liquid 

biofuels by fermentation, gasification or catalysis. For instance, glucose fermentation is 

an established technique of producing ethanol in large volumes. A schematic depiction of 

the bioconversion of lignocellulosic biomass to bioethanol is provided in Figure 2.15. 

The biodegradation of lignocellulosic materials is limited by several factors, such as 

cellulose crystallinity, lignin and hemicellulose content. These factors hinder the 

enzymatic digestion of lignocellulosic biomass and further affect the economics of the 

biochemical pathway to biofuels. Pretreatments, such as steam pretreatment, lime 

pretreatment, liquid hot water pretreatment, acid treatment and ammonia-based 

pretreatment, are necessary to alter or remove impediments and improve the rate of 

biodegradation and bioconversion.97 Thermal, chemical and biological treatments are the 

principal techniques used for direct lignocellulosic biomass conversion. Thermal 
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techniques include combustion, pyrolysis, gasification and liquefaction, for subsequent 

conversion to fuels and chemicals.3 Technologies to produce liquid biofuels, including 

cellulosic ethanol, diesel and alcohol or alkane fuels, are being developed, especially 

biofuels from forest products via fermentation and gasification.94  

 

Figure 2.15 A schematic depiction of bioconversion of lignocellulosic biomass to 

bioethanol. Adapted from Moiser, Pingali and Dashtban et al. 97-99  

2.5 Polymer Adsorption at Solid/Liquid Interfaces 

2.5.1 Interfacial Thermodynamics  

An interface (σ) will be formed when two bulk phases (α and β) are in contact 

with each other as shown in Figure 2.16. The interface σ can be further categorized 

depending upon the types of phases in contact: liquid/liquid, liquid/solid, liquid/gas and 

solid/gas interfaces. According to the Gibbs convention, two phases are separated by an 

infinitesimal thin boundary layer, also known as the Gibbs ideal interface. An alternative 

model, for example, the Guggenheim model, places an extended interphase with a finite 

volume between the two bulk phases α and β. The Gibbs convention is usually more 

common, although the rise of nanofillers has expanded interest in interphases.100  
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Figure 2.16 Depiction of a Gibbs ideal interface (σ) which is infinitely thin and a 

Guggenheim interface with a finite interfacial volume between two phases α and β. 

For an open system, the Gibbs free energy G depends upon composition (ni), 

temperature (T), pressure (p) and surface area (A), 

  dG = −SdT +Vdp+γdA+ µidni
i=1

N

∑                                    (2.1) 

where S is entropy, V is volume, γ is surface tension and µi is the chemical potential for 

the ith component and N is number of components in the system. Increases in 

concentration for the ith component near the interface are characterized by a surface 

excess or surface concentration, defined as 

Γi =
ni
σ

A
                                                          (2.2) 

where A is surface area or interfacial area, !!! is a number of molecules of type I in the 

interfacial layer and Γi is given as a number of molecules per unit area. Values of Γi can 

be either positive or negative by varying the position of the interface (Figure 2.17). For a 

two-component system (N = 2) in which solute is dissolved in a liquid solvent, the solute 

can increase or decrease in concentration near the interface. Both cases are characterized 

by a surface excess or surface concentration of solute (Γsolute). The position of the 

interface σ is placed at z0 where the surface excess of the solvent (Γsolvent) is zero. Once 

the position of the interface σ is fixed at position z0 under conditions of constant 

α β 
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α β 
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temperature and pressure, the surface excess of solute, Γsolute, can be calculated from 

composition profiles like those in Figure 2.17 through 

                       Γsolute = −
dγ

dµsolute

                                                   (2.3) 

where γ is surface tension and  is the chemical potential of the solute. Gibbs also 

showed that for a binary system of solvent and solute,   

Γsolute = −
asolute
RT

dγ
dasolute

#

$
%

&

'
(= −

csolute
RT

dγ
dcsolute

#

$
%

&

'
(                               (2.4) 

where R is the gas constant and T is the absolute temperature. The second and third terms 

of Equation 2.4 convert µsolute to an activity ( asolute ) for non-ideal solutions or a molar 

concentration ( ) for ideal solutions. 
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Figure 2.17 Dependence of the surface excess Γ upon the position of the Gibbs ideal 

interface (z0) for a single component system. Adapted from Butt.101 

Properties associated with the interface, for example, internal energy, Helmholtz 

energy, Gibbs free energy and molecular composition, are quite different from those of 

the bulk phases. The term adsorption means the accumulation of solute molecules at an 

interface, while desorption is the reverse process in which concentration of solute 

decreases. For an adsorption process, “adsorbent” refers to a material onto which 

adsorption occurred, “adsorbate” is the material that has already adsorbed and the bulk 

adsorbing species is called “adsorptive”. In general, there are two types of adsorption: 
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physisorption (physical interactions) and chemisorption (chemical reactions). Major 

differences between these two types of adsorption are summarized in Table 2.2. 

Table 2.2 Comparison of physisorption and chemisorption.  

Physisorption Chemisorption 
Weak, long range interactions Strong, chemical bonding 

Reversible process Irreversible process 
Unfavorable at high temperature  Favorable at high temperature 

Adsorbate is mobile Adsorbate is immobile 
Not surface specific Surface specific 

Fast equilibrium Slow equilibrium 
No surface change Surface reconstruction 

 

2.5.2 Adsorption Isotherms 

An adsorption isotherm is a fundamental concept in surface science and has been 

widely used to describe adsorption processes. It describes an equilibrium relationship 

between the adsorbed amount and the bulk concentration at a fixed temperature. A series 

of parameters, such as affinity, interaction parameters and maximum adsorbed amounts, 

can be deduced from adsorption isotherms.  

 For adsorption at solid/liquid interfaces, different isotherms have been proposed. 

The Langmuir adsorption isotherm was first proposed for the adsorption of gas molecules 

onto metal surfaces with maximal adsorbate surface coverages of monolayers. The key 

assumption of the Langmuir adsorption isotherm is a homogeneous substrate lacking 

preferential adsorption sites with non-interacting adsorbates under equilibrium conditions. 

As a result, the Langmuir isotherm predicts a finite capacity for the adsorbate where no 

further adsorption can occur. It is defined as 

Γ =
ΓmKLc
1+KLc

                                                           (2.5) 
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where Γ is surface excess, Γm is the maximum surface excess at monolayer coverage, KL 

is the Langmuir constant and c is bulk concentration. For gases, pressure is commonly 

used instead of concentration. The Langmuir constant KL and maximum surface excess 

Γm can be evaluated through nonlinear fitting methods or linearization of Equation 2.5. 

The Langmuir constant KL is also the effective equilibrium constant, the ratio of the 

adsorption rate constant and the desorption rate constant, and is hence related to the 

standard Gibbs free energy of adsorption ( ). 

 The Freundlich adsorption isotherm is often employed for heterogeneous systems. 

Heterogeneous systems are defined as systems with inequivalent binding sites. These can 

be inherently different binding sites on the substrates themselves, or inequivalencies that 

arise through interactions between adsorbed and adsorbing molecules. The adsorption 

initially occurs at high affinity regions and then at low affinity regions after the high 

affinity sites start filling. The Freundlich adsorption isotherm can be written as  

Γ = KFc
1
nf                                                        (2.6) 

where Γ is the surface excess, KF is the adsorbent capacity, c is the bulk concentration 

and 1/nƒ is the adsorption affinity constant which is used to characterize the heterogeneity 

of the substrate. Both the adsorbent capacity KF and the adsorption affinity constant 1/nƒ 

can be deduced from a nonlinear fit or a linear form of Equation 2.6. The adsorbed 

amount of the material is the summation of adsorption onto all sites, thus adsorption in 

excess of a monolayer can occur. The Freundlich isotherm agrees well with the Langmuir 

adsorption isotherm over moderate concentration ranges, however, it is not restricted to 

the formation of a monolayer. The Freundlich adsorption isotherm works well for 

polymer systems which often involve irreversible adsorption and multilayer formation. 

ΔGads
0
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2.5.3 Polymer Adsorption 

Unlike small molecules that can easily desorb, polymers frequently adsorb 

irreversibly onto a solid substrate if the interaction between the polymer and the substrate 

is more favorable than the interaction between the solvent and the substrate, resulting in 

the formation of adsorption layers (Figure 2.18).102 Conversely, if the interaction between 

the substrate and the solvent is more favorable than the substrate interaction with the 

polymer, a depletion layer will be formed. Polymer adsorption kinetics have been studied 

and the layer formation involves three steps: (1) diffusion of molecules to the substrate, 

(2) adsorption onto the substrate and (3) rearrangement of adsorbed chains. 

 

Figure 2.18 Polymer adsorption onto solid substrates with the formation of (A) an 

adsorption layer (i.e. substrate interactions with the polymer are preferential to 

interactions with the solvent) and (B) a depletion layer (i.e. substrate interactions with the 

solvent are preferential to interactions with the polymer). The parameter ϕ represents the 

segment density concentration profile and varies as a function of distance (z) from the 

substrate, where ϕs represents the segment density at the surface and ϕb represents the 

bulk segment density. 

Polymers usually accumulate at the solid substrates and form a permanent layer 

due to their chain length and flexibility. Different chain segments adopt different 

Adsorption Depletion 
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conformations. A commonly accepted model for neutral polymer adsorption onto a solid 

substrate is depicted in Figure 2.19. Only a small number of consecutive chain segments 

of the polymer chain are directly in contact with the substrate. These segments are called 

“trains”. Other segments protrude into the bulk phase as “loops” or “tails”, for internal 

chain segments and chain ends, respectively. The distribution of different conformations 

(e.g. “train” vs. “loop”) is dependent upon molecular weight, and segment-segment, 

segment-solvent, and segment-surface interactions.103-105 These factors influence the 

physical properties of the adsorbed polymer layer, for instance, polymer concentration 

profiles and adsorbed amount.103  

 

Figure 2.19 Illustration of neutral polymer adsorption onto a flat and homogeneous solid 

substrate. The “tail,” “loop” and “train” conformations of the adsorbing chain are 

depicted.  

Most polymer adsorption studies deal with ideal situations: smooth, flat and 

homogeneous substrates, long and linear homopolymer chains and simple interactions 

between monomer units and the substrate as well as between monomer units and the 

solvent.106 Even under these simplified conditions, the underlying physical and 

mathematical considerations for understanding polymer adsorption are still complicated. 

However, Figure 2.19 serves as a good starting point for understanding more complex 

treatments of polymer adsorption.  

Tail 
Loop 

Train 
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Polymer adsorption has been intensively studied both theoretically and 

experimentally.107 In particular, the adsorption of neutral polymers is more advanced and 

well understood compared to the adsorption of charged polymers (polyelectrolytes). In 

the past decade, several theoretical models have been proposed to describe neutral 

polymer adsorption at solid/liquid interfaces. Application of these models to experimental 

data has improved the overall understanding of polymer adsorption. These methods 

include not only conformational statistical methods, such as exact numeration, Monte 

Carlo simulations, and mean field approaches, but also scaling theory. Exact numeration 

uses a computer algorithm to generate a complete set of conformations for the estimation 

of various properties of the adsorbed polymer chain.107 Deficiencies of this approach are 

limitations of single chain random walks with at least one segment in the surface plane 

and the absence of solvent effects. Monte Carlo calculations are based upon a sampling 

scheme, whereby a representative subset of the total number of possible conformations is 

generated.108 Mean field approaches have been used to account for interactions of 

segments separated by great distances along the contour of the chain that still lie in close 

spatial proximity.109 Scaling theory treats the interfacial layer in terms of a local 

concentration and concentration gradients and power laws have been derived for certain 

regions, including proximal, central and distal regions.102  

Polymer adsorption from dilute solutions can be understood in terms of single 

chain adsorption onto the substrates and has been described by both Flory theory (mean-

field) and scaling calculations.110 It has become recognized that the mean field approach 

is not reliable for adsorbed layers that have fluctuations. For these cases, a completely 

different scheme, scaling theory, has been applied.102 Scaling theory is not only precise 
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but also provides improved insight into polymer adsorption. In order to gain adsorption 

energy, a chain should increase the number of monomers in contact with the surface by 

confining itself to a layer of thickness smaller than its unperturbed polymer size as 

depicted in Figure 2.20. The thickness of the adsorbed layer is defined as the adsorption 

blob size (ξads) and can be expressed as 

ξads ≈
b
δ

ideal chain (theta solvent)                                  (2.7) 

 ξads ≈
b

δ
3
2

real chain (good solvent)                                  (2.8) 

where b is the freely-jointed effective bond length, also known as the Kuhn length. The 

blob size is strongly dependent upon surface attraction expressed as δ, where δ is the 

magnitude of the attractive interaction in units of kT, i.e. δkT. For the case of weak 

adsorption, where 0 < δ < 1, a weakly adsorbed and diffuse layer is expected.  

 

Figure 2.20 A schematic depiction of single chain adsorption where the polymer chain 

decorrelates into a number of blobs (shown as green circles) within which the chain 

executes an unperturbed random walk and the chain is confined to a layer on the solid 

substrate of thickness ξ.  

Adsorption is treated as a competition between the attractive potential of the 

polymer and substrate (enthalpic) and unfavorable conformational restrictions on the 

adsorbed polymer (entropic).106 Polymer adsorption onto solid substrates and the 

resulting chain conformations are closely related to solution conformations. There is also 

ξ  
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a strong correlation between polymer conformation and solvent quality as depicted in 

Figure 2.21. The strong dependence of polymer conformation on solvent conditions also 

suggests an important role for interactions. In a good solvent, polymer-solvent 

interactions are more favorable than polymer-polymer interactions, resulting in a more 

expanded conformation than what is expected in a vacuum. The theta state is a condition 

where polymer-solvent interactions are exactly balanced by the polymer-polymer 

interactions. In a poor solvent, polymer-solvent interactions are less favorable than 

polymer-polymer interactions, leading to a more compact and coiled conformation.  

 

Figure 2.21 Dependence of polymer conformation on solvent quality. Equations provide 

a description of the polymer conformation in a specific solvent where R is defined as 

root-mean-square end-to-end distance, b is the Kuhn length, N is the number of 

monomers and L is the contour length.  

 In real cases, chains in solution are attracted to the substrate and try to maximize 

the number of contacts, leading to multichain adsorption onto the substrate. Only chains 

in the first layer gain adsorption energy due to direct contact with the substrate. On the 

basis of scaling theory, de Gennes has predicted that long, linear, flexible polymer chains 

strongly adsorb onto a solid substrate in a good solvent in the semi-dilute concentration 

Long-range Repulsion Good Solvent Theta Solvent Poor Solvent 

R ≅ L ≅ bN R ≅ bN 3/5 R ≅ bN1/2 R ≅ bN1/3
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regime to form a self-similar diffuse adsorbed layer, also known as the de Gennes self-

similar carpet (Figure 2.22).102, 110 The concentration profile of the adsorbed layer is 

divided into three distinct regions, including the proximal, central and distal regions as 

depicted in Figure 2.23. The segment density profile ϕ(z) changes with respect to distance 

z from the substrate. In the proximal region (a < z < D in Figure 2.23), the short-range 

interactions between monomers and the substrate are important and segment density 

profiles ϕ(z) are assumed to vary slowly with z. In the central region (D < z < ζb in Figure 

2.23), the density profile is universal and decays with a power law: 

φ z( ) = a z( )−4/3                                                       (2.9) 

where a is the size of a monomer. In the distal regions (z > ζb in Figure 2.23), the excess 

polymer concentration decays exponentially to its bulk value, 

     φ z( )−φb ≈ 4φb exp −2z /ζ b( ) !!!!                                    (2.10) 

where ϕb is the bulk polymer concentration, D is the adsorbed layer width and ζb is the 

bulk correlation length. 

 

Figure 2.22 A depiction of the de Gennes self-similar carpet for an adsorbed polymer 

layer in a good solvent.!!

  

ξads  
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Figure 2.23 The schematic segment density profile ϕ(z) for the case of adsorption from a 

semi-dilute solution. A layer of molecular thickness z ~ a is defined where ϕ(z) depends 

upon the details of the interactions between the substrate and monomer size. Three 

regions, including a proximal (a < z < D), central (D < z < ζb) and distal region (z > ζb), 

are labeled on the figure. 

Charged polymers, also known as polyelectrolytes, are often used to tailor surface 

properties by adsorption. Polyelectrolytes are more interesting from the application point 

of view and have been used in a wide range of industrial and technical situations, such as 

the biomedical, mining, pharmaceuticals and paper making industries.106 Polyelectrolytes 

are synthetic or natural polymers containing multiple charged groups. Representative 

polyelectrolytes include proteins, nucleic acids and some synthetic polymers, such as 

polystyrene sulfonate (PSS) and poly(acrylic acid) (PAA).  

Polyelectrolyte adsorption onto charged surfaces is an active research area of 

polymer physics and has been an area of extensive theoretical and experimental 

studies.111-113 For theoretical treatments of polyelectrolyte adsorption, four major 

z 

ϕ 

a D ζb 

ϕs 

ϕb 

Proximal 
Region 

Central 
Region 

Distal 
Region 



 44 

parameters are considered, including the Flory-Huggins interaction parameter for 

polymers in solution (χ), adsorption energy parameter (χs), surface charge (σ0) and charge 

of a polymer segment (qm).107 The adsorption of cationic polyelectrolytes onto anionic 

cellulose surfaces can be largely explained by Scheutjens-Fleer (SF) theory and is 

strongly dependent upon the charge density of the polyelectrolyte as well as the salt 

concentration.114 This result also confirms that the adsorption behavior of the 

polyelectrolyte is most probably ascribed to a purely electrostatic interaction. Due to the 

ionic character of polyelectrolytes, their adsorption is strongly affected by salt 

concentration/ionic strength, charge density of the polyelectrolyte and surface charge 

density.115 For low salt concentrations, the Debye length is typically larger than the chain 

length, resulting in electrostatic repulsion and thus an extended and flat conformation on 

an oppositely charged substrate. At the other extreme, the Debye length is reduced and 

the electrostatic repulsions are screened at high salt concentrations. As salt 

concentration/ionic strength increases, the salt screens the electrostatic interactions, 

resulting in contraction of an extended polyelectrolyte chain, leading to the formation of 

coiled structures and thicker adsorbed layers.116 Besides electrostatic interactions, van der 

Waals interactions along the polyelectrolyte backbone can also affect polyelectrolyte 

adsorption.  

 A common property of polymer adsorption is weak or little desorption into a 

polymer-free solvent after adsorption has occurred. The reason for the mostly irreversible 

adsorption is that all chain segments in contact with the surface must be broken by 

solvent at the same time if desorption is to occur.117 In a typical experiment, there is a 

small decrease in the adsorbed amount and the rate of desorption is dependent upon the 
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change in concentration. For polymer adsorption at higher concentrations, desorption is 

more significant. The reason for this is that each single polymer chain had to compete 

with other chains for surface sites, thereby forming fewer monomer-surface interactions.  

2.6 Surface Analysis Techniques 

2.6.1 Quartz Crystal Microbalance with Dissipation Monitoring (QCM-D)  

Quartz crystal microbalance with dissipation monitoring (QCM-D) experiments 

are relatively new and were not widely reported until 1999, even though quartz crystal 

microbalances (QCM) have existed for half a century.118 A QCM-D is a surface-sensitive 

instrument that has been widely used for monitoring film deposition, antigen detection, 

binding kinetics, cell adhesion and adsorption of surfactants, proteins and 

polysaccharides at solid/liquid interfaces.119-122 This technique enables in situ adsorption 

studies by simultaneously measuring changes in frequency and dissipation.123 

Measurements by QCM-D can provide both qualitative and quantitative information for 

adsorption processes at solid/liquid interfaces. The technique relies upon quartz crystals 

operating in a thickness shear mode of oscillation, where both surfaces move in parallel 

but opposite directions.124 The QCM-D sensor consists of a thin disk shaped AT-cut 

quartz crystal sandwiched between two gold electrodes. As a result of the piezoelectric 

nature of the quartz crystal, application of an alternating electric field produces a shear 

deformation, resulting in oscillation of the crystal at its resonant frequency without any 

adsorbate. Upon deformation, acoustic waves are generated and propagate through the 

crystal in a direction that is perpendicular to the surface.124 After adsorption, there is a 

decrease in the resonant frequency. When the power is switched off, the decay rate of the 

oscillation amplitude is monitored as depicted in Figure 2.24, 
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A = A0e
τ sin 2π ft +ϕ( ) !!!!                                           (2.11) 

where A0 is the amplitude of the waves, ƒ is the number of cycles per unit time and the 

phase φ of the waves is the fraction of a wave cycle which has elapsed relative to an 

arbitrary point. Since the acquisition rate is very high, it is possible to record data from 

multiple overtones with good signal-to-noise ratios. The characteristic decay length δ is 

described as 

                         δ = ηl

π f ρl
                                                        (2.12) 

where and  are the viscosity and density of the bulk liquid, respectively, and ƒ is the 

number of cycles per time unit. 

 

Figure 2.24 A schematic representation of QCM-D data acquisition.  

Figure 2.25 shows two general cases frequently observed for QCM-D 

measurements. If the adsorbate is evenly distributed, rigidly attached, fully elastic and 

small compared to the mass of the crystal, the Sauerbrey equation can be used to quantify 

the adsorbed amount by the shift in resonant frequency,125  

ΓQCM−D = −C
Δf
n
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)                                                  (2.13) 

where ΓQCM-D is the adsorbed mass per unit area with units of mg!m-2, C is a crystal 

specific constant with a value of 0.177 mg!m-2!Hz-1 for the 5 MHz crystals used in this 
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dissertation, Δƒ is the shift in resonant frequency and n is overtone number (n = 1, 3, 5, 7, 

9, 11 and 13).  

 

Figure 2.25 Representative depictions of signal decay for QCM-D measurements on a 

rigidly adsorbed surface layer with small dissipation and a soft, viscoelastic surface layer 

with large dissipation. 

The resonant frequency of the crystal depends upon the total oscillating mass, 

including coupled water. In Figure 2.25, if the adsorbed layer is not fully elastic, 

frictional losses occur leading to a damping of the oscillation with a greater amplitude 

decay rate. The change in the dissipation factor, ΔD, is introduced. The dissipation factor 

(D) is defined as the ratio between the energy dissipated during one period of oscillation 

and the energy stored in one period of the oscillating system,123  

D =
Edissipated

2πEstored

!                                                    (2.14) 
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where Edissipated  and Estored are the total energy dissipated and stored during one oscillation 

cycle, respectively. The energy dissipation factor provides a measure of the rigidity or 

viscoelasticity of the adsorbed layers.123 For cases where soft and viscoelastic layers are 

attached onto the surface, the Sauerbrey equation is not valid and significant deviations 

from Equation 2.13 are expected. As a result, both frequency and dissipation data are 

required to obtain viscoelastic properties for the adsorbed layer.126 The viscoelastic model 

is based upon the Kelvin-Voigt model and models the viscoelastic behavior as a spring 

(elastic element) and a dashpot (viscous element) combined in a parallel arrangement.127 

A complex shear modulus (G*) is used for description of the viscoelastic properties and is 

defined as 

   G* =G ' + iG" = µ + i2π fη !                                            (2.15) 

where G’ is the shear storage modulus, G” is the shear loss modulus, µ is the elastic shear 

modulus, ƒ is the oscillation frequency and η is the shear viscosity. 

For soft and dissipative layers, quantitative information about the rheological 

properties and thicknesses can be extracted from the QCM-D response through a 

continuum Voigt-based viscoelastic model. A schematic depiction of the Voigt-based 

viscoelastic model is provided in Figure 2.26. The adsorbed viscoelastic layer is 

characterized by four parameters: density (ρf), thickness (hf), shear viscosity (ηf) and 

elastic shear modulus (µf). The Voigt-based model describes the propagation and the 

damping of the acoustic waves in a homogeneous viscoelastic layer. 
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Figure 2.26 A schematic representation of the Voigt-based viscoelastic model for a 

crystal modified by a cellulose film regenerated from TMSC with a single adsorbed layer 

in a bulk liquid. The RC layer is treated as an extension of the quartz (larger hq than the 

unmodified sensor), whereby all viscoelastic behavior is attributed to the layer adsorbed 

onto the RC. 

Values of Δƒ and ΔD are dependent upon adsorbed layer parameters (ρf, hf, ηf and 

µf) as well as parameters for quartz crystal (ρq and hq), the bulk liquid (ρl and ηl) and 

overtone (n), and can be theoretically calculated from Equations 2.16 to 2.21.126 
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where 

β = ξ1
2π fη f − iµ f
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ξ1 = −
2π f( )2 ρ f

µ f + i2π fη f                                               (2.20) 
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While many users of QCM-D are interested in the thickness of the adsorbed layer, care 

must be taken in order to obtain reasonable thickness values. Values of adsorbed layer hf 

and ρf are not independent variables. In this dissertation, ρf was set to a value of 1050 

kg�m-3 for the estimation of hf throughout the dissertation. For simplicity, we assumed 

that ρf remained constant throughout the adsorption process and the resulting adsorbed 

layer was uniform in thickness. Even though hf and ρf are not independent, their product, 

values of ΓQCM-D are independent of the choice of hf and ρf  for reasonable values of both 

quantities.128  

2.6.2 Surface Plasmon Resonance (SPR) 

Surface plasmon resonance (SPR) is an optical technique for characterizing film 

thicknesses and monitoring adsorption processes at solid/liquid interfaces. In biological 

systems, SPR is widely used to obtain real-time information about adsorption and 

desorption kinetics and thermodynamics.129 In essence, an SPR instrument is nothing 

more than a refractometer. As a refractometer, the most fundamental underlying principle 

behind an SPR instrument is Snell’s law. When light reaches a boundary between two 
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media (Figure 2.27), reflection and refraction can occur. The relationship between the 

angles of incidence and refraction known as Snell’s law is, 

n1 sinθ1 = n2 sinθ2                                                  (2.22) 

where n1 and n2 are the refractive indices of medium 1 and medium 2, respectively. Angle 

θ1 and θ2 are angles of incidence and refraction, respectively. When the light travels from 

an optically dense medium to a medium of lower optical density (n1 > n2), no 

transmission occurs and the light is completely reflected above a critical angle. The 

critical angle (θc) is the angle of incidence (θ1) above which the refracted angle (θ2) 

equals 90° and total internal reflection occurs,  

sinθc =
n2
n1

                                                     (2.23) 

When one of the two media is a metal, there is also a possibility to excite a surface 

plasmon for θ1 ≥ θc. A surface plasmon is a charge-density oscillation that exists at the 

interface of two media with dielectric constants of opposite signs, for instance a 

metal/glass interface. The phenomenon of a surface plasmon requires the metal to exhibit 

free electron behavior. Metals capable of supporting a surface plasmon include silver, 

gold, copper and aluminum. Among all the metals, gold is the one most commonly used 

as a consequence of high chemical stability.129 

  



 52 

 

Figure 2.27 Depictions of the reflection and refraction of an incident light for three cases 

including (A) θ1 < θc (B) θ1 = θc and (C) θ1 > θc, where light travels from an optically 

dense medium to a medium of lower optical density (n1 > n2). The dashed line in (C) 

depicts the evanescent wave. 

In modern SPR instruments, there are options for the optical design. The 

Kretschmann prism configuration (Figure 2.28) based upon the principle of total internal 

reflection is commonly used for SPR measurements. When incident light from a p-

polarized source travels through the glass slide towards the ambient medium (aqueous 

solution) at an angle above the critical angle (θc), most of the light is reflected to the 

detector. However, a component of the wave escapes the waveguide boundary and 

creates an evanescent field. The wave vector for the evanescent wave is given as 

Kev =
2π
λ

εg sinθ                                                 (2.24) 

where λ is the wavelength of light, is the dielectric permittivity of the glass prism and 

θ is the angle of the incident light. The evanescent field can penetrate the interface into 

the second medium. The wave vector for the surface plasmon is given as, 

  Ksp =
2π
λ

εmεa
εm +εa

                                                (2.24) 
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where λ is the wavelength of the light, is the dielectric permittivity of the metal and  

is the dielectric permittivity of the ambient medium. When Kev matches the value of Ksp, 

the light can couple with the oscillating electrons on the gold surface leading to the 

excitation of a plasmon. This condition occurs at a specific angle of incident light, also 

known as the SPR angle, which depends upon the refractive index of the ambient 

conditions. At optical frequencies, the refractive index . If the ambient medium is 

transparent whereby no absorption of light occurs, Equations 2.24 and 2.25 can be 

rewritten as a function of refractive index, 

      Kev =
2π
λ

nm
2na

2

nm
2 + na

2                                                 (2.26) 

Ksp =
2π
λ
ng sinθsp                                                 (2.27) 

where nm, na and ng refer to the refractive indices of the metal, the surrounding ambient 

medium and glass, respectively. The SPR angle, where the incident beam is coupled to 

the surface plasmon, is obtained by equating Equations 2.26 and 2.27. 
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'' !                                          (2.28) 

As resonance occurs at the SPR angle, a minimum in the reflected intensity will be 

observed. During an adsorption process as depicted in Figure 2.29, solvent molecules 

(e.g. water, n = 1.33) are replaced with adsorbate molecules with a higher refractive index 

(e.g. polymer, n = 1.45) leading to an increase in the average refractive index of the 

ambient medium (na). According to Equation 2.28, as the refractive index of the ambient 

medium increases during adsorption, the SPR angle, where the minimum in the reflected 

intensity is observed, also increases. In practice, the change in the SPR angle (Δθ) was 

εm εa

n = ε
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monitored as a function of time (Figure 2.29), and further used for the calculation of the 

adsorbed amount (ΓSPR). The total change in SPR angle (Δθtot) corresponds to the 

observed changes in the resonance angle caused by reversible adsorption (Δθrev), 

irreversible adsorption (Δθirr) and the bulk effect (Δθbulk). On the basis of the equation of 

de Feijter et al., the change in resonant angle can be used to determine ΓSPR,130  

ΓSPR =
L nf − ns( )
dn / dc

=
Δθa

dθ / dL
nf − ns( )
dn / dc

!                                  (2.29) 

where L is the thickness of the adsorbed layer, nƒ is the refractive index of the film (or 

substrate), ns is the refractive index of the solvent, Δθa is the change in the resonant angle 

caused by the change in refractive index of the ambient medium, dθ/dL is the change in 

resonant angle with respect to layer thickness which can be calculated from Fresnel 

simulations and dn/dc is the refractive index increment measured by a differential 

refractometer. In this dissertation, irreversible adsorption is measured and Δθa is the same 

as Δθirr. Furthermore, the combination of QCM-D and SPR data and the assumption of an 

ideal solution have facilitated the determination of water contents of adsorbed layers, 

      %H2O = 1− ΓSPR

ΓQCM−D

#

$
%%

&

'
((×100% !!                                      (2.30) 

where ΓSPR and ΓQCM-D are surface concentrations obtained from SPR and QCM-D 

measurements, respectively. Typically, values of ΓSPR and ΓQCM-D are different. The 

difference represents the fact that the “optical mass” or “dry mass” deduced from SPR is 

based upon refractive index differences (only sees the polymer), whereas the “acoustic 

mass” or “wet mass” from QCM-D includes both polymer and coupled water. These 

measurements allow us to directly correlate chemical structure with water uptake in 

adsorbed polysaccharide films. 
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Figure 2.28 A schematic representation of the Kretschmann prism configuration for θ1 ≥ 

θc. 

 

Figure 2.29 A schematic representation of adsorption profiles measured by SPR. 
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2.6.3 Atomic Force Microscopy (AFM) 

Working from an understanding of scanning tunneling microscopy (STM), Binnig 

and coworkers introduced atomic force microscopy (AFM) for surface imaging through 

mechanical forces.131 As an imaging technique, AFM is sensitive and in principle non-

destructive with atomic scale resolution. In AFM, the sample is mounted on a 

piezoelectric scanner that ensures 3D positioning with high resolution. Images obtained 

from AFM are generated by recording the force changes as a sharp tip scans across the 

sample surface. The tips are typically mounted on a cantilever made of silicon or silicon 

nitride by microfabrication techniques. When the tip is brought near a surface, forces 

existing between tip atoms and surface atoms, typically in the range of 10-2 to 10-6 N, will 

cause a deflection of the cantilever as depicted in Figure 2.30. The greater the cantilever 

deflection, the higher the force experienced by the tip. The deflection is most commonly 

measured by an optical method in modern instruments. For instance, a laser beam 

focused on the free end of the cantilever can be used for the measurement. The position 

of the reflected laser beam (Figure 2.31) is detected with a position-sensitive detector 

(photodiode array). The photodiode is segmented into four quadrants and a voltage is 

generated from each quadrant that is proportional to the amount of light hitting it. The 

deflection signal is defined as the difference between the voltages generated in the top 

and bottom halves of the detector, 

Deflection =Vtop −Vbottom = VA +VB( )− VC +VD( )                          (2.31) 

where VA, VB , VC and VD represent voltages generated in each quadrant. Typically, the 

light source is aligned so the spot hits the center of the photodiode when the cantilever is 

undeflected (Figure 2.31, gray line). When the cantilever experiences an overall repulsive 
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force, it deflects upward and the spot moves up on the detector (Figure 2.31, blue line). 

More light hits the top half than the bottom half of the photodiode, so Vtop > Vbottom and 

the deflection is positive. When the cantilever experiences an overall attractive force, it 

deflects downward and the spot moves down on the detector (Figure 2.31, orange line). 

More light hits the bottom than top, so Vtop < Vbottom and the deflection is negative. 

 

Figure 2.30 A schematic depiction of the key features necessary for AFM imaging. 
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Figure 2.31 A schematic depiction of cantilever deflections as the tip scans across a 

surface and corresponding spot positions detected on the photodiode. Blue, gray and 

orange lines represent deflection > 0, deflection = 0 and deflection < 0, respectively. 

The AFM can be operated in a number of modes, including tapping mode and 

contact mode. In tapping mode, the cantilever is driven to oscillate up and down near the 

resonant frequency and the amplitude and the phase of the cantilever are monitored. The 

oscillating tip intermittently contacts the sample surface. The intermittent contacts 

minimize destruction of sample, making tapping mode the most widely used mode for 

studying polysaccharides and other biomacromolecules.132 For contact mode, the force 

between the tip and the surface is held constant during scanning by maintaining a 

constant deflection. It is also known as constant deflection mode or constant force mode. 

During scanning, the sample height is adjusted to maintain constant deflection of the 
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cantilever. The surface morphology information can be obtained from the measurement 

of the tip. Surface morphologies are obtained through the correlation of the height (z) 

with position (x-y) on the sample. 
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Chapter 3: Materials and Experimental Techniques 

3.1 Materials 

3.1.1 Trimethylsilyl Cellulose (TMSC) and Nanocrystalline Cellulose (NC) 

 Trimethylsilyl cellulose (TMSC, degree of substitution = 2.71) was synthesized 

homogenously by reacting microcrystalline cellulose (Acivel pH101) with 

hexamethyldisilazane, using chlorotrimethylsilane as a catalyst for 24 h at 100 °C as 

previously described.1 Cellulose nanocrystals was prepared by sulfuric acid hydrolysis of 

dissolving grade softwood pulp (Temalfa 93-A-A, Tembec Inc.).2 The charge density of 

the NC was 0.340 mequiv!g-1 as determined by conductometric titration. 

3.1.2 Carboxymethyl Cellulose (CMC) 

 Sodium salts of carboxymethyl cellulose (CMC) were purchased from Sigma-

Aldrich and used without further purification. The four sodium CMC samples used in 

Chapter 4 were denoted as CMC-x-y, where x represented the degree of substitution (DS) 

and y represented the weight average degree of polymerization (DP).  Specific samples 

were CMC-1.2-965 (419281, weight average molar mass Mw = 250 kDa), CMC-0.9-1064 

(419303, Mw = 250 kDa), CMC-0.7-1143 (419311, Mw = 250 kDa) and CMC-0.7-412 

(419273, Mw = 90 kDa). Weight average molar masses were determined by size 

exclusion chromatography (SEC). The DS values were determined by conductometric 

titration.3 The first three samples were used for studying DS effects on CMC adsorption 

and the last two samples were used for studying DP effects on CMC adsorption.  

3.1.3 Pectins and Polygalacturonic Acid (PGA) 

 The polygalacturonic acid (PGA) sample (P-PGACT, galacturonic acid content ≥ 

95.0%) prepared from citrus pectin by partial depolymerization and demethylation, was 
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purchased from Megazyme Inc. and used as received. Pectin samples extracted from 

citrus fruits were purchased from Sigma-Aldrich, including pectin (P9135, galacturonic 

acid content ≥ 74.0%), low DE pectin (P9311, degree of esterification 20-34%) and high 

DE pectin (P9436, degree of esterification 55-70%). Weight average molar masses were 

determined by SEC. 

3.1.4 Mixed Linkage Glucans (MLGs) 

 Mixed linkage glucans (MLGs) from barley (P-BGBM) and lichen (P-LICHN) 

were purchased from Megazyme, Ireland. According to the supplier, lichen MLG showed 

a higher proportion of! β-(1�3) to β-(1�4) linkages compared to that of barley MLG, 

and the ratio of β-(1�4) to β-(1�3) linkages was approximately 2:1. Weight average 

molar masses were determined by SEC. 

3.1.5 Other Hemicelluloses 

 Xyloglucan (Megazyme, P-XYGLN) was extracted from tamarind seeds and had 

a molar mass of 202 kDa.  High degree of polymerization (DP) xyloglucan 

oligosaccharide (Megazyme, O-XGHDP) with a molar mass of 3 to 4 kDa was produced 

by exhaustive hydrolysis of tamarind seed xyloglucan with endo-cellulase followed by β-

galactosidase. Xyloglucan heptasaccharide (Megazyme, O-X3G4) with a molar mass of 

1063 Da was prepared by controlled enzymatic hydrolysis of xyloglucan. 

Glucuronoarabinoxylan (GAX) from spruce was a generous gift from Prof. Paul 

Gatenholm from Chalmers University of Technology in Sweden.4 Arabinoxylan (P-

WAXYL) extracted from wheat flour with low viscosity and arabinan (P-ARAB) from 

sugar beet were also purchased from Megazyme. Weight average molar masses were 

determined by SEC.  
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3.1.6 Enzymes: Pectinase and Lichenase 

 Pectinase from Aspergillus niger was purchased from Sigma-Aldrich (P4716) as 

an aqueous glycerol solution with 20 U!mg-1 protein. One unit (1 U) is defined to liberate 

1.0 µmol of galacturonic acid from polygalacturonic acid per min at pH 4.0 at 25 °C. 

Lichenase from Bacillus subtilis (E-LICHN) in a 3.2 M ammonium sulfate solution was 

purchased from Megazyme with a concentration of 273 U!mg-1. One unit (1 U) of 

enzyme activity is defined as the enzyme that releases 1 µmol!mL-1!min-1 glucose under 

standard assay conditions (pH = 6.5 and 40 °C). 

3.1.7 Other Materials 

 Calcium chloride dihydrate was purchased from Sigma-Aldrich (223506, ACS 

reagent, ≥ 99%) and used as received. Citric phosphate buffer was prepared using sodium 

phosphate dibasic (Sigma-Aldrich, S9390, ACS reagent, 98.0%-102.0%) and citric acid 

(Sigma-Aldrich, 251275, ACS reagent, ≥ 99.5%). The final concentration of the buffer 

was 50 mM and the pH was adjusted to 5.0 using sodium hydroxide (Spectrum, S1295, 

ACS reagent, ≥ 97%). Sodium acetate buffer was prepared using sodium acetate 

trihydrate (Sigma-Aldrich, S8625, ACS reagent, ≥ 99%) and acetic acid (EMD, AX0073-

6, ACS reagent, 99.7%, LOT# 45067). The final concentration and pH were adjusted 

accordingly. Sodium phosphate buffer was prepared using sodium phosphate dibasic 

heptahydrate and sodium phosphate monobasic monohydrate (Sigma-Aldrich, S9638, 

ACS reagent, 98.0-102.0%). The final concentration and pH were adjusted accordingly. 

Sulfuric acid (98%) and ammonium hydroxide (30% w/w) were purchased from Fisher 

Scientific. Toluene (HPLC-grade) was purchased from EMD. Hydrogen peroxide (30% 

w/w) was purchased from EM Science. Amine-terminated self-assembled monolayers 
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(SAMs) were prepared from 11-amino-1-undecanethiol (SAM-NH2) purchased from 

VWR International. Ultrapure water (Milli-Q Gradient A-10, Milli-Q, 18.2 MΩ!cm, < 5 

ppb organic impurities) was used in all experiments. Nitrogen with ultrahigh purity (NI-

UHP300, Airgas) was used for the cleaning and drying of the substrate. Gold sensors 

(QSX-301) were purchased from Q-sense. The gold sensors were 14 mm in diameter with 

a 0.3 mm quartz thickness. The quartz was plated with a chromium layer (~ 2 nm), 

followed by a gold layer (~ 100 nm). Gold SPR slides (13206060) were purchased from 

Reichert. The slides were 12 mm × 12 mm glass substrates (~ 1 mm) coated with a 

chromium layer (~ 2 nm), followed by a gold layer (~ 50 nm). All glassware was cleaned 

by immersion into a 5 L base bath (4:1 isopropanol to water, 300 g KOH) for at least 24 

hours and then rinsed with deionized water, followed by a rinse with ultrapure water and 

overnight oven drying at 110 °C. 

3.2 Preparation of Cellulose Model Surfaces 

3.2.1 Substrate Cleaning 

 Substrates were first cleaned with a UV/ozone ProCleaner (Bioforce Nanoscience 

Inc.) for 20 min and boiled in a mixture of ammonium hydroxide, hydrogen peroxide and 

water (1:1:5 v/v/v) for 20 min. Substrates for SPR measurements were further cleaned by 

immersion into a piranha solution which consisted of a mixture of hydrogen 

peroxide:sulfuric acid (3:7 v/v) for 20 min. Both QCM-D and SPR substrates were rinsed 

exhaustively with ultrapure water and dried with ultrapure nitrogen prior to spincoating.  
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3.2.2 Self-Assembled Monolayers (SAMs) 

Self-assembled monolayers were prepared by immersing cleaned gold substrates 

into a 1 mM solution of 11-amino-1-undecanethiol in ethanol for 24 h. Then the 

substrates were rinsed with ethanol twice and dried with ultrapure nitrogen. 

3.2.3 Regenerated Cellulose (RC) Surfaces 

 Regenerated cellulose (RC) surfaces were prepared on QCM-D and SPR sensors. 

Solutions of TMSC (10 g!L-1 in toluene) were spincoated onto cleaned sensors at 2000 

rpm for 1 min. The TMSC solutions were prepared by dissolution of 0.1 g of TMSC 

powder in 10 mL of toluene and subsequent filtering with a PTFE filter (pore size = 0.45 

µm). Trimethylsilyl groups were removed by exposure of the coated surfaces to the vapor 

of a 10% (w/w) aqueous solution of hydrochloric acid for 5 min, yielding a smooth RC 

film with nominal thicknesses of ~10 nm and root-mean-square (RMS) roughnesses of ~ 

1 nm. Previous studies of RC films via attenuated total reflectance infrared spectroscopy5 

and grazing incidence X-ray diffraction6 showed spincoated RC layers were largely 

amorphous. 

3.2.4 Nanocrystalline Cellulose (NC) Surfaces 

 Gold substrates with amine-terminated SAMs were prepared as described in 

Chapter 3.2.2. Nanocrystalline cellulose (NC) surfaces were prepared by spincoating 1% 

(w/w) aqueous suspensions of cellulose nanocrystals at 4000 rpm for 1 min. Films were 

subsequently placed in an oven at 70 °C overnight. Previous studies via powder X-ray 

diffraction and small incident angle X-ray diffraction confirmed that the cellulose in NC 

films had a cellulose I crystal structure.7, 8  
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3.2.5 Avicel Cellulose Surfaces 

 Microcrystalline cellulose (Avicel-pH101) was first dissolved in a binary solvent 

system, consisting of N-methylmorpholine-N-oxide (NMMO) and dimethyl sulfoxide 

(DMSO).9 Then the solution was spincoated onto pretreated silicon wafers, followed by 

regeneration via ultrapure water. Previous studies of Avicel surfaces based upon X-ray 

diffraction and atomic force microscopy determined that Avicel cellulose surfaces have a 

cellulose II crystal structure.8, 9  

3.3 Experimental Techniques 

3.3.1 Ellipsometry 

Ellipsometry measurements were conducted with an ellipsometer (Picometer 

Ellipsometer, Beaglehole Instruments, New Zealand) equipped with a laser light source 

with a single wavelength of 633 nm. The film thickness was modeled with TFCompanion 

software (Semiconsoft) assuming a refractive index of 1.51 for cellulose model surfaces.5 

Three different spots on the same substrate were measured before the adsorption 

measurements by QCM-D and SPR and reported thickness values indicate an average 

film thickness ± one standard deviation. 

3.3.2 Differential Refractometer 

Refractive index increments dn/dc of sample solutions were determined by a 

differential refractometer (Optilab rEX, Wyatt technology Corp.). The experiments were 

carried out at λ = 780 nm over the desired concentration ranges. Values of dn/dc for 

specific sample solutions were determined through the instrumental software from the 

slope of a plot of refractive index versus concentration.  
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3.3.3 Atomic Force Microscopy (AFM) 

Surfaces to be examined were dried in a vacuum oven overnight before being 

imaged with an Asylum Research AFM (MFP-3D-BIO, Asylum Research). The 

microscope collected height images in tapping mode with a silicon tip (OMCL-

AC160TS, Olympus Corp.) under ambient conditions. The reported RMS roughnesses 

were determined from 2 µm x 2 µm scan areas. 

3.3.4 Quartz Crystal Microbalance with Dissipation Monitoring (QCM-D)  

An E4 system (Q-Sense AB) was used for all the QCM-D measurements. For 

adsorption studies, gold or RC-coated QCM-D sensors were placed in the flow cells and 

mounted on the working station. Ultrapure water was introduced into the flow cells for 

equilibration at a flow rate of 0.200 mL!min-1 for at least 20 min. Once stable baselines 

were established for water or a specific solution condition, sample solution was flowed 

over the substrate and changes in scaled frequency (Δƒ/n) and dissipation (ΔD) from 

different overtones (n) were monitored simultaneously. After a plateau or a saturation of 

the substrate was obtained, ultrapure water was pumped through the system for the 

removal of reversibly bound molecules. All measurements were performed under a 

continuous flow rate of 0.200 mL!min-1 in triplicate and the averages ± one standard 

deviation were calculated. For QCM-D data analysis, the change in mass per unit area, 

ΓQCM-D, also known as surface concentration or surface excess, was calculated through 

the Sauerbrey equation10 or Voigt-based viscoelastic modeling11 (Figure 3.1) depending 

upon the viscoelastic character of the adsorbed layers. 
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Figure 3.1 Methods used for the quantification of QCM-D raw data for rigid and soft 

films. 

 For degradation studies, surface layers were first prepared following the 

adsorption procedures of this section followed by exposure to a specific buffer solution 

based upon enzyme activity. Then fresh enzyme solution was introduced into the flow 

cell at the same temperature and flow rate as the buffer solution. Specific degradation 

modes (batch mode or continuous flow) were chosen based upon the enzyme-substrate 

interactions. After an appropriate degradation time, buffer solution was pumped through 

the system for the removal of reversibly bound molecules and degradation products from 

the substrate. Values of Δƒ/n and ΔD from different overtones were monitored 

simultaneously. All measurements were performed in triplicate and averages ± one 

standard deviation were calculated. 

Analysis of QCM-D Data 

When the adsorbed layer was evenly distributed, rigidly attached, fully elastic and 

small compared to the mass of the crystal, the Sauerbrey equation could be used to 

quantify the adsorbed amount through Δƒ/n,10  

Rigid Film 

Soft Film 
Output: 
Γ: adsorbed amount  
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ρ: density  
η: shear viscosity 
µ: elastic shear modulus 

Input: 
  ∆f 
  ∆D 

Input: 
  ∆f 

Sauerbrey Equation 
Output: 
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ρ: density assuming a thickness 

Viscoelastic Modeling 
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where , the adsorbed amount per unit area had units of mg!m-2 and C was a 

crystal specific constant with a value of 0.177 mg!m-2!Hz-1 for the 5 MHz crystals used 

in this dissertation. Values of Δƒ/n and ΔD for n = 1, 3, 5, 7, 9, 11 and 13 were measured 

simultaneously. Typically, data from the fifth overtone were chosen as representative 

data for adsorption profiles provided in this dissertation as well as the calculation of the 

adsorbed amounts using Equation 3.1. 

If the adsorbed layer was not fully elastic, frictional losses occurred that led to 

additional damping of the oscillation amplitude. For cases where soft and viscoelastic 

layers were attached onto the surface, the Sauerbrey equation was not valid and 

significant deviations from Equation 3.1 were expected. As a result, both frequency and 

dissipation data were required to obtain viscoelastic parameters for the adsorbed layers.11 

For soft and dissipative layers, quantitative information about the rheological properties 

and thicknesses were extracted from the QCM-D response through a continuum Voigt-

based viscoelastic model. The Voigt-based model described the propagation and the 

damping of the acoustic waves in a homogeneous viscoelastic layer. As shown in Figure 

3.2, the Voigt-based viscoelastic model assumed that the RC layer was an extension of 

the purely elastic quartz crystal and the surrounding solution was a purely viscous, semi-

infinite Newtonian fluid. The adsorbed layer was treated as a viscoelastic layer that was 

in contact with the quartz crystal plus RC surface and the bulk liquid under no-slip 

boundary conditions.12  

The quartz crystal plus the RC film were assumed to be purely elastic (density ρq 

= 2650 kg!m-3 and hq = 3 ×10-4 m) and the surrounding bulk liquid was assumed to be 

ΓQCM−D
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purely viscous. The density (ρl) and viscosity (ηl) of the liquid were 998 kg!m-3 and 1.00 

×10-3 N!s!m-2, respectively, at 20.0 °C.13 The adsorbed viscoelastic layer was 

characterized by four parameters: density (ρf), thickness (hf), shear viscosity (ηf) and 

elastic shear modulus (µf). Constraints on the viscoelastic parameters for the modeling are 

summarized in Table 3.1. Values of hf and ρf of the adsorbed layer were not independent 

variables and ρf was set to 1050 kg!m-3 for the estimation of hf throughout the 

dissertation. For simplicity, we assumed that ρf remained constant throughout the 

adsorption process and the resulting adsorbed layer was uniform in thickness. However, 

the adsorbed amount ΓQCM-D was conserved for different solutions over the relevant 

density interval.14
 

 

Figure 3.2 A schematic representation of the Voigt-based viscoelastic model. The RC 

layer was treated as an extension of the purely elastic quartz crystal and the adsorbed 

layer was treated as a viscoelastic layer that was sandwiched between the RC coated 

quartz crystal and the bulk liquid. 

  

Bulk Liquid 
(ρl, ηl) 

Adsorbed Layer 
(hf, ρf, ηf, µf) 

Quartz + RC 
Surface(hq, ρq) 
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Table 3.1 Constraints for the viscoelastic parameters used in the Voigt-based modeling. 

 

 

Minimum Value Maximum Value 
ηf /N!s!m-2 5 × 10-4 1 × 10-2 
µf /N!m-2 1 × 104 1 × 106 
hf /m 1 × 10-10 1 × 10-5 

 

 Adsorption curves for the viscoelastic layer from n = 3, 5, 7, 9, 11 and 13 were fit 

with a Voigt-based viscoelastic model for the estimation hf, ηf and µf using the software 

package QTools 3.0.5 (Q-Sense) as outlined in Figure 3.3. Values of ρl, ηl and ρf were 

fixed and then initial estimate for fitting hf, ηf and µf were provided. As values of Δƒ/n 

and ΔD depend upon these parameters, the software varied values of ρf, hf, ηf and µf to 

calculate ƒ/n and D for different n. The calculated values were compared to the 

experimental values until a best fit was obtained. The goodness of fit criterion was a χ2 

value defined as 

χ 2 =
Ytheory, i −Ymeas, i

σ i

"

#
$

%

&
'

2

i
∑                                             (3.2) 

Ytheory,i was the calculated value based upon the viscoelastic modeling, Ymeas,i was the 

experimental value from QCM-D and σi was the standard deviation for each data point. 

Typically the best fit had the lowest χ2 value which was around 105-106.15 Surface 

concentrations (ΓQCM-D), including the mass of biomacromolecules and coupled water, 

were obtained from  

 ΓQCM−D = hfρ f                                                     (3.3) 
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Different overtone combinations were used to find the best fits and to examine how 

values of hf, ηf and µf depended upon the frequency range used for the modeling. Better 

fitting was usually obtained when more overtones were included.  

 

Figure 3.3 A flow chart representation of the Voigt-based viscoelastic modeling. 

3.3.5 Surface Plasmon Resonance (SPR) 

The gold or RC-coated SPR sensors were placed on the prism and refractive 

index-matched to the prism of the refractometer with immersion oil (nD = 1.5150). The 

flow cell body was equipped with a Viton gasket (DuPont Dow Elastomers, LLC) and 

mounted on top of the sensor slide. All of the aqueous solutions were degassed before use 

to avoid the introduction of air bubbles into the system. First water was flowed over the 

sensor at a flow rate of 0.20 mL!min-1 for at least 1 hour via a cartridge pump 
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(Masterflex). The pump was linked to a switch valve that allowed switching between 

sample solutions. After a stable water baseline (initial water baseline) was obtained, 

sample solution was introduced into the system via the switch valve until a plateau was 

observed. The adsorption time was the same as the QCM-D measurements. The 

adsorption step was then followed by a rinse with ultrapure water for the removal of 

reversibly adsorbed molecules until a constant value was obtained. Each SPR experiment 

was performed in triplicate and values provided in this thesis are average values ± one 

standard deviation. In practice, changes in the SPR angle (Δθ) were monitored as a 

function of time, and used for the subsequent calculation of the adsorbed mass per unit 

area (ΓSPR).  

Analysis of SPR Data 

 In practice, refractive index changes in the vicinity of the gold substrate were 

detected through Δθ. A schematic depiction of SPR data is provided in Figure 3.4. The 

SPR angle corresponds to the incident angle at which reflected light intensity is at a 

minimum and was further used for the calculation of the adsorbed mass. The total change 

in SPR angle (Δθtot) corresponded to the observed changes in the resonance angle caused 

by reversible adsorption (Δθrev), irreversible adsorption (Δθirr) and the bulk effect 

(Δθbulk). The adsorbed amount obtained by SPR, ΓSPR, was calculated from different 

values of Δθ with the equation of de Feijter et al.16  

   ΓSPR =
L nf − ns( )
dn / dc

=
Δθ

dθ / dL
nf − ns( )
dn / dc

                                    (3.4) 

where L was the thickness of the film, nƒ was the refractive index of the film, ns was the 

refractive index of solvent and dn/dc was the refractive index increment of sample 

solution determined independently as described in Chapter 3.3.2. Values of ΓSPR were 
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calculated from Δθirr, which also depended upon the thickness of the adsorbed film 

through dθ/dL. Values of dθ/dL were deduced from theoretical Fresnel calculations with 

a computer simulation program.17 Values for each parameter used in the de Feijter 

equation are summarized in Table 3.2. For the data in this dissertation, values of ΓSPR 

were calculated from Δθirr, which corresponds to the difference between the initial water 

base line and the final value in water. 

 

Figure 3.4 A schematic depiction of SPR data for the case where water was used to 

establish a baseline.  
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Table 3.2 Values for the parameters used in the equation of de Feijter et al. to convert 

measured SPR data into ΓSPR. 

Parameter Value  
dθ/dL 4.3 × 10-3 deg!Å-1 (cellulose)5 and 4.3 × 10-3 deg!Å-1 (Au)5  

nf 1.455  
ns 1.33 (water)18  

dn/dc determined by differential refractometer 
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Chapter 4: Adsorption of Hemicelluloses and Carboxymethyl Cellulose onto 

Cellulose Surfaces 

4.1 Abstract 

  Hemicelluloses, the second most abundant plant materials after cellulose, play an 

important role in the food and paper industries. Elucidating the interactions between 

cellulose and hemicelluloses is of great technological significance and importance for 

understanding plant cell wall assembly. The adsorption of a xyloglucan, a major type of 

hemicellulose in dicot plants, onto different cellulose surfaces was studied by a quartz 

crystal microbalance with dissipation monitoring (QCM-D) and surface plasmon 

resonance (SPR). Three different cellulose surfaces, including nanocrystalline cellulose 

(NC), Avicel cellulose and cellulose regenerated (RC) from trimethylsilyl cellulose 

(TMSC), were used in this study. One of the key findings was that the adsorbed amounts 

of xyloglucan correlated with the morphology and the surface area of the cellulose 

substrates and increased in the order of RC < NC < Avicel. Xyloglucan oligosaccharide 

and heptasaccharide adsorption onto cellulose were also studied. Even the structural unit 

of xyloglucan, xyloglucan heptasaccharide (XXXG), showed affinity towards RC 

surfaces, confirming the existence of strong cellulose-xyloglucan interactions. This study 

highlighted that the binding capacity of cellulose for xyloglucan increased with 

increasing xyloglucan molar mass. Interfacial behavior of a representative cellulose 

derivative, carboxymethyl cellulose (CMC), was also examined using QCM-D and SPR. 

Unlike xyloglucan that adsorbed onto RC surfaces with relatively rigid conformation, 

CMC formed a hydrated and dissipative layer with a water content > 90%. A Voigt-based 

viscoelastic model was used for the estimation of thicknesses and adsorbed amounts of 
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the adsorbed CMC layer. The introduction of Ca2+ significantly promoted adsorption as 

well as the stability of CMC on RC surfaces. Effects of ionic strength, degree of 

substitution (DS) and degree of polymerization (DP) on CMC adsorption were 

investigated. The adsorbed amount increased with increasing ionic strength, decreasing 

DS and increasing DP.  

4.2 Introduction 

Hemicelluloses are the second most abundant plant materials after cellulose, 

representing about 20 to 30% of the dry mass of the plant.1 Understanding interactions 

between hemicelluloses and cellulose is essential for understanding plant cell wall 

assembly, and designing sustainable composites from these materials.  

Xyloglucans are most abundant in the primary cell walls of dicots and are 

composed of β-(1�4)-glucose backbones with side branches of xylose at the C6 

positions that may further be substituted with galactose and fucose units. A major 

structural unit of a xyloglucan is a heptasaccharide (XXXG) consisting of seven sugar 

units as shown in Figure 4.1. Unlike cellulose chains that can self-associate to form 

microfibrils, self-association of xyloglucan is hindered by the presence of side branches. 

Xyloglucans are known to interact with cellulose via hydrogen bonding and prevent 

cellulose aggregation into even larger complexes, thereby enabling the formation of a 

strong but flexible network.2 Although interactions between xyloglucans and cellulose 

have been extensively studied, the binding of xyloglucan oligosaccharides onto cellulose 

is not fully understood. The effect of molar mass on cellulose-xyloglucan interactions has 

been an active subject in several in vitro studies. The existence and size of a minimum 

backbone length for xyloglucan binding to cellulose have long been controversial topics. 
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Valent and coworkers demonstrated that xyloglucan oligosaccharides did not bind to 

cellulose from aqueous solutions using radiolabeled xyloglucan oligosaccharides for 

equilibrium binding studies.3 Previous studies by Hayashi using binding assays showed 

that at least five consecutive glucose units were required for binding onto cellulose, while 

Lopez and coworkers using isothermal titration calorimetry (ITC) determined that a 

minimum of 12 glucose residues was required.4, 5 On the basis of previous results, 

cellulose-xyloglucan interactions included both hydrogen bonding and hydrophobic 

interactions.5, 6 The nature of the binding was clearly demonstrated by the presence of 

exothermic (hydrogen bonding) and endothermic (hydrophobic interactions) processes 

measured by ITC.5 Despite numerous studies on cellulose-xyloglucan interactions, the 

real mechanism involved in xyloglucan binding remains unclear and a challenge that 

needs to be addressed. Binding of xyloglucan oligosaccharides onto cellulose is of great 

help for a complete understanding on the binding of xyloglucan to cellulose. 

 

Figure 4.1 Molecular structure of xyloglucan heptasaccharide (XXXG) as a structural 

unit of xyloglucan. Xyloglucan heptasaccharide consists of 4 glucose and 3 xylose units. 

Carboxymethyl cellulose (CMC, Figure 4.2) is a cellulose derivative of significant 

industrial importance and has been widely used in food, textile, mining, pulp and paper 

applications.7 As a material, CMC is one of the world’s largest produced polymers and 

can be prepared in a homogeneous reaction by treating alkali cellulose with sodium 
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monochloroacetate (ClCH2COONa) in a nitrogen atmosphere.8 The carboxymethyl 

groups at the C6 positions of CMC make this polysaccharide anionic at appropriate pH. 

The degrees of substitution (DS) and polymerization (DP) are the most important 

characteristics of CMC. The DS is defined as the average number of carboxymethyl 

groups per anhydroglucose unit (AGU). Theoretically, the maximum DS value is 3 with 

all three hydroxyl groups substituted by carboxymethyl groups. However, reactions at the 

C6 and C2 positions are preferred. For commercially available CMC, DS values normally 

range from 0.5 to 1.5.9 Samples of CMC with different DS can be obtained by varying 

the amount of sodium monochloroacetate added to the cellulose. The DS of CMC 

influences aqueous solubility as well as adsorption at solid/liquid interfaces. Higher DS 

affords better aqueous CMC solubility.  The DP of CMC is commonly controlled by 

adding different amounts of hydrogen peroxide to a CMC sample. The  hydrogen 

peroxide leads to random cleavage of the cellulose backbone. 

 

Figure 4.2 Representative molecular structure of CMC. For the specific structure shown 

here, the DS is 1.0 and the DP is 4n. 

For solid/liquid interfaces, CMC adsorption has been widely studied using 

electrophoretic mobility measurements, Fourier transform infrared (FTIR) spectroscopy, 

fluorescence spectroscopy, atomic force microscopy (AFM), molecular modeling and 

electron paramagnetic resonance (EPR).7, 10, 11 As a cellulose derivative, CMC is water-

soluble and behaves like a polyelectrolyte. CMC is negatively charged in aqueous 
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solution due to the presence of carboxymethyl groups (pKa = 4.5). Adsorption of CMC 

onto inorganic and organic surfaces has been studied systematically.12 Several 

mechanisms have been proposed for CMC adsorption, including a combination of 

electrostatic interactions and hydrogen bonding10 and a chemical complexation 

mechanism7 via the carboxyl groups. On the basis of previous studies, adsorption 

behavior of CMC onto slightly anionic surfaces can largely be explained by the screening 

of electrostatic repulsions.13 As a result, CMC adsorption behavior is highly dependent 

upon ionic strength. Changes in ionic strength will alter the intra- and intermolecular 

interactions, leading to different adsorption behavior. As CMC adsorption behavior at 

solid/liquid interfaces has many industrial applications, it is still an active area of 

research. 

In this chapter, interactions between xyloglucan and different cellulose surfaces 

were studied using QCM-D and SPR. Xyloglucan oligosaccharide adsorption onto RC 

substrates was studied for a better understanding of molar mass effects on cellulose-

xyloglucan interactions and for the elucidation of the underlying mechanism of 

xyloglucan adsorption onto cellulose. The adsorption behavior and layer properties of 

CMC were quantified by QCM-D and SPR. Systematic studies on the effects of DS, DP 

and ionic strength on CMC adsorption onto RC surfaces were performed and quantified 

through a Voigt-based viscoelastic model. 

4.3 Experimental 

4.3.1 Materials 

 Preparation of different cellulose surfaces, including NC, Avicel and RC surfaces, 

were outlined in Chapter 3.2. Ellipsometry and atomic force microscopy (AFM) were 
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used for the characterization of cellulose surfaces as described in Chapters 3.3.1 and 

3.3.3, respectively. Hemicelluloses used in this study are commercially available and 

summarized in Table 4.1. Hemicellulose solutions were prepared by dissolving the 

materials in ultrapure water with a concentration of 500 mg!L-1.  

Table 4.1 Summary of xyloglucan, xyloglucan oligosaccharide and xyloglucan 

heptasaccharide samples used in this study.a 

 Supplier  Source aMolar Mass /kDa 

Xyloglucan Megazyme Tamarind Seeds 202  
Xyloglucan Oligosaccharide Megazyme Tamarind Seeds 3 to 4  
Xyloglucan Heptasaccharide Megazyme Tamarind Seeds 1.063 

  a.Weight average molar mass. 

Four commercially available CMC samples with different DS and DP were used 

in this chapter and are summarized in Table 4.2. The CMC samples used without further 

purification, were denoted as CMC-x-y, where x is the DS and y is the weight average 

DP. Solutions of CMC were prepared by dissolving in ultrapure water or aqueous CaCl2 

solutions (5 mM or 10 mM) with an initial concentration of 500 mg!L-1. 

Table 4.2 Four commercially available CMC samples from Sigma-Aldrich.a 

 CMC-1.2-965 CMC-0.9-1064 CMC-0.7-1143 CMC-0.7-412 
Supplier Sigma-Aldrich Sigma-Aldrich Sigma-Aldrich Sigma-Aldrich 

aMolar Mass 250 kDa 250 kDa 250 kDa 90 kDa 
DS 1.15-1.45 0.80-0.95 0.65-0.90 0.65-0.90 
DP 965 1064 1143 412 

 a.Weight average molar mass. 

4.3.2 QCM-D Measurements 

Cellulose-coated sensor crystals were used as substrates for all QCM-D 

measurements in this chapter. The adsorption of xyloglucan onto NC, Avicel and RC 

surfaces was studied by adsorbing xyloglucan with a concentration of 500 mg!L-1 from 

water. The adsorption process proceeded until a plateau in the adsorption profile was 
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obtained. Dynamic adsorption isotherms were obtained in a sequential fashion with a 

series of concentrations: 10, 25, 50, 100, 250, 500 and 1000 mg!L-1. Adsorption times of 

20 min were used for each concentration. Detailed procedures for QCM-D measurements 

are provided in Chapter 3.3.4. Procedures for CMC adsorption from CaCl2 solution were 

slightly different from the one used for xyloglucan or CMC adsorption from water. Water 

was first introduced into the flow cells for at least 1 h until a flat baseline (initial water 

baseline) was obtained. Then CaCl2 solution was introduced into the flow cells, and 

subsequently CMC sample dissolved in CaCl2 with the same ionic strength was 

introduced. Finally, CaCl2 and water were sequentially pumped through the flow cells to 

establish a final water baseline. Adsorption times of 30 min were used for all CMC 

experiments. All measurements were performed on triplicate under a continuous flow rate 

of 0.200 mL!min-1 at 20.0 °C in triplicate and averages ± one standard deviation were 

calculated. 

Details for viscoelastic modeling are provided in Chapter 3.3.4. Adsorption 

profiles for CMC adsorption from multiple overtones were fit using a Voigt-based 

viscoelastic model employing the software package QTools 3.0.5 (Q-Sense). According 

to the Voigt-based viscoelastic model, the cellulose layer was treated as an extension of 

the quartz and the CMC layer was in contact with the bulk liquid under no-slip boundary 

conditions. Values of density (ρf) of the adsorbed CMC layer were set to 1050 kg!m-3 for 

the estimation of thickness (hf). For simplicity, we assumed that ρf remained constant 

throughout the adsorption process and that the resulting adsorbed layer was uniform in 

thickness. 
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4.3.3 SPR Measurements 

Detailed procedures for SPR measurements were outlined in Chapter 3.3.5. Water 

was introduced into the SPR flow cell at a rate of 0.20 mL!min-1 at 20.0 °C for at least 1 

h until a stable baseline was obtained. After a 10 min water baseline (initial water 

baseline), sample solution (xyloglucan, xyloglucan oligosaccharide, xyloglucan 

heptasaccharide or CMC) was introduced into the flow cell at the same flow rate and 

temperature as water. Adsorption was allowed to proceed for the same amount of time as 

QCM-D measurements. Finally, water was introduced into the flow cell in order to allow 

desorption of reversibly adsorbed molecules until a final water baseline was obtained. 

Adsorption isotherms were performed in a sequential fashion using the same 

concentrations and same adsorption times as QCM-D measurements. All measurements 

were performed under a continuous flow rate of 0.20 mL!min-1 at 20.0 °C in triplicate 

and the averages ± one standard deviation were calculated. Refractive index increments 

were determined by a differential refractometer as described in Chapter 3.3.2 and 

summarized in Table 4.3. 
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Table 4.3 Refractive index increments (dn/dc) of all xyloglucan and CMC samples used 

in this study. 

Sample Solution Condition dn/dc /mL!g-1 
Xyloglucan Heptasaccharide H2O 0.1357 ± 0.0003 
Xyloglucan Oligosaccharide H2O 0.1422 ± 0.0006 

Xyloglucan H2O 0.1391 ± 0.0003 
CMC-1.2-965 5 mM CaCl2 0.145 ± 0.003 

10 mM CaCl2 0.142 ± 0.006 
CMC-0.9-1064 5 mM CaCl2 0.147 ± 0.002 

10 mM CaCl2 0.137 ± 0.003 
CMC-0.7-1143 5 mM CaCl2 0.148 ± 0.003 

10 mM CaCl2 0.143 ± 0.002 
CMC-0.7-412 5 mM CaCl2 0.144 ± 0.006 

10 mM CaCl2 0.142 ± 0.004 
 

4.4 Results and Discussion  

4.4.1 Xyloglucan Adsorption onto Cellulose Surfaces 

Xyloglucan adsorption from aqueous solutions onto different cellulose surfaces, 

including NC, Avicel and RC, was investigated by QCM-D and SPR. On the basis of 

previous studies, the adsorption process should be sensitive to surface characteristics.14 

The use of NC, Avicel and RC surfaces provided three types of cellulose substrate: 

almost fully crystalline and porous cellulose I, crystalline cellulose II and a non-porous 

almost completely amorphous cellulose, respectively. Characterization of cellulose 

surfaces was performed using ellipsometry and AFM as described in Chapters 3.3.1 and 

3.3.3, respectively. Height images from AFM along with thicknesses and root-mean-

square (RMS) roughnesses are presented in Figure 4.3. These three cellulose surfaces had 

similar thicknesses of ~10 nm. The NC and RC surfaces were quite smooth with low 

RMS roughnesses, however, the Avicel cellulose surface was considerably rougher. 
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Figure 4.3 Representative AFM height images of three different cellulose surfaces, 

including NC, Avicel and RC surfaces. The RMS roughnesses were obtained from 2 µm 

× 2 µm scan areas and the z range was 20 nm. Film thicknesses were measured by 

ellipsometry as described in Chapter 3.3.1. 

A summary of QCM-D and SPR results is provided in Table 4.4. Details for the 

analysis of QCM-D and SPR raw data are provided in Chapters 3.3.4 and 3.3.5, 

respectively. In brief, the Sauerbrey equation15 and the equation of de Feijter et al.16 were 

used for the calculation of adsorbed amount ΓQCM-D and ΓSPR, respectively. Both QCM-D 

and SPR results showed that the 202 kDa xyloglucan sample irreversibly adsorbed onto 

the three cellulose surfaces. However, the amount of xyloglucan that adsorbed and the 

hydration state of the adsorbed layer strongly varied for different cellulose surfaces. As is 

seen in Table 4.4, ΓQCM-D and ΓSPR increased in the order of RC < NC < Avicel. This trend 

was consistent with previously published results for cellulase adsorption onto RC and NC 

surfaces where the porosity of the NC film afforded greater accessible surface area for 

adsorption.17 This finding was also in agreement with the in vitro and in vivo study that 

confirmed strong interactions between xyloglucan and cellulose.2 Furthermore, it was 

also believed that xyloglucan not only bound to the cellulose surface, but also tethered 
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Thickness: ~ 14 nm 
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the cellulose microfibrils. However, QCM-D and SPR, as surface techniques, can only 

confirm the surface attachment rather than the tethering effect. The main driving force 

proposed for xyloglucan adsorption is nonelectrostatic interactions, presumably through 

hydrogen bonding.2 When xyloglucan comes close to cellulose, the formation of 

hydrogen bonds between xyloglucan and cellulose becomes more favorable than the 

formation of hydrogen bonds between cellulose and water. It has long been suggested 

that the xyloglucan-cellulose interactions involve the alignment of polysaccharide chains 

due to the structural similarity between xyloglucan and cellulose.18, 19 Furthermore, some 

simulation results showed that van der Waals interactions made a significant contribution 

to xyloglucan adsorption onto cellulose under aqueous conditions.20  

Table 4.4 Values of ΓQCM-D and ΓSPR for 202 kDa xyloglucan adsorption onto different 

cellulose surfaces from 500 mg!L-1 aqueous solutions at 20.0 °C.a,b,c  

 Regenerated 
Cellulose 

(Amorphous) 

Nanocrystalline 
Cellulose 

(Cellulose I) 

Avicel 
Cellulose 

(Cellulose II) 
aΓQCM-D /mg!m-2 4.64 ± 0.71 5.13 ± 0.14 5.23 ± 0.35 

bΓSPR /mg!m-2 1.02 ± 0.35 1.72 ± 0.15 2.78 ± 0.84 
c%H2O 78 ± 8 64 ± 1 47 ± 14 

         a. Calculated from Equation 3.1 for the fifth overtone. 
         b. Calculated from Equation 3.4. 
         c. Degree of hydration by mass calculated from Equation 2.30. 

A complementary use of SPR to QCM-D allowed for the estimation of water 

contents or degrees of hydration of the adsorbed xyloglucan layers. As is evident in Table 

4.4, ΓQCM-D was greater than ΓSPR. This was expected, as QCM-D measured not only the 

adsorbed polymer but also coupled water, whereas SPR was only sensitive to the 

adsorbed polymer. The average water content of adsorbed xyloglucan layers on different 

cellulose surfaces increased in the order of Avicel (47 ± 14%) < NC (64 ± 1%) < RC (78 
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± 8%). This observation is also consistent with a previous study that showed that the 

adsorption of tamarind seed xyloglucan onto cellulose led to the formation of a 

lubricating layer.21 This trend was also similar to previous results where cellulase 

penetrated into porous NC films but not into RC films (non-porous).17 Unlike RC 

surfaces, penetration of xyloglucan into NC and Avicel films allowed the displacement of 

water already coupled to the films leading to smaller apparent water contents.  

4.4.2 Xyloglucan Oligosaccharide Adsorption onto Cellulose Surfaces 

 Dynamic adsorption isotherms for xyloglucan, xyloglucan oligosaccharide and 

xyloglucan heptasaccharide from water onto RC surfaces were studied by QCM-D. Each 

adsorption isotherm was collected in a sequential fashion by pumping sample solutions 

from low to high concentration. Representative adsorption profiles for xyloglucan 

heptasaccharide, xyloglucan oligosaccharide and xyloglucan are provided in Figure 4.4. 

For xyloglucan heptasaccharide and xyloglucan oligosaccharide, changes in scaled 

frequency (Δƒ/n) and dissipation (ΔD) comparable to the detection limit of the instrument 

(Δƒ/n < ~ 1 Hz and ΔD < ~ 0.2 × 10-6) were observed. It was impossible to extract useful 

information from QCM-D raw data for these two oligosaccharides. In contrast, for 

xyloglucan greater changes in Δƒ/n and ΔD were observed with increasing concentration. 

Values of Δƒ/n for each concentration were converted to ΓQCM-D using the Sauerbrey 

equation as described in Chapter 3.3.4 and results are summarized in Table 4.5. The 

QCM-D data showed that the adsorption equilibrium shifted towards more bound 

materials (greater ΓQCM-D) with increasing concentration for the high molar mass 

xyloglucan. As is evident in Figure 4.4, molar mass had a significant influence on 

xyloglucan adsorption. This conclusion is in agreement with previous results from 



 97 

xyloglucan-cellulose binding assays and ITC measurements, suggesting that the molar 

mass of xyloglucan has a marked effect on binding.22  

 

Figure 4.4 Representative dynamic adsorption isotherms for (O) xyloglucan, (� ) 

xyloglucan oligosaccharide and (Δ) xyloglucan heptasaccharide aqueous solutions 

adsorbed onto RC surfaces at 20.0 °C. Arrows indicate where solutions were switched. 

Each adsorption isotherm was collected in a sequential fashion from low to high 

concentration. Data correspond to the fifth overtone and arrows indicate where solutions 

were switched. 
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Table 4.5 Irreversible Δƒ/n, ΔD and ΓQCM-D for 202 kDa xyloglucan adsorption onto RC 

surfaces from water at 20.0 °C.a 

Concentration /mg!L-1 Δƒ/n /Hz ΔD × 106 aΓQCM-D /mg!m-2
 

10 -2.14 ± 0.11 0.10 ± 0.02 0.38 ± 0.02 
25 -4.55 ± 0.20 0.34 ± 0.05 0.81 ± 0.03 
50 -6.33 ± 0.24 0.57 ± 0.07 1.12 ± 0.04 
100 -7.06 ± 0.26 0.63 ± 0.11 1.25 ± 0.04 
250 -8.74 ± 0.35 0.92 ± 0.13 1.55 ± 0.06 
500 -8.30 ± 0.42 0.83 ± 0.11 1.47 ± 0.07 
1000 -10.25 ± 0.47 1.14 ± 0.12 1.81 ± 0.08 

  a. Calculated from Equation 3.1 for the fifth overtone. 

Dynamic adsorption isotherms for xyloglucan, xyloglucan oligosaccharide and 

xyloglucan heptasaccharide adsorption onto RC were also obtained in a sequential 

fashion using SPR. Adsorption times were the same as those used for the corresponding 

QCM-D measurements. Representative SPR adsorption profiles are provided in Figure 

4.5. As seen in Figure 4.5, changes in SPR angle (θsp) increased with increasing 

concentration and molar mass. Irreversible changes in SPR angle (Δθirr) and adsorbed 

amounts (ΓSPR) for xyloglucan heptasaccharide, xyloglucan oligosaccharide and 

xyloglucan adsorption onto RC surfaces are summarized in Table 4.6. Conversion from 

Δθirr to ΓSPR followed the procedures in Chapter 3.3.5. Unlike QCM-D results, where 

significant xyloglucan heptasaccharide and xyloglucan oligosaccharide adsorption could 

not be detected, SPR data clearly demonstrated irreversible Δθirr upon exposure of the 

cellulose surfaces to xyloglucan oligosaccharide and xyloglucan heptasaccharide 

solutions.  
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Figure 4.5 Representative θsp versus time for RC surfaces exposed to (O) xyloglucan,      

(�) xyloglucan oligosaccharide and (Δ) xyloglucan heptasaccharide aqueous solutions at 

20.0 °C. Arrows indicate where solutions were switched. Each adsorption isotherm was 

collected in a sequential fashion from low to high concentration with an intervening 

rinsing step. 

Table 4.6 Summary of Δθirr and ΓSPR for xyloglucan heptasaccharide, xyloglucan 

oligosaccharide and xyloglucan aqueous solutions adsorbed onto RC surfaces at 20.0 

°C.a,b 

Conc. 
/mg!L-1 

Xyloglucan 

Heptasaccharide 

Xyloglucan 

Oligosaccharide 

Xyloglucan 
Δθirr /° aΓSPR /mg!m-2 Δθirr /° aΓSPR /mg!m-2 Δθirr /° aΓSPR /mg!m-2 

10 0.0014(4) 

0.0004 

0.030(9) 0.0058(1) 0.118(2) 0.0055(1) 0.115(2) 
25 0.0031(5) 0.066(11) 0.0088(1) 0.180(2) 0.0099(8) 0.207(17) 
50 0.0041(5) 0.088(11) 0.0118(5) 0.241(10) 0.0164(18) 0.342(37) 

100 0.0058(8) 0.124(17) 0.0146(4) 0.298(8) 0.0192(16) 0.400(33) 
250 0.0071(13) 0.152(28) 0.0170(5) 0.347(10) 0.0221(23) 0.461(48) 
500 0.0081(13) 0.173(28) 0.0206(8) 0.420(16) 0.0282(29) 0.588(60) 

1000 0.0094(16) 0.201(34) 0.0242(10) 0.494(20) 0.0324(30) 0.676(63) 

 a. Calculated from Equation 3.4. 
 b. Number in parenthesis represents one standard deviation of the last one or two digits. 
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 Dynamic adsorption isotherms for xyloglucan, xyloglucan oligosaccharide and 

xyloglucan heptasaccharide adsorption onto RC surfaces are provided in Figure 4.6. 

Values of ΓSPR increased with increasing sample concentration between 10 and 1000 

mg!L-1. Initially, there was a steep change in ΓSPR in the low concentration region and a 

more gradual change in the high concentration region. The dramatic increases in the low 

concentration region emphasized the high affinity nature of both xyloglucan and its 

oligosaccharides towards cellulose. Only the xyloglucan heptasaccharide exhibited a 

plateau in the high concentration region, indicating surface saturation with xyloglucan 

heptasaccharide. The lack of plateaus for both xyloglucan oligosaccharide and 

xyloglucan may reflect inadequate adsorption times or polydispersity in the samples. As a 

polymeric material, 202 kDa xyloglucan is expected to form a de Gennes self-similar 

carpet structure with a tightly bound layer and a more diffuse layer, especially for high 

sample concentrations.23, 24 As a consequence, “loop” and “tail” conformations make a 

greater contribution to the adsorbed amount of xyloglucan with high molar mass. The 

existence of a diffuse layer for high molar mass xyloglucan is consistent with the higher 

observed ΔD values summarized in Table 4.5, i.e. the formation of more dissipative 

layers. However, these values are still well below the typical threshold (ΔD < 5 × 10-6) 

where the Sauerbrey equation (Equation 3.1) is no longer valid. 
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Figure 4.6 Dynamic adsorption isotherms for (O) xyloglucan, (� ) xyloglucan 

oligosaccharide and (Δ) xyloglucan heptasaccharide adsorbed onto RC surfaces from 

water at 20.0 °C. Error bars represent one standard deviation. The solid lines represent 

Langmuir fits (Equation 2.5) and the dashed lines represent Freundlich fits (Equation 

2.6). 

0.8

0.6

0.4

0.2

0.0

Γ
SP
R 

/m
g•

m
-2

B

0.8

0.6

0.4

0.2

0.0

Γ
SP
R 

/m
g•

m
-2

A

0.8

0.6

0.4

0.2

0.0

Γ
SP
R 

/m
g•

m
-2

10008006004002000

Concentration /mg•L-1

C



 102 

Values of ΓSPR for xyloglucan, xyloglucan oligosaccharide and xyloglucan 

heptasaccharide adsorption were also fit with Langmuir (Equation 2.5) and Freundlich 

(Equation 2.6) adsorption isotherms, represented by solid and dashed lines in Figure 4.6, 

respectively. For 202 kDa xyloglucan (Figure 4.6A) and xyloglucan oligosaccharide 

(Figure 4.6B), Freundlich adsorption isotherm appeared to be a better fit. For xyloglucan 

heptasaccharide (Figure 4.6C), the adsorption isotherm was better described by a 

Langmuir fit. While neither isotherm is strictly valid for polymer adsorption, Freundlich 

adsorption isotherms frequently give better semi-empirical fits for polymeric systems. 

For xyloglucan heptasaccharide, even though the fit to Langmuir equation was good, the 

isotherm could only be considered as pseudo-Langmuirian since polymer adsorption 

failed to satisfy all the criteria required for Langmuir adsorption.25 The pseudo-

Langmuirian behavior has also been found for other polysaccharides, for example, guar 

gum adsorption onto talc.26 Adsorption isotherm parameters for xyloglucan 

heptasaccharide, xyloglucan oligosaccharide and xyloglucan aqueous solutions adsorbed 

onto RC surfaces are summarized in Table 4.7. A LB monolayer of cellulose has a 

surface concentration of ~ 0.45 mg!m-2 based on previous study.27 As xyloglucans have 

cellulose-like backbones with only slightly smaller side branches, similar surface 

concentrations for a xyloglucan monolayer are expected. On the basis of adsorption 

isotherm parameters, especially maximum surface excess (Γm), xyloglucan 

oligosaccharide layer (Γm = 0.51 mg!m-2) is considered to be within the range of a 

monolayer, while the xyloglucan heptasaccharide layer (Γm = 0.21 mg!m-2) represents a 

partial monolayer and 202 kDa xyloglucan layer (Γm = 0.71 mg!m-2) must have 

multilayer features. From the Langmuir fitting results, all three samples, xyloglucan 
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heptasaccharide, xyloglucan oligosaccharide and xyloglucan, had the same Langmuir 

constant (KL) of 0.014 L!mg-1, indicating there was no strong molar mass effect on the 

affinity of xyloglucan for RC. However, adsorbent capacity (KF) obtained from 

Freundlich fits, which was analogous to Γm obtained from Langmuir fits, increased with 

increasing molar mass of xyloglucan. The adsorption affinity constant (1/nƒ) measures 

preferential adsorption of one adsorbate over others.28 Similar values of 1/nƒ also 

confirmed the absence of a molar mass dependence for the inherent affinity of xyloglucan 

for RC surfaces. 

Table 4.7 Adsorption isotherm parameters from SPR experiments for xyloglucan 

heptasaccharide, xyloglucan oligosaccharide and 202 kDa xyloglucan adsorbed onto RC 

surfaces from aqueous solutions at 20.0 °C.a,b 

 Langmuir Fits Freundlich Fits 
aΓm /mg!m-2 aKL /L!mg-1 bKF 

b1/nf 
Xyloglucan  

Heptasaccharide 

 

0.211 ± 0.006 0.0137 ± 0.0001 0.017 ± 0.004 0.384 ± 0.052 

Xyloglucan  
Oligosaccharide 

0.51 ± 0.02 0.015 ± 0.004 0.068 ± 0.008 0.297 ± 0.024 

Xyloglucan 0.71 ± 0.03 0.013 ± 0.003 0.064 ± 0.015 0.361 ± 0.047 

 a. Determined by nonlinear fits to Equation 2.5. 
 b. Determined by nonlinear fits to Equation 2.6. 

 As it was not possible to extract statistically significant information from QCM-D 

raw data for xyloglucan heptasaccharide and oligosaccharide, only QCM-D data for 

xyloglucan was used together with SPR data for estimating the water content associated 

with the xyloglucan layers adsorbed onto RC surfaces (Figure 4.7A). As shown in Figure 

4.7B, an average water content of ~ 65% was obtained for all of the concentrations 

investigated in the dynamic adsorption isotherm experiments. This value is comparable to 

the water content obtained for the equilibrium estimates of the surface morphology 
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studies (78 ± 8%, Table 4.4). A slightly lower water content value is attributed to the 

shorter adsorption time (20 min vs. 2 h) whereby less time is allowed for a diffuse layer 

to fully form. 

 

Figure 4.7 (A) Adsorption isotherms from (Ο) SPR and (�) QCM-D and (B) water 

contents (%H2O, ◊) for dynamic adsorption of xyloglucan onto RC surfaces from 

aqueous solutions at 20.0 °C. Error bars represent one standard deviation. 

The study of xyloglucan oligosaccharide adsorption onto cellulose provided 

additional insight into the underlying mechanism of xyloglucan adsorption onto cellulose. 

Both QCM-D and SPR results confirmed strong interactions between cellulose and 

xyloglucan, and in SPR experiments even for the structural unit of xyloglucan (XXXG). 
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The observation of both XXXG and polymeric xyloglucan binding to cellulose suggests 

that xyloglucan shows strong affinity towards cellulose. Schematic representations of 

xyloglucan heptasaccharide, xyloglucan oligosaccharide and xyloglucan interactions with 

RC surfaces are provided in Figure 4.8. As depicted in Figure 4.8A, even the XXXG (a 

single circle in the figure) interacts with the cellulose surface, confirming the presence of 

strong cellulose-xyloglucan interactions. As no preferential adsorption exists for all three 

xyloglucan samples, both single structural unit and consecutive structural units can 

interact with cellulose surfaces. As XXXG adsorption is consistent with submonolayer 

surface coverage (Figure 4.8A), incomplete coating of cellulose is expected. As 

xyloglucan oligosaccharide adsorption is consistent with monolayer coverage (Figure 

4.8B), it fits depicted as forming a complete coating on cellulose. For 202 kDa 

xyloglucan (Figure 4.8C), a fraction of segments form “loops” and “tails” sticking out 

into solution, leading to the formation of multilayer. This depiction is consistent with the 

de Gennes self-similar carpet with the formation of a diffuse adsorbed layer for 

xyloglucan with high molar mass.23, 24 
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Figure 4.8 Schematic representations of (A) xyloglucan heptasaccharide, (B) xyloglucan 

oligosaccharide and (C) xyloglucan interactions with RC surfaces. Each circle represents 

a major structural unit (XXXG). Filled circles represent building blocks that directly 

interact with cellulose, also known as “trains”.  

4.4.3 Carboxymethyl Cellulose Adsorption onto Cellulose Surfaces 

The adsorption of CMC from water and salt solutions onto RC surfaces and the 

properties of the resulting adsorbed layers were examined using QCM-D and SPR. Four 

sodium salts of CMC samples were used in this study as summarized in Table 4.2. For 

the case of adsorption from water, there were no significant changes in Δƒ/n or ΔD 

between the final and initial water baselines. Hence, any CMC adsorption that occurred 

from water was reversible. This observation was similar to some previous studies and 

was attributed to the electrostatic repulsions between negatively charged CMC molecules 

and slightly anionic cellulose surfaces (surface potential = -2 mV).29, 30 Changes in Δƒ/n 

and ΔD during adsorption most likely reflected changes in viscosity and density of the 
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solution rather than reversible adsorption. All four CMC samples used in this chapter 

failed to irreversibly adsorb onto RC surfaces from water. Based upon previous studies, 

the addition of salt can reduce the electrostatic repulsions and facilitate polysaccharide 

adsorption.31, 32 Representative adsorption profiles for CMC adsorption onto RC surfaces 

from 5 mM CaCl2 are provided in Figure 4.9 and values of Δƒ/n and ΔD deduced from 

multiple adsorption experiments are summarized in Table 4.8. Unlike the case of 

reversible CMC adsorption from water, the observed non-zero changes in both Δƒ/n and 

ΔD after CaCl2 solution and water were reintroduced into the flow cells indicated an 

irreversible adsorption of CMC from CaCl2. This enhancement could be explained by 

crosslinks formed between CMC molecules via Ca2+ as well as the interaction with 

regard to charge neutralization along the CMC backbones.9 There was also a significant 

increase in ΔD upon switching back to water at the end of the adsorption experiment. Liu 

et al. attributed this to the softening and swelling of CMC/Ca2+ complex layers by 

water.30 As is evident in Figure 4.9, there was an initial rapid decrease in Δƒ/n attributed 

to CMC adsorption from CaCl2 followed by the uptake of additional CMC at a lower rate. 

Approximately 80% of the adsorption occurred within 10 min of RC exposure to the 

CMC solutions containing 5 mM CaCl2. The observation of at least two stages for CMC 

adsorption, including diffusion-controlled adsorption (initial rapid uptake) and 

rearrangement of CMC molecules, is consistent with the literature.12  
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Figure 4.9 Representative time dependent (A) Δƒ/n and (B) ΔD profiles for CMC 

adsorption onto RC from 500 mg!L-1 solutions containing 5 mM CaCl2 at 20.0 °C. 

Different symbols correspond to CMC samples with similar DP but different DS: (O) 1.2, 

(�) 0.9 and (Δ) 0.7. Data correspond to the fifth overtone and arrows indicate where 

solutions were switched.  
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Table 4.8 Irreversible Δƒ/n and ΔD for CMC samples adsorption onto RC surfaces from 

500 mg!L-1 solutions containing 5 mM and 10 mM CaCl2 solution at 20.0 °C. 

 Δƒ/n /Hz ΔD ×106 

5 mM CaCl2 CMC-1.2-965 -16.72 ± 0.55 6.28 ± 0.10 
CMC-0.9-1064 -22.06 ± 0.35 7.58 ± 0.01 
CMC-0.7-1143 -23.60 ± 0.45 7.78 ± 0.34 
CMC-0.7-412 -24.8 ± 2.1 6.85 ± 0.14 

10 mM CaCl2 CMC-1.2-965 -20.4 ± 1.7 7.44 ± 0.22 
CMC-0.9-1064 -28.0 ± 2.8 9.00 ± 0.52 
CMC-0.7-1143 -26.66 ± 0.52 9.28 ± 0.26 
CMC-0.7-412 -23.10 ± 0.70 6.84 ± 0.42 

 

Unlike the hemicellulose xyloglucan that adsorbed onto cellulose with flatter and 

more rigid conformations, CMC formed soft and viscoelastic layers on RC surfaces with 

ΔD ≥ 5 × 10-6. For such dissipative layers, a Voigt-based viscoelastic model was used for 

the quantification of the adsorbed CMC layers.33 Detailed procedures for Voigt-based 

viscoelastic modeling are provided in Chapter 3.3.4. The density and viscosity of water, 

ρ0 = 1000 kg!m-3 and η0 = 1 × 10-3 N!s!m-2, respectively, were used for all of the bulk 

liquids due to negligible effects of dissolved electrolytes and CMC on the values of 

density and viscosity.30 Fitting data from different overtone combinations are 

summarized in Table 4.9. The fitting results showed that greater ΓQCM-D were obtained 

from the lower overtone combination (n = 3, 5, and 7) compared to the higher overtone 

combination (n = 9, 11, and 13). As the film density was held constant, ρf = 1050 kg!m-3, 

values of hf necessarily showed the same trend. These differences were attributed to a 

decrease in the penetration depth of the acoustic waves through the film and into the 

surrounding media with increasing frequency (larger n).34, 35 The acoustic waves 

generated by higher overtones can only sample the region of the adsorbed layer closest to 

the quartz crystal due to a smaller penetration depth. The acoustic waves generated by 
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lower overtones can penetrate deeper into the bulk liquid and sample flexible “loops” and 

“tails” dangling into the bulk liquid. The viscosity and elastic shear moduli of CMC 

layers adsorbed from CaCl2 solution were on the order of 10-3 N!s!m-2 and 105 N!m-2, 

respectively. These values are consistent with a previously published study on the 

viscoelastic properties of CMC layers adsorbed from CaCl2 solution onto cellulose.30  

Table 4.9 Summary of hf and ΓQCM-D using different overtone combinations for CMC 

layers adsorbed onto RC surfaces from 500 mg!L-1 solutions containing 5 mM and 10 

mM CaCl2 solutions at 20.0 °C.a,b 

Sample [Ca2+] 
/mM 

ahf /nm 
 (n = 3, 5, 7) 

ahf /nm 
(n = 9, 11, 13) 

bΓQCM-D /mg!m-2 
(n = 3, 5, 7) 

bΓQCM-D /mg!m-2 
(n = 9, 11, 13) 

CMC 
-1.2-965 

5 8.15 ± 0.21 4.87 ± 0.66 8.97 ± 0.23 5.36 ± 0.73 
10 8.95 ± 1.05 5.29 ± 0.78 9.85 ± 1.15 5.82 ± 0.86 

CMC 
-0.9-1064 

5 9.45 ± 0.78 5.43 ± 1.11 10.40 ± 0.86 5.97 ± 1.22 
10 10.56 ± 0.36 7.93 ± 0.53 11.62 ± 0.40 8.72 ± 0.58 

CMC 
-0.7-1143 

5 10.58 ± 0.93 6.51 ± 1.02 11.64 ± 1.02 7.16 ± 1.12 
10 11.67 ± 0.48 7.20 ± 1.28 12.84 ± 0.53 7.92 ± 1.41 

CMC 
-0.7-412 

5 9.68 ± 0.24 6.76 ± 0.49 10.65 ± 0.26 7.44 ± 0.54 
10 8.40 ± 0.11 5.87 ± 0.32 9.24 ± 0.12 6.46 ± 0.35 

      a. Assumes ρf = 1050 kg!m-3. 
      b. Calculated from Equation 3.3. 
!

In order to probe ionic strength effects on CMC adsorption, 5 mM and 10 mM 

CaCl2 solution were used for QCM-D measurements. An analogous plot to Figure 4.9 for 

the case of 10 mM CaCl2 is provided as Figure 4.10. As seen in Figure 4.10, there are no 

qualitative differences from the 5 mM CaCl2 case presented in Figure 4.9. Nonetheless, 

there are some small quantitative differences with respect to Δƒ/n and ΔD that are 

summarized in Table 4.8. At high salt concentrations, slight differences in the adsorption 

profiles in Figure 4.9 for CMC-0.9-1064 and CMC-0.7-1143 disappeared as seen in 

Figure 4.10, even though CMC-1.2-965 still showed a significant difference from low DS 

samples. Although the increase in ionic strength yielded an increase in CMC adsorption, 
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equilibrium adsorption occurred over comparable time scales. Fitting data for CMC 

adsorption from different salt concentrations is summarized in Table 4.9. In general, 

greater hf and ΓQCM-D were obtained with increasing [Ca2+]. This result could be explained 

by a decrease in the range of the double-layer force with increasing ionic strength. 

Anionic CMC came closer to the anionic cellulose surface and other short-range 

attractive forces, such as van der Waals forces, became more important.36 This result is 

similar to the case of negatively charged hemicellulose adsorption onto cellulose, where 

the short-range forces play an important role in the adsorption process.19 In addition, the 

lower solubility of CMC at higher ionic strength also provides a strong driving force for 

CMC adsorption. As CMC-1.2-965 has the highest DS, it may have a significantly lower 

driving force for adsorption due to the greater electrostatic repulsions as well as better 

aqueous solubility.  
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Figure 4.10 Representative time dependent (A) Δƒ/n and (B) ΔD profiles for CMC 

adsorption onto RC surfaces from 500 mg!L-1 solutions containing 10 mM CaCl2 onto 

RC surfaces at 20.0 °C. Different symbols correspond to CMC samples with similar DP 

but different DS: (O) 1.2, (�) 0.9 and (Δ) 0.7. Data correspond to the fifth overtone and 

arrows indicate where solutions were switched. 
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density can reduce the electrostatic repulsions and enhance the adsorption of CMC. This 

result can also be explained as CMC samples with higher DS having a greater fraction of 

chain segments interacting with RC surface through Ca2+, leading to more compact 

conformations. In contrast, CMC samples with lower DS have a lower fraction of chain 

segments directly interacting with RC while other chain segments form “loop” and “tail” 

conformations. More extended conformations would also be consistent with larger ΔD 

observed for low DS films (Table 4.8). Moreover, there is a small difference in 

adsorption kinetics with respect to DS for CMC. By comparing the initial adsorption rate 

which is measured by the slope of the Δƒ/n versus time curves at an early stage of 

adsorption (Figures 4.9 and 4.10), the adsorption of CMC with higher DS (CMC-1.2-965) 

onto RC was slightly slower than CMC-0.9-1064 and CMC-0.7-1143. Slower adsorption 

was probably attributed to the stronger electrostatic repulsions between the more highly 

charged CMC chains in solution as well as between CMC chains in solution and those 

already adsorbed onto the RC surfaces. 

 In order to investigate the effect of DP on CMC adsorption, QCM-D 

measurements were performed on CMC samples of the same DS (DS = 0.7) but different 

DP. Representative time dependent adsorption profiles for CMC adsorption onto RC 

surfaces from 5 mM CaCl2 and 10 mM CaCl2 are provided in Figures 4.11 and 4.12, 

respectively. As seen in Figures 4.11 and 4.12, greater changes in Δƒ/n and ΔD were 

observed for CMC samples with high DP (CMC-0.7-1143). On the basis of viscoelastic 

modeling data summarized in Table 4.9, greater hf and ΓQCM-D were obtained for the 

CMC sample with the higher DP for DS = 0.7. Similar results were obtained for CMC 

adsorption onto talc surfaces where the adsorbed amounts increased with increasing DP.9 
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At low salt concentrations (5 mM CaCl2), DP had a smaller effect on CMC adsorption 

onto RC surfaces. One possible reason is electrostatic repulsions between adsorbed CMC 

and CMC molecules in solution at lower salt concentration hinder additional adsorption.9 

A more significant DP effect was observed at higher salt concentration (10 mM CaCl2) as 

seen in Figure 4.12 and Table 4.9. Previous results also confirmed that the electrostatic 

repulsions between high DP CMC molecules were more significantly reduced by high 

ionic strength.38 This observation could also be explained by the fact that an increase in 

ionic strength caused the negatively charged CMC molecules to take on coil 

conformations. Therefore, CMC molecules with higher DP occupied more space than 

CMC molecules with lower DP, leading to greater adsorbed amounts per unit area. Molar 

mass of the polymer was also expected to affect the dynamics of polyelectrolyte 

adsorption.39 However, there were no significant differences in the adsorption dynamics 

for the two CMC samples with different DP at the concentration investigated.  
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Figure 4.11 Representative time dependent (A) Δƒ/n and (B) ΔD profiles for CMC 

adsorption onto RC from 500 mg!L-1 solutions containing 5 mM CaCl2 at 20.0 °C. 

Different symbols correspond to CMC samples with the same DS of 0.7 but different DP: 

(Δ) 1143 and (∇) 412. Data correspond to the fifth overtone and arrows indicate where 

solutions were switched. 
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Figure 4.12 Representative time dependent (A) Δƒ/n and (B) ΔD profiles for CMC 

adsorption onto RC surfaces from 500 mg!L-1 solutions containing 10 mM CaCl2 at 20.0 

°C. Different symbols correspond to CMC samples with the same DS of 0.7 but different 

DP: (Δ) 1143 and (∇) 412. Data correspond to the fifth overtone and arrows indicate 

where solutions were switched. 
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angle during the adsorption was attributed to the higher refractive index of the CMC 

solutions compared to water. Greater Δθirr were observed for CMC adsorption from 

CaCl2 solutions. This observation was in agreement with the QCM-D data that showed 

the addition of salt enhanced CMC adsorption onto RC surfaces. Comparable Δθirr and 

ΓSPR values were obtained for all CMC samples except the one with the highest DS 

(CMC-1.2-965). For CMC-0.7-1143 and CMC-0.7-412, similar Δθirr and ΓSPR values 

were obtained, indicating no significant DP effect on CMC adsorption onto RC. 

Surprisingly, Δθirr and ΓSPR measured by SPR decreased with increasing salt 

concentration, especially for CMC samples with high DS (CMC-1.2-965). 

Table 4.10 Summary of Δθirr and ΓSPR for CMC adsorption onto RC surfaces from 500 

mg!L-1 solutions containing 5 mM and 10 mM CaCl2 at 20.0 °C.a 

 [CaCl2] /mM Δθirr /° aΓSPR /mg!m-2 
CMC-1.2-965 5 0.0185 ± 0.0007  0.37 ± 0.02 

 10 0.015 ± 0.001 0.31 ± 0.02 
CMC-0.9-1064 5 0.026 ± 0.001  0.51 ± 0.02 

 10 0.024 ± 0.001 0.51 ± 0.02 
CMC-0.7-1143 5 0.0266 ± 0.0007 0.52 ± 0.02 

 10 0.025 ± 0.003 0.51 ± 0.06 
CMC-0.7-412 5 0.026 ± 0.004 0.52 ± 0.08 

 10 0.025 ± 0.003 0.51 ± 0.06 
          a. Calculated from Equation 3.4. 

Adsorbed amounts measured by QCM-D and SPR as well as water contents 

associated with CMC layers are summarized in Table 4.11. All CMC samples showed 

similar ΓSPR values except for the one with the highest DS (CMC-1.2-965). However, 

ΓQCM-D was significantly higher than ΓSPR and varied with respect to DS and DP. The 

differences in ΓQCM-D could be attributed to different amounts of water associated with 

adsorbed CMC layers. As all of the CMC samples formed soft and viscoelastic layers on 
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RC surfaces with relatively high water contents (> 90%), no significant differences in 

water contents were observed. These values were consistent with previously published 

results for CMC layers on cellulose substrates.30 Water contents obtained from the lower 

overtone combination were slightly higher than those from the higher overtone 

combination. These differences were attributed to the greater penetration depth of the 

acoustic waves into the surrounding medium. 

Table 4.11 Summary of ΓQCM-D, ΓSPR and %H2O for CMC layers adsorbed onto RC 

surfaces from 500 mg!L-1 solutions containing 5 mM and 10 mM CaCl2 at 20.0 °C.a,b,c 

Sample [Ca2+] 
/mM 

aΓQCM-D 
/mg!m-2

 
(n = 3, 5, 7) 

aΓQCM-D 
/mg!m-2

 
 (n = 9, 11, 13) 

bΓSPR 
/mg!m-2

 
 

c%H2O 
(n = 3, 5, 7) 

c%H2O 
(n = 9, 11, 13) 

CMC 
-1.2-965 

5 8.97 ± 0.23 5.36 ± 0.73 0.37 ± 0.02 96 ± 1 93 ± 1 
10 9.85 ± 1.15 5.82 ± 0.86 0.31 ± 0.02 97 ± 1 95 ± 1 

CMC 
-0.9-1064 

5 10.40 ± 0.86 5.97 ± 1.22 0.51 ± 0.02 95 ± 1 92 ± 2 
10 11.62 ± 0.40 8.72 ± 0.58 0.51 ± 0.02 96 ± 1 94 ± 1 

CMC 
-0.7-1143 

5 11.64 ± 1.02 7.16 ± 1.12 0.52 ± 0.02 96 ± 1 93 ± 1 
10 12.84 ± 0.53 7.92 ± 1.41 0.51 ± 0.06 96 ± 1 94 ± 1  

CMC 
-0.7-412 

5 10.65 ± 0.26 7.44 ± 0.54 0.52  ± 0.08 95 ± 1 93 ± 1 
10 9.24 ± 0.12 6.46 ± 0.35 0.51 ± 0.06 94 ± 1 92 ± 1 

  a. Calculated from Equation 3.3. 
  b. Calculated from Equation 3.4. 
  c. Degree of hydration by mass calculated from Equation 2.30. 

Negatively charged CMC did not adsorb onto RC surfaces from water. While the 

addition of Ca2+ led to the formation of CMC/Ca2+ complex layers with greater stability 

after flowing water over the surface. First, the presence of Ca2+ in solution provided 

strong bridges between CMC and RC surfaces. Moreover, the carboxyl groups at the C6 

positions could form inter- and intramolecular crosslinks through Ca2+. Similar effects of 

Ca2+ on the adsorption of CMC onto talc surfaces have been demonstrated by Parolis and 

coworkers.40 A schematic depiction of CMC adsorption onto RC surfaces is provided in 

Figure 4.13. Compared to CMC adsorption onto mineral surfaces that formed rather flat 
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conformations to make more contacts with the surface,13 adsorption of CMC led to the 

formation soft and viscoelastic layers which are consistent with the greater changes in 

ΔD. For CMC samples with higher DS, lower values of ΔD and smaller hf indicate a 

more compact and flatter conformation with a greater fraction of the segments in “train” 

conformations. For CMC samples with lower DS, a high degree of “loop” and “tail” 

conformations were formed as a consequence of the preferential adsorption of the 

charged segments. This interpretation is also consistent with the relatively higher ΔD and 

larger hf values. For CMC samples with the same DS (DS = 0.7) but different DP, the 

longer chains formed larger loops. This interpretation is consistent with the greater ΔD 

and hf values observed for CMC samples with higher DP. In summary, both “tail” and 

long “loop” conformations have significant contributions to greater adsorbed amounts of 

CMC samples with lower DS and higher DP adsorbed onto RC surfaces. This 

interpretation is consistent with previous studies on polymer adsorption that “tail” and 

“loop” conformations contribute most to the adsorbed amounts at solid/liquid 

interfaces.41  

 

Figure 4.13 A schematic representation of CMC adsorption onto RC surfaces. Black 

circles represent unsubstituted glucose units and red circles represent glucose units with 

carboxymethyl substitution.  
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4.5 Conclusions 

 One major hemicellulose from dicot plants, xyloglucan, showed irreversible 

adsorption onto three different cellulose surfaces. Adsorbed amounts strongly correlated 

with increasing porosity and roughness of the substrates and increased in the order of RC 

< NC < Avicel. Dynamic adsorption isotherms were studied for 202 kDa xyloglucan and 

oligosaccharides. For xyloglucan heptasaccharide, a Langmuir adsorption isotherm fit the 

experimental data well, whereas for xyloglucan oligosaccharide and xyloglucan, 

Freundlich adsorption isotherms provided better fits. On the basis of adsorption isotherm 

parameters, there was no significant molar mass dependence for the affinity of 

xyloglucan for RC surfaces. Xyloglucan interacts with cellulose through different 

building blocks like xyloglucan heptasaccharide and xyloglucan oligosaccharide. 

Compared to hemicelluloses, CMC adsorption from CaCl2 formed soft and hydrated 

layers on RC that can not be directly quantified by the Sauerbrey equation. Viscoelastic 

modeling and the combination of QCM-D and SPR data confirmed the formation of soft 

and dissipative CMC/Ca2+ layers on RC with average water contents > 90%. This study 

also demonstrated the adsorption of CMC onto RC was strongly affected by the addition 

of CaCl2 as well as the salt concentration. The adsorbed amounts increased with 

increasing [Ca2+]. The DS and DP played important roles in CMC adsorption onto RC 

surfaces with greater adsorption for low DS and high DP CMC samples.  
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Chapter 5: Pectin and Polygalacturonic Acid: Their Model Surfaces and 

Interactions with Cellulose and Xyloglucan  

5.1 Abstract 

Xyloglucans and pectins are two major classes of primary plant cell wall 

polymers and studies of their interactions with each other, as well as cellulose, can 

enhance the understanding of the assembly of primary plant cell walls. The adsorption of 

pectin and polygalacturonic acid (PGA) onto different substrates, including regenerated 

cellulose (RC) and gold was studied via a quartz crystal microbalance with dissipation 

monitoring (QCM-D). The best coatings were for pectin and PGA adsorbed from a pH = 

5.0 citric phosphate buffer. On the gold substrates, pectin and PGA formed better 

coatings than on RC surfaces as irreversible xyloglucan adsorption was completely 

inhibited on pectin/PGA-coated gold but not on pectin/PGA-coated RC. For RC surfaces, 

initial treatment of the RC with xyloglucan completely inhibited the subsequent 

adsorption of pectin. These results indicated that there were no significant or negligible 

interactions between xyloglucan and pectins with high galacturonic acid content for the 

solution condition study. 

5.2 Introduction 

Primary plant cell walls are interesting, “naturally engineered” structures that 

combine mechanical strength, protection against pathogen intrusion, tissue cohesion and 

matter transport.1 In dicotyledonous plants, primary cell walls consist of approximately 

30% cellulose, 30% hemicelluloses, 35% pectins and 1 to 5% structural proteins on a dry 

mass basis.2 Cellulose is the most abundant biomacromolecule on earth and is comprised 

of β-(1→4)-linked glucose in linear chains which further associate into cellulose 
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microfibrils. Xyloglucans, major hemicelluloses in primary cell walls, have a cellulose-

like backbone with xylose, galactose and arabinose as side branches. Pectins, possibly the 

most complex class of biomacromolecules, have domains of homogalacturonan (HG), 

rhamnogalacturonan I (RG I) and rhamnogalacturonan II (RG II). Pectins are essentially 

branched heteropolysaccharides with side chains consisting mainly of galactose and 

arabinose, as well as some less common sugars. The side chains are mainly grafted onto 

rhamnose units in RGI domains and are widely distributed along the pectin backbone.3 

Polygalacturonic acid (PGA) is a pectin degradation product and commercial PGA is 

prepared from citrus pectin by partial depolymerization and demethylation. The chains of 

PGA may be crosslinked by Ca2+, hydrogen bonds and hydrophobic interactions. Greater 

than 60% of all pectins in the plant cell walls are HG segments with the PGA backbones 

having varying degrees of methylation and acetylation.4 The degrees of methylation and 

acetylation of PGA, as well as the distribution of methyl and acetyl groups, play 

important roles in these interactions.5, 6 Typical RG I has alternating galacturonic acid 

and rhamnose units as a backbone with branching at approximately half of the rhamnose 

residues. The side chain branches are usually arabinan, galactan and arabinogalactan.4 

The rhamnose units serve as “kinks” along the backbone, giving rise to irregularity that 

enables the flexibility of pectin molecules.3 The structure of RG II is even more 

complicated with four different complex side chains that can be crosslinked by borate 

ester bonds.7  

The structures of individual cell wall components are usually well known, 

however, their specific arrangement and interactions with other cell wall polymers are 

usually not fully understood. Many studies have focused on the interactions between 
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cellulose and xyloglucan, but the interactions between pectins and other cell wall 

components, such as cellulose and especially xyloglucan remain under-explored. Spurred 

by advances in different characterization techniques, several primary cell wall models 

have emerged and continue to evolve. Keegstra and coworkers proposed that cell wall 

components are covalently linked together to form giant networks8 and a recent study 

confirms the existence of such pectin-xyloglucan complexes via covalent bonding.9 

However, the two polysaccharides within the complex are polydisperse and there is still a 

possibility that they may only be linked together non-covalently through intermolecular 

forces.9 The currently prevailing model, proposed by Hayashi and Fry, states that 

cellulose microfibrils are coated and tethered by xyloglucan as a network mainly through 

hydrogen bonding.10, 11 In this model, pectins form co-extensive but independent 

networks that physically interact with the cellulose-xyloglucan network. Indeed, pectins 

are thought to fill the interstices within the cellulose-xyloglucan network. Recently, a 

new model has been proposed that may alter the existing paradigm of cell wall structure. 

Dick-Pérez and coworkers suggested a central role of pectin in maintaining the structure 

and function of plant cell walls.1 They proved that pectin interacts extensively with both 

cellulose and hemicelluloses in a single network using 2D and 3D magic-angle-spinning 

solid-state NMR. As incomplete somewhat contradictory information is available about 

the interactions between pectin and xyloglucan, the structure of the primary cell wall is 

still under debate. 

The preparation of pectin films dates back several decades, and most of the 

studies focused upon cast films formed from aqueous solutions of pectin with the 

introduction of Ca2+ or other additives.12-14 It was recently reported that smooth PGA and 
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xyloglucan films could be prepared by directly spincoating PGA or xyloglucan aqueous 

solution onto a freshly cleaved mica substrate with subsequent vacuum oven drying.15 

The resulting films were on the order of 100 to 200 nm thick and their roughnesses were 

~ 0.3 nm. However, these films had poor resistance to water because of their hydrophilic 

nature (water contact angles on xyloglucan and PGA films were 25 ± 1° and 13 ± 1°, 

respectively).15 When placed in quartz crystal microbalance with dissipation monitoring 

(QCM-D) or surface plasmon resonance (SPR) modules, these films dissolved into 

aqueous solutions. A recent study investigated the structural growth of two 

polysaccharide layers, PGA and sodium alginate, on poly-L-lysine coated SiO2 

substrates. The impacts of Ca2+ complexation and variation in ionic strengths were 

studied by combining results from QCM-D and atomic force microscopy (AFM).16 

Recently Orelma et al. proposed a generic method for the modification of cellulose films 

by preadsorption of carboxymethyl cellulose (CMC) and chitosan in order to achieve 

controlled attachment of biomolecules on the modified cellulose surfaces.17 

In this work, we describe the preparation of pectin and PGA model surfaces in 

order to study their interactions with cellulose and xyloglucan via QCM-D and SPR. The 

adsorption of pectin and PGA onto regenerated cellulose (RC) and gold substrates from 

different solution conditions were studied and compared to the well-known adsorption of 

xyloglucan. Preparation of pectin and PGA model surfaces can be achieved via their 

adsorption from citric phosphate buffer onto gold substrates. The resulting model 

surfaces were used to study interactions between pectin or PGA and xyloglucan, in order 

to establish a better understanding of potential interactions that may exist in primary plant 

cell walls. 
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5.3 Experimental 

5.3.1 QCM-D Measurements 

Gold and RC-coated QCM-D sensors prepared as in Chapter 3.2.3 were used in 

this chapter. Detailed procedures for QCM-D measurements are provided in Chapter 

3.3.4. Once a water baseline was established, three solution conditions were investigated: 

water, 1 mM CaCl2 and a citric phosphate buffer (50 mM, pH = 5.0). All measurements 

were performed under a continuous flow rate of 0.200 mL!min-1 at 20.0 °C in triplicate 

and the averages ± one standard deviation for each condition were calculated. 

5.3.2 SPR Measurements 

 Gold SPR sensors were used for all SPR measurements in this chapter. Detailed 

procedures for SPR measurements were provided in Chapter 3.3.5. All of the aqueous 

solutions were degassed before use for the avoidance of the introduction of air bubbles 

into the system. Each SPR experiment was performed at 20.0 °C in triplicate and the 

average values ± one standard deviation were calculated. 

5.3.3 AFM Measurements 

Detailed procedures for AFM measurements were provided in Chapter 3.3.3. 

Pectin and PGA layers for interaction studies with xyloglucan were dried in a vacuum 

oven at 45 °C for 5 h and then imaged with an MFP-3D-Bio atomic force microscope 

(MFP-3D-BIO, Asylum Research) in tapping mode. The AFM images were collected 

under ambient conditions using a silicon tip (OMCL-AC 160TS, Olympus Corp.). The 

reported roughnesses are root-mean-square (RMS) values determined from 2 µm × 2 µm 

scan areas. 
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5.4 Results and Discussion 

5.4.1 Adsorption of Pectin and PGA onto Cellulose 

 Pectin and PGA adsorption onto cellulose surfaces was investigated by QCM-D. 

Prior to the introduction of pectin or PGA solutions, water and the appropriate solvent 

(water, CaCl2 or citric phosphate buffer) were sequentially flowed through the QCM-D 

modules. Figure 5.1 shows scaled frequency changes (Δƒ/n) and dissipation changes 

(ΔD) as a function of time for pectin adsorption onto RC surfaces. The first observed 

small change arose from viscosity and density changes associated with the switch from 

water to the solvent (CaCl2 or citric phosphate buffer) and returned to zero upon a switch 

back to water in control experiments. Immediately after the injection of pectin from a 

given solvent, there was a significant Δƒ/n decrease and a ΔD increase, followed by a 

much more gradual change of Δƒ/n and ΔD. After 30 min of adsorption time, the same 

solvent and finally water were introduced for the removal of reversibly bound molecules. 

For the case where water was used as a solvent, shifts in Δƒ/n and ΔD were small and 

comparable to the detection limit of the instrument. This observation is quite different 

from xyloglucan adsorption onto RC surfaces under identical conditions (Figure 5.3, 

diamonds), suggesting a weaker interaction between cellulose and pectin compared to the 

well-known cellulose-xyloglucan interactions. Weaker pectin adsorption may arise from 

the negative charges carried on the pectin and residual negative charges on cellulose 

(surface potential = -2 mV) introduced by the pulping process. This behavior is similar to 

the case of carboxymethyl cellulose (CMC) adsorption onto cellulose surfaces.18 

Romanowski and coworkers found that the adsorption of plasmid DNA onto mineral 

surfaces was promoted by the introduction of divalent cations as well as solution 
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conditions with high ionic strength,19 thus the effects of Ca2+ and a citric phosphate buffer 

with high ionic strength (50 mM, pH = 5.0) were investigated in this study. Greater 

changes in both Δƒ/n and ΔD between the final and initial water baselines were obtained 

for adsorption from 1 mM CaCl2 and the citric phosphate buffer (50 mM, pH = 5.0), an 

indication of greater irreversible adsorption onto the cellulose surfaces from these 

solution conditions. The value of 1 mM for the CaCl2 represented the maximum value 

that could be used with retention of PGA solubility. The adsorbed amount, ΓQCM-D, was 

calculated from the Sauerbrey equation, as the change in ΔD was relatively small (< 4 × 

10-6). With the introduction of divalent Ca2+ ions, crosslinks that enhanced pectin 

adsorption onto cellulose surfaces formed. This behavior is similar to the case of CMC 

where the presence of divalent Ca2+ promoted CMC adsorption onto cellulose and the 

formation of a hydrated layer on the substrate.17, 18 For the case of citric phosphate buffer 

condition, most of all the carboxyl groups along the pectin backbones were ionized 

(negatively charged) at a pH of 5.0. The hindrance to adsorption by electrostatic 

repulsions between an adsorbate and a surface can be counteracted by high ionic strength 

solutions. With sufficiently high electrolyte concentrations, adsorption can occur even 

when the polymer and substrate are both anionic, as in the current study using pectin and 

RC surfaces. Similar QCM-D adsorption profiles were obtained for PGA adsorbed from 

water, 1 mM CaCl2 and a citric phosphate buffer (50 mM, pH = 5.0) onto RC surfaces as 

provided in Figure 5.2. Changes in Δƒ/n, ΔD and adsorbed amount ΓQCM-D are 

summarized in Table 5.1. The ΓQCM-D of PGA were greater than pectin for all solution 

conditions tested. Greater PGA adsorption was attributed to the regular structure of PGA 

molecules and higher galacturonic acid content that allowed better packing on the 
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substrate compared to pectin molecules with pendant side chains. It was also recently 

demonstrated through enzymatic and alkali degradation procedures that there are non-

covalent interactions between pectin and cellulose, mediated by the arabinan and pectic 

galactan side chains.20 From the QCM-D data, even at low ionic strength, Ca2+ was 

efficient enough to improve pectin or PGA adsorption onto RC surfaces with ΓQCM-D 

comparable to citric phosphate buffer with high ionic strength (Table 5.1). The main 

driving force for pectin or PGA adsorption onto RC surfaces is electrostatic interactions, 

as both the introduction of Ca2+ and citric phosphate buffer solution with high ionic 

strength promotes the adsorbed amounts by neutralizing and/or screening the anionic 

groups on pectin/PGA and cellulose.  

  



 132 

 

Figure 5.1 Representative time dependent (A) Δƒ/n and (B) ΔD profiles for pectin (500 

mg!L-1) adsorption onto RC surfaces from (Ο) water, (�) 1 mM CaCl2 and (Δ) citric 

phosphate buffer (50 mM, pH = 5.0) at 20.0 °C.  Data correspond to the fifth overtone 

and arrows indicate where solutions were switched. 
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Figure 5.2 Representative time dependent (A) Δƒ/n and (B) ΔD profiles for PGA (500 

mg!L-1) adsorption onto RC surfaces from (Ο) water, (�) 1mM CaCl2 and (Δ) citric 

phosphate buffer (50 mM, pH = 5.0) at 20.0 °C. Data correspond to the fifth overtone and 

arrows indicate where solutions were switched. 
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Table 5.1 Irreversible ΓQCM-D for pectin and PGA adsorption onto different substrates 

from 500 mg!L-1 solutions at 20.0 °C.a,b  

 aΓQCM-D, pectin /mg!m-2  aΓQCM-D, PGA /mg!m-2 
 RC Gold  RC Gold 

H2O 0.27 ± 0.11 1.52 ± 0.08 H2O 0.73 ± 0.14 2.23 ± 0.04 
CaCl2

b
 0.94 ± 0.14 3.27 ± 0.21 CaCl2

b
 1.56 ± 0.14 3.36 ± 0.71 

bufferc 1.17 ± 0.09 4.57 ± 0.02 bufferc 1.88 ± 0.09 2.65 ± 0.27 
   a. Calculated from Equation 3.1 for the fifth overtone.  
   b. 1 mM CaCl2 
   c. A citric phosphate buffer (50 mM, pH = 5.0)  

5.4.2 Adsorption of Xyloglucan onto Cellulose, and Pectin- and PGA-coated 

Cellulose 

Xyloglucan is known to interact with cellulose, presumably through hydrogen 

bonds.10 Furthermore, it is believed that xyloglucan can bind to the surface and tether the 

cellulose microfibrils. Data from QCM-D in Figure 5.1 showed slight irreversible pectin 

adsorption from water onto cellulose surfaces with Δƒ/n = -1.5 Hz, a value that 

corresponds to ΓQCM-D = 0.3 mg!m-2 on the basis of Sauerbrey equation (Equation 3.1). 

Irreversible pectin adsorption from water onto cellulose is much smaller than xyloglucan 

adsorption onto cellulose (ΓQCM-D = 3.4 mg!m-2) under the same conditions (Figure 5.2, 

diamonds). The differences in irreversible adsorption indicate much stronger xyloglucan-

cellulose interactions than the pectin-cellulose interactions. 

After the preadsorption of pectin or PGA onto RC surfaces, the subsequent 

adsorption of xyloglucan onto pectin-coated cellulose surfaces was studied. As seen in 

Figure 5.3, Δƒ/n values after rinsing off reversibly bound xyloglucan are nearly identical 

for xyloglucan irreversibly bound onto virgin cellulose and cellulose with different 

preadsorbed pectin coatings. This result indicated the presence of pectin did not 

substantially decrease the amount of xyloglucan bound to cellulose. On the basis of 
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previous studies, polymer adsorption tends to form a de Gennes self-similar carpet 

layer.21, 22 This layer consists of a dense layer comparable to the size of the adsorption 

blob and a more diffuse layer. The dense layer has a high fraction of “train” segments, 

whereas the diffuse layer is comprised of “loops” and “tails”. The inability of pectin to 

substantially inhibit xyloglucan adsorption likely reflects incomplete blockage of surface 

sites that still allows xyloglucan to bind to cellulose and form a self-similar layer. The 

same experiments were carried out for PGA-coated cellulose surfaces as provided in 

Figure 5.4, and there were no significant differences in xyloglucan adsorption onto 

pectin- or PGA-coated RC surfaces. This result is also in agreement with the conclusion 

of Zykwinska and coworkers from in vitro binding assays of ternary 

pectin/xyloglucan/cellulose systems.23 

  



 136 

 

Figure 5.3 Representative time dependent (A) Δƒ/n and (B) ΔD profiles for xyloglucan 

(500 mg!L-1) adsorption onto (") RC and pectin-coated RC surfaces obtained from 

different solution conditions: (Ο) water, (�) 1 mM CaCl2 and (Δ) citric phosphate buffer 

(50 mM, pH = 5.0) at 20.0 °C. Data correspond to the fifth overtone and arrows indicate 

where solutions were switched. 
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Figure 5.4 Representative time dependent (A) Δƒ/n and (B) ΔD profiles for xyloglucan 

(500 mg!L-1) adsorption onto (") RC and PGA-coated RC surfaces obtained from 

different solution conditions: (Ο) water, (�) 1 mM CaCl2 and (Δ) citric phosphate buffer 

(50 mM, pH = 5.0) at 20.0 °C. Data correspond to the fifth overtone and arrows indicate 

where solutions were switched. 

5.4.3 Adsorption of Pectin and PGA onto Gold Substrates 

The adsorption of pectin and PGA onto gold substrates was quite different from 

their adsorption onto RC surfaces from citric phosphate buffer (50 mM, pH = 5.0) as 
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true both prior to and after rinsing, indicating greater amounts of reversibly and 

irreversibly adsorbed pectin or PGA, respectively, onto the gold substrates. The 

adsorption kinetics were faster for gold than RC substrates, an indication of greater pectin 

and PGA affinity towards the gold substrates than cellulose. As polyelectrolytes, pectin 

and PGA adsorption can be affected by a series of parameters: such as solvent conditions, 

charge density, molecular weight, hydrophobicity of the polymer as well as substrate 

properties.24 The gold substrate (water contact angle of 62 ± 2°)25 is more hydrophobic 

than the RC substrate (water contact angle of 27 ± 1°).26 Stronger pectin adsorption onto 

gold relative to PGA under the same conditions would be attributed to more methyl esters 

along the pectin backbones that contribute to hydrophobic characters compared to PGA 

backbones with carboxyl groups at the C6 positions. The stronger attraction and greater 

affinity towards gold substrates for pectin molecules are attributed to stronger van der 

Waals interactions between pectin and RC substrates. In addition, it was also recently 

found that cellulose derivatives irreversibly adsorbed onto a flat gold substrate with 

greater adsorbed amounts from a citrate buffer.27 Previous studies have also shown strong 

affinity of citrate ions towards gold substrates leading to the formation of a citrate layer 

on gold substrates.27 The adsorption enhancement could be attributed to the negatively 

charged citrate layer on gold that enhances electrostatic interactions between adsorbate 

and the gold substrate by activating more adsorption sites.27, 28 The enhanced electrostatic 

interactions also contributed to greater adsorption of pectin compared to PGA onto gold 

substrates. Moreover, when Ca2+ or citric phosphate buffer solution with high ionic 

strength was introduced, adsorption of pectin/PGA onto gold substrate was also 
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enhanced. As a result, both van der Waals interactions and electrostatic interactions play 

important roles in pectin and PGA adsorption onto gold substrates.  

 

Figure 5.5 Representative time dependent (A) Δƒ/n and (B) ΔD profiles for pectin (500 

mg!L-1) adsorption onto gold substrates from (Ο) water, (�) 1 mM CaCl2 and (Δ) citric 

phosphate buffer (50 mM, pH = 5.0) at 20.0 °C. Data correspond to the fifth overtone and 

arrows indicate where solutions were switched. 
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Figure 5.6 Representative time dependent (A) Δƒ/n and (B) ΔD profiles for PGA (500 

mg!L-1) adsorption onto gold substrates from (Ο) water, (�) 1 mM CaCl2 and (Δ) citric 

phosphate buffer (50 mM, pH = 5.0) at 20.0 °C. Data correspond to the fifth overtone and 

arrows indicate where solutions were switched. 

After the preadsorption of pectin and PGA onto gold substrates, the resulting 

pectin- and PGA-coated gold substrates were dried at 45 °C for 5 h in a vacuum oven 

prior to AFM measurements. Representative AFM images of the gold substrates modified 

by pectin or PGA adsorbed from citric phosphate buffer (50 mM, pH = 5.0) with 

concentrations of 500 mg!L-1 and 1000 mg!L-1 are provided in Figures 5.7 and 5.8, 
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RMS roughness (< 2 nm). For PGA, solutions with higher concentrations (1000 mg!L-1) 

yielded pinhole-free and smooth layers with RMS roughnesses of ~ 1.4 nm that were 

comparable to pectin layers obtained under the same conditions (Figure 5.6C). At lower 

PGA concentrations, voids in the film were easily identified from the AFM images 

(Figure 5.6B), and the resulting films had larger RMS roughnesses (~ 3.4 nm). Pectin 

formed better coatings than PGA on gold substrates when lower concentrations were 

used, while pinhole-free films with similar morphology were formed for both pectin and 

PGA on gold substrates when using higher concentrations. Better quality pectin films at 

lower concentrations relative to PGA were reflected in greater ΓQCM-D for pectin layers. 

This result can be explained by both the presence of methyl esters along pectin backbones 

that enhances van der Waals interactions between pectin and gold substrate as well as the 

side chains of pectin which are known to hold more water molecules within the adsorbed 

pectin layer.3, 29 In addition, previous studies showed there is a noticeable increase in the 

flexibility of pectins due to the presence of rhamnose units within pectin backbones.30 

Pectin chains with greater flexibility also contribute to the stronger pectin adsorption onto 

gold substrates compared to more rigid PGA backbones due to stronger electrostatic 

repulsions between PGA chains. Pectin molecules can easily undergo conformational 

rearrangements and cover all the accessible gold substrates. This result is similar to 

previous studies on equilibrium and dynamic properties of adsorbed polymer as a 

function of polymer chain flexibility.31 Flexible chains showed a greater fraction of 

“loop” and “tail” conformations as well as shorter integration times, denoted as the time 

for adsorbed polymers to become fully integrated into the adsorbed layer, compared to 

rigid chains.31  
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Figure 5.7 Representative AFM height images of (A) a gold substrate and gold substrates 

after the adsorption of pectin from citric phosphate buffer (50 mM, pH = 5.0) with pectin 

concentrations of (B) 500 mg!L-1 and (C) 1000 mg!L-1 at 20.0 °C. The RMS roughnesses 

of (A) 1.0 nm, (B) 1.8 nm and (C) 1.5 nm were obtained from the entire 2 µm × 2 µm 

scan areas and the z range was 20 nm. 
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Figure 5.8 Representative AFM height images of (A) a gold substrate and gold substrates 

after the adsorption of PGA from citric phosphate buffer (50 mM, pH = 5.0) with a PGA 

concentration of (B) 500 mg!L-1 and (C) 1000 mg!L-1 at 20.0 °C. The RMS roughnesses 

of (A) 1.0 nm, (B) 3.4 nm and (C) 1.4 nm were obtained from the entire 2 µm × 2 µm 

scan!areas and the z range was 20 nm. 
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The water contents associated with the pectin or PGA layers prepared by 

adsorption from citric phosphate buffer (50 mM, pH = 5.0) onto the gold substrates were 

also investigated. Assuming ideal solution behavior, the water contents can be calculated 

from the different Γ determined by QCM-D and SPR through Equation 2.30 (Figure 5.9). 

For films prepared from the citric phosphate buffer (50 mM, pH = 5.0), the water 

contents of the adsorbed pectin and PGA layers were 58 ± 2% and 39 ± 2%, respectively. 

This difference is attributed to a more highly charged PGA with a more extended chain 

conformation. As a consequence, PGA adsorbed with a flatter conformation and less 

coupled water in accord with theoretical work carried out by Rubinstein et al. and Fleer et 

al.22, 32 This result is also similar to CMC adsorption onto cellulose where CMC samples 

with higher degree of substitution (DS) tend to form flatter conformations due to the 

electrostatic repulsions between CMC molecules. 
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Figure 5.9 Representative adsorption profiles obtained from (�) QCM-D and (Ο) SPR 

measurements for (A) pectin and (B) PGA adsorbed onto gold from 500 mg!L-1 solutions 

in citric phosphate buffer (50 mM, pH = 5.0) at 20.0 °C. 

Dynamic adsorption isotherms were obtained for pectin and PGA adsorbed from 

citric phosphate buffer (50 mM, pH = 5.0) onto gold substrates (Figure 5.10). In Figure 

5.10, the ΓQCM-D values are plotted against the concentration of the bulk solution. 

Adsorption isotherms were obtained by two different methods: individual and sequential 

adsorption experiments. For the range of concentrations from 5 mg!L-1 to 1000 mg!L-1, 

both pectin and PGA irreversibly adsorbed onto gold. In both cases, the adsorption time 

was fixed at 20 min. Under these conditions, ΓQCM-D increased with increasing bulk 
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concentration. It was also observed that the adsorbed amounts obtained from adsorption 

experiments for a single concentration were lower than those obtained from sequential 

adsorption. For sequential adsorption, pectin molecules that adsorbed onto gold at lower 

concentrations remained on the surface. Additional pectin was able to adsorb onto the 

partially covered gold substrates leading to higher adsorbed amounts compared to the 

individual adsorption experiments. These differences may reflect initially flatter binding 

conformations for pectin and PGA adsorbed at lower concentrations, followed by the 

adsorption of the three-dimensional chains on top of the flat underlayer in the sequential 

adsorption experiments. In contrast, single-shot adsorption at high concentrations 

occurred rapidly with likely retention of a three-dimensional conformation that yielded a 

film which lacked a flat underlayer. This observation is also consistent with 

experimental33 and theoretical studies21 on polymer adsorption at solid/liquid interfaces 

leading to the formation of a tightly adsorbed underlayer and a loosely bound outer layer.  
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Figure 5.10 Dynamic QCM-D adsorption isotherms for (A) pectin and (B) PGA 

adsorbed onto gold from citric phosphate buffer (50 mM, pH = 5.0) by (Ο) individual and 

(�) sequential adsorption at 20.0 °C. The data are average values ± one standard 

deviation error bars. The adsorption time for each solution was fixed at 20 min.  

The dynamics of pectin adsorption from citric phosphate buffer onto gold were 

also studied via QCM-D (Figure 5.11). The adsorption process proceeded until 

equilibrium occurred. Equilibrium was operationally defined as the point where values of 

Δƒ/n and ΔD were constant for more than 10 minutes. Both Δƒ/n values for pectin prior 

to rinsing (~ -45 Hz) and after rinsing with water (~ -28 Hz) were independent of 
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concentration. The values of the equilibrium, irreversibly adsorbed ΓQCM-D calculated 

from the Sauerbrey equation (Equation 3.1) for six concentrations ranging from 25 to 

1000 mg!L-1 were nearly the same (ΓQCM-D ~ 5.0 mg!m-2). This result can be explained as 

complete saturation of the exposed gold substrate. Given sufficient time, the pectin 

adsorbed and occupied the entire gold substrate and formed a stable hydrated layer. The 

overall adsorbed amount most closely corresponded to the result from sequential 

adsorption experiments presented in Figure 5.10A. The adsorption from different 

concentrations exhibited different adsorption kinetics at early stages of adsorption and the 

initial adsorption rate increased with increasing concentration (Figure 5.11B). As seen in 

Figure 5.11B, 20 min was adequate for surface saturation for samples with pectin 

concentrations of 500 or 1000 mg!L-1. Since the ultimate goal of this work was the 

preparation of smooth and homogeneous pectin/PGA layers, this observation is the 

reason why 20 min adsorption times were used for Figure 5.10. 
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Figure 5.11 Kinetic studies for pectin adsorption onto gold from citric phosphate buffer 

(50 mM, pH = 5.0) with different pectin concentrations as indicated in the legend at 20.0 

°C. The adsorption process proceeded until equilibrium occurred. (A) Adsorption all the 

way through desorption after rinsing the surface with buffer and then water. The blue and 

red arrows next to graph (A) represent (Δƒ/n)minimum prior to and after rinsing with water, 

respectively. (B) The same data as (A) for the first 3000 sec to highlight the effect of 

concentration on the adsorption kinetics. Data correspond to the fifth overtone and arrows 

indicate where solutions were switched. 
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5.4.4 Adsorption of Xyloglucan onto Gold, and Pectin- and PGA-coated Gold 

Representative data for the adsorption of xyloglucan from 500 mg!L-1 aqueous 

solutions onto bare gold and gold substrates covered with preadsorbed pectin layers are 

provided in Figure 5.10. Xyloglucan irreversibly adsorbed onto gold substrates with 

greater changes in Δƒ/n and ΔD than pectin or PGA under the same conditions. 

Xyloglucan has a stronger affinity towards gold substrates and the ΓQCM-D (Figure 5.12, 

diamonds) after rinsing with water corresponded to an irreversibly adsorbed ΓQCM-D = 5.8 

± 0.2 mg!m-2. For gold substrates with preadsorbed pectin layers formed from solutions 

of different concentrations, the subsequent binding of xyloglucan was significantly 

diminished. For the case where pectin layers were prepared from citric phosphate buffer 

(50 mM, pH = 5.0) with a pectin concentration of 500 mg!L-1, Δƒ/n and ΔD returned to 

the baseline after the switch back to water. This result showed that irreversible adsorption 

of xyloglucan was completely inhibited by the preadsorbed pectin layer. This result led to 

a systematic study of the best conditions for the formation of pectin and PGA layers from 

citric phosphate buffer (50 mM, pH = 5.0). Figure 5.13 shows the dependence of the 

surface concentration of irreversibly adsorbed xyloglucan (ΓQCM-D, xyloglucan) on the surface 

concentration of the preadsorbed pectin layer (ΓQCM-D, pectin). Bulk solution concentrations 

used for the control of ΓQCM-D, pectin are summarized in Table 5.2. As seen in Figure 5.13, 

incomplete coverage of the gold substrate by the pectin layer allowed subsequent 

adsorption of some xyloglucan onto the surface. For ΓQCM-D, pectin > 2.1 mg!m-2, the pectin 

layer completely coated the gold substrate and completely inhibited xyloglucan 

adsorption. Similar results were obtained for xyloglucan adsorption onto PGA-coated 

gold substrates (Figure 5.14). The bulk solution concentrations used to achieve different 
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values of ΓQCM-D, PGA in Figure 5.14 are also summarized in Table 5.2. In contrast to 

pectin, complete PGA coverage of the gold was not achieved until the concentration of 

the PGA solution was increased to 1000 mg!L-1 in citric phosphate buffer (50 mM, pH = 

5.0). This result was consistent with AFM images obtained for preadsorbed pectin and 

PGA layers. For the case of pectin adsorption from both 500 and 1000 mg!L-1 solutions 

in citric phosphate buffer (50 mM, pH = 5.0), gold substrates were completely covered by 

pectin layers with small RMS roughnesses (Figure 5.7). In contrast, voids were identified 

in AFM images for PGA layers on gold formed from PGA solutions with concentrations 

below 1000 mg!L-1 (Figure 5.8). 
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Figure 5.12 Representative time dependent (A) Δƒ/n and (B) ΔD profiles for xyloglucan 

(500 mg!L-1) adsorption onto (") gold and pectin-coated gold substrates obtained from 

solutions with pectin concentrations of 500 mg!L-1 in (Ο) water, (�) 1 mM CaCl2 and 

(Δ) citric phosphate buffer (50 mM, pH = 5.0) at 20.0 °C. Data correspond to the fifth 

overtone and arrows indicate where solutions were switched. 
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Figure 5.13 Xyloglucan adsorption onto gold and pectin-coated gold substrates from 500 

mg!L-1 aqueous solutions at 20.0 °C. Gold substrates with different values of ΓQCM-D, pectin 

were obtained by the adsorption of pectin onto gold from citric phosphate buffer 

solutions (50 mM, pH = 5.0) with different bulk concentrations. The adsorption time was 

fixed at 20 min for each concentration. Specific solution conditions used to produce 

different ΓQCM-D, pectin are summarized in Table 5.2. Error bars represent one standard 

deviation. 

Table 5.2 Irreversible ΓQCM-D for pectin or PGA adsorption onto gold substrates from 

different bulk concentrations in citric phosphate buffer (50 mM, pH = 5.0) at 20.0 °C.a  

Concentration /mg!L-1 aΓQCM-D, pectin /mg!m-2 aΓQCM-D, PGA /mg!m-2 
5 0.30 ± 0.01 0.24 ± 0.07 
10 0.50 ± 0.09 0.40 ± 0.04 
25 0.59 ± 0.01 0.41 ± 0.02 
50 0.91 ± 0.11 0.87 ± 0.13 
100 1.59 ± 0.10 0.92 ± 0.02 
250 2.24 ± 0.05 1.50 ± 0.02 
500 3.06 ± 0.14 1.70 ± 0.02 
1000 4.06 ± 0.16 1.91 ± 0.02 

a. Calculated from Equation 3.1 for the fifth overtone. 
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Figure 5.14 Xyloglucan adsorption onto gold and PGA-coated gold substrates from 500 

mg!L-1 aqueous solutions at 20.0 °C. Gold substrates with different values of ΓQCM-D, PGA 

were obtained by the adsorption of PGA onto gold from citric phosphate buffer solutions 

(50 mM, pH = 5.0) with different bulk concentrations. The adsorption time was fixed at 

20 min for each concentration. Specific solution conditions used to produce different 

ΓQCM-D, PGA are summarized in Table 5.2. Error bars represent one standard deviation. 

The results of Figures 5.13 and 5.14 can be interpreted as xyloglucan only 

adsorbed onto exposed gold substrates and not onto the regions covered by pectin or 

PGA. As more pectin or PGA adsorbed, less gold substrate was available for subsequent 

xyloglucan adsorption. This interpretation is presented schematically in Figure 5.15, 

where complete inhibition of xyloglucan adsorption did not occur until pectin completely 

coated the gold substrate. The results for the gold substrates are similar to studies by 

Zykwinska et al. that concluded xyloglucan and pectin are most likely in competition to 

form associations with cellulose.23  
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Figure 5.15 Schematic representations of the preadsorption of pectin from citric 

phosphate buffer (50 mM, pH = 5.0) onto gold substrates and subsequent adsorption of 

xyloglucan onto gold substrates completely or partially coated by pectin. Thickness 

values were calculated on the basis of results from Voigt-based viscoelastic modeling as 

described in Chapter 3.3.4. 

5.4.5 Interactions between Pectin and Xyloglucan 

Although non-specific interactions between pectin and xyloglucan have been 

hypothesized,34 significant non-specific interactions between these two entities were not 

observed in the present study. It was observed that when pectin or PGA fully coated the 

gold substrate, xyloglucan adsorption was completely inhibited. This observation meant 

there were no significant interactions between xyloglucan and pectin with high 

galacturonic acid content for the solution condition study. Moreover, xyloglucan-coated 

RC surfaces completely inhibited pectin adsorption for all solution conditions (Figure 

5.16). As shown in Figure 5.1 (triangles), pectin can irreversibly adsorb onto RC surfaces 

from citric phosphate buffer (50 mM, pH = 5.0); however, pectin adsorption onto 

xyloglucan-coated RC surfaces had Δƒ/n and ΔD values that returned to the baseline after 
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(high concentration) 
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Au 

Au 
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rinsing. As expected, solution conditions that led to weaker pectin adsorption onto RC 

surfaces (water or CaCl2) were also inhibited by a preadsorbed xyloglucan layer. This 

result suggests that there is no significant or negligible interaction between xyloglucan 

and pectin with high galacturonic acid content for the solution condition study. However, 

our results cannot rule out the possibility that there are covalent bonds between 

xyloglucan and pectin, leading to pectin-xyloglucan complexes. Evidence for pectin-

xyloglucan complexes have been reported by several researchers for inseparable fractions 

of polysaccharides co-extracted from the cell walls.7-9, 29  
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Figure 5.16 Representative time dependent (A) Δƒ/n and (B) ΔD profiles for pectin (500 

mg!L-1) adsorption onto xyloglucan-coated RC surfaces from (Ο) water, (�) 1 mM 

CaCl2 and (Δ) citric phosphate buffer (50 mM, pH = 5.0) at 20.0 °C. Data correspond to 

the fifth overtone and arrows indicate where solutions were switched. 

5.5 Conclusions 

In the present study, both pectin and PGA adsorbed onto cellulose as well as gold 

with greater adsorption from solutions containing calcium ions or citric phosphate 

buffered to pH = 5.0. These films were stable upon switching to water and were used as 

platforms for evaluating pectin and PGA interactions with xyloglucan. Complete 

coverage of the gold substrates by pectin or PGA inhibited xyloglucan adsorption. 
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Likewise, xyloglucan adsorption onto regenerated cellulose surfaces completely inhibited 

pectin adsorption. These results indicate that there is no significant or negligible physical 

interaction between xyloglucan and pectins with high galacturonic acid content for the 

solution condition study.  
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Chapter 6: Mixed Linkage Glucan Adsorption onto Regenerated Cellulose and 

Modified Regenerated Cellulose Surfaces 

6.1 Abstract 

β-(1→3, 1→4) glucans, also known as mixed linkage glucans (MLGs), are unique 

to Poales, including economically important grasses and cereals, as well as a few other 

organisms such as Icelandic moss (Cetraria islandica). Quartz crystal microbalance with 

dissipation monitoring (QCM-D) was utilized to investigate the adsorption of two MLG 

samples, barley and lichen MLG, onto regenerated cellulose (RC) surfaces in the absence 

and presence of other matrix polysaccharides, including hemicelluloses and pectins. Both 

MLGs irreversibly adsorbed onto RC surfaces and a Voigt-based viscoelastic model was 

used to fit the time-dependent adsorption profiles. Thicker MLG layers with comparable 

viscoelastic properties were obtained with increasing concentration of MLG solutions. 

Lichen MLG formed softer layers with smaller elastic shear moduli (0.3 ×105 N!m-2) 

than barley MLG layers (1.4 ×105 N!m-2) obtained under identical conditions. The 

formation of softer lichen MLG layers was attributed to a higher proportion of β-(1→3) 

linkages for lichen MLG, leading to more flexible lichen MLG chains. With increasing 

temperature, thinner and more rigid lichen MLG layers were obtained due to dehydration 

of the surface layers. Preadsorption of matrix polysaccharides onto RC surfaces partially 

inhibited the subsequent adsorption of viscoelastic MLG layers onto cellulose. The 

interaction studies also shed light on how different matrix polysaccharides may assemble 

in the primary plant cell walls. 
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6.2 Introduction 

Primary cell walls of plants are complex structures that provide mechanical 

support, defensive barriers against pathogens, tissue cohesion and matter transport.1 

Primary cell walls of flowering plants can be divided into two categories. In dicot plants, 

the primary cell walls are known as type I cell walls, consisting of approximately 30% 

cellulose, 30% hemicelluloses, 35% pectins and 1 to 5% structural proteins on a dry mass 

basis.2 The walls of grasses and cereals differ dramatically from dicot species in 

composition. Grass and cereal cell walls, also known as type II cell walls, are composed 

of cellulose microfibrils, glucuronoarabinoxylans (GAXs), and mixed linkage glucans 

(MLGs), together with reduced amounts of xyloglucan and pectins.3, 4 Grass cell walls are 

major sources of dietary fiber and have wide ranging applications in brewing, human 

nutrition and animal feeds.3 

Cellulose is the main load-bearing component in cell walls and is composed of β-

(1→4)-glucose linear chains which are further associated into cellulose microfibrils by 

hydrogen bonding. The linear structures of cellulose are conserved throughout all plants, 

while the structures and amounts of other cell wall polysaccharides strongly depend upon 

the species, tissue and growth period of a plant. Xyloglucans (XG), the most abundant 

type of hemicellulose in type I cell walls, have a cellulose-like backbone with xylose, 

galactose and arabinose as side branches. Xyloglucans are the principal crosslinking 

polysaccharides that interact with cellulose through hydrogen bonding and hydrophobic 

interactions.5 In contrast, the most abundant hemicelluloses in type II cell walls are 

xylans, consisting of a backbone of β-(1→4)-xylose that can be branched to form 

arabinoxylan (AX) and glucuronoarabinoxylan (GAX). The xylan backbone of AX is 
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partially glycosylated at the O2 and/or O3 position(s) with arabinose units and AXs 

constitute 40% or more by dry mass of the material in the primary cell walls of 

monocots.6 In grass cell walls, GAXs take the place of xyloglucans, crosslinking 

cellulose microfibrils and represent about 25% by dry mass of all material present in the 

primary cell walls. The xylan backbones of GAXs have both neutral and acidic side 

chains. The neutral side chains are composed of arabinose units attached at the O3 

positions of the xylose units and acidic side chains are glucuronic acid units at the O2 

positions. These side chains not only provide surface charges to the type II cell walls but 

also create spacing among cell wall components leading to porous cell wall structures.4 

Accounting for about 3% to 5% of the material in the primary cell walls of grass 

species on a dry mass basis,7 MLGs are unique to Poales, cereals and some lichens 

(Cetraria islandica). The primary structure of an MLG is an unbranched homopolymer of 

glucose with both β-(1→3) and β-(1→4) linkages. The most common ratio of β-(1→3) to 

β-(1→4) linkages in MLG molecules is about 1 to 2.8 Typically MLG can be viewed as a 

β-(1→4) linked cellulosic backbone interrupted by single β-(1→3) linkages which 

introduce “kinks” within the molecules, giving rise to greater flexibility and solubility of 

MLGs in aqueous solutions compared to cellulose.9, 10 Consecutive β-(1→3) linkages 

have not been found.11 The conformation of a single MLG chain in aqueous solution is 

depicted as an extended random coil on the basis of both experimental results and 

theoretical models.12, 13 Most of the β-(1→4) linkages occur in randomly distributed 

cellotriosyl (x = 3) or cellotetraosyl (x = 4) units, while longer blocks of β-(1→4) 

linkages (x = 5 to 11) are also present (Figure 6.1). The composition of the linkages is 

one of the most important characteristics of MLGs and varies on the basis of the origin 
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and tissue type.14 The two MLG samples used in this study were a β-glucan from barley 

(barley MLG) and lichen MLG from Icelandic moss (Cetraria islandica). Barley is one 

of the major grains with high β-glucan content (2.5% to 11.3%) and is widely used as a 

cereal.14 Lichen MLG is structurally similar to barley MLG, consisting of β-(1→3) linked 

cellotriosyl (78%), cellotetraosyl (4%) and longer cello-oligosaccharide units (18%).11 A 

recent study showed that lichen MLG exhibited potential antiviral and antitumor 

properties.15 High concentrations of MLGs are found in the endosperm of some grains 

where they serve as storage carbohydrates.16 They are also associated with cellulose 

microfibrils during cell growth, and are enzymatically hydrolyzed into small fragments 

when growth is complete.3 Turnover of MLGs during cell wall growth suggests that 

MLGs play an important role in the formation of plant cell walls. A recent study showed 

that the localization of MLGs from Equisetum arvense was independent of the cell 

growth and occurred in both young and old regions of the plant.17 Commercial interest in 

MLGs has increased due to their potential applications in the treatment and prevention of 

several diseases, such as high cholesterol, obesity and heart disease.16  
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Figure 6.1 A representative chemical structure of a MLG where x is defined as the 

degree of polymerization in the cello-oligosaccharide unit and n is the number of 

sequential groups of the same cello-oligosaccharide unit. Adapted from Tosh et al.18 

Because of the complexity of plant cell walls and the difficulty of extracting 

unmodified cell wall components, model cellulose systems are often used for the 

investigation of interactions between cellulose and other cell wall components. In this 

study, cellulose was regenerated from spincoated thin films of trimethylsilyl cellulose 

(TMSC) in a process that yields a dense and amorphous cellulose layer.19 The roles of 

XGs in dicot primary cell walls (type I cell walls) have been widely studied, while the 

roles of MLGs as well as their interactions with other matrix polysaccharides in type II 

cell walls have yet to be determined. The aim of this chapter was to investigate the 

interactions between MLGs and cellulose as well as other cell wall matrix 

polysaccharides using a quartz crystal microbalance with dissipation monitoring (QCM-

D). This technique also provides a direct comparison of two MLG samples with respect 

to their viscoelastic properties. Atomic force microscopy (AFM) measurements also 

enabled the imaging of the structures adopted by MLGs and other matrix polysaccharides 

on the model cellulose surfaces.  
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6.3 Experimental  

6.3.1 Materials 

 The polysaccharides used in this study are summarized in Table 6.1 and were 

used without further purification. Other materials were detailed in Chapter 3. The 

preparation of regenerated cellulose surfaces was outlined in Chapter 3.2.3. For Barley 

and lichen MLG, the polydispersity indices (PDI), are 2.00 and 2.03, respectively, as 

determined by size exclusion chromatography. 

Table 6.1 Summary of the polysaccharide samples used in this chapter.a,b 

Sample Supplier Source bMolar Mass /kDa 

/kg�mol-1 
Barley MLG Megazyme Barley 229 
Lichen MLG Megazyme Icelandic Moss 99 

Xyloglucan (XG) Megazyme Tamarind Seed 202 
Glucuronoarabinoxylan 

 (GAX) 
aGift from Prof.     
Paul Gatenholm 

Spruce 13 

Arabinoxylan (AX) Megazyme Wheat - 
Arabinan Megazyme Sugar Beet 15 

Pectin Sigma-Aldrich Citrus Fruit 23 to 71 
 a. Chalmers University of Technology, Sweden. 
 b. Weight average molar mass. 

6.3.2 QCM-D Measurements  

Sensors coated with regenerated cellulose (RC) were used in this study. Detailed 

procedures for QCM-D measurements were provided in Chapter 3.3.4. All measurements 

were performed under a continuous flow rate of 0.200 mL!min-1 at 50.0 °C in triplicate 

and the averages ± one standard deviation for each measurement were calculated. 

Detailed viscoelastic modeling procedures were covered in Chapter 3.3.4. 

6.3.3 SPR Measurements 

Sensors coated with RC were used in this study. Detailed procedures for SPR 

measurements were provided in Chapter 3.3.5. Adsorption times were the same as QCM-
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D measurements. Each SPR experiment was performed in triplicate and the average 

values ± one standard deviation were calculated. Details for the calculation can be found 

in Chapter 3.3.5. The combination of QCM-D and SPR allowed for the determination of 

film water contents (%H2O), also known as the degree of hydration of the adsorbed 

layers (Equation 2.30). A refractive index increment (dn/dc) of 0.146 ± 0.001mL!g-1 for 

lichen MLG solution was determined with a differential refractometer and used for the 

calculation of surface excess from SPR (ΓSPR). 

6.3.4 AFM Measurements 

Detailed procedures for AFM measurements were provided in Chapter 3.3.3. 

Barley and lichen MLG layers were dried in a vacuum oven at 50.0 °C overnight and 

then imaged with an MFP-3D-Bio atomic force microscope (MFP-3D-BIO, Asylum 

Research) in tapping mode. The AFM images were collected under ambient conditions 

using a silicon tip (OMCL-AC 160TS, Olympus Corp.). The reported roughnesses are 

root-mean-square (RMS) values determined from 2 µm × 2 µm scan areas. 

6.4 Results and Discussion 

6.4.1 Adsorption of Barley MLG onto RC Surfaces  

Sensors coated with RC films were placed into the QCM-D flow cells and time-

dependent adsorption profiles for the scaled frequency changes (Δƒ/n) and dissipation 

changes (ΔD) were collected. Representative time dependent Δƒ/n and ΔD profiles are 

provided in Figure 6.2. First, water was introduced into the flow cell at a rate of 0.200 

mL!min-1 at 50.0 °C for several hours until a stable baseline was obtained.  Barley MLG 

from sodium acetate buffer (20 mM, pH = 5.5) was then introduced into the flow cell at 

the same rate and temperature and the changes in Δƒ/n and ΔD were recorded. 
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Immediately after the injection of barley MLG in sodium acetate buffer (20 mM, pH = 

5.5), a significant initial Δƒ/n decrease and a ΔD increase occurred, followed by much 

more gradual changes of Δƒ/n and ΔD at later times. The adsorption time for barley MLG 

was 1 hour as this was long enough to observe plateaus in Δƒ/n and ΔD profiles. Finally, 

water was introduced into the flow cells for the removal of the reversibly bound 

molecules. Values of Δƒ/n and ΔD did not return to the baseline, indicating irreversible 

adsorption of barley MLG onto RC surfaces. Greater changes in Δƒ/n and ΔD values 

were observed for adsorption from barley MLG solutions with higher concentrations. 

Each experiment was performed at 50.0 °C in triplicate and the average values ± one 

standard deviation were calculated (Table 6.2). The temperature of 50.0 °C used in this 

study was chosen as associations between β-glucan chains are enhanced at elevated 

temperature.20 The differences in adsorption kinetics at early stages of adsorption (from 

500 to 900 seconds) are highlighted in Figure 6.3. The initial rates of adsorption 

increased with increasing concentration. After barley MLG adsorption, RC-coated quartz 

crystal sensors with barley MLG toplayers were dried in a vacuum oven at 50.0 °C 

overnight and then imaged with an atomic force microscope in tapping mode. AFM has 

been successfully applied for the visualization of different polysaccharides, including 

xyloglucan, curdlan, pectin and alginate.21 Representative AFM images are provided in 

Figure 6.4 and a smooth, homogeneous barley MLG layer with a RMS roughness of 1.1 

nm was formed on the RC-coated substrate (Figure 6.4B). The original particle-like 

morphology of the RC substrate (Figure 6.4A) was replaced by a more continuous 

network-like morphology (Figure 6.4B). Previous studies showed that the MLG tended to 

from small round particles on mica surfaces after vacuum drying due to the existence of 
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slight interactions between the MLG chains themselves as well as between the MLG 

chains and the mica surface.22 As the AFM images in this study were taken after the 

substrates were vacuum-dried, the continuous network morphology in the absence of 

water suggested a strong interaction between MLG and the RC substrates.  

 

Figure 6.2 Representative time dependent (A) Δƒ/n and (B) ΔD profiles for barley MLG 

adsorption onto RC surfaces from MLG solutions in SA buffer (20 mM, pH = 5.5) with 

concentrations (w/w) of (Ο) 0.1%, (�) 0.05%, (Δ) 0.025% and (∇) 0.01% at 50.0 °C. 

Data correspond to the fifth overtone and arrows indicate where solutions were switched. 
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Table 6.2 Irreversible Δƒ/n and ΔD for barley and lichen MLG adsorption from SA 

buffer (20 mM, pH = 5.5) onto RC surfaces at 50.0 °C.  

Sample Δƒ/n /Hz ΔD ×106 Sample Δƒ/n /Hz ΔD ×106 

Barley-0.1% -71.9 ± 0.2 13.4 ± 0.4 Lichen-0.1% -58 ± 2 7.1 ± 0.5 
Barley-0.05% -69 ± 1 12.5 ± 0.2 Lichen-0.05% -55 ± 1 6.9 ± 0.2 
Barley-0.025% -66 ± 2 12.3 ± 0.4 Lichen-0.025% -50 ± 1 7.1 ± 0.3 
Barley-0.01% -60 ± 1 10.9 ± 0.1 Lichen-0.01% -48 ± 2 6.4 ± 0.4 

 

 

Figure 6.3 Representative kinetic data for barley MLG adsorption onto RC surfaces from 

solutions in SA buffer (20 mM, pH = 5.5) with different concentrations at 50.0 °C. The 

data is the same as the data in Figure 6.2 between 500 and 900 seconds. Symbols 

correspond to barley MLG solutions with concentrations (w/w) of (Ο) 0.1%, (�) 0.05%, 

(Δ) 0.025% and (∇) 0.01%. Data correspond to the fifth overtone and arrows indicate 

where solutions were switched.  
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Figure 6.4 Representative AFM height images of (A) a bare RC-coated substrate and 

RC-coated substrates after the adsorption of (B) barley and (C) lichen MLG from 0.05% 

(w/w) solutions in SA buffer (20 mM, pH = 5.5) at 50.0 °C. The RMS roughnesses were 

(A) 1.0 nm, (B) 1.1 nm and (C) 1.3 nm and were obtained from the entire 2 µm × 2 µm 

scan areas and the z range was 20 nm. 
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6.4.2 Viscoelastic Modeling of Barley MLG Adsorption onto RC Surfaces 

Adsorption of barley MLG from solutions in SA buffer (20 mM, pH = 5.5) led to 

the formation of soft and dissipative layers on RC substrates (ΔD > 5 × 10-6). This 

observation is also similar to the cholesterol-lowering effect of β-glucan that has been 

explained by the formation of a viscous layer in the small intestine that inhibits intestinal 

uptake of dietary cholesterol.23 For such gel-like layers, the Sauerbrey equation (Equation 

3.1) is invalid for the calculation of the adsorbed amount from QCM-D experiments 

(ΓQCM-D). The mechanical properties of the adsorbed viscoelastic layer lie between those 

of a purely elastic solid and a viscous liquid. Thus the adsorption data from different 

overtones (n = 7, 9, 11 and 13) were fit with a Voigt-based viscoelastic model for the 

estimation of the thickness (hf) and two other viscoelastic parameters (shear viscosity ηf 

and elastic shear modulus µf) using the software package QTools 3.0.5. Detailed fitting 

procedures are provided in Chapter 3.3.4. The adsorbed MLG layer was treated as a 

homogeneous layer that is in contact with the RC-coated quartz crystal and a semi-

infinite Newtonian liquid (water or buffer) under no-slip boundary conditions. The 

density and viscosity of water were used for all of the bulk liquids, as the dissolved 

electrolytes and biomacromolecules had little effects on the values of density and 

viscosity.24 Density of the adsorbed layer (ρf) was set to 1050 kg!m-3 and assumed to be 

constant throughout the adsorption process. This assumption was made because ρf and hf 

are coupled parameters whereas their product ΓQCM-D is unique. Hence, any differences in 

ΓQCM-D are being expressed as changes in hf. Representative experimental data for barley 

MLG adsorption from 0.05% (w/w) solutions in SA buffer (20 mM, pH = 5.5) onto RC 

substrate and the best fits from Voigt-based viscoelastic model are provided in Figure 
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6.5. Values of hf, ΓQCM-D, µf and ηf obtained from viscoelastic modeling are summarized 

in Table 6.3 using n = 7 to 13. The results showed that thicker layers were obtained for 

barley MLG solutions with higher concentrations, while µf values were quite similar (~ 

1.4 ×105 N!m-2). The shear viscosity was comparable to the viscosity of water, indicating 

a hydrogel-like state for the adsorbed layer.  
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Figure 6.5 Representative time dependent (A) Δƒ/n and (B) ΔD adsorption curves with 

fits obtained from Voigt-based viscoelastic modeling for barley MLG adsorption onto RC 

substrates from 0.05% (w/w) solutions in SA buffer (20 mM, pH = 5.5) at 50.0 °C. For 

both graphs, isolated symbols represent a subset of smooth experimental data from n = 

(Ο) 7,  (�) 9, (Δ) 11 and (∇) 13 and solid lines represent fits of the entire data set. 
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Table 6.3 Summary of bulk concentration effects on hf, ΓQCM-D, µf and ηf obtained from 

Voigt-based viscoelastic modeling of QCM-D data using n = 7 to 13 for barley MLG 

layers adsorbed onto RC surfaces from solutions in SA buffer (20 mM, pH = 5.5) at 50.0 

°C.a  

Concentration ahf  
/nm 

ΓQCM-D 
/mg!m-2 

µf × 10-5  
/N!m-2 

ηf × 103  
/N!s!m-2 

0.1% 18 ± 2 19 ± 2 1.5 ± 0.3 1.08 ± 0.03 
0.05% 16.7 ± 0.1 17.5 ± 0.1 1.42 ± 0.06 1.11 ± 0.01 
0.025% 17 ± 1 18 ± 1 1.4 ± 0.2 1.08 ± 0.02 
0.01% 15 ± 1 16 ± 1 1.4 ± 0.2 1.05 ± 0.01 

   a. Assumes ρf = 1050 kg!m-3. 

The adsorbed barley MLG layers were also analyzed using different overtone 

combinations. Figure 6.6 and Table 6.4 provide results obtained from all of the overtones 

(n = 3, 5, 7, 9, 11 and 13). The fundamental overtone (n = 1) was omitted due to 

insufficient energy trapping.25 In Figure 6.6, data from n = 3 to 5 appeared to be noisy 

and there were small discrepancies between the fitting and the experimental data for these 

two overtones, while fits of n = 7 to 13 were better. Fits and fitting parameters using only 

n = 9, 11 and 13 are summarized in Figure 6.7 and Table 6.5, respectively. The results 

showed ΓQCM-D and by extension hf  obtained from n = 3 to 13 were greater than those 

obtained from only n = 9, 11 and 13, whereas the elastic shear moduli were smaller. 

These differences were attributed to a decrease in the penetration depth of the acoustic 

waves generated by higher overtones.26, 27 The acoustic waves generated by higher 

overtones can only sample part of the adsorbed layer that is closest to the quartz crystal 

due to smaller penetration depths, while acoustic waves generated by lower overtones can 

penetrate deeper into the bulk liquid and sample the flexible and dangling chain ends 

extending into the bulk liquid. Differences in penetration depth for different n can also 
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explain the smaller µf values obtained from multiple overtones. As a result, we choose to 

model the experimental data using n = 7 to 13 with excellent agreement between the 

experimental data and the fits. The selected density only had a slight effect on the fitting 

parameter values and the ΓQCM-D remained constant when the density of the adsorbed 

layer was varied.24, 28 Thus, a density of 1050 kg!m-3 was assumed for the adsorbed layer 

for all computations. 
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Figure 6.6 Representative time dependent (A) Δƒ/n and (B) ΔD adsorption curves with 

fits obtained from Voigt-based viscoelastic modeling for barley MLG adsorption onto RC 

substrates from 0.05% (w/w) solutions in SA buffer (20 mM, pH = 5.5) at 50.0 °C. For 

both graphs, isolated symbols represent a sub set of smooth experimental data from n = 

(+) 3, (×) 5, (Ο) 7,  (�) 9, (Δ) 11 and (∇) 13 and solid lines represent fits of the entire 

data set. 
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Table 6.4 Summary of bulk concentration effects on hf, ΓQCM-D, µf and ηf obtained from 

Voigt-based viscoelastic modeling using n = 3 to 13 for barley MLG layers adsorbed 

onto RC surfaces from solutions in SA buffer (20 mM, pH = 5.5) at 50.0 °C.a 

Concentration ahf  
/nm 

ΓQCM-D 
/mg!m-2 

µf × 10-5 
/N!m-2 

ηf × 103  
/N!s!m-2 

0.1% 21 ± 2 22 ± 2 0.8 ± 0.2 1.04 ± 0.02 
0.05% 19.8 ± 0.5 20.8 ± 0.5 0.8 ± 0.1 1.05 ± 0.02 
0.025% 19 ± 2 20 ± 2 1.0 ± 0.2 1.04 ± 0.03 
0.01% 16.0 ± 0.6 16.8 ± 0.6 1.08 ± 0.03 1.03 ± 0.02 

 a. Assumes ρf = 1050 kg!m-3. 
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Figure 6.7 Representative time dependent (A) Δƒ/n and (B) ΔD adsorption curves with 

fits obtained from Voigt-based viscoelastic modeling for barley MLG adsorption onto RC 

substrates from 0.05% (w/w) solutions in SA buffer (20 mM, pH = 5.5) at 50.0 °C. For 

both graphs, isolated symbols represent a subset of smooth experimental data from n = (

�) 9, (Δ) 11 and (∇) 13 and solid lines represent fits of the entire data set. 
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Table 6.5 Summary of bulk concentration effects on hf, ΓQCM-D, µf and ηf obtained from 

Voigt-based viscoelastic modeling using n = 9 to 13 for barley MLG layers adsorption 

onto RC surfaces from solutions in SA buffer (20 mM, pH = 5.5) at 50.0 °C.a 

Concentration ahf  
/nm 

ΓQCM-D 
/mg!m-2 

µf × 10-5  
/N!m-2 

ηf × 103  
/N!s!m-2 

0.1% 17.0 ± 0.4 17.9 ± 0.4 1.6 ± 0.1 1.12 ± 0.01 
0.05% 17 ± 1 18 ± 1 1.3 ± 0.3 1.10 ± 0.02 
0.025% 16 ± 2 17 ± 2 1.8 ± 0.4 1.08 ± 0.02 
0.01% 16 ± 1 17 ± 1 1.1 ± 0.1 1.02 ± 0.01 

 a. Assumes ρf = 1050 kg!m-3. 

6.4.3 Adsorption of Lichen MLG onto RC Surfaces 

Lichen MLG adsorption onto RC surfaces was investigated following the same 

procedure used for barley MLG. Figure 6.8 shows representative Δƒ/n and ΔD profiles 

for lichen MLG adsorption onto RC surfaces. Values of Δƒ/n and ΔD did not return to the 

baseline, indicating irreversible adsorption of lichen MLG onto RC surfaces. Changes in 

Δƒ/n and ΔD values, as well as the initial rate of adsorption, increased with increasing 

concentration (Figure 6.9 and Table 6.2). After lichen MLG adsorption, RC-coated quartz 

crystal sensors with lichen MLG toplayers were dried in a vacuum oven at 50.0 °C 

overnight and imaged with an atomic force microscope in tapping mode. A representative 

AFM height image showed that a smooth lichen MLG layer formed on the RC substrate 

with a RMS roughness of ~ 1.3 nm from a 2 µm × 2 µm scan area and a more continuous 

network-like morphology (Figure 6.4C) that was quite similar to the barley MLG layer 

(Figure 6.4B). The more obvious network structure for the adsorbed lichen MLG layer 

was probably due to its relatively smaller molar mass which diffuses more easily and 

more readily to form gels. This observation is also in agreement with the conclusion that 

the gel-like behavior is a characteristic of MLG, especially MLG with low molar mass.29  
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Figure 6.8 Representative time dependent (A) Δƒ/n and (B) ΔD profiles for lichen MLG 

adsorption onto RC surfaces from solutions in SA buffer (20 mM, pH = 5.5) with lichen 

MLG concentrations (w/w) of (Ο) 0.1%, (�) 0.05%, (Δ) 0.025% and (∇) 0.01% at 50.0 

°C. Data correspond to the fifth overtone and arrows indicate where solutions were 

switched. 
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Figure 6.9 Representative kinetic data for lichen MLG adsorption onto RC surfaces from 

solutions in SA buffer (20 mM, pH = 5.5) with different concentrations. The data is the 

same as the data in Figure 6.8 from 500 to 900 seconds. Symbols correspond to lichen 

MLG solutions with concentrations (w/w) of (Ο) 0.1%,  (�) 0.05%, (Δ) 0.025% and (∇) 

0.01%. Data correspond to the fifth overtone and arrows indicate where solutions were 

switched.  

In addition to the effect of concentration on lichen MLG adsorption, the effect of 

temperature was also investigated using QCM-D. A range of temperatures from 15.0 °C 

to 50.0 °C were investigated and representative adsorption profiles are provided in Figure 

6.10. Irreversible Δƒ/n and ΔD for lichen MLG adsorbed onto RC surfaces from 0.05% 

(w/w) solutions in SA buffer (20 mM, pH = 5.5) at different temperatures was 

summarized in Table 6.6. Magnitudes of Δƒ/n increased with increasing temperature, 

while changes in ΔD were quite similar for all the investigated temperatures. Differences 

in ΔD during the adsorption, from 600 to 4200 seconds, were attributed to the different 

rigidities of the adsorbed layers as well as different solution viscosities. 
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Figure 6.10 Representative time dependent (A) Δƒ/n and (B) ΔD profiles for lichen MLG 

adsorption onto RC surfaces from 0.05% (w/w) solutions in SA buffer (20 mM, pH = 

5.5) at temperatures of  (Ο) 15.0 °C, (�) 30.0 °C,  (Δ) 40.0 °C and (∇) 50.0 °C. Data 

correspond to the fifth overtone and arrows indicate where solutions were switched. 

  

25

20

15

10

5

0

-5

Δ
D

 ×
10

6

500040003000200010000

Time /s

H2O

H2O
↑

↑ ↑
lichen MLG/buffer

B
-100

-80

-60

-40

-20

0

( Δ
ƒ/
n )

 /H
z

H2O

H2O
↓

↓ ↓ lichen MLG/buffer A



 184 

Table 6.6 Irreversible Δƒ/n and ΔD for lichen MLG adsorbed onto RC surfaces from 

0.05% (w/w) solutions in SA buffer (20 mM, pH = 5.5) at different temperatures. 

Temperature /°C Δƒ/n /Hz ΔD ×106 

15.0 -45 ± 1 6.7 ± 0.1 
30.0 -48 ± 1 6.9 ± 0.2 
40.0 -49 ± 1 6.7 ± 0.2 
50.0 -55 ± 1 6.9 ± 0.2 

 

6.4.4 Viscoelastic Modeling of Lichen MLG Adsorption onto RC Surfaces 

The same procedure used for modeling the viscoelastic behavior of barley MLG 

was used for lichen MLG layers adsorbed onto RC surfaces. Adsorption curves from 

multiple overtones were used for the estimation of hf, ΓQCM-D, µf and ηf using the software 

package QTools 3.0.5. Representative fits of adsorption profiles for lichen MLG 

adsorption onto RC surfaces from 0.05% (w/w) solutions in SA buffer (20 mM, pH = 

5.5) are provided in Figure 6.11 and hf, ΓQCM-D, µf and ηf obtained from viscoelastic 

modeling are summarized in Table 6.7 using n = 7 to 13. The viscoelastic properties for 

barley and lichen MLG did not vary significantly with concentrations, however, there 

were variations that depended upon the source of the MLG. According to the supplier, 

lichen MLG has a much higher proportion of β-(1→3) to β-(1→4) linkages than barley 

MLG, indicating more “kinks” along the backbone. The irregular spacing of β-(1→3) 

linkages in the backbone of lichen MLG is responsible for greater flexibility and 

solubility. The results of Voigt-based viscoelastic modeling of the lichen MLG films 

were consistent with softer layers relative to barley MLG layers adsorbed onto RC 

surfaces under the same conditions. This result was in agreement with the conclusions of 

Böhm that the gelation occurs more readily with lichen MLG than barley MLG due to the 

increasing proportion of β-(1→3) linkages.30 The differences in elastic shear moduli for 
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two MLG samples were mainly attributed to the different β-(1→3) linkage proportions 

rather than the different molar mass. The polysaccharides had relatively high molar 

masses (Table 6.1), which are greater than the entanglement molecular weight (Mc) of 

linear glucans. For example, the values of Mc for cellulose and curdlan are 3.5 kDa and 

12 kDa, respectively, on the basis of dynamic rheology measurements.31 As the molar 

mass surpasses the value of Mc, the elastic shear modulus shows no dependence upon the 

molar mass.31 Based upon previous studies, lower molar mass did improve the gelation 

rate of MLG due to the higher mobility of shorter chains.7, 29 However, the higher 

proportion of β-(1→3) linkages of lichen MLG was the main contributor to the formation 

of softer lichen MLG layers compared to barley MLG. Two mechanisms have been 

proposed for MLG gelation: one is the aggregation of the longer blocks of contiguous β-

(1→4) linkages associated with cellulose-like hydrogen bonding32 and the other is the 

association of consecutive cellotriosyl units, involving both β-(1→3) and β-(1→4) 

linkages that form extended junction zones.30 According to a previous study, Lazaridou 

and coworkers determined that there was a probability that both proposed gelation 

mechanisms exist for the case of lichen MLG from both dynamic rheometry and 

differential scanning calorimetry measurements.11  
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Figure 6.11 Representative time dependent (A) Δƒ/n and (B) ΔD adsorption curves with 

fits obtained from Voigt-based viscoelastic modeling for lichen MLG adsorption onto RC 

substrates from 0.05% (w/w) solutions in SA buffer (20 mM, pH = 5.5) at 50.0 °C. For 

both graphs, isolated symbols represent a subset of smooth experimental data from n = 

(Ο) 7,  (�) 9, (Δ) 11 and (∇) 13 and solid lines represent fits of the entire data set. 
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Table 6.7 Summary of bulk concentration effects on hf, ΓQCM-D, µf and ηf obtained from 

Voigt-based viscoelastic modeling using n = 7 to 13 for lichen MLG layers adsorbed onto 

RC surfaces from solutions in SA buffer (20 mM, pH = 5.5) at 50.0 °C.a 

Concentration ahf  
/nm 

ΓQCM-D  
/mg!m-2 

µf × 10-5  
/N!m-2 

ηf × 103  
/N!s!m-2 

0.1% 20 ± 2 21 ± 2 0.7 ± 0.2 1.0 ± 0.1 
0.05% 19.3 ± 0.7 20.3 ± 0.8 0.32 ± 0.04 0.98 ± 0.03 
0.025% 18 ± 1 19 ± 1 0.3 ± 0.1 0.9 ± 0.1 
0.01% 12.4 ± 0.7 13.0 ± 0.8 0.6 ± 0.2 1.1 ± 0.1 

 a. Assumes ρf = 1050 kg!m-3. 

A range of temperatures from 15.0 to 50.0 °C were used for the investigation of 

temperature effects on lichen MLG adsorption onto RC surfaces. The resulting lichen 

MLG layers were dissipative and the viscoelastic modeling was performed using n = 7 to 

13. A summary of hf, ΓQCM-D, µf and ηf values are provided in Table 6.8. At higher 

temperatures, adsorbed lichen MLG layers have higher elastic shear moduli and smaller 

thicknesses. These results indicated the formation of more rigid and compact layers at 

higher temperatures. This result was attributed to dehydration of lichen MLG layers. This 

result was also confirmed by SPR experiments performed under the same experimental 

conditions for lichen MLG adsorption onto RC surfaces. Irreversible changes in SPR 

angle (Δθirr), adsorbed amounts (ΓSPR and ΓQCM-D) and water contents (%H2O) are 

summarized in Table 6.9. For all the investigated temperatures, there was only a slight 

increase in dry mass ΓSPR obtained by SPR. This results indicated similar amounts of 

lichen MLG molecules adsorbed onto RC surfaces, while the differences in wet masses 

ΓQCM-D, including both the lichen MLG and the associated water, from different 

temperatures were attributed to the different water contents of the adsorbed lichen MLG 

layers. The water contents were calculated from Equation 2.30 assuming ideal mixing 
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and decreased from 96% to 92% with increasing temperatures. This result is also 

consistent with fitting results from Voigt-based viscoelastic modeling and further 

confirmed the dehydration of lichen MLG layers at high temperatures.  

Table 6.8 Summary of the temperature effects on hf, ΓQCM-D, µf and ηf obtained from 

Voigt-based viscoelastic modeling using n = 7 to 13 for lichen MLG layers adsorbed onto 

RC surfaces from 0.05% (w/w) solutions in SA buffer (20 mM, pH = 5.5) at 50.0 °C.a 

Temperature 
/°C 

ahf  
/nm 

ΓQCM-D  
/mg!m-2 

µf × 10-5  
/N!m-2 

ηf × 103  
/N!s!m-2 

15.0 33 ± 3 35 ± 3 0.14 ± 0.06 1.56 ± 0.12 
30.0 25 ± 3 26 ± 3 0.18 ± 0.06 1.13 ± 0.03 
40.0 17.4 ± 0.8 18.3 ± 0.9 0.40 ± 0.08 1.12 ± 0.05 
50.0 19.3 ± 0.7 20.3 ± 0.8 0.32 ± 0.04 0.98 ± 0.03 

 a. Assumes ρf = 1050 kg!m-3. 

Table 6.9 Summary of Δθirr, ΓSPR, ΓQCM-D and %H2O for lichen MLG adsorbed onto RC 

surfaces from 0.05% (w/w) solutions in SA buffer (20 mM, pH = 5.5) at different 

temperatures.a,b,c 

Temperature /°C Δθirr /° aΓSPR /mg!m-2 bΓQCM-D /mg!m-2 c%H2O 
15.0 0.0787 ± 0.0008 1.56 ± 0.02 35 ± 3 96 ± 1 
30.0 0.0792 ± 0.0021 1.57 ± 0.04 26 ± 3 94 ± 1 
40.0 0.0787 ± 0.0006 1.56 ± 0.02 18.3 ± 0.9 92 ± 1 
50.0 0.0781 ± 0.0011 1.55 ± 0.02 20.3 ± 0.8 92 ± 1 

 a. Calculated from Equation 3.4. 
 b. Fitting results from Voigt-based viscoelastic modeling using n = 7 to 13. 
 c. Degree of hydration by mass calculated from Equation 2.30. 

6.4.5 Adsorption of Lichen MLG onto Modified RC Surfaces  

Modified RC surfaces were prepared by preadsorbing specific matrix 

polysaccharides, xyloglucan (XG), glucuronoarabinoxylan (GAX), arabinoxylan (AX), 

arabinan and pectin onto RC surfaces prior to exposure to lichen MLG. The solutions 

used for these experiments were 0.05% (w/w) matrix polysaccharide solutions in SA 

buffer (20 mM, pH = 5.5). The preadsorption was monitored by QCM-D and the 



 189 

adsorption time was fixed at 30 min for the saturation of the RC surfaces with each 

matrix polysaccharide followed by a rinse with water for the removal of reversibly 

adsorbed matrix polysaccharide. The RC-coated sensors were placed into the QCM-D 

flow cells and the preadsorption profiles were collected. Irreversible Δƒ/n and ΔD for 

matrix polysaccharide adsorbed onto RC surfaces are summarized in Table 6.10. The 

resulting modified RC surfaces were used for AFM measurements and the subsequent 

adsorption of lichen MLG. These modified RC surfaces carrying a specific matrix 

polysaccharide layer, are referred to hereafter as XG-, GAX-, AX-, arabinan- and pectin-

coated RC surfaces. 

Table 6.10 Irreversible Δƒ/n, ΔD and ΓQCM-D for different matrix polysaccharides 

adsorbed onto RC surfaces from 0.05% (w/w) solutions in SA buffer (20 mM, pH = 5.5) 

at 50.0 °C.a 

Sample Δƒ/n /Hz ΔD ×106 aΓQCM-D /mg!m-2 
Xyloglucan (XG) -24 ± 1 4.45 ± 0.36 4.22 ± 0.25 

Glucuronoarabinoxylan (GAX) -12 ± 2 1.55 ± 0.19 2.08 ± 0.28 
Arabinoxylan (AX) -12.4 ± 0.6 2.16 ± 0.15 2.19 ± 0.11 

Arabinan -5.7 ± 0.8 0.76 ± 0.05 1.02 ± 0.14 
Pectin -4.75 ± 0.07 0.33 ± 0.06 0.84 ± 0.01 

   a. Calculated from Equation 3.1 for the fifth overtone. 

The modified RC surfaces were used for subsequent studies of lichen MLG 

adsorption from 0.05% (w/w) solutions in SA buffer (20 mM, pH = 5.5) to investigate 

how the presence of specific matrix polysaccharides on RC surfaces affected the lichen 

MLG-cellulose interaction. Representative adsorption profiles and a summary of 

irreversible Δƒ/n and ΔD for lichen MLG adsorption onto bare and modified RC surfaces 

are provided in Figure 6.12 and Table 6.11, respectively. Adsorption of lichen MLG onto 

bare RC surfaces yielded irreversible Δƒ/n = -55 Hz. As is evident in Table 6.11, the data 
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showed that the preadsorption of matrix polysaccharide onto RC surfaces reduced 

subsequent adsorption of lichen MLG. This reduction is particularly strong for the case of 

XG, where ΓQCM-D = 4.22 mg!m-2 for XG preadsorbed onto RC surfaces, caused a 

decrease in Δƒ/n values from -55 Hz (bare RC) to -27 Hz (XG-coated RC) for lichen 

MLG adsorption. As XG is known to strongly interact with cellulose via hydrogen 

bonding in primary cell walls of dicots, strong in vitro adsorption was expected. Based 

upon results from Chapter 5, XG can completely cover a RC surface and inhibit 

subsequent pectin adsorption. Hence, most of the lichen MLG that adsorbed was likely 

interacting with XG rather than cellulose through interactions with the β-glucan backbone 

of XG. Preadsorbed xylans, including GAX and AX, also reduced lichen MLG 

adsorption onto cellulose, although the effect was smaller than XG (Table 6.11). For 

these two materials, preadsorbed ΓQCM-D indicate substantial coverage of the cellulose 

occurred. As such, the ΓQCM-D values for lichen MLG adsorption onto GAX and AX 

treated RC likely reflect interactions between lichen MLG and GAX and AX. Recent 

studies showed that there were strong intermolecular interactions between the 

unsubstituted regions of xylan and the cellulose-like regions from the backbone of 

MLG.11, 33 This result is also consistent with the type II cell wall model proposed by 

Carpita et al. for grass and cereal cell walls.34 For instance, in the alleurone cells of 

barley, xylans and MLG coexist through both non-covalent interactions and covalent 

crosslinks to form a coextensive network that coats cellulose microfibrils.35 As both of 

the interactions depend upon the molecular structures of the polysaccharide, the structural 

characteristics govern the overall interactions. For GAX with higher degrees of 

substitution relative to AX, weakened interactions between cell wall polymers are 
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expected. The fact that GAX had a slightly stronger inhibitory effect than less branched 

AX is consistent with expectations. For pectin and side chain arabinan incomplete 

coverage of RC surfaces occurred. Hence, the reduction in Δƒ/n is most likely attributed 

to blockage of some adsorption sites on RC surfaces. This result is also consistent with 

similar ΔD values obtained for lichen MLG layer on bare and arabinan- or pectin-coated 

RC surfaces. Representative AFM measurements were performed before and after lichen 

MLG adsorption onto matrix polysaccharide modified RC surfaces. Figures 6.13 and 6.14 

showed the changes in morphology before and after lichen MLG adsorption onto matrix 

polysaccharide modified RC surfaces. Similar smoothening effects with a reduction in 

RMS roughnesses before and after lichen MLG adsorption were observed for all the 

investigated matrix polysaccharides. 
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Figure 6.12 Representative time dependent (A) Δƒ/n and (B) ΔD profiles for the 

adsorption of lichen MLG adsorption onto (Ο) XG-, (�) GAX-, (Δ) AX-, (∇) arabinan-, 

(×) pectin-coated RC surfaces and (") RC surfaces from 0.05% (w/w) solutions in SA 

buffer (20 mM, pH =5.5) at 50.0 °C. Data correspond to the fifth overtone and arrows 

indicate where solutions were switched. 
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Table 6.11 Irreversible Δƒ/n and ΔD for lichen MLG adsorbed onto bare and matrix 

polysaccharide modified RC surfaces from 0.05% (w/w) solutions in SA buffer (20 mM, 

pH = 5.5) at 50.0 °C. 

Substrate Δƒ/n /Hz ΔD ×106 

XG-coated RC -27 ± 2 3.9 ± 0.3 
arabinan-coated RC -47.5 ± 0.5 6.8 ± 0.5 
pectin-coated RC -46.5 ± 0.6 6.5 ± 0.3 
GAX-coated RC -38 ± 2 5.7 ± 0.6 
AX-coated RC -38.9 ± 0.3 5.2 ± 0.4 

bare RC -55 ± 1 6.9 ± 0.2 
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Figure 6.13 Representative AFM height images for bare and modified RC surfaces 

obtained (A) before and (B) after the adsorption of lichen MLG onto XG-, arabinan- and 

pectin-coated RC from 0.05% (w/w) solutions in SA buffer (20 mM, pH = 5.5) at 50.0 

°C. The matrix polysaccharide is indicated in white letters on each image. The RMS 

roughnesses (white numbers on images) were obtained from the entire 2 µm × 2 µm scan 

areas and the z range was 20 nm. 
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Figure 6.14 Representative AFM height images for bare and modified RC surfaces 

obtained (A) before and (B) after the adsorption of lichen MLG onto GAX- and AX-

coated and untreated bare RC surfaces from 0.05% (w/w) solutions in SA buffer (20 mM, 

pH = 5.5) at 50.0 °C. The matrix polysaccharide is indicated in white letters on each 

image. The RMS roughnesses (white numbers on images) were obtained from the entire 2 

µm × 2 µm scan areas and the z range was 20 nm. 

Adsorption of lichen MLG onto modified RC surfaces also led to the formation of 

dissipative layers (ΔD > 5 × 10-6), thus curves from multiple overtones (n = 7, 9, 11 and 
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13) were fit with a Voigt-based viscoelastic model. The same procedures were used as 

described in Chapter 3.3.4. Representative fitting of adsorption profiles for lichen MLG 

adsorption onto XG-coated RC surfaces from 0.05% (w/w) solutions in SA buffer (20 

mM, pH = 5.5) are provided in Figure 6.15. Thicknesses, adsorbed amounts and 

viscoelastic parameters obtained from a Voigt-based model for lichen MLG layers 

adsorbed onto modified RC surfaces, including GAX-, AX-, arabinan- and pectin-coated 

RC surfaces, are summarized in Table 6.12. Lichen MLG adsorption onto XG-coated RC 

surfaces led to the formation of relatively thin layers with thicknesses of ~ 5.1 nm and 

relatively rigid layers with larger elastic shear moduli (~ 3.13 ×105 N!m-2), compared to 

lichen MLG layers adsorbed onto RC surfaces modified with other matrix 

polysaccharides. From the fitting parameters, the presence of GAX or AX on RC surfaces 

only slightly changed the thicknesses and the viscoelastic properties of the adsorbed 

lichen MLG layers. However, the presence of XG had a more significant effect on the 

thickness and the viscoelastic properties of the adsorbed lichen MLG layer. The results 

indicated that lichen MLG adsorbed onto GAX or AX in a manner similar to bare RC 

surfaces. While for arabinan- or pectin-coated RC, the thicknesses of adsorbed lichen 

MLG layers were about half of the value for bare RC surfaces. The modeling results 

suggested an inhibitory role for pectins to lichen MLG adsorption onto RC. These 

conclusions are also in agreement with a study on the sequence of deposition of 

individual cell wall polysaccharides in developing barley endoperm.36 That study showed 

that the deposition of MLG onto cellulose microfibrils occurred before other matrix 

polysaccharides, such as mannans and arabinoxylans. The MLG had to be deposited first 

for the development of maximal interactions with cellulose. 
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Figure 6.15 Representative time dependent (A) Δƒ/n and (B) ΔD adsorption curves with 

fits obtained from Voigt-based viscoelastic modeling for lichen MLG adsorption onto 

XG-coated RC surface from 0.05% (w/w) solutions in SA buffer (20 mM, pH = 5.5) at 

50.0 °C. For both graphs, isolated symbols represent a subset of smooth experimental 

data from n = (Ο) 7,  (�) 9, (Δ) 11 and (∇) 13 and solid lines represent fits of the entire 

data set. 
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Table 6.12 Summary of hf, ΓQCM-D, µf and ηf obtained from a Voigt-based model for 

lichen MLG layers adsorbed onto bare and matrix polysaccharide modified RC surfaces 

from 0.05% (w/w) solutions in SA buffer (20 mM, pH = 5.5) at 50.0 °C.a 

Substrate ahf  
/nm 

ΓQCM-D 
/mg!m-2 

µf × 10-5  
/N!m-2 

ηf × 103  
/N!s!m-2 

XG-coated RC 5.1 ± 0.3 5.3 ± 0.3 3.13 ± 0.25 1.44 ± 0.08 
arabinan-coated 

RC 

11.0 ± 0.9 11.6 ± 1.0 2.00 ± 0.52 1.25 ± 0.02 
pectin-coated RC 11.9 ± 1.3 12.5 ± 1.4 1.58 ± 0.38 1.23 ± 0.03 

GAX-coated RC 15.7 ± 0.1 16.4 ± 0.2 0.30 ± 0.01 0.88 ± 0.01 
AX-coated RC 15.8 ± 0.8 16.6 ± 0.9 0.28 ± 0.02 0.93 ± 0.04 

bare RC 19.3 ± 0.7 21.2 ± 0.8 0.32 ± 0.04 0.98 ± 0.03 
 a. Assumes ρf = 1050 kg!m-3. 

6.5 Conclusions  

In this work, a generic method for the preparation MLG surface layers using 

QCM-D and AFM was developed. The resulting MLG layers are gel-like and the 

viscoelastic properties were obtained from a Voigt-based viscoelastic model. The 

combination of QCM-D and SPR data also confirmed the formation of highly hydrated 

surface layers, while AFM results showed the formation of smooth homogeneous layers 

with small RMS roughnesses. Two MLG samples, barley and lichen MLG, were used for 

the investigation of molecular structure effects on adsorption. Both experimental and 

modeling data suggested that lichen MLG formed softer layers compared to barley MLG. 

This observation was attributed to the higher proportion of β-(1�3) linkages in lichen 

MLG. We also probed the interactions between lichen MLG and other matrix 

polysaccharides to obtain a better understanding of the assembly of primary cell walls. 

For XG-, GAX- and AX-coated RC, most of the lichen MLG that adsorbed was likely 

interacting with preadsorbed polysaccharides rather than cellulose through intermolecular 

interactions. However, for pectin and arabinan, the reduction of subsequent lichen MLG 
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adsorption is most likely attributed to the blockage of some adsorption sites on RC 

surfaces. 
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Chapter 7: Enzymatic Degradation of Adsorbed Polysaccharide Layers 

7.1 Abstract 

 Enzymatic degradation of two major plant cell wall polysaccharides, pectin and 

lichen MLG, were investigated using a quartz crystal microbalance with dissipation 

monitoring (QCM-D) and atomic force microscopy (AFM). Pectin model surfaces were 

prepared by pectin adsorption onto gold substrates from a citric phosphate buffer (50 

mM, pH = 5.0) as described in Chapter 5. Enzymatic degradation of a series of pectins 

with different degrees of esterification (DE) by a pectinase from Aspergillus niger was 

studied. Enzymatic degradation was strongly affected by the DE of the pectin samples, 

with more complete degradation occurring for highly esterified pectins. Increased 

pectinase concentration also led to a more complete removal of pectins. The lichen MLG 

layers were prepared by adsorbing lichen MLG onto regenerated cellulose (RC) surfaces 

from a sodium acetate buffer (20 mM, pH = 5.5) as described in Chapter 6. The 

subsequent enzymatic degradation of lichen MLG films by a lichenase, an endo-(1→3), 

(1→4)-β-glucanase from Bacillus subtilis, was studied by QCM-D and AFM. Enzymatic 

degradation of lichen MLG layers was studied as a function of enzyme concentration, pH 

and temperature. Enzymatic degradation rates increased with increasing enzyme 

concentration, leading to greater removal of lichen MLG. Lichenase showed activity 

towards lichen MLG surface layers over a wide range of temperature (15 to 50 °C) and 

pH (pH = 5.5 to 7.5).  

7.2 Introduction  

Enzymatic degradation is involved in many fundamental applications, such as 

biology, industrial processing and human diseases.1-3 Various enzymes in plants 
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participate in degradation and modification of cell wall polysaccharides for the regulation 

of cell wall expansion and alteration.1, 4 Degradation of plant cell wall polysaccharides is 

also extremely important to the food industry and for biofuel processes. As a result, 

knowledge of enzymatic degradation of cell wall polysaccharides is highly desirable. 

Pectins, major components of type I cell walls, are the most complex 

biomacromolecules in nature, resulting in the presence of various forms of pectin related 

enzymes in plants. Details on different domains of pectin were discussed in Chapter 

2.2.3. Simplified backbone structures of pectin and polygalacturonic acid (PGA) are 

provided in Figure 7.1. The backbone of pectin is mainly composed of galacturonic acid 

units through α-(1→4) linkages. Some of the carboxyl groups of galacturonic acid units 

are partially esterified by methyl groups. The degree of esterification (DE), which is 

defined as the percentage of carboxylic acids converted to methoxy esters along the 

pectin backbone, is one of the most important characteristics of pectins. De-esterified 

pectin, PGA, is a pectin degradation product and commercial PGA is prepared from 

citrus pectin by partial depolymerization and demethylation.  
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Figure 7.1 Simplified structures of a pectin backbone and PGA. Group R at a C6 position 

represents a methyl group. For the pectin molecular structure depicted here, the DE 

would be 50%. 

Pectinase is a general term for related enzymes that hydrolyze pectic substances. 

Enzymatic regulation of pectins, including modification and degradation, is believed to 

control adhesion and permeability within a cell wall matrix.5 Regulation of pectin by 

pectinases is also closely related to cell wall extension, softening of plant tissues during 

maturation and storage, abscission and pathogenesis.6, 7 Pectinases account for about 25% 

of the global sales of food enzymes.6 Most of the commercial pectinases are produced 

from fungal sources. For example, the Aspergillus family is the family of enzymes most 

commonly used for the industrial production of pectin products.8 Polygalacturonases, 

lyases and pectinesterases are among the most extensively studied pectinases and show 

quite different modes of action as depicted in Figure 7.2. Pectinesterases catalyze the de-

esterification of pectins through the removal of methoxy groups. Polygalacturonases and 

lyases are responsible for the breakdown of pectin backbones through two different 

degradation mechanisms. Polygalacturonases catalyze the hydrolytic cleavage of the 

polygalacturonic acid backbone by the addition of water, while lyases catalyze β-
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elimination of PGA backbones. Pectinases are tremendously important for biotechnology 

with wide applications in fruit juice extraction, wine production, waste water treatment, 

textiles, and the pulp and paper industry.6  

 

Figure 7.2 Different sites of pectinesterase, polygalacturonase and pectate lyase activity. 

 The activity of polygalacturonases can be measured through either the increase in 

the number of reducing groups or a decrease in substrate solution viscosity.9 Most of the 

polygalacturonases have an optimal pH range of 3.5 to 5.5 and a temperature range of 30 

to 50 °C.6, 10 The activity of lyases can be measured by an increase in UV absorbance at 

235 nm due to the formation of unsaturated double bonds during β-elimination.11 Unlike 

polygalacturonases, lyases have an optimal pH in the alkaline range (pH = 7.5 to 10.0) 

and temperature optima of 40 to 50 °C.6, 12 The activity of pectinesterases is most 

commonly measured by gel diffusion assays based upon the binding of ruthenium red to 

pectins.13 Pectinesterases show their greatest activity towards pectins with 65 to 75% 

methylation over a pH range from 4.0 to 8.0 and a temperature range of 40 to 50 °C.6, 14  
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Mixed linkage glucans (MLG) are a major type of hemicellulose accounting for 

about 3 to 5% of the dry mass of biomass from Poales, cereals and some lichens 

(Cetraria islandica).15 Lichen MLG is extracted from lichen species with a structure of 

an unbranched homopolymer of glucose units linked together by both β-(1→3) and β-

(1→4) linkages. Several enzymes are responsible for the degradation of MLG in nature, 

for instance, β-(1→3),(1→4)-glucanases (lichenase EC 3.2.1.73), β-(1→4)-glucanases 

(cellulase, EC 3.2.1.4), β-(1→3)-glucanases (laminarinase, EC 3.2.1.39) and β-(1→3(4))-

glucanases (EC 3.2.1.6).16 Each enzyme shows great specificity, for instance, lichenase is 

a β-(1→3), (1→4)-D-glucan 4-glucanohydrolase which specifically cleaves the β-(1→4) 

linkages adjacent to a β-(1→3) linkage as depicted in Figure 7.3 and yields 

oligosaccharides with a single β-(1→3) linkage adjacent to the reducing end. These strict 

cleavage sites of lichenase arise from a number of specific hydrogen bonding interactions 

between the enzyme and the equatorial hydroxyl groups of the glucose units.17 Lichenase 

has no detectable effect on β-(1→3)-glucans (laminaran), β-(1→4)-glucan (cellulose) or 

carboxymethyl cellulose.18 This specificity of lichenase makes it useful in structural 

analyses of MLGs.19  
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Figure 7.3 A schematic representation of the molecular structure of lichen MLG 

highlighting specific cleavage sites for lichenase. Blue arrows and bonds show the 

cleavage sites and bonds that are broken, respectively. 

Previous studies of lichenase revealed that the enzyme is a retaining glycosyl 

hydrolase with a jellyroll β-sandwich structure and six subsites.18, 20, 21 The active site of 

lichenase contains a conserved amino acid motif with two glutamic acid residues (Glu138 

and Glu134) involved in an acid/base (Glu138) and nucleophile hydrolysis (Glu134) 

mechanism.22, 23 As depicted in Figures 7.4 and 7.5, the degradation process involves a 

glycosylation and deglycosylation step on the basis of a double displacement 

mechanism.24 The major hydrolysis products released by a lichenase include 3-O-β-D-

cellobiosyl-D-glucose (trisaccharide) and 3-O-β-D-cellotriosyl-D-glucose 

(tetrasaccharide), as well as longer cellodextrin-like oligosaccharides. Plants are not the 

only source of lichenase, a number of microorganisms, such as bacteria and fungi also 

produce lichenase. Although plant and microbial lichenase share no structural similarity, 

they show the same cleavage specificity.21 The pH and temperature optima also depend 

upon the source of the β-(1→3), (1→4)-glucanase.22 Lichenase used in this study was 

extracted from Bacillus subtilis which is a common source for the preparation of different 

enzymes, such as α-amylase.25 The Bacillus lichenase is a monodomain protein with 

monomer 
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molar mass of 25 to 30 kDa, an optimal pH range of 6.0 to 7.5 and temperature range of 

45 to 65 °C.26 Lichenase shows extensive applications in the brewing industry for 

improving the production rate and clarity of beer, as well as in animal feed for enhancing 

food intake.18 Enzyme-mediated saccharification also plays an important role in ethanol 

production during bioconversion. 

 

Figure 7.4 The first step (glycosylation) of the double displacement mechanism of a 

retaining lichenase. The second step is depicted in Figure 7.5. Adapted from Abel et al.24 
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Figure 7.5 The second step (deglycosylation) of the double displacement mechanism of a 

retaining lichenase. The first step is depicted in Figure 7.4. Adapted from Abel et al.24  

In this chapter, a quartz crystal microbalance with dissipation monitoring (QCM-
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The enzymatic degradation of pectin was investigated as a function of enzyme 

concentration, pH and the DE of the pectin samples. For lichen MLG layers, the effects 
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7.3 Experimental 

7.3.1 Materials 

Four pectin samples with different DE were used in this study and are 

summarized in Table 7.1. For pectinase, one unit (1 U) of enzyme activity is defined as 

the amount of enzyme that releases 1 µmol!mL-1!min-1 galacturonic acid under standard 

assay conditions (25 °C, pH = 4.0). Pectinase was dissolved in a sodium acetate (SA) 

buffer (50 mM) with different pH and fresh solutions were prepared at the beginning of 

each measurement. For lichenase, one unit (1 U) of enzyme activity is defined as the 

amount of enzyme that releases 1 µmol!mL-1!min-1 glucose under standard assay 

conditions (40 °C, pH = 6.5). Lichenase was dissolved in a sodium phosphate (SP) buffer 

(20 mM) with different pH and fresh solutions were prepared at the beginning of each 

measurement. For pectinase degradation studies, a batch mode was used and the 

degradation of pectin was in the absence of flow. For lichenase degradation studies, the 

lichen MLG layers were subjected to a continuous flow of lichenase solution until a 

plateau in the degradation profiles occurred. The reason for different degradation modes 

was due to different enzyme-substrate interactions. Pectinase is known to strongly 

interact with a gold substrate and irreversibly adsorb onto gold, while lichenase only 

interacts weakly with cellulose and has no action on a cellulose substrate due to the 

absence of cleavage sites. 
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Table 7.1 Summary of pectin samples used in this chapter.a 

 Supplier Source Degree of 
Esterification 

aMolar Mass 
/kDa 

Polygalacturonic Acid Megazyme Citrus 4% - 
Pectin Sigma-Aldrich Citrus < 26% 23 to 71 

Low DE Pectin Sigma-Aldrich Citrus 20 to 30% 17 
High DE Pectin Sigma-Aldrich Citrus 55 to 70% 82 

 a. Weight average molar mass. 

7.3.2 QCM-D Measurements 

For pectin deposition and degradation, QCM-D sensors were placed in the flow 

cells. The preparation of pectin model surfaces with different DE was previously 

described in Chapter 5. After the preadsorption of pectin samples onto gold from citric 

phosphate (CP) buffer (50 mM, pH = 5.0) at 40.0 °C, SA buffer (50 mM) was 

subsequently introduced into the flow cells at the same temperature to change the 

surrounding pH for pectinase. For all pectinase degradation studies, 1 mL of pectinase 

solution was pumped into each flow cell, then the pump was stopped and the degradation 

was carried out in a batch mode. At the end of the degradation, SA buffer (50 mM, pH = 

4.0) was flowed through the system for the removal of residual and reversibly adsorbed 

enzymes and products. Changes in scale frequency (Δƒ/n) and dissipation (ΔD) were 

recorded simultaneously. All measurements were performed at 40.0 °C in triplicate. The 

average values ± one standard deviation were calculated for each condition. 

For lichen MLG deposition and degradation, RC-coated QCM-D sensors were 

placed in the flow cells. Deposition of lichen MLG layers was previously described in 

Chapter 6. After the preadsorption of lichen MLG onto RC surfaces from 0.05% (w/w) 

solutions in SA buffer (20 mM, pH = 5.5) at 50.0 °C, SP buffer (20 mM) was 

subsequently introduced into the flow cells at the same temperature. For all lichenase 
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degradation studies, lichenase solutions were pumped into the flow cells under a 

continuous flow rate of 0.200 mL!min-1. At the end of enzymatic degradation, SP buffer 

(20 mM) was flowed through the system for the removal of residual and reversibly 

adsorbed enzymes and products. Changes in Δƒ/n and ΔD were recorded simultaneously. 

All measurements were performed under a continuous flow rate of 0.200 mL!min-1 at 

50.0 °C in triplicate. The average values ± one standard deviation were calculated for 

each condition. 

7.3.3 AFM Measurements 

Before and after enzyme degradation, the QCM-D sensors were dried in an oven 

at 60 °C for 5 hours and then imaged with an MFP-3D-Bio atomic force microscope 

(MFP-3D-BIO, Asylum Research) in tapping mode. Images from AFM were collected 

under ambient conditions using a silicon tip (OMCL-AC 160TS, Olympus Corp.). The 

reported root-mean-square (RMS) roughnesses were determined from 2 µm × 2 µm scan 

areas. 

7.4 Results and Discussion 

7.4.1 Pectinase Degradation of Pectin Model Surfaces 

Pectin model surfaces were prepared on QCM-D gold sensors by adsorbing pectin 

samples from solutions in citric phosphate (CP) buffer (50 mM, pH = 5.0) directly onto 

the gold at 40.0 °C as described in Chapter 5. As the optimal pH of the pectinase used in 

this study was around pH = 4.0, it was necessary to add an equilibrium step after film 

preparation at pH = 5.0. After pectin film formation, the pectin layers were exposed to 

SA buffer (50 mM, pH = 4.0). Representative adsorption profiles for the preparation of 

high DE pectin model surfaces with a switch to SA buffer (50 mM, pH = 4.0) are 
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provided in Figure 7.6. After the gold sensor was equilibrated in ultrapure water, SA 

buffer was introduced into the flow cell. The decrease in scaled frequency (Δƒ/n) and 

increase in dissipation (ΔD) reflect differences in the density and viscosity between SA 

buffer and water. A decrease in Δƒ/n and increase in ΔD indicated pectin adsorption onto 

the gold substrates from solutions in CP buffer (50 mM, pH = 5.0) at 40.0 °C. The switch 

back to CP buffer (50 mM, pH = 5.0) showed the initial adsorption was irreversible in the 

buffer. Next, the solution was switched to water. During this step, Δƒ/n increased and ΔD 

decreased. Parts of these changes (Δƒ/n ~ 8 Hz and ΔD ~ 2 × 10-6) were due to changes in 

the density and viscosity but some of the film also desorbed in water. Upon switching 

from water to SA buffer, there were small changes in Δƒ/n and ΔD. These changes are 

comparable to changes observed when gold coated crystals were switched from water to 

SA buffer. Hence, the small changes in Δƒ/n and ΔD upon the switch from water to SA 

buffer in Figure 7.6 only correspond to density and viscosity changes of the surrounding 

medium and not substantial desorption of the film. As such, the pectin layers were stable 

in SA buffer (50 mM, pH = 4.0). All four pectin samples tested in this chapter showed 

irreversible adsorption onto gold substrates and adsorbed amounts (ΓQCM-D = 4.5 mg!m-2) 

from the Sauerbrey equation (Equation 3.1) were similar for all four samples.27 
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Figure 7.6 Representative time dependent (A) Δƒ/n and (B) ΔD adsorption profiles for 

high DE pectin adsorbed onto gold substrates from 500 mg!L-1 solutions in CP buffer (50 

mM, pH = 5.0) at 40.0 °C. An additional switch to SA buffer (50 mM, pH = 4.0) was 

performed to change the surrounding solution conditions for pectinase studies. Data 

correspond to the fifth overtone and arrows indicate where solutions were switched. 

After the preadsorption of pectin onto gold substrates, the instrument was re-

zeroed. Next, the pectin layers were exposed to a pectinase solution at the same 

temperature and Δƒ/n and ΔD were monitored simultaneously. Representative QCM-D 

degradation profiles for high DE pectin layers exposed to pectinase as a function of 
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enzyme concentration are provided in Figure 7.7. Unlike the adsorption process described 

in Figure 7.6, the enzymatic degradation process in Figure 7.7 was accompanied by a 

significant increase in Δƒ/n and decrease in ΔD immediately after the injection of 1 mL 

of freshly prepared pectinase solution. The shapes of the profiles are different from 

cellulase degradation of cellulose28 or chitinase activity on chitin model surfaces29 

measured by QCM-D. For these two cases, there was an initial decrease in Δƒ/n and 

increase in ΔD that corresponds to cellulase adsorption. After the initial adsorption step, 

there were significant increases in Δƒ/n and decreases in ΔD, as the cellulose was 

degraded, however, the initial rates for cellulase and chitinase were slower than those 

seen in Figure 7.7. In contrast to the cellulase and chitinase systems, initial enzyme 

adsorption was absent for the case of pectinase degradation. The absence of initial 

pectinase adsorption could be explained by greater water solubility of pectin 

oligosaccharides cut by pectinase which allowed them to diffuse away from the 

substrates. In essence, significant film degradation occurred as soon as enzyme arrived. 

For cellulose and chitin, only very small fragments of the chains are water soluble 

leading to a slower release of diffusible species and an accumulation of enzyme on the 

substrate. Pectinase degradation occurred rather fast and reached degradation equilibrium 

within 15 minute of degradation, indicating tremendous pectinase activity towards high 

DE pectin. Irreversible changes in Δƒ/n and ΔD for pectinase degradation of high DE 

pectin layers are summarized in Table 7.2. The amount of high DE pectin removed by 

pectinase solution with a concentration of 2.3 U!mL-1 was about 3.0 mg!m-2 calculated 

from the Sauerbrey equation (Equation 3.1).27 This showed that about 65% of the 

hydrated mass of high DE pectin was released during pectinase degradation. This value is 
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a lower bound as any irreversibly adsorbed pectinase would replace released pectin 

degradation products. Possible incomplete degradation of pectin could arise from 

collapsed pectin residues that block further penetration of pectinase. Control experiments 

were conducted with a continuous flow of fresh pectinase, leading to more complete 

hydrolysis of the pectin, even though there was still a contribution from pectinase 

adsorption onto the gold substrates. The affinity of pectinase (Δƒ/n ~ -20 Hz and ΔD ~ 

0.4 × 10-6) for gold is the reason the pump was stopped after pectinase injection and the 

enzymatic degradation data in Figure 7.7 were obtained in the absence of flow. 
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Figure 7.7 Representative time dependent (A) Δƒ/n and (B) ΔD degradation profiles for 

pectinase action on high DE pectin layers in SA buffer (50 mM, pH = 4.0) at 40.0 °C. A 

series of enzyme concentrations were used, including (Ο) 0.1, (�) 0.5, (Δ) 1.0 and (∇) 

2.3 U!mL-1. Data correspond to the fifth overtone and arrows indicate where solutions 

were switched.  
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Table 7.2 Irreversible Δƒ/n and ΔD for pectinase degradation of high DE pectin layers in 

SA buffer (50 mM, pH = 4.0) at 40.0 °C.  

Pectinase Concentration /U!mL-1 Δƒ/n /Hz ΔD ×106 

0.1 10.7 ± 0.5 -2.0 ± 0.9 
0.5 13 ± 1 -2.8 ± 0.4 
1.0  13.6 ± 1.5 -3.4 ± 0.2 
2.3 16.6 ± 0.9 -5.1 ± 0.3 

 

Pectinase concentration effects on enzymatic degradation of high DE pectin layers 

were investigated using a series of enzyme concentrations, including 0.1, 0.5, 1.0 and 2.3 

U!mL-1. Representative time dependent QCM-D degradation profiles and irreversible 

changes in Δƒ/n and ΔD for pectinase degradation of high DE pectin layers for different 

pectinase concentrations are provided in Figure 7.7 and Table 7.2, respectively. Greater 

changes in Δƒ/n and ΔD were obtained with increasing pectinase concentration, 

indicating a greater mass loss at high pectinase concentrations. Lowering the pectinase 

concentration to 0.1 U!mL-1 resulted in slower degradation of high DE pectin layers 

compared to the degradation at 0.5 U!mL-1 and higher concentrations. Pectinase is 

known to break down pectin chains in an endo and random fashion. With the increase in 

pectinase concentration, pectinase molecules were subjected to more cleavage events, 

leading to a more rapid decrease in molar mass with an attendant enhancement of more 

soluble, low molar mass products. Similar behavior was also observed for the enzymatic 

degradation of polyelectrolyte multilayers containing poly-L-lysine and PGA.30 A 

degradation plateau was also achieved at an early stage of enzymatic degradation. 

Representative AFM height images of high DE pectin layers before and after pectinase 

action for different pectinase concentrations as well as a bare gold substrate are provided 

in Figure 7.8. The AFM images before pectinase degradation (Figure 7.8B) showed that 
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high DE pectin model surfaces appeared to be a heterogeneous network containing 

aggregated structures with small RMS roughnesses of about 2.1 nm. This was closely 

related to the high concentration of polysaccharide solution used for the preparation of 

pectin model surfaces. The height images obtained at the end of pectinase degradation 

showed a clear reduction in aggregate size. Changes in morphology and RMS roughness 

of high DE pectin model surfaces before and after enzymatic degradation confirmed the 

successful removal of high DE pectin layers from gold substrates. At moderate enzyme 

concentration (2.3 U!mL-1, Figure 7.8C), aggregates with irregular shapes and sizes were 

observed compared to Figure 7.8B. At high enzyme concentration (5.0 U!mL-1, Figure 

7.8D), residues can be easily identified from AFM images and a smooth surface layer 

with RMS roughness of about 1.1 nm was obtained. The difference in surface 

morphology between high DE pectin layers after enzymatic degradation (Figure 7.8D) 

and the bare gold substrate (Figure 7.8A) suggests that enzymes as well as residues of 

degradation products are present on the gold substrate. 
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Figure 7.8 Representative AFM images of (A) a bare gold substrate, (B) a gold substrate 

with a high DE pectin layers before pectinase degradation and (C) and (D) high DE 

pectin layers after degradation by a pectinase from Aspergillus niger at 40.0 °C. The 

enzyme concentrations for the degraded films were (C) 2.3 U!mL-1 and (D) 5.0 U!mL-1 

in SA buffer (50 mM, pH = 4.0). The RMS roughnesses (white numbers on images) were 

obtained from the entire 2 µm × 2 µm image areas with z range of 20 nm. 

The effect of pH on pectinase degradation of high DE pectin layers was also 

examined by QCM-D. Representative time dependent degradation profiles for pectinase 

degradation of high DE pectin layers using pH = 4.0 and 6.0 at 40.0 °C are provided in 

Figure 7.9. Irreversible changes in Δƒ/n and ΔD for pectinase degradation of high DE 

pectin layers under different pH conditions are summarized in Table 7.3. Greater changes 
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in Δƒ/n and ΔD were obtained at pH = 4.0, indicating a greater mass loss at pH = 4.0 

compared to pH = 6.0. In addition, there was a significant difference in degradation 

kinetics of high DE pectin for different pH conditions. Degradation at low pH (pH = 4.0) 

occurred almost instantly (< 10 min). The degradation at high pH (pH = 6.0) appeared to 

remove pectin in a more gradual manner and changes in Δƒ/n kept increasing even after a 

degradation time of 1 hour. This observation is in agreement with the information 

provided by the supplier that the optimal pH of pectinase was in the range of 4.0 to 5.0. 

This result was also consistent with the literature value of 4.0 for the optimal pH of 

pectinase.6, 31 Representative AFM height images of high DE pectin layers before and 

after pectinase treatment at different pH conditions are provided in Figure 7.10. As is 

evident in Figure 7.10, pectinase degradation under different pH showed quite different 

surface morphologies after pectinase degradation. At pH = 4.0, a clear reduction in 

aggregate size was observed, while aggregates with greater sizes were easily identified 

for pectinase treatments at pH = 6.0. Similar morphologies and RMS roughnesses 

between degraded high DE pectin layers at pH = 6.0 (Figure 7.10B) and pectinase coated 

gold substrates (Figure 7.10C) indicated the presence of pectinase residues on gold 

substrates, especially at high pH conditions. 
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Figure 7.9 Representative time dependent (A) Δƒ/n and (B) ΔD degradation profiles for 

pectinase action on high DE pectin layers using 50 mM SA buffer at 40.0 °C and 

different pH conditions: (Ο) pH = 4.0 and (�) pH = 6.0. The enzyme concentration was 

2.3 U!mL-1. Data correspond to the fifth overtone and arrows indicate where solutions 

were switched. 
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Figure 7.10 Representative AFM images of high DE pectin layers after degradation by a 

pectinase from Aspergillus niger at (A) pH = 4.0 and (B) pH = 6.0 and (C) a control 

experiment for pectinase adsorption onto bare gold substrates at 40.0 °C. The enzyme 

concentration was 2.3 U!mL-1 in SA buffer (50 mM). The RMS roughnesses (white 

numbers on images) were obtained from the entire 2 µm × 2 µm image areas with z range 

of 20 nm. 

Table 7.3 Irreversible Δƒ/n and ΔD for pectinase degradation of high DE pectin layers at 

40.0 °C and different pH. The enzyme concentration was 2.3 U!mL-1 in SA buffer (50 

mM). 

pH Δƒ/n /Hz ΔD ×106 

4.0 16.6 ± 0.9 -5.1 ± 0.3 
6.0 8.9 ± 0.5 -4.3 ± 0.6 

 

In addition to effects of enzyme concentration and pH, DE effects on pectinase 

degradation were probed using the combination of QCM-D and AFM. Representative 

time dependent degradation profiles for pectinase action on PGA, pectin, low DE pectin 

and high DE pectin are provided in Figure 7.11. Irreversible changes in Δƒ/n and ΔD for 

pectinase degradation of pectin layers with different DE at 40.0 °C are summarized in 

Table 7.4. Greater changes in both Δƒ/n and ΔD were observed with increasing DE for 

pectin, indicating a greater degradation of highly esterified pectin layers. For pectins with 
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relatively low DE (pectin and polygalacturonic acid), only the initial adsorption of 

enzyme was observed. Only slight degradation of the low DE pectins (pectin and 

polygalacturonic acid) occurred for incubation times in excess of 1 hour. These results 

contradict a previous study that claimed high DE pectins negatively affected the affinity 

of a pectinase from   Fusarium moniliforme as well as their hydrolysis of pectins.32 Some 

studies also showed that pectin with high DE was more stable than its corresponding acid 

form, PGA, under acidic pH (pH = 4.5) similar to the one used in this study33 and could 

be explained by fewer free carboxyl groups for catalysis and the reduction of enzyme-

substrate coupling for highly esterified pectin.34 However, these results also contradict 

results obtained from QCM-D studies. Still other researchers have reported the existence 

of some pectinases exhibiting enhanced activity towards highly esterified pectins. For 

instance, a polymethylgalacturonase with an optimal pH between 4.0 and 5.0 that 

preferentially acts upon highly esterified pectin substrates has been reported.31 This result 

is actually quite similar to our case, where the pectinase worked better on highly 

esterified pectin at an optimal pH of 4.0.  
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Figure 7.11 Representative time dependent (A) Δƒ/n and (B) ΔD degradation profiles for 

pectinase action on pectin samples with different DE, including (Ο) high DE pectin, (�) 

low DE pectin, (Δ) pectin and (∇) PGA with decreasing DE. The enzyme concentration 

was 2.3 U!mL-1 in SA buffer (50 mM, pH = 4.0) at 40.0 °C. Data correspond to the fifth 

overtone and arrows indicate where solutions were switched. 
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Table 7.4 Irreversible Δƒ/n and ΔD for pectinase degradation of pectin layers with 

different DE at 40.0 °C. The enzyme concentration was 2.3 U!mL-1 in SA buffer (50 

mM, pH 4.0). 

Sample DE Δƒ/n /Hz ΔD ×106 

PGA 4% -8 ± 2 0.34 ± 0.04 
Pectin < 26% -2.5 ± 0.6 0.8 ± 0.2 

Low DE Pectin 20-34% 9.2 ± 0.6 -3.7 ± 0.6 
High DE Pectin 55-70% 16.6 ± 0.9 -5.1 ± 0.3 

 

Representative AFM height images of pectin layers with different DE before and 

after pectinase degradation are provided in Figures 7.12 and 7.13. Aggregates were easily 

identified in the AFM images before degradation and all of the pectin samples adsorbed 

as relatively smooth surface layers on gold substrates from CP buffer (50 mM, pH 5.0). 

For high DE pectin and low DE pectin layers, AFM height images obtained after 

degradation as seen in Figure 7.12, respectively, showed a clear reduction in aggregate 

size. Changes in RMS roughness and morphology of pectin model surfaces before and 

after enzymatic degradation confirmed the successful removal of pectin layers with 

relatively high DE from the gold substrates. Conversely, similar AFM images were 

obtained for pectin and PGA layers (Figure 7.13) before and after pectinase degradation. 

The images before and after "degradation" look nearly the same. This fact is consistent 

with insignificant enzymatic degradation of pectins with relatively low DE. These images 

are consistent with QCM-D data that showed pectinase exhibited greater activity towards 

highly esterified pectin, leading to more complete removal of pectin layers. Both QCM-D 

data and AFM images confirmed that pectinase worked better on highly esterified pectin 

samples, leading to more complete mass removal.  
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Figure 7.12 Representative AFM height images for the two pectin samples with 

relatively high DE before and after degradation by a pectinase solution with a 

concentration of 2.3 U!mL-1 in SA buffer (50 mM, pH = 4.0) at 40.0 °C. The RMS 

roughnesses (white numbers on images) were obtained from the entire 2 µm × 2 µm 

image areas with z range of 20 nm. 
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Figure 7.13 Representative AFM height images for the two pectin samples with 

relatively low DE before and after "degradation" by a pectinase solution with a 

concentration of 2.3 U!mL-1 in SA buffer (50 mM, pH = 4.0) at 40.0 °C. The RMS 

roughnesses (white numbers on images) were obtained from the entire 2 µm × 2 µm 

image areas with z range of 20 nm. 

Surprisingly, the ease of degradation (C6 esterified > non-esterified) observed in 

our study followed the same trend expected for β-elimination under basic conditions. For 

a β-elimination mechanism, the activated hydrogen atoms at the C5 positions can be 

removed by suitable proton acceptors, leading to an unstable anionic intermediate that is 

stabilized by losing the C-O linkages in the β position. As seen in Figure 7.14, 
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esterification at the C6 positions eliminates a local negative charge, thereby allowing 

easier hydrogen abstraction from the C5 postition.35 Similar degradation in neutral or 

weakly acidic conditions has also been observed.11 For non-basic conditions, β-

elimination reactions have been stimulated by cations and anions in solution.36 For 

instance, residual citrate ions from the preadsorption process as well as sodium ions used 

in CP and SA buffer conditions could stimulate β-elimination and promote pectin 

degradation via β-elimination even in weakly acidic conditions. A β-elimination 

mechanism is consistent with the pectinase activity observed in this study towards highly 

esterified pectin (Figure 7.14) rather than pectin with low DE and PGA (Figure 7.15).  
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Figure 7.14 Depiction of a β-elimination mechanism for highly esterified pectin. The 

anionic intermediate is shown in brackets. Esterification at the C6 positions eliminates a 

local negative charge that inhibits hydrogen abstraction from the C5 position seen in 

Figure 7.15 for PGA. 
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Figure 7.15 Depiction of a β-elimination mechanism for PGA. The anionic intermediates 

are shown in brackets. The presence of two negative changes in close proximity severely 

impedes β-elimination. 

7.4.2 Lichenase Degradation of Lichen MLG Layers 

Lichen MLG surface layers were prepared on RC-coated QCM-D sensors as 

described in Chapter 6. Representative time dependent adsorption profiles for lichen 

MLG adsorbed from 0.05% (w/w) solutions in SA buffer (20 mM, pH = 5.5) onto RC 

substrates are provided in Figure 7.16. As seen in Figure 7.16, there was a significant 

decrease in Δƒ/n and increase in ΔD right after the injection of lichen MLG solution. 
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lichen MLG onto RC substrates from SA buffer (20 mM, pH = 5.5) at 50.0 °C. Upon 

switching to water, Δƒ/n increased and ΔD decreased. These changes (Δƒ/n ~ -10 Hz and 

ΔD ~ 4 × 10-6) were mainly due to the removal of reversibly bound lichen MLG. Upon 

switching from water to SP buffer, there were small changes in Δƒ/n and ΔD. These 

changes were comparable to changes observed when RC coated sensors were switched 

from water to SP buffer. Hence, the small changes in Δƒ/n and ΔD upon switch from 

water to SP buffer only correspond to changes in the density and viscosity of the 

surrounding medium rather than substantial desorption of the lichen MLG film. Hence, 

the lichen MLG layers were stable in SP buffer. 
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Figure 7.16 Representative time dependent (A) Δƒ/n and (B) ΔD adsorption profiles for 

lichen MLG adsorption onto RC substrates from 0.05% (w/w) solutions in SA buffer (20 

mM, pH = 5.5) at 50.0 °C. An additional switch to SP buffer (20 mM, pH =6.5) was 

performed to change the surrounding solution conditions for lichenase solutions. Data 

correspond to the fifth overtone and arrows indicate where solutions were switched. 

Enzymatic degradation was examined using a lichenase from Bacillus subtilis at 

50.0 °C by QCM-D and AFM. After adsorption of lichen MLG onto RC substrates, the 

lichen MLG layers were exposed to a lichenase solution and changes in Δƒ/n and ΔD 

were monitored simultaneously. Representative time dependent degradation profiles for 
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lichen MLG surface layers exposed to lichenase solutions in SP buffer (20 mM, pH = 

6.5) with different lichenase concentrations are provided in Figure 7.17. In contrast to 

lichen MLG adsorption as depicted in Figure 7.16, enzymatic degradation of lichen MLG 

was accompanied by a significant increase in Δƒ/n and a decrease in ΔD immediately 

after the injection of lichenase solution. These changes represented a significant reduction 

of hydrated mass and thus the removal of the lichen MLG layers. Unlike pectinase 

degradation, where the pump was stopped, lichenase degradation was carried out at a 

continuous flow rate of 0.200 mL!min-1 and fresh lichenase solutions were provided until 

a plateau was obtained in the degradation profiles. Lichenase catalyzed degradation 

occurred quickly and significant mass loss was observed at early stages of degradation. 

On the basis of previous NMR studies, the majority of the hydrolysis products are 

cellotriosyl and cellotetraosyl units.37, 38 The fast degradation kinetics were attributed to 

the more readily water-soluble cellotriosyl and cellotetraosyl units that could be easily 

removed from RC substrates. Due to the cleavage site specificity of lichenase, there were 

no significant interactions between lichenase and the RC substrate. Hence, adsorbed 

layers of lichen MLG on the RC substrates were perfect substrates for lichenase 

degradation studies. 
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Figure 7.17 Representative time dependent (A) Δƒ/n and (B) ΔD degradation profiles for 

lichenase action on lichen MLG layers adsorbed onto RC substrates at 50.0 °C. A series 

of enzyme concentrations were used, including (Ο) 0.1, (�) 0.5, (Δ) 1.0, (∇) 2.5, (×) 5.0 

and (◊) 10 U!mL-1 in SP buffer (20 mM, pH = 6.5). Data correspond to the fifth overtone 

and arrows indicate where solutions were switched. 

Enzyme concentration effects on lichenase degradation were examined using a 

series of enzyme concentrations, including 0.1 0.5, 1.0, 2.5, 5.0 and 10 U!mL-1. 

Representative time dependent degradation profiles for lichenase action on lichen MLG 

layers using different enzyme concentrations are provided in Figure 7.17. Irreversible 
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different enzyme concentrations are summarized in Table 7.5. At high enzyme 

concentrations, lichenase degradation occurred almost instantaneously with rapid Δƒ/n 

increases and ΔD decreases, while Δƒ/n and ΔD occurred more gradually for lower 

enzyme concentrations (e.g. 0.1 U!mL-1). The QCM-D data also provided information 

about the initial hydrolysis rates which were obtained from the slopes of the Δƒ/n curves 

at the very beginning of the hydrolysis. As is evident in Figure 7.17, initial hydrolysis 

rates increased with increasing lichenase concentration. Representative AFM height 

images of lichen MLG layers before and after lichenase action are provided in Figure 

7.18. The AFM images before lichenase degradation showed that lichen MLG formed a 

rather smooth surface layer with a continuous network-like morphology and the RMS 

roughnesses was about 1.3 nm (Figure 7.18B). After lichenase degradation, AFM height 

images showed a slightly different morphology. At low lichenase concentrations (Figure 

7.18C, 0.1 U!mL-1), similar morphology as lichen MLG layer (Figure 7.18 B) was 

observed indicating incomplete degradation. At high lichenase concentrations (Figure 

7.18D, 5.0 U!mL-1), the morphology is similar to bare RC (Figure 7.18 A) indicating a 

more complete removal of lichen MLG layers.  

Table 7.5 Irreversible Δƒ/n and ΔD for lichenase degradation of lichen MLG layers at 

50.0 °C. Lichenase solutions were made in SP buffer (20 mM, pH = 6.5). 

Lichenase Concentration /U!mL-1 Δƒ/n /Hz ΔD ×106 

0.1 16.1 ± 0.5 -3.70 ± 0.05 
0.5 33.8 ± 0.5 -6.0 ± 0.1 
1.0 38 ± 2 -6.5 ± 0.9 
2.5 39 ± 2 -7.0 ± 0.6 
5.0 41 ± 1 -6.3 ± 0.2 
10 43 ±2 -6.3 ± 0.5 
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Figure 7.18 Representative AFM images of (A) a bare RC surface and (B) a lichen MLG 

layer on a RC surface before enzyme degradation and after degradation by a lichenase 

from Bacillus subtilis with an enzyme concentration of  (C) 0.1 U!mL-1 and (D) 5.0 

U!mL-1 in SP buffer (20 mM, pH = 6.5) at 50.0 °C. The RMS roughnesses (white 

numbers on images) were obtained from the entire 2 µm × 2 µm image areas with z 

ranges of 20 nm. 

The effect of pH on lichenase degradation of lichen MLG layers was also 

examined by QCM-D and AFM. Representative time dependent degradation profiles for 

lichenase degradation with the same enzyme concentration (5 U!mL-1) from different pH 

conditions are provided in Figure 7.19. Irreversible Δƒ/n and ΔD for lichenase catalyzed 

degradation of lichen MLG layers under different pH are summarized in Table 7.6. Three 
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different pH were investigated, including pH = 5.5, 6.5 and 7.5. As seen in Figure 7.19, 

QCM-D results showed that degradation of lichen MLG layers by lichenase occurred 

over the entire range of experimental pH with similar degradation profiles. Values of 

Δƒ/n (~ 40 Hz) and ΔD (-5 ×106) almost reached the same value for all the pH 

investigated. Likewise, similar degradation profiles were obtained from low enzyme 

concentration condition (1 U!mL-1) for the same range of pH (5.5 to 7.5). These 

observations are consistent with recent bulk studies that showed these enzymes are 

endoglucanases with activity and stability over a broad pH range.26, 39 A recent bulk study 

also showed similar results for a chimeric lichenase with high stability over pH range 

from 5 to 9.40 The pH stability of lichenases makes them potential candidates for various 

industrial applications, especially detergent formulations.41 Representative AFM height 

images of lichen MLG layers before and after action by lichenase at different pH are 

provided in Figure 7.20. Although similar degradation profiles were obtained for 

different pH, AFM height images showed slightly different surface morphologies with 

different RMS roughnesses. These images are in agreement with QCM-D studies which 

had similar degradation profiles from different pH conditions for both low (1 U!mL-1) 

and high concentrations (5 U!mL-1). 
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Figure 7.19 Representative time dependent (A) Δƒ/n and (B) ΔD degradation profiles for 

lichenase action on lichen MLG surface layers for different pH: (Ο) 5.5, (�) 6.5 and (Δ) 

7.5 at 50.0 °C. The enzyme concentration was 5 U!mL-1 in SP buffer (20 mM). Data 

correspond to the fifth overtone and arrows indicate where solutions were switched. 
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Table 7.6 Irreversible Δƒ/n and ΔD for lichenase degradation of lichen MLG at 50.0 °C 

and different pH. Lichenase concentration was 5 U!mL-1 from SP buffer (20 mM). 

pH Δƒ/n /Hz ΔD ×106 

5.5 44 ± 1 -6 ± 1 
6.5 40 ± 2 -6.3 ± 0.7 
7.5 42 ± 2 -6.2 ± 0.6 

 

 

Figure 7.20 Representative AFM height images for lichen MLG layers (A) before and 

after lichenase degradation at (B) pH = 5.5, (C) pH = 6.5 and (D) pH = 7.5 at 50.0 °C. 

The enzyme concentration was 5 U!mL-1. The RMS roughnesses (white numbers on 

images) were obtained from the entire 2 µm × 2 µm image areas with z ranges of 20 nm. 
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In addition to the effects of enzyme concentration and pH, temperature effects on 

lichenase degradation of lichen MLG layers were examined by QCM-D and AFM. 

Representative time dependent degradation profiles for lichenase degradation with the 

same enzyme concentration (5 U!mL-1) at different temperatures are provided in Figure 

7.21. Irreversible Δƒ/n and ΔD for lichenase degradation of lichen MLG layers at 

different temperatures are summarized in Table 7.7. The QCM-D results showed similar 

degradation profiles for all the temperatures investigated, ranging from 15.0 °C to 50.0 

°C. Although there was only a slight difference in degradation kinetics at 15.0 °C, 

changes in Δƒ/n (~ 40 Hz) and ΔD (-5 × 106) almost reached the same value for all the 

temperatures investigated. Likewise, similar degradation profiles were obtained from low 

enzyme concentration condition (1 U!mL-1) for the same range of temperature (15.0 °C 

to 50.0 °C). A recent study showed that β-(1→3), (1→4)-glucanases from Bacillus 

subtilis had limited thermotolerance at higher temperature, losing 60% of their activity 

after a 10-minute incubation at 60 °C.22 However, there were no significant differences in 

degradation profiles for the temperature range investigated in this study. Some studies 

also found that lichenase showed a temperature optimum around 70 to 80 °C.42, 43 As the 

E4 system (Q-Sense AB) used in this study has a temperature range of 15.0 to 50.0 °C, it 

was not possible to test temperatures greater than 50.0 °C. A recent study showed similar 

results for a chimeric lichenase with great stability over a wide range of temperature from 

40 to 90 °C.40 However, low temperature data (< 40 °C) were not available from this 

study. On the basis of a study in the literature, several members of the hydrolase family to 

which lichenase belongs were found to be active with optimal temperatures around 20 

°C.44 This finding is consistent with our low temperature data that lichenase showed 
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similar activity at low temperatures. Representative AFM height images of lichen MLG 

layers before and after lichenase exposure are provided in Figure 7.22. Similar surface 

morphologies were obtained for all the temperatures investigated, which was in 

agreement with the fact that QCM-D results exhibited similar degradation profiles over 

the temperature range of 15.0 to 50.0 °C. 

 

Figure 7.21 Representative time dependent (A) Δƒ/n and (B) ΔD degradation profiles for 

lichenase action on lichen MLG layers at various temperatures: (Ο) 15.0! °C, (�) 30.0!

°C, (Δ) 40.0!°C and (∇) 50.0 °C. The enzyme concentration was 5 U!mL-1 in SP buffer 

(20 mM, pH = 6.5). Data correspond to the fifth overtone and arrows indicate where 

solutions were switched. 
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Table 7.7 Irreversible Δƒ/n and ΔD for lichenase degradation of lichen MLG layers at 

different temperatures. Lichenase concentration was 5 U!mL-1 in SP buffer (20 mM). 

Temperature /°C Δƒ/n /Hz ΔD ×106 

15.0 36 ± 1 -5.4 ± 0.6 
30.0 39.7 ± 0.5 -6.4 ± 0.5 
40.0 40 ± 2 -6.13 ± 0.04 
50.0 40 ± 2 -6.3 ± 0.7 

 

 

Figure 7.22 Representative AFM height images for lichen MLG layers after lichenase 

degradation at (A) 15.0 °C, (B) 30.0 °C, (C) 40.0 °C and (D) 50.0 °C. The enzyme 

concentration was 5 U!mL-1. The RMS roughnesses (white numbers on images) were 

obtained from the entire 2 µm × 2 µm image areas with z ranges of 20 nm. 
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7.5 Conclusions 

 Well-defined pectin model surfaces were used for enzymatic degradation studies 

by a pectinase from Aspergillus niger. More complete removal of pectin layers was 

achieved for high pectinase concentration. Ease of degradation for highly esterified pectin 

compared to pectins with low DE followed the same trend as that for β-elimination under 

basic conditions. Esterification at C6 positions eliminates local negative charges, thereby 

allowing easier hydrogen abstraction from C5 positions.35 Lichen MLG layers were 

successfully prepared on RC substrates and the subsequent enzymatic degradation by a 

lichenase was studied as a function of enzyme concentration, pH and temperature. 

Enzymatic degradation rates increased with increasing lichenase concentration, leading to 

a greater removal of the lichen MLG layers. Results from QCM-D and AFM showed 

lichenase had a wide range of thermal (15 to 50 °C) and pH (5.5 to 7.5) stability.  
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Chapter 8: Conclusions and Suggested Future Work 

8.1 Overall Conclusions 

 This study probed the adsorption of polysaccharides as well as other 

biomacromolecules, such as enzymes, onto different polysaccharide model surfaces. 

Three major surface science techniques, including a quartz crystal microbalance with 

dissipation monitoring (QCM-D), surface plasmon resonance (SPR) and atomic force 

microscopy (AFM), were used in this dissertation. First, the adsorption of high molar 

mass xyloglucan, a major type of hemicellulose in dicot plants, and xyloglucan 

oligosaccharides onto cellulose were studied by QCM-D and SPR. Adsorbed amounts of 

xyloglucan strongly correlated to the porosity and roughnesses of the cellulose substrates 

and increased in the order of regenerated cellulose (RC) < nanocrystalline cellulose (NC) 

< Avicel cellulose. Dynamic adsorption isotherm studies showed that xyloglucan 

heptasaccharide adsorption onto RC followed a Langmuir adsorption isotherm, whereas 

Freundlich adsorption isotherms provided better fits for xyloglucan oligosaccharide and 

high molar mass xyloglucan adsorption onto RC. Additionally, the adsorption of 

carboxymethyl cellulose (CMC), a representative cellulose derivative, onto cellulose was 

studied. A Voigt-based viscoelastic model and the combination of QCM-D and SPR data 

confirmed the formation of soft and dissipative CMC layers on RC with average water 

contents > 90%. This study also demonstrated the adsorption of CMC onto RC was 

strongly affected by the addition of CaCl2 as well as the degree of substitution (DS) and 

the degree of polymerization (DP) of the CMC samples. Adsorbed amounts of CMC 

increased with decreasing DS and increasing DP as well as increasing ionic strength.  
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This work also highlighted the preparation of pectin model surfaces and used 

them as platforms for interaction studies with xyloglucan. Preparation of pectin model 

surfaces was achieved by adsorbing pectin or polygalacturonic acid (PGA) from citric 

phosphate buffer. Adsorption was mainly based upon strong van der Waals interactions  

between polysaccharide backbones and gold substrates. Complete coverage of pectins 

was confirmed by AFM studies and the resulting films had root-mean-square (RMS) 

roughnesses of about 1.5 nm. Subsequent interaction studies with xyloglucan showed that 

there were no significant or negligible interactions between xyloglucan and pectins with 

high galacturonic acid content for solution condition study. 

 Additionally, we presented the adsorption of hemicelluloses from type II cell 

walls, mixed linkage glucans (MLGs), onto cellulose. Two MLG samples, barley and 

lichen MLG, were used for investigating how molecular structure affects MLG 

adsorption onto cellulose. Both experimental and viscoelastic modeling of adsorbed 

MLG layers suggested that lichen MLG formed softer layers compared to barley MLG 

due to a higher proportion of β-(1�3) linkages. Interaction studies between lichen MLG 

and other matrix polysaccharides suggested matrix polysaccharides inhibited subsequent 

deposition of lichen MLG onto cellulose. This result also provided some insight into the 

deposition order of type II cell wall components. 

Finally, this work presented enzymatic degradation studies of pectin and lichen 

MLG layers. First, well-defined pectin model surfaces were used for enzymatic 

degradation studies by a pectinase from Aspergillus niger. Ease of degradation for highly 

esterified pectins compared to low DE pectins followed the same trend observed for β-

elimination under basic conditions. Next, lichen MLG layers were used for enzymatic 
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degradation by a lichenase from Bacillus subtilis as a function of enzyme concentration, 

pH and temperature. The QCM-D and AFM results showed that lichenase had a wide 

range of thermal (15 to 50 °C) and pH (pH = 5.5 to 7.5) stability with more complete 

removal of lichen MLG layers obtained at higher lichenase concentrations. 

8.2 Suggestion for Future Work 

8.2.1 Polysaccharide Layers for Controlled Protein Adsorption 

Polysaccharides, as renewable, nontoxic biomacromolecules, have gained 

attention for the development of functional materials for diagnostic and medical 

applications1 and have long been studied for controlled protein adsorption.2 They can be 

used to enable the substrates with desired functionalities that have tremendous influence 

over the subsequent adsorption of proteins. For instance, a cellulose derivative, 

carboxymethyl cellulose (CMC) can form stable, hydrogel-like layers on cellulose.3 

These CMC layers can be used for the control of protein binding due to the elimination of 

nonspecific protein interactions.4 They can also be used for the nucleation and growth of 

hydroxyapatite for subsequent tissue engineering.5 Pectins are useful cell wall 

polysaccharides with negative charges that have been used together with proteins to form 

insoluble complexes for drug delivery applications.6 Interfacial interactions between 

pectin and a model protein, bovine serum albumin (BSA), has been examined as a 

function of ionic strength using QCM-D.7 Chitosan, composed of β-(1→4)-linked N-

acetyl-D-glucosamine, is another useful polysaccharide that is obtained through the 

deacetylation of chitin. Unlike CMC and pectins that carry negative charges, chitosan has 

positive charges at an appropriate pH due to the presence of amine groups. Interactions 

between polysaccharides and proteins are mainly driven by electrostatic interactions. 
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These functionalities, especially ionic character, allow for the manipulation of 

interactions between polysaccharides and target proteins. For example, modified 

cellulose substrates have proven to serve as good platforms for controlled adsorption of 

human immunoglobulin G and BSA.4 This application is expected to open new venues 

for biodetection or filtration of pathogens.  

As a surface technique, QCM-D is extremely useful for studying interactions 

between different biomacromolecules, providing not only quantitative information on 

adsorbed amount (ΓQCM-D) but also viscoelastic properties of adsorbed layers. A recent 

study has employed QCM-D for studying BSA interactions with mucin and their 

corresponding layer properties.8 In this thesis, some preliminary results on CMC and 

pectin adsorption at solid/liquid interfaces have been discussed and these stable adsorbed 

polysaccharide layers serve as good platforms for subsequent protein adsorption. The 

ionic properties of the adsorbed layer can be controlled by surrounding conditions, 

especially pH, thereby controlling the electrostatic interactions between the 

polysaccharide layers and the target proteins. 

8.2.2 Preparation of Pectins with Different Degrees of Methylation and Acetylation 

Greater than 60% of pectins in the plant cell walls are homogalacturonans with a 

polygalacturonic acid (PGA) backbone and varying degrees of methylation (DM) and 

acetylation (DAc).9 The DM and DAc of PGA, as well as the distribution of methyl and 

acetyl groups, play an important role in their interactions with other cell wall 

polysaccharides.10, 11 Native pectins in plant cell walls are generally highly methylated 

but poorly acetylated.12, 13 For the PGA, a model compound of pectin backbone, it could 

serve as a starting material for the modification of pectins with different DM and DAc. It 



 252 

can be esterified by methanol at the C6 position (carboxyl groups) and by acetyl groups 

at the C2 or C3 positions (hydroxyl groups). A common method for carboxyl group 

modification is esterification in acidic methanol.14 Recently, reactions of 

tetrabutylammonium (TBA) salts of pectin with methyl iodide (CH3I) in dimethyl 

sulfoxide (DMSO) have been proposed for the methylation of pectin under homogeneous 

reaction conditions with the resulting DM dependent upon the stoichiometric ratio of the 

reagents.12 Acetylation of pectin can be obtained by reacting pectin with acetic anhydride 

in a solvent of formamide with pyridine as a catalyst, giving a DAc value up to 150% (3 

of every four hydroxyl groups along the backbone).15 

Extensive studies have been carried out on the effects of DM and DAc on 

gelation.6, 16 Pectins can be further categorized into high methoxyl (HM) and low 

methoxyl (LM) pectin depending upon the DM values. The gelation mechanisms are 

based upon Ca2+ crosslinking and non-ionic interactions for HM and LM pectins, 

respectively.17 Acetylation also plays an important role in the gelation of pectins. For 

instance, pectin from sugar beet with a high fraction of acetylation is not able to form 

gels under the same conditions as citrus or apple pectins with low fractions of 

acetylation.18 However, the gelation properties can be restored by selectively removing 

acetyl groups.16 Studies by QCM-D provide a good opportunity to test pectin gelation for 

pectins with different DM and DAc on different substrates. The viscoelastic properties of 

the resulting gels could be deduced through Voigt-based viscoelastic modeling of QCM-

D data. As a complementary technique, SPR can be used together with QCM-D for 

monitoring interfacial behavior of pectins with different DM and DAc. It is also known 

that acetylation inhibits degradation of PGA by endopolygalacturonases as well as de-
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esterification by pectinesterases.12, 13, 19 Studies on the effect of acetylation and 

methylation on pectin degradation are also of great interest and importance to obtain a 

more complete understanding of pectins. 

8.2.3 Enzymatic Degradation of Pectin Using Different Enzymes 

Enzymes can be extracted not only from plant sources, but also from microbial 

sources. In contrast to plant enzymes, microbial enzymes are characterized by better pH 

and thermal stability. In addition, their activity depends upon the species from which they 

are extracted. For instance, Trichoderma reesei produces many cellulose degrading 

enzymes, while Aspergillus species are highly involved in pectin degradation.20 

Pectinases account for about 25% of the global sales of food enzymes and most of the 

commercial pectinases are produced from microbial sources.21 For instance, the 

Aspergillus family is the most commonly used family for the industrial production of 

pectin related enzymes.22 

Enzymatic regulation of pectin, including modification and degradation, is 

believed to control adhesion and permeability within the cell wall matrix.23 Pectinase is a 

general term for enzymes that are related to pectic substances and a pectinase is typically 

a mixture of polygalacturonases, pectinesterases and pectate lyases, synergistically and 

cooperatively breaking down pectins. For example, polygalacturonases catalyze the 

hydrolytic cleavage of the PGA backbone by addition of water, while pectinesterases 

catalyze the de-esterification of pectins. Enzymes isolated from different microbial 

sources are expected to be markedly different from each other with respect to their 

physicochemical and biological properties and their modes of action. Three commercially 

available pectin related enzymes, including a pectinase from Aspergillus niger, a 
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pectinase from Aspergillus aculeatus and a polygalacturonase from Aspergillus 

aculeatus, can be used for the enzymatic degradation of pectins. Preliminary results for 

the enzymatic degradation of high DE pectin by three different enzymes are provided in 

Figure 8.1. Each enzyme showed different degradation kinetics as well as degrees of 

hydrolysis. It would be interesting to study the enzymatic degradation behavior of each 

enzyme as a function of pH, ionic strength as well as the degree of esterification (DE) of 

pectin substrates. 
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Figure 8.1 Representative time dependent (A) Δƒ/n and (B) ΔD degradation profiles for 

(Ο) pectinase from Aspergillus niger, (�) pectinase Aspergillus aculeatus and (Δ) a 

polygalacturonase from Aspergillus aculeatus acting upon high DE pectin layers. The 

enzyme concentration was 2.3 U!mL-1 in a sodium acetate buffer (50 mM, pH = 4.0). 
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