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ABSTRACT 

 The world now greatly needs new sources of liquid transportation fuels to solve 

the economic and environmental problems. Enzymatic degradation of lignocellulosic 

biomass, mainly plant cell walls, has been considered as the most promising process for 

biofuel production. However, this process is greatly limited by the natural resistance of 

plant cell walls and inefficient enzyme-cellulose interactions. The carbohydrate-binding 

modules (CBMs) in the carbohydrate-active enzymes can facilitate the accessibility of 

enzymes by specifically binding to the target carbohydrates. As the beginning step in 

cellulose hydrolysis, the binding affinity and mechanism of this process is critical, but 

still unclear down to molecular level. Therefore, understanding single molecular CBM-

cellulose interaction is greatly needed to improve the enzymatic hydrolysis of biomass.  

In this study, a specific and reliable single-molecule approach was applied to 

study the CBM-cellulose binding interactions. With a CBM-functionalized AFM tip, the 

binding specificity and affinities of two CBMs to poplar cell wall crystalline cellulose 

were determined by AFM recognition imaging and single molecule dynamic force 

spectroscopy (SMDFS). Several dynamic and kinetic parameters were quantified on 



 

natural and extracted plant cell wall cellulose at single-molecule level, such as unbinding 

forces, reconstructed free energy change, energy barrier, and bond lifetime. Specifically, 

a CBM3a molecule showed slightly higher binding efficiency and affinity than those of a 

CBM2a molecule to both natural and extracted crystalline cellulose. Both CBMs showed 

higher affinities to natural cellulose microfibrils than those to extracted cellulose 

microfibrils. The cell walls of poplar, switchgrass and corn stover before and after dilute 

acid pretreatment were also characterized. The results showed that the cell wall surface 

coverage of crystalline cellulose increased from 17-20% to 22-38% after pretreatment 

under different acid concentrations at 135 
o
C, and corn stover pretreated with 0.5% acid 

revealed an optimized distribution of crystalline cellulose on surface. A minimal effective 

CBM3a concentration of 5.1×10
-7

 M at a comparatively short reaction time of 287 min 

was also quantified for a more economic hydrolysis process. This study provides an in-

depth understanding of the binding mechanism of CBMs to cellulose and may pave the 

way for advanced enzyme design and biomass degradation. 
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CHAPTER 1 

INTRODUCTION 

The efficient conversion of lignocellulosic biomass to biofuels, especially by cellulolytic 

enzymes, begins to draw more public attentions as an alternative energy source to replace 

the traditional fossil fuels.  To overcome the resistance of plant cell walls and improve 

the efficiency of enzyme-carbohydrate interactions, the binding mechanisms of the non-

catalytic, carbohydrate-binding modules (CBMs) of cellulolytic enzymes to the plant cell 

wall cellulose needs to be profoundly understood. As the beginning step in cellulose 

hydrolysis, study of CBM-cellulose interaction, especially down to single-molecule level 

has the potential of improving enzymatic hydrolysis of the plant cell walls by designing 

enzymes with high efficiency and low cost. 

1.1 Lignocellulosic biomass for biofuels 

Lignocellulosic biomass has long been considered as a renewable and promising 

feedstock for producing biofuels and other biomaterials.
1-2

 As the most abundant source 

of lignocellulosic biomass, wood, grasses and most agricultural residues have been 

converted to simple sugars followed by fermentation to produce bio-ethanol to replace 

the fossil fuels in the past century.
3-4

 The combustion of lignocellulosic ethanol also 

inhibits the increasing amount of net carbon dioxide in the atmosphere with potentials of 

high efficiency and low cost.
5-6

 Therefore, replacing the fossil fuels with biofuels 
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becomes an urgent need, and a more efficient biomass degradation process is required to 

be intensively studied. 

1.2 The plant cell walls 

The plant cell walls have the largest abundance in organic carbon on the earth. 

They are mainly composed of the polysaccharides, e.g., cellulose, hemicelluloses, pectins, 

etc.
7-8

 The components and structure of the plant cell walls has been extensively 

investigated for years.
9-11

 The structure of a whole plant is broken down to molecular 

level in Figure 1.1. The plant cell walls mainly consist of middle lamellae, primary walls 

and secondary walls. Crystalline and amorphous cellulose is the skeleton of all cell wall 

layers. Different from primary walls, secondary walls are usually covered and rigidified 

by lignin, a heterogenous aromatic polymer.
12

 

Chemical and physical processes using acids and/or bases are commonly applied 

to break down the plant cell wall structure to release the sugars in cellulose and 

hemicellulose. Due to the high specificity of cellulolytic enzymes, or rather cellulases, 

they are often favored in obtaining sugar products from cellulose in higher yields.
13

 One 

huge barrier to biomass-ethanol conversion by enzymes is the contact and interaction 

between enzymes and the target carbohydrates trapped within the lignocelluloses. The 

plant cell walls have evolved a robust structure to resist enzymatic attack and can exhibit 

hydrolytic stability to survive in nature. This counteraction phenomenon is usually called 

“biomass recalcitrance", which is attributed to the crosslinking between the 

polysaccharides and lignin.
14-15

 Therefore, a more profound understanding of these 

mechanisms becomes a necessity to optimize the biomass conversion process toward 

fermentable sugars and ultimate bioethanol.
7, 16-17
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Figure 1.1 Structure of wood from the tree to the cellulose nanocrystals. ML = middle 

lamellae between tracheids, P = primary cell wall, S1, S2, S3 = cell wall layers.
18

 (DOI: 

10.1088/0957-0233/22/2/024005. © IOP Publishing. Reproduced by permission of IOP 

Publishing. All rights reserved) 

 

 

Cellulose is the structural component of primary cell walls of green plants (from 

simple algae to higher trees). It is the major polysaccharide rich in organic carbon in 

renewable biomass.
19

 In general, about 33% of all plant matter is in form of cellulose, e.g., 

90% content in cotton and 40-50% content in wood. To overcome the recalcitrance 

during conversion of the biomass to fermentable sugars in biorefinery industry, it is 

critical to understand the structure and distribution of cellulose within the plant cell 

walls.
20-26

 

http://en.wikipedia.org/wiki/Cell_wall
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Figure 1.2 illustrates the general structure and components of the plant cell 

walls.
11

 Among all the cell wall components, cellulose is a polymer comprising a linear 

chain of β(1→4) linked D-glucose units with the formula (C6H10O5)n. The crystalline 

form of cellulose plays a very essential role in supporting plant structures. Hemicellulose 

is also made of carbohydrates covalently joined together in long chains, and generally 

includes five different sugars: xylose, mannose, glucose, galactose and arabinose.
27

 

Compared to cellulose, hemicellulose is an amorphous, branched polymer that can be 

more easily broken down by chemicals and enzymes.  

 

 

  

Figure 1.2 Schematics of plant cell wall components. Reprinted by permission from 

Macmillan Publishers Ltd: Nature Reviews Molecular Cell Biology,
11

 copyright 2001. 

 

 

As a straight chain polymer, cellulose presents an extended and stiff rod-like 

conformation constructed by the glucose residues. The chair conformation forces the -OH 

groups into equatorial positions and the aliphatic H atoms into axial positions. The 

http://en.wikipedia.org/wiki/Glucose
http://en.wikipedia.org/wiki/Hydrogen
http://en.wikipedia.org/wiki/Oxygen
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hydroxyl groups on the glucose from one chain are linked to oxygen molecules on the 

same or a neighbor chain by hydrogen bonds. The strong inter-chain hydrogen bonding 

between adjacent chains can hold the chains firmly together side-by-side to form 

microfibrils (about 5-30 nm in diameter), or large bundles (up to several hundred nm in 

diameter) packing in highly-ordered layers in a cellulose sheet.
14

 Like most other natural 

polymers, cellulose bundles usually consist of both crystalline and amorphous regions. 

Natural crystalline cellulose is cellulose I, with structures Iα and Iβ. Cellulose formed in 

bacteria and algae is enriched in Iα, while that of higher plants is mainly composed of Iβ. 

Cellulose Iβ  is widely distributed in regenerated cellulose fibers and also more stable in 

property. 
28-29

 

In biological and industrial procedures, the photo-synthetically fixed organic 

carbon in the biomass is recycled by microbial enzymes, an important procedure of which 

can convert cell wall polysaccharides to monosaccharides and oligosaccharides.
30-32

 

However, more advanced technologies are still required to develop economical processes 

for this biomass-biofuels conversion, e.g., improving pretreatment processes to increase 

the output ratio of fermentable sugars to toxic byproducts, producing low-cost variations 

of cellulases in crystalline cellulose hydrolysis, etc.
33

 Consequently, natural biomass 

degradation processes are generally achieved via molecular interactions between 

cellulolytic microbes/enzymes and well-ordered plant cell wall assemblies enwrapped by 

an irregular polymer matrix.
34

  

Down to the molecular level, different from hemicellulose and amorphous 

cellulose which are readily digestible, the cellulose microfibrils are highly resistant to 

chemical and biological hydrolysis due to its rigid structure.
28

 A dense layer of water 
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formed on the hydrophobic face of cellulose sheets adjacent to the hydrated cellulose 

surface makes crystalline cellulose resistant to acid hydrolysis.
35

 Meanwhile, the strong 

inter-chain H-bonding network also prevents enzymatic hydrolysis process from 

crystalline cellulose.
14, 28-29, 35-36

 This rigid structure is distinct after removing the adjacent 

linking and protective, but digestible polymeric substances, i.e., hemicelluloses, pectins, 

lignin, etc.
15, 32, 37-39

 Compared to improving the chemical treatments of the biomass 

toward cellulose degradation, the biological methods, specifically by cellulolytic 

enzymes exhibit a milder and more environmental-friendly approach for biofuel 

production, the process and mechanism of which, therefore need to be well-understood. 

1.3 Enzymatic hydrolysis of the plant cell walls 

1.3.1 Carbohydrate-binding module (CBM) 

The whole enzymatic hydrolysis process is initiated by the binding of the 

cellulolytic enzyme or the entire microorganism to the cellulose substrate. The non-

catalytic protein segments that can be found in many carbohydrate-hydrolyzing enzymes 

are usually defined as carbohydrate-binding modules (CBMs), whose main functions are 

to recognize the target carbohydrate as the initial key step, and then convey the catalytic 

domains (CD) of these enzymes to the right place for hydrolysis (Figure 1.3).
40

 The 

structure and functions of several CBMs have been investigated up till now; these CBMs 

have been grouped into more than 60 different families based on their sequence similarity 

on the continuously updated Carbohydrate-Active EnZymes (CAZy) database. 
41-43
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Figure 1.3 The Trichoderma reesei Family 7 cellobiohydrolase (TrCel7A) acting on 

cellulose surface. TrCel7A is comprised of a 36-amino acid CBM, a linker domain (dark 

blue), and a large catalytic domain with N-linked glycan (pink) and a 50-Å tunnel for 

processing cellulose chains (green). The cellobiose product is shown in yellow (e) and (f). 

Copyright 2011, with permission from Elsevier.
40

 

 

 

Currently, the knowledge of structure and functions of CBMs introduces new 

insights into the mechanism of cellulose-enzyme interaction. It has been reported that 

increasing the concentration of enzymes on the surface of the substrate is able to cause 

more rapid degradation of the polysaccharide. Namely, genetic truncation of CBMs from 

the catalytic domains significantly reduces the activity of the enzymes on insoluble 

compared to soluble polysaccharides.
32, 44-49

 However, to profoundly understand the 

binding mechanism, the cellulose-CBM interaction needs to be studied at single molecule 

level. This may reveal the binding process of a single CBM molecule and provide very 

essential information in designing more efficient enzymes for biomass-biofuel conversion. 

Recent developments in the fields of optical and electron have demonstrated that 

single molecules can be observed at high resolution by fluorescence microscopy, 

scanning electron microscope (SEM), transmission electron microscope (TEM), etc. 
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These approaches are usually used to accomplish preliminary study of the carbohydrate-

enzyme interaction via observation of specific binding sites and CBM behaviors by 

labeling target molecules with fluorescent tags, such as semiconductor quantum dots and 

fluorescent proteins.
50-51

 Although the unique active site architecture of the CBMs and 

their binding sites on the crystalline cellulose surface have been widely studied and 

discussed, the detailed action of two domains, especially the targeting CBMs, and the 

cellulose-CBM binding kinetics on cellulose, are still indistinct down to single molecule 

level. The absence of the above information can significantly hinder the design and 

modification of effective cellulolytic enzymes; therefore obstruct the step of biofuel 

production behind the barrier of biomass recalcitrance. 

Based on the experimentally verified structures, functions and ligand specificities, 

many CBMs have now been generally classified into three types: binding to specific 

surfaces of insoluble crystalline cellulose and/or chitin (type A), individual glycan chains 

(type B) and small sugars (type C). In addition to the major function as targeting group, 

CBMs are also presumed to mediate the non-hydrolytic disruption of cellulose fibers to 

facilitate the following continuous enzymatic degradation induced by the catalytic 

domains.
40, 43

 

Theoretically, numerous simulation work and models have been developed to 

study the cellulose structure and interaction mechanism with CBMs.
20, 23, 26, 28-29, 36, 52-53

 

The conformation of the CBMs, how the CBMs bind to the cellulose surface via the 

multiple sets of critical binding sites, as well as the binding locations on cellulose surface, 

easiness and strength of the binding between the two, have long caught people’s 

attention.
54-62
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Numerous studies have established that at least three aromatic residues on a CBM 

surface are needed in cellulose crystal-CBM binding activity, and tryptophan contributes 

to higher binding affinity than tyrosine.
63-67

 For instance, the flat conserved surface at the 

bottom of a family 3 CBM (e.g. CBM3a) can interact hydrophobically with crystalline 

cellulose, involving the five amino acid residues (Trp118, Arg112, Asp56, His57 and 

Tyr67) which can form the planar strip (Figure 1.4).
68

  

 

 

Figure 1.4 Model for the interaction of CBM3a with cellulose. (a) The lower view 

shows the three CBDs aligned along a single cellulose chain. In the upper panels in (a), 

the CBDs and cellulose chains have been rotated 90˚, separately, along the vertical axis, 

such that the CBDs are now aligned along three separate cellulose chains, designated 1, 2 

and 3 for each structure. Amino acid side chains, which appear to interact with the 

cellulose, are shown in yellow. (B) Bird's-eye view of the residues proposed to interact 

with the cellulose chains. The residues, aligned along the cellulose chains, have been 

rotated 90˚ around the horizontal axis with respect to the orientations shown in the upper 

views of (a). The ribbon diagrams of the backbone traces have been omitted for clarity. 

Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.
68
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Similarly, McLean et al. reported that a family 2a carbohydrate-binding module 

(CBM2a) of xylanase 10A from Cellulomonas fimi, another type A CBM, also binds to 

crystalline cellulose.
69

 In this work, series of conservative (phenylalanine and tyrosine) 

and non-conservative substitutions (alanine) of each solvent-exposed tryptophan (Trp17, 

Trp54 and Trp72 at the most critical locations) were prepared. They were then tested with 

other residues on the binding face with H-bonding potential replaced by alanine. The 

results demonstrated that the binding of CBM2a is predominantly mediated by three 

prominent, solvent-exposed tryptophan residues. With the knowledge of the most 

important binding residues and their locations in the CBM molecules, it is more feasible 

to look into the binding sites on the target carbohydrate substrate, especially crystalline 

cellulose and their distribution in the intricate plant cell walls. 

1.4 Cellulose-CBM interaction studies 

1.4.1 Characterization of the plant cell walls 

A better fundamental understanding of how the structural elements assemble to 

form the plant cell walls is very significant for biomass degradation. Therefore, 

characterization of these structures with regard to their chemical and physical features at 

nano-scale is quite essential. Unfortunately, the commonly used diffraction-limited 

spectroscopic techniques (e.g., fluorescence, Raman scattering) are regarded as a barrier 

to high spatial resolution imaging.
21, 70-74

 Some frequently used techniques to characterize 

the structure and chemical components of natural and pretreated plant cell walls are X-

ray diffraction (XRD), nuclear magnetic resonance (NMR), infrared spectroscopy (IR), 

high performance liquid chromatography (HPLC), etc.
75-78

 These techniques are widely 
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used as a combination to determine structural and component changes of the plant cell 

walls before and after pretreatments. However, the plant cell wall structure is usually 

completely or partially destroyed in the sample preparation procedures. Moreover, 

component changes determined by bulk chemical analysis do not necessarily reflect the 

surface changes. Traditionally, surface characterization of the plant cell walls have been 

frequently achieved by SEM and TEM.
79-82

 Whereas, the sample preparation methods for 

the above techniques involves coating biological specimens with vaporized metal or 

carbon, or embedding plant specimens into a resin for stabilization to obtain a required 

thickness by thin sectioning. These preparation procedures used in biomass materials are 

considered to be very time-consuming and may ultimately change the native structure of 

the plant cell walls. 

Comparatively, scanning probe microscopy (SPM), especially atomic force 

microscopy (AFM), provides a distinctive 'biophysical' methodology to investigate these 

materials at nano-scale with simple sample preparation procedure and perturbation.
83-85

 In 

principle, AFM uses a micro-cantilever holding a nano-scale tip (with a radius less than 

10 nm) at one end to scan the sample surface. The distance between tip and sample 

surface is adjusted by a feedback mechanism under the control of a piezoelectric scanner. 

The attractive or repulsive forces are sensitive to the surface structure and chemical 

properties of both the tip and sample, which can generate the deflections that are detected 

by photodiodes through a reflected laser spot. AFM has been used increasingly for 

characterizing biomolecules due to several distinct advantages. For instance, to minimize 

structural and activity (especially for biological specimens) modifications generated 

during sample preparation, samples can simply be measured in an almost in vivo 
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physiological environment (in air or aqueous environment); it is quite possible to get 

super high resolution (i.e., atomic even angstrom resolution); it is also possible to obtain 

topography (height image) and elasticitic (phase image) information of the sample 

simultaneously.
86-88

 Although the major uncertainty for AFM measurements caused by 

scanning artifacts can generate misleading image broadening, these artifacts have been 

significantly minimized via better probe control, more accurate calibration and sharper 

tips.
89-93

 AFM can also be used to characterize the surface morphology of the plant cell 

walls, as well as the binding and assembly of the cellulosome complex in the cellulosome 

system.
94-95

 

Direct visualization of plant cell wall surface and pretreated cellulose microfibrils 

using AFM has proved to be able to successfully achieve imaging with higher resolution 

and more accurate measurement.
16

 So far, several experimental results using AFM to do 

both the pure cellulose and pretreated plant cell walls imaging have been reported.
96-111

 In 

order to clearly observe the binding faces on the crystalline cellulose, the first and critical 

step is to extract the pure cellulose microfibrils from the complicated fresh plant cell 

walls. An optimized condition is studying on a crystalline cellulose microfibril, which 

can clearly expose the distinct facets around the crystal chain to the cellulolytic enzymes. 

This can be achieved by disconnecting the cellulose from lignin with strong, dilute bases, 

acid-hydrolyzing the newly purified cellulose to dissolve amorphous region, and finally 

breaking them down into cellulose microfibrils or cellulose nanocrystals (whiskers).
111-119

 

Several works have been done to optimize pretreatments of the plant cell walls and 

extraction of crystalline cellulose under a low-cost and simpler process.
18, 120-125
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1.4.2 Imaging of cellulose-enzyme interactions 

The high cost of cellulose-degrading enzymes remains a major hindrance on the 

way toward biomass conversion and biofuel production, since the catalytic efficiency of 

the cellulases is practically much lower than the theoretical values in the industrial 

production. The significant reasons are the lack of robust and cost-effective cellulases and 

more importantly, the direct information regarding the complicated actions of cellulases 

on the plant cell walls in the hydrolytic process. A critical limitation is, of course, the 

unavailability of proper techniques that are able to characterize the real structure of the 

plant cell walls and the corresponding hydrolysis enzymes. Recently, more and more 

research is ongoing to concentrate on developing imaging techniques via combining both 

optical and non-optical microscopies to explicate the enzymatic degradation processes of 

the plant cell walls, especially at single molecule level.
97, 126-134

 

For instance, Altaner and colleagues claimed in 2007 that the wood cell wall 

polysaccharides can be probed with monoclonal antibodies and CBMs.
135

 Typically, 

CBMs of different families which differ in affinities for crystalline cellulose (CBM3a) 

and amorphous cellulose (CBM17 and CBM28) were shown to bind to the native wood 

cell walls with diverse strengths. This obvious differences in affinity of the CBMs 

highlighted a much stronger binding of the CBMs which can specifically bind to 

crystalline cellulose. In 2009, Igarashi’s group carried out direct observations of TrCel7A 

molecules sliding on crystalline celluloses using AFM.
136

 It was concluded that the 

movement is accompanied by a catalytic activity. This was demonstrated by the 

observation of CD having similar sliding speed to that of the wild-type, and also the 

immobility of the catalytically inactive enzyme mutant. CBM had no more active role in 
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cellulose hydrolysis except binding and increasing the enzyme molecule concentrations 

on the substrate.  

CBMs have been verified by past work to function as reliable molecular probes 

for mapping the chemical property and structure of carbohydrate-containing materials 

due to their polysaccharide recognition capacity.
137-139

 They have also been widely used 

for various fluorescence and electron labelings of the plant cell walls as well as for 

ultrastructural labeling of Valonia cellulose crystals, the results of which were proved to 

be particularly effective.
67, 140

 However, most published descriptions of CBM probes 

require complex labeling procedures and the resolution of the images is not very 

satisfactory. Although the above studies exhibit some breakthroughs in characterization 

of cellulose-CBMs interaction, there is still little information on binding regularity, 

efficiency and kinetic mechanism of the interaction involving individual CBM molecule 

and crystalline cellulose. Moreover, the whole processes are all controlled by diffusion of 

a large amount of molecules, which is the only driving force in the experiments. 

Therefore, the binding process and mechanism of a single CBM molecule needs to be 

intensively studied via a more appropriate approach. 

1.5 Dynamics and kinetics study of CBM binding to cellulose 

1.5.1 Binding affinity studies 

The binding affinity of CBM-cellulose interaction has been investigated 

extensively to study the binding mechanism of this process. Bulk experimental 

measurements are widely used to quantitatively determine a wide range of the affinity of 

different CBMs on different cellulose substrates base on competition isotherms and 
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fluorescent labeling.
141

 The results of bulk experiments quantitatively showed a wide 

range of the affinity of different CBMs on the crystalline or amorphous cellulose 

substrates, with association constant Ka ranging from 10
5
 M

-1
 to 10

7
 M

-1
,
142-143

 weaker 

than the Ka of antigen-antibody interactions which can be as high as 10
12

 M
-1

. The 

reported data of these traditional methods are based on the measurements of the ensemble 

that contains a large amount of molecules mixed together and the obtained data is 

averaged by a statistical mechanism, which could lead to incomplete, even contradictory 

conclusions. In order to reconcile the above discrepancy, it is necessary to study the 

CBM-cellulose binding at single molecule level, which should reveal the more realistic 

reaction dynamic and kinetic mechanism.  

Molecular modeling and simulation work has also been reported to mimic the 

dynamic process of the CBM-cellulose complex using Trichoderma reesei 

cellobiohydrolase I and parallel cellulose chains.
144-146

 These results play a significant 

role in understanding the binding mechanism of cellulolytic enzymes to crystalline 

cellulose surface. By simulating the binding process of a single protein molecule, the 

results can provide essential information for real experiments at single molecule level. 

However, the results from simulation work can hardly be conclusive and need more 

experimental supports.  

1.5.2 AFM recognition imaging and single molecule dynamic force spectroscopy 

Molecular recognition between receptors and ligands plays a very important role 

in life sciences. Although numerous literature have reported the structure and function of 

receptor-ligand complexes, little data was shown about the molecular dynamics during 

the association and dissociation process with the traditional detection techniques. Besides, 
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probing the spatial distribution of individual binding sites on biological sample surfaces 

was difficult to achieve due to absence of appropriate imaging techniques.  

In general, techniques such as chemical force microscopy
147

 and force-volume 

mapping
148

 are able to determine specific nature of the molecules, but cannot identify 

visual components simultaneously while imaging. Stroh and coworkers described an 

AFM Topography and RECognition (TREC) imaging technique in 2004, which 

succeeded in recognition of histone H3 in a complex sample (chromatin) while 

simultaneously generating high-resolution topography images.
149

 Using this technique, a 

probe molecule is tethered to the AFM tip via a crosslinker in a few nanometers’ length 

(providing enough freedom for the molecule). The highly specific recognition reaction 

between the probe molecule and sample molecules immobilized on the substrate surface 

can be investigated to successfully identify the specific target molecules. The principle of 

AFM recognition images is illustrated in Figure 1.5.
150

 This efficient, reproducible, and 

specific recognition technique significantly extends the capability of AFM.
151-171

 

In principle, when the probe molecule on AFM tip interacts with the specific 

molecules on substrate, the crosslinker in-between will be stretched in the retraction 

process of the AFM cantilever (Figure 1.5(a)). The top peak of the oscillations is reduced 

due to this energy loss and the specific interactions can be detected by generating a 

corresponding recognition signal. This process is followed by a further analysis in 

PicoTREC controller, which can split the raw deflection signal of the cantilever into the 

upper (Umax, marked in black) and lower (Umin, marked in yellow) parts (Figure 1.5(b)). 

These two parts of each circle are then recorded as the recognition and topography 

signals, respectively (Figure 1.5(c)).
172

 The dark recognition patches clearly coincide 
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with the position of target molecules (the yellow, round spots) in the topography image; 

meanwhile, the molecule on the substrate which doesn’t have specific interactions with 

the functionalized AFM tip will not generate recognition signal (Figure 1.5(c)). The 

method is based on detecting a small shift in the peak value of the cantilever deflection 

signal that occurs when a tip-tethered molecule binds to a target on the surface, bridging 

the gap between the surface and an oscillating tip.
149

 This recognition process has been 

widely used due to its great potential in molecular imaging of surfaces, while such 

measurements are tedious and subject to errors, therefore great caution should be taken 

during sample preparation, data acquisition and interpretation.
149, 173

 

 

 

Figure 1.5 Principle of AFM topography and recognition imaging (TREC) imaging. (a) 

AFM tip functionalized by a probe molecule is scanning on the sample surface; (b) the 

signal generated by cantilever oscillation is split into lower and upper parts through 

PicoTREC controller, resulting in simultaneously acquired topography and recognition 

images (c). The recognition events of the yellow, round target molecules are shown as 

dark spots in recognition image. ©2005 NSTI http://nsti.org. Reprinted and revised, with 

permission.
150
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In a similar way, the interactions between crystalline cellulose and CBM 

molecules are also feasible by AFM recognition imaging technique with proper tip and 

substrate modification procedures.
174

 Therefore, the carbohydrate components of the 

plant cell walls can be characterized more precisely at single molecule level. The 

information provided by this method will also guide the kinetics study of single CBM 

molecule binding to cellulose. 

1.5.3 Theories in kinetics and thermodynamics study 

AFM based single-molecule dynamic force spectroscopy (SMDFS) allows 

measurement of forces in pico-newton (10
−12

 N) scale among single molecules, therefore 

can provide fundamental insights into a wide range of biological phenomena and 

properties on single molecule basis, such as molecular recognition, protein 

folding/unfolding and DNA mechanics.
174,175-176

 During force measurement, when the 

modified AFM tip is approaching the sample surface, the tip applies a constant force on 

the surface leading to the cantilever deflection and a flat baseline can be observed along 

the tip displacement distance. The repulsive force generated in-between due to the close 

distance can push the curve upward until the force setpoint is reached. Then the curve 

drops back to the baseline until an attractive force hampers tip retraction and generates a 

peak below the baseline. Finally, the tip withdraws from sample surface and the force 

becomes zero abruptly, resulting in a flat baseline again after the peak. Numerous such 

force-distance (F-D) curves can be recorded during this process for building a histogram 

and determining the most probable unbinding force of the CBM-cellulose interaction. 

Based on Bell’s model
177

 and Jarzynski’s equality,
178

 the F-D curves and unbinding 

forces can be used to determine the dynamic and kinetic parameters such as undbing 
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forces, dissociation rate constant, off rate (or koff), energy barrier length (xβ), the free 

energy changes (ΔG), and so forth. 

Bell claimed in 1978 that bond breaking is a statistical process. The lifetime of a 

bond is closely related to the mechanical load.
177

 Bell’s model can be briefly introduced 

as follows: 

The unbinding force F* is calculated from the equation based on Bell’s model, 

                                            )ln(ln
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F                         Equation 1.1 

Here, F
*
is the unbinding force (pN) determined from a histogram built from several F-D 

curves; kB is Boltzmann’s constant (1.3806505×10
-23

J·K
-1

); T is the effective temperature 

(300 K); xD is the energy barrier length (nm), larger than which the bond will break; r: 

loading rate (nN·s
-1

); koff is dissociation rate or off rate (s
-1

). 

According to Bell’s model, the reaction dissociation rate or koff can be determined 

by plotting unbinding forces under a series of loading rates. The larger the koff, the lower 

the affinity is. But here, the force spectroscopy reflected only the non-equilibrium state of 

the interaction under a certain loading rate. It has proved that the equilibrium free energy 

change can be reconstructed using Jarzynski’s equality by averaging the external work 

and calculating the integral. 

In 1997, an equality for obtaining the equilibrium free energy difference from the 

irreversible work was derived by Jarzynski.
178

 Some applications and extended studies 

showed that Jarzynski’s equality is more reliable when applied in the non-equilibrium 

regime. The Jarzynski’s equality is expressed briefly below: 

                                                 
kTWkTF ee //                                   Equation 1.2 
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Here, T is the effective temperature (300 K) and k is Boltzmann’s constant 

(1.3806505×10
-23

J·K
-1

). The over-line presents an average over all possible instances of 

an external process. The system is transferred from one equilibrium state in this process 

to a non-equilibrium state under the same external conditions as that of the other 

equilibrium state. Using Jarzynski’s equality, the free energy changes can be 

reconstructed by being related between two equilibrium states and non-

equilibrium processes. Therefore, we are able to rebuild the free energy profiles of CBM-

cellulose interactions using the data determined under non-equilibrium states. 

1.6 Objectives and organization of this dissertation 

1.6.1 Objectives of this dissertation 

The objective of this research is to understand the binding mechanism of CBM-

cellulose interactions at single molecule level. Both AFM topography and recognition 

imaging and AFM based SMDFS were applied in the following studies. 

Based on the above discussion, the current methods for studying the binding 

kinetics of CBM-cellulose interactions can hardly meet the requirements of high 

resolution imaging and determination of binding affinity at single molecule level at the 

same time. Without a profound understanding of how a single CBM molecule plays the 

important role in biomass degradation, the cellulolytic enzymes are not able to take effect 

very efficiently and economically to overcome the biomass recalcitrance and the biofuel 

production is still greatly hampered. 

Therefore, a specific methodology needs to be developed to investigate the CBM 

binding sites on the cellulose, especially crystalline cellulose, and quantitatively 
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determine the kinetic parameters based on a single CBM molecule. The information of 

structural and composition changes of the cell wall surface after pretreatment can 

facilitate the cell wall degradation by providing new information for efficient 

pretreatment. To achieve these goals, a series of experiments have been designed to 

investigate the binding specificity of type A CBMs which bind specifically to crystalline 

cellulose to plant cell wall cellulose, to determine the binding affinity and kinetic 

parameters of the CBM-cellulose interactions, and also to reveal the structural changes of 

plant cell wall surfaces before and after pretreatment. 

1.6.2 Organization of this dissertation 

In the following chapters, several carefully designed experiments will be 

introduced on plant cell wall recognition imaging and kinetics study of CBM binding to 

crystalline cellulose at single molecule level. In chapter 2, in situ AFM imaging was 

applied to observe the binding specificity of CBM3a to plant cell wall cellulose. In 

chapter 3, the binding kinetics were determined by SMDFS between CBM3a/CBM2a and 

crystalline cellulose, which presented a different conclusion from the statistic results 

obtained in bulk experiment reflecting the binding behavior of many molecules. In 

chapter 4, the plant cell wall surfaces were mapped by AFM recognition imaging to 

reflect the surface morphology and component changes before and after acid pretreatment. 

These changes could essentially affect the surface accessibility of cell walls for enzymes 

in the early stage of enzymatic hydrolytic process. In chapter 5, a minimal effective initial 

concentration and comparatively short reaction time were determined for CBM3a binding 

to crystalline cellulose, which provided the information of a more efficient binding 

process. The last chapter lays out the summary and outlook of the overall studies. 
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CHAPTER 2 

SINGLE MOLECULAR BINDING SPECIFICITY OF A CARBOHYDRATE-

BINDING MODULE TO NATURAL PLANT CELL WALL CELLULOSE 

2.1 Introduction 

It has long been a great challenge to improve the efficiency of enzymatic hydrolysis, as 

little is known microcosmically about the detailed structure of the plant cell walls and 

interaction of enzymes with the embedded polysaccharides.
11, 42

 Therefore, a more 

profound understanding of cellulose-enzyme interactivion mechanism down to single 

molecule level is crucial to the enzymatic conversion of the biomass into fermentable 

sugars, thus ultimately optimizing production of bioethanol.
179

 

As the beginning and key step in the hydrolysis process, the interactions between 

the plant cell wall carbohydrates and a group of unit contiguous amino acid sequences -

carbohydrate-binding modules (CBMs) in cellulolytic enzymes need to be understood.
43

 

The main function of CBMs is to recognize the target carbohydrate substrate and then 

convey their catalytic segments to the substrate surface for effective hydrolysis.
14

 

Cellulose-specific CBMs are classified into three types based on experimentally verified 

structural and functional similarities, binding to specific surfaces of insoluble crystalline 

cellulose/chitin (type A), individual β(1→4) glucan chains (type B) and small sugars 

(type C).
43

 One of the type A CBMs, CBM3a, a family 3 CBM from the cellulosomal 

scaffoldin subunit CipA of Clostridium thermocellum, has both theoretically and 

experimentally proved to bind specifically to crystalline cellulose.
68, 180
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In this work, we studied the in-situ binding activity of CBM3a to the poplar cell 

wall cellulose using CBM3a-functionalized gold nanoparticles (GNPs). The whole 

procedure was monitored  by AFM recognition imaging using the CBM3a-functionalized 

AFM tip to map out the binding events across the plant cell wall surface samples.
174

 All 

the experiments were performed on untreated, microtomed poplar stem sections. To 

quantify the binding affinity, we also measured the rupture forces between cellulose and 

CBM3a using AFM based single molecule dynamic force spectroscopy (SMDFS). The 

results of this study offered a direct, real-time and quantitative observation of the binding 

activities between CBM3a and plant cell wall cellulose at single molecule level.
181

 

2.2 Experiments 

2.2.1 Preparation of Recombinant CBM3a 

The sequence encoding CBM3a was amplified by polymerase chain reaction 

(PCR), using primer pair, CBM3aF (5’CTCTCCATGGGCGTATCAGGCAATTTGAA- 

GGTTG) and primer CBM3aR (5’CTCTCTCGAGACCGGGTTCTTTACCCCATAC- 

AAG), from the genomic DNA of Clostridium thermocellum strain ATCC 27405 

(GeneBank accession No. CP00568; Nucleotide No. 3620608-3621084).  The amplified 

product was separated by 1% agarose gel electrophoresis.  The 491-bp DNA band was 

excised and purified using the QIAquick Gel Extraction Kit (Cat. No. 28704; Qiagen 

Sciences, Maryland, USA).  The purified DNA was digested by restriction enzyme Nco I 

and Xho I, then inserted into Nco I & Xho I-cleaved expression vector pET28b [product 

of Novagen, now a part of Merck Life Science Research; the vector info is available 

online at http://www.merck-chemicals.com/life-science-research/vector-table-novagen-
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pet-vector-table/c_HdSb.s1O77QAAAEhPqsLdcab].  The resulting plasmid, pCBM3a, 

was verified by DNA sequencing for accuracy. 

The translated amino acid sequence of the recombinant CBM3a is: 

MGVSGNLKVEFYNSNPSDTTNSINPQFKVTNTGSSAIDLSKLTLRYYYTVDGQKD

QTFWCDHAAIIGSNGSYNGITSNVKGTFVKMSSSTNNADTYLEISFTGGTLEPGA

HVQIQGRFAKNDWSNYTQSNDYSFKSASQFVEWDQVTAYLNGVLVWGKEPGLE

HHHHHH. 

It includes a (His)6 tag with a predicted molecular weight of 18770 and a pI of 6.51. 

The plasmid was then transformed into Escherichia coli host strain Tuner (DE3) {F
–
 

ompT hsdSB (rB
–
 mB

–
) gal dcm lacY1 λ(DE3 [lacI lacUV5-T7gene 1 ind1 sam7 nin5])}. A 

colony transformant was grown at 37 ˚C in 1 L Luria broth media supplemented with 50 

µg/mL of kanamycin as the selection drug until the culture reached a density of 0.5 OD at 

600 nm.  Induction was performed at 16 ˚C for 10 h in the presence of 0.2 mM isopropyl 

β-D-1-thiogalactopyranoside (IPTG) as the inducer.  After induction, cells pelleted from 

the culture were re-suspended in 20 ml of a binding buffer (IBB = 25 mM Tris-Cl, pH 8.0, 

and 300 mM NaCl) and completely disrupted by sonication.  Cell debris was removed by 

centrifugation at 25,000 g for 20 min at 4 ˚C.  The supernatant was further cleaned up by 

filtration through a 0.45-µm Acrodisc Supor membrane disc attached to a 30-mL syringe. 

Soluble recombinant CBM3a in the cell lysate was purified by Immobilized Metal 

Affinity Chromatography (IMAC) as following: 

The clear supernatant was applied to a column containing 2 mL bed volume of 

TALON™ metal-affinity resin (Clontech product, Mountain View, CA). The column was 

washed with 10 vol. of IBB, followed by successive washes of 5 vol. of IBB-5mM 
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imidazole and IBB-10 mM imidazole, respectively.  Pure CBM3a was eluted in 5 mL of 

IBB-100 mM imidazole, and dialyzed three times against 1 L of Tris buffer (10 mM Tris-

Cl, pH 7.5, 150 mM NaCl).  The final protein sample, about 5 mL at a concentration of 

20 mg/mL (1.1 mM) was stored in 0.5-mL aliquots at -20C. 

2.2.2 Poplar Sample Preparations for GNP-CBM3a Binding Observation and AFM 

Recognition Imaging 

Fresh stems of poplar plant (Populus alba) was collected from the University of 

Georgia campus. Stem sections of 50 μm thickness were prepared by microtome in the 

Electron Microscopy Lab (Department of Plant Biology, the University of Georgia). The 

poplar sections were placed between two clean glass slides at ambient temperature to 

prevent distortion.
95

 Before scanning, the sample was immobilized on a glass slide with a 

trace amount of epoxy glue and then air-dried. The sample was fixed onto an AFM flow 

cell,
172

 which was then filled with 0.3 mL of Tris buffer (10 mM Tris-Cl, pH 7.5, and 150 

mM NaCl) for GNP-CBM3a binding observation and AFM recognition imaging. 

2.2.3 Gold Nanoparticle Functionalization 

The GNPs (6 nm, 1 mL, from Nanopartz Inc.) was incubated with the Dithiobis-

(nitriloacetic acid butylamidylpropionate) (DTSP-ANTA) (shown as NTA for short 

hereafter) crosslinker (2 mg/mL, 0.25 mL). The synthesis procedure of NTA crosslinker 

is described below (Scheme 2.1). 
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Scheme 2.1 Synthesis procedure of DTSP-ANTA crosslinker 

 

The NTA crosslinker used to functionalize the GNPs are synthesized as follows: 

N-5-(amino-1-carboxypentyl) iminodiacetic acid (ANTA) (78.4 mg, 0.3 mM) was 

dissolved in water (1 mL). Dithiobis(N-succinimidyl propionate) (DTSP) (40.3 mg, 0.1 

mM) was dissolved in dimethylformamide (DMF) (1 mL) and then added into 

ANTA/water solution drop by drop. Further triethylamine (TEA) (80 μl, 0.4 mM,) was 

added into the mixture. The reaction proceeded overnight at room temperature and then 

the solvent was evaporated and the residue was purified by HPLC (water: acetonitrile). 

Yield was 70%. 
1
H NMR (CD3OD, 300 MHz), δ 2.59 (t, 4H), 2.94 (t, 4H), 3.20 (t, 4H), 

3.57(t, 2H). 
13

C NMR (CD3OD): δ 173.97, 172.57, 65.66, 54.09, 38.89, 35.36, 34.00, 

29.11, 28.72, 23.53. MALDI-TOF (699.14, 721.12, 743.12).
182

 
 

 After 2-3 h incubation, the product was mixed with NiCl2 solution (50 mM, 15 

μL) for 30 min. The modified GNPs suspension was centrifuged for 15 min at 13,000 g in 

a microcentrifuge (SORVALL BioFuge Pico Microcentrifuge, Thermo Electron 

Corporation, Marietta, Ohio) and then washed 3 times with the Tris buffer. Finally, the 

GNPs were incubated in CBM3a-(His)6 solution (20 μg/mL, 10 μL) with addition of 1 

mL of Tris buffer. Before use, the GNP-CBM3a complexes were centrifuged again to 

remove excessive CBM3a and the precipitation was re-dispersed in 1 mL of Tris buffer 

for future imaging. The UV-vis absorbance measurements were carried out at room 
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temperature (UV-1700 PharmaSpec UV-VIS Spectrophotometer, Shimadzu Scientific 

Instruments, Inc.). 

2.2.4 AFM Experimental Settings 

The PicoPlus Molecular Imaging system together with a PicoScan 3000 

Controller was used in this work. An Agilent multipurpose AFM scanner was used for 

scanning within an area size of 10 μm
2
. All the images were taken using Top Magnetic 

AC (TopMAC) mode under PicoTREC (Agilent Technologies, Santa Clara, CA) with 

CS-10 silicon AFM tips (Nanoscience Instruments, nominal spring constant of 0.1 N/m). 

The whole system was enclosed by a PicoPlus Isolation Chamber for shielding from 

environmental interference.  After obtaining several high resolution images on a small 

area of the poplar sample surface, the scanning was stopped and 0.2 mL of GNP-CBM3a 

suspension was gently injected into the flow cell. The scanning was then restarted to 

monitor the whole binding process in the following 7 h. 

2.3 Results and discussions 

2.3.1 Functionalization of gold nanoparticles and AFM tip by CBM3a 

In order to follow the binding events of small CBM3a molecule (in size of 3 nm × 

3 nm × 4.5 nm)
68

 to the rough plant cell wall surface, we monitored the 6-nm GNP-

CBM3a complexes anchoring on the sample by high-resolution in-situ AFM imaging. 

The GNPs were first functionalized by the synthesized crosslinker (Scheme 2.1) via the 

S-Au bonding.
183

 The recombinant CBM3a-(His)6 molecules were then attached onto the 

crosslinker-modified GNP surface following the procedure described in Figure 2.1. 
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Figure 2.1 Schematics of GNP functionalization. The CBM3a model is generated by 

molecular visualization software PyMOL (version 0.99rc6)). The GNP, Ni-crosslinker, 

and CBM3a molecule (Protein Data Bank (PDB) code: 1NBC) are not drawn to scale. 

 

 

The bottom-left inset in Figure 2.2 shows the color change before and after GNP 

functionalization. The color of the pure 6 nm GNPs suspension was originally dark red 

(left panel) and gradually changed into light purplish after NTA-crosslinker and CBM3a 

functionalization (right panel). The color change suggested the shift of the surface 

plasmon resonance (SPR) peaks of the GNPs at each surface reaction stage, but only this 

information could not reveal the whole morphological condition of the modified GNPs. 

Therefore, to make sure that our modification was successful without any severe 

aggregation, we measured the UV-Vis absorbance properties of the GNPs after each 

reaction step.  

As shown in Figure 2.2, the characteristic absorption peak of pure 6 nm GNP 

appears at 516 nm before functionalization (black curve in the box). After the addition of 

NTA crosslinker and Ni
2+

 solution, the absorption peak shifts to 518 nm (red curve), 

showing an increase of the diameter of GNPs due to the formation of Ni-NTA monolayer 

on the surface of GNPs via Au-S bonding. When CBM3a-(His)6 was mixed with the 
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GNP-crosslinker complexes, the absorption peak became slightly wider and shifted to 

523 nm (blue curve), indicating a further coverage of the CBM-Ni-NTA monolayer. 

Though several factors can cause the shift of SPR peaks (e.g., size, shape and local 

environment),
184

 it is obvious in this case that the spontaneous S-Au and Ni-histidine tag 

interactions primarily caused the changes in particle size and hence, the color. Therefore, 

the UV-Vis absorbance spectra demonstrated the successful morphological alterations of 

the GNPs before and after modification by CBM3a-Ni-NTA molecules. 

 

 

 

Figure 2.2 CBM3a-functionalized GNP characterization by UV-Vis spectrophotometer. 

Bottom-left inset: color change from pure GNPs to the CBM3a-functionalized GNPs. The 

peak shifts are highlighted in the black box: characteristic UV-Vis absorbance peaks of 

pure 6 nm GNPs at 516 nm, Ni-NTA-crosslinker bound GNPs at 518 nm and CBM3a-

GNP complexes at 523 nm. 
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A similar method was also applied for AFM tip functionalization in the following 

studies. The AFM tip was first coated with a magnetic material followed by a layer of 

gold. The gold surface of the tip was then modified with thiol-PEG2000-NTA-Ni 

crosslinker and CBM3a molecules, using a procedure similar to the GNP modification 

(Figure 2.3). Unlike the GNP functionalization, a longer and more flexible polyethylene 

glycol (PEG2000) was used here as the major portion of crosslinker for minimizing the 

mis-orientation and steric hindrance during scanning.
185

 

 

 

 

Figure 2.3 Schematics of AFM tip modified with a CBM3a molecule. The NTA
 

crosslinker is immobilized on the AFM tip via thiol end. The AFM tip, crosslinker and 

CBM3a are not to scale. 

http://en.wikipedia.org/wiki/Polyethylene_glycol
http://en.wikipedia.org/wiki/Polyethylene_glycol
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Briefly, the CS-10 silicon AFM tips (Nanoscience Instruments, nominal spring 

constant of 0.1N/m) were first coated with a magnetic material and a layer of gold using 

an ion-beam evaporator.
185

 As shown in Figure 2.3, the freshly coated tips were then 

immersed in HS-PEG2000-NTA crosslinker (Nanocs Inc.) (0.2 mg/mL, 300 μL) for 3 h 

and in NiCl2 (10 mM, 20 μL) for 30 min at room temperature. The tips were then washed 

repeatedly and immersed in 300 μl Tris buffer (10 mM Tris-Cl, pH 7.5, and 150 mM 

NaCl) with addition of CBM3a (16 µg/ml, 10 μL). The solution was kept at 4 ˚C for 8 h. 

The modified tips were finally washed thoroughly in Tris buffer for future imaging. The 

gold-NTA-Ni-(His)6-tagged protein is a widely used chelating complex due to its 

specificity, affinity and remarkable stability in the environment of high salt, wide pH 

range and various solvents.
183

 

2.3.2 In-situ imaging of CBM3a-GNP binding to natural plant cell wall 

To observe the binding process of the GNP-CBM3a complexes to the cellulose, 

we first used a bare AFM tip to find a target area on the poplar sample surface with 

representative features (i.e. clear crystalline cellulose microfibrils in a parallel 

arrangement) and then stopped scanning. After the injection of GNP-CBM3a suspension 

into the flow cell, the scanning was restarted and the whole binding process was 

continuously monitored in situ for 7 h in the same selected scanning area. Figure 2.4 

shows the snapshots of AFM topography and amplitude images of the GNP-CBM3a 

complexes binding on the sample surface at time 0 min (Figure 2.4(a, e)), 70 min (Figure 

2.4(b, f)), 327 min (Figure 2.4(c, g)), and 395 min (Figure 2.4(d, h)). At the very 

beginning, the parallel cellulose microfibrils with a diameter of 10-20 nm were clearly 

observed on the sample surface. The irregular dots in various sizes embedded among the 
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microfibrils are most likely other natural polymers or membrane debris in the plant cell 

walls.
16

 With the GNP-CBM3a complexes gradually bound to the cellulose, more and 

more round spots in diameter of 30-40 nm appeared on the cellulose surface. Beginning 

at 70 min the GNP-CBM3a complexes were found to align with each other to form a 

parallel structure and finally cover about 70-80% surface area of the sample at 395 min. 

After about 400 min, the morphology of the sample surface no longer showed much 

difference, suggesting that the binding of the GNP-CBM3a complexes onto the cellulose 

was saturated. The selected area in the red square highlights clearly how the morphology 

changes during the whole binding process.  

 

 

 

Figure 2.4 In-situ real-time AFM imaging of GNP-CBM3a complexes binding on the 

natural poplar cell wall surface. In the beginning, the cellulose microfibrils in diameter of 

10-20 nm are clearly observed on the sample surface in a well-paralleled arrangement. 

After injection, spots in diameter of 30-40 nm gradually appeared on the cellulose surface 

and eventually covered about 70-80% surface area of the sample. The area in red square 

highlights the morphology alteration during the imaging period. 
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The actual size of a single GNP-CBM3a complex is around 16 nm in diameter 

(estimated from Figure 2.1), while the apparent size shown in the AFM images is 30-40 

nm (Figure 2.4(c) and Figure 2.5) due to the tip broadening effect and compression of 

molecules caused by the force applied.
93

 As shown in Figure 2.5, the average diameter of 

100 GNP-CBM3a complexes was determined to be 38.85 nm, which corresponded very 

well to the observation on natural plant cell walls. 

 

 

Figure 2.5 GNP-CBM3a complex sizes measured by bare AFM tip on flat Au (111) 

surface. (a) Topography image; (b) topography image on a smaller area and the 

corresponding cross-section analysis of one GNP-CBM3a complex; (c) Size distribution 

of 100 measured complexes. 
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In a previous study, (CdSe)ZnS quantum dots directed by CBM3a were used to 

achieve direct labeling of the planar face on an isolated single crystalline cellulose.
186

 

Electron microscopy results showed that these quantum dots directed by CBM3a probes 

aligned precisely in a linear sequence along the hydrophobic planar face of cellulose. In 

our observation on natural plant cell walls, the GNP-guided CBM3a still bound to 

crystalline cellulose microfibrils in a linear arrangement along the microfibril axis, 

although the specific planar face of crystalline cellulose was not seen clearly in the 

images due to the complexity of the natural plant cell wall structure. Nevertheless, our 

results directly demonstrated that CBM3a was able to bind to and densely align along the 

natural, parallel crystalline cellulose very fast.  

To confirm that this layout was due to the specific binding between CBM3a and 

cellulose instead of non-specific interaction such as physical deposition, we conducted 

some control experiments with pure GNPs and non-crystalline cellulose surface.  

 

 

Figure 2.6 In-situ real-time AFM imaging of crystalline cellulose on natural poplar cell 

wall surface after injection of pure 6 nm GNPs. No specific binding process was 

observed. 
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In the control experiments on crystalline cellulose with pure, un-modified GNPs 

(Figure 2.6), no obvious specific binding was observed under the same experimental 

conditions. After pure GNPs (0.2 mL, 6 nm) were gently injected into the flow cell, the 

same area was imaged continuously for the following 1 h. No obvious bound GNPs were 

observed on the cellulose surface, indicating the lack of specific interactions between 

pure GNPs and cellulose surface. 

We also observed the binding of GNP-CBM3a complexes to non-crystalline 

cellulose surface in another control experiment as shown in Figure 2.7. During the 

following 7 hours after injection of 0.2 mL GNP-CBM3a complexes buffer solution, no 

obvious bound GNP-CBM3a complexes were observed on the sample surface. Therefore, 

we concluded that GNP-CBM3a complexes could only bind specifically with crystalline 

cellulose. 

 

 

 

Figure 2.7 In-situ real-time AFM imaging of non-crystalline cellulose surface on natural 

poplar cell walls after injection of GNP-CBM3a complex solution. No specific binding 

process was observed.  
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In the next step, we selected the images at 0 and 395 min from Figure 2.4 to 

compare the binding details. Figure 2.8 depicts the representative area generated from the 

red square in Figure 2.4, exhibiting the detailed changes of morphology. Figure 2.8(c, d) 

are the height analysis generated from the white lines (a-a’ in (a) and b-b’ in (b) showing 

the morphological changes before (Figure 2.8(a)) and after binding (Figure 2.8(b)). 

Before binding, the image shows clear crystalline cellulose microfibril structure (Figure 

2.8(a)) with the diameter of 10-20 nm (Figure 2.8(c)). After the binding of GNP-CBM3a, 

the cellulose microfibril structure gradually disappeared and the topography showed close 

alignment of GNP-CBM3a (Figure 2.8(b)) all over the sample surface with a larger size 

of 30-40 nm (Figure 2.8(d)).  

 

 

Figure 2.8 Morphology of the cell wall surface before and after GNP-CBM3a binding. (a) 

Before binding (0 min); (b) after binding (395 min); (c) cross-section profile of the white 

line a-a′; (d) cross-section profile of the white line b-b′. The center of the cellulose 

microfibrils and bound GNP-CBM3a complexes are marked by dashed red and dashed 

blue lines, respectively in (c) and (d). 
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A representative alignment of the particles is marked in the blue square in Figure 

2.8(b) and highlighted in 3D image and schematic as shown in Figure 2.9(a). The 

locations of the GNP-CBM3a complexes on the cellulose surface were partially 

highlighted at the top by dashed, black circles. The inset of Figure 2.9(a) shows the cross-

section generated from the two adjacent complexes labeled by double-headed arrow 

representing the distance, “D”, between the centers of the two complexes. “D” was 

measured to be around 50 nm and the separation space between the opposite edges of two 

bound complexes is about 20-30 nm. This separation measured is larger than the reported 

average separation distances between two quantum dots binding to individual CBM3a 

molecules that already bond along a single crystalline cellulose.
186

  

 

 

 

Figure 2.9 3D image and schematic of GNP-CBM3a binding to crystalline cellulose. (a) 

Highlighted 3D image of representative alignment of the complexes (inset: cross-section 

profile of two adjacent GNP-CBM3a complexes labeled by double-headed arrow from 

the center). GNP-CBM3a complexes bound on the cellulose surface were partially 

highlighted by black dashed circles. The dashed white lines in (a) highlight the center of 

two adjacent complexes and the distance in-between marked by letter “D” is about 50 nm, 

indicating the space between the edges of two bound particles is 20-30 nm. The cellulose 

microfibrils unbound are marked by the light grey area within the dashed white circle. (b) 

Schematics of the alignment of GNP-CBM3a complexes on the hydrophobic facet of a 

single cellulose microfibril marked in blue solid rectangle in (a). 
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One possible reason is that the GNP-CBM3a complexes are larger in size than a 

single CBM3a molecule, thus separating apart at a larger space when binding along the 

cellulose microfibrils due to steric hindrance during targeting. In addition, some areas on 

the sample surface were inevitably covered by other non-cellulose components (invisible 

here) due to the impurity of the natural plant cell walls, making it impossible for the 

CBMs to bind and thereby enlarging the space between the bound complexes. One 

example of the cellulose surface without any CBM3a binding is shown in Figure 2.9(a) 

(the light grey area in white dashed circle). The alignment of GNP-CBM3a complexes on 

the hydrophobic cellulose surface is marked by a blue solid rectangle and highlighted in 

the schematic in Figure 2.9(b), illustrating the distribution of GNP-CBM3a complexes on 

single crystalline cellulose. 

2.3.3 Study of specific CBM-cellulose interaction by AFM recognition imaging and single 

molecule dynamic force spectroscopy 

To clearly demonstrate that GNP-CBM3a specifically bound to crystalline 

cellulose, further experiments on binding specificity and affinity need to be carried out. In 

the next step, we studied the direct binding of CBM3a to crystalline cellulose on natural 

plant cell walls using AFM topography and recognition (TREC) imaging and SMDFS 

with a CBM3a-functionalized AFM tip.  

The crystalline cellulose distributions on natural and pretreated plant cell wall 

surfaces can be specifically characterized by the well-established recognition imaging 

technique (Figure 1.5). This technique has been widely used in molecular imaging of bio-

surfaces, but great caution should be taken to avoid errors and inaccurate data during 

sample preparation and data analysis.
149, 173

 For example, proper concentrations of CBM 
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are critical to ensure single or just a few CBM molecules be modified on the AFM tip to 

avoid multi-molecular interactions.  

It has been established that at least three aromatic residues on a CBM surface are 

required for cellulose-CBM binding activity.
66

 The conserved flat surface on the bottom 

of the CBM3a is proposed to interact hydrophobically and selectively with the crystalline 

cellulose, involving five amino acid residues which form a planar strip (Figure 1.4).
68

 The 

cellulose fibrils are clearly seen in the topography image (Figure 2.10(a)) and the 

corresponding recognition signals are generated at the same locations on the recognition 

image (Figure 2.10(b)).
149

 The dashed red lines in both Figure 2.10(c) and (d) indicate the 

obvious correspondence between the recognition signals and the morphology of the 

crystalline cellulose as observed in topography images (Figure 2.10(a)). Also, the dark 

areas in the recognition image correspond very well to the areas where the cellulose 

fibrils are located in the topography images, indicating that the CBM3a molecules bound 

to the crystalline cellulose surface successfully during the scanning. We noticed that not 

the whole cellulose area was completely recognized by the modified AFM probe, which 

is expected given the impurity of the cellulose surface and the inevitable mis-orientation 

of the binding sites on CBM3a during scanning. As a result, not all the single binding 

sites were distinguishable on this scale. On average, 70-80% of the binding area was 

recognized based on the experimental observations based on the analysis of 10 

recognition images of crystalline cellulose (each in size of 300 nm × 300 nm). 

To reveal the individual binding sites, we focused on a smoother segment on the 

topography and recognition profiles for a closer look at the correspondence of the 

recognition events. As shown in Figure 2.11, most binding sites were clearly observed 
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and the binding site intervals were measured from the recognition profile of c-c′ cross 

section as highlighted in the blue square in Figure 2.10(c).  

 

 

 

Figure 2.10 AFM topography and recognition images of CBM3a-cellulose interaction.  

(a) Topography image; (b) recognition image. Two representative cellulose fibrils with 

recognition signals are highlighted in white lines and the corresponding cross-section 

profiles are shown in (c) (following line c-c′) and (d) (following line d-d′), respectively. 

The upper profiles are generated from topography image and the lower ones are 

generated from recognition image in both (c) and (d). ΔA: Amplitude difference in the 

recognition signal.
149

 The dashed red lines in both (c) and (d) indicate the correspondence 

of the recognition signals to the morphology of the crystalline cellulose shown in (a). 
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Figure 2.11 Zoom-in binding site intervals measured from the recognition profile of c-c′ 

cross-section in Figure 2.10(c). The red dot indicates the recognition event (bound site); 

the black dot indicates the missing recognition events (unbound site). The dashed red 

lines are shown to guide the correspondence of the recognition events to the signal 

changes in profiles. 

 

 

In Figure 2.11, the red and black dots in diameter of about 3 nm (close to the size 

of single binding site) above each line indicate the recognition event (bound sites) and 

missed recognition events (unbound sites), respectively. The signal changes in the 

recognition profile correspond to the dips and bumps in the topography profile randomly, 

which means that the recognition signals were generated due to the specific binding sites 

instead of the surface roughness. Additionally, the minimum distance between the centers 

of two bound sites (red dots) was measured to be 5-8 nm, deducing a separation distance 

of 2-5 nm, which is in the range of the separation distance guided by quantum dots as 

discussed above. Some larger distances of 10-15 nm were also observed and were 

suggestive of separation by 1 or 2 unbound events. We speculated that these missing 

binding events were caused by short binding time under relatively fast scanning speed 
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and impurity of the natural cell wall cellulose. On the basis of the analysis of 50 cross-

section curves from the recognition area, 41 curves (over 80%) showed similar binding 

distributions. To further prove the above results, a control experiment using a bare AFM 

tip was carried out, indicating the absence of specific interactions and binding sites 

between the cell wall cellulose and bare tip (Figure 2.12). 

To confirm that the recognition signals were caused by specific interactions 

between the modified AFM tip and cellulose, we used a bare AFM tip to image a similar 

sample surface to observe the differences (the same area could hardly be found due to the 

complexity and roughness of the natural cell wall surface). Figure 2.12(a) and (b) are 

topography and recognition images of the same area, respectively. Figure 2.12(c) shows 

the corresponding topography profile (up) and recognition (down) cross-section profiles 

of a representative cellulose microfibril labeled by the white line along the chain axis in 

both Figure 2.12(a, b). The dashed red lines guide the correspondence of the signal 

changes. Different from the images obtained by modified tip, here no obvious recognition 

signals in Figure 2.12(b) corresponding to the same location in Figure 2.12(a) were 

observed, which suggested that there were only very weak, non-specific interactions 

between the bare tip and cellulose surface. To further prove this presumption, the cross-

section profiles were also extracted to compare with the one in Figure 2.12. The 

recognition signal range (from highest to lowest value) changed only slightly (i.e., from -

0.02 to –0.18 V compared to that from -0.2 to -0.6 V in Figure 2.11). Therefore, the 

results of this control experiment show a much weaker interaction between the bare tip 

and cell wall cellulose in the absence of the binding module. 
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Figure 2.12 AFM topography (a) and recognition (b) images of poplar cell wall cellulose 

with bare AFM tip (control experiment). One representative cellulose microfibril is 

labeled by a white line along the chain axis and the corresponding cross-section profiles 

of topography and recognition images are shown in (c). The dashed red lines guide in (c) 

guide the correspondence of the signal changes in topography profile (up) to recognition 

(down) profile. No obvious recognition signals in (b) corresponding to the same location 

in (a) were observed due to the very weak tip-cellulose non-specific interactions.  

 

 

Based on the above information, we then measured the unbinding forces between 

single CBM3a molecule and crystalline cellulose. To ensure the statistic data was reliable, 

1000 force-distance (F-D) curves were collected under the loading rate of 67.2 nN/s for 

the histogram. Using the CBM3a-functionalized tip, two peaks (blue in Figure 2.13) were 

generated, showing simultaneously the specific (blue, lower and wider peak) and 

nonspecific (pink, higher and narrower peak) interactions between CBM3a and sample 

surface. Using the typical F-D curves (type II curves in Figure 2.13 comprising 48% of 

the total curves), the unbinding force between single CBM3a molecule and crystalline 

cellulose was determined to be 44.96 ± 18.80 pN under the loading rate of 67.2 nN/s by 

Gaussian fitting. The remaining 52% of the curves (type II curves in Figure 2.13) showed 

no evident binding as only 6.27 ± 5.76 pN force was determined in the histogram. Using 

a bare tip, 95% of the collected F-D curves were grouped as type I curves, giving the 

same result as the peak showing no binding events using CBM3a-functionalized tip. 
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Figure 2.13 Histogram and representative force-distance curves of CBM3a-cellulose 

binding interactions with specific and nonspecific interaction. The blue area under 

Gaussian fitting curve indicates both the specific (labeled as II, the same for 

representative curve) and nonspecific (labeled as I, the same for representative curve) 

interactions between the cell wall cellulose and CBM3a-functionalized AFM tip. The red 

area shows the nonspecific interactions between cellulose and bare AFM tip in the 

control experiment. A total of 1000 curves were collected for each experiment to 

construct histograms for the fitting. Trace curves: black; retrace curves: red. The 

unbinding force was determined by Gaussian fitting under the loading rate of 67.2 nN/s. 

 

 

We noticed that the unbinding force of CBM3a and crystalline cellulose was 

much smaller than that needed to break a covalent bond (larger than 1 nN at the loading 

rate of 10 nN/s),
187

 or that between antibody and antigen,
175

 thereby indicating a weaker 

interaction between CBM3a and cellulose. According to previous works, the protein-

carbohydrate affinity brought about by conserved aromatic residues in the planar strip 

and adjacent anchoring residues at the bottom surface of CBM3a mainly relies on 

hydrophobic van der Waals contacts, with partial contribution by the polarization 

interactions between the residues with polar side-chains and the pyranose rings located on 
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the hydrophobic face of crystalline cellulose.
67, 188

 Replacement of the above binding 

residues with alanine has shown a great increase in dissociation constant of the binding 

module, indicating a much weaker binding affinity due to the absence of the aromatic, 

hydrophobic interactions.
189

 We speculate that the nonspecific peaks measured in Figure 

2.13 was mainly attributed to mis-orientation of CBM3a molecule on cellulose surface or 

the feeble interactions between CBM3a and non-crystalline cellulose component on the 

sample surface. 

2.4 Conclusions 

In this work, the GNP-CBM3a complexes were observed to bind to the cellulose 

surface and closely aligned with the cellulose extension. The binding behavior was 

proved to be real after comparing the topography and recognition images of the same 

crystalline cellulose exposed area as well as the force measurement done by dynamic 

force microscopy. Quantitatively, the unbinding force between the CBM3a and 

crystalline cellulose was determined as 44.96 ± 18.80 pN under the loading rate of 67.2 

nN/s. To further determine the CBM-cellulose interaction, additional unbinding forces 

under different loading rates need to be tested, and other types of type A CBMs should be 

selected to quantitatively measure their differences in binding affinities.  
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CHAPTER 3 

KINETICS STUDY OF AFFINITY INTERACTIONS BETWEEN CBM AND 

NATURAL/EXTRACTED CRYSTALLINE CELLULOSE 

3.1 Introduction 

CBM binding to cellulose is one of the most significant carbohydrate-protein 

interactions.
157, 180, 190

 Protein-carbohydrate interactions play important roles in various 

biological activities such as protein folding, cell adhesion and surface functions.
191-193

 

Therefore, understanding the CBM-cellulose interactions will also pave the way for 

understanding the binding properties of protein-carbohydrate interactions, such as CBM 

or CBM-like modules binding to the plant cell walls or cell surface. The mechanism of 

CBM-cellulose interactions has been studied extensively by diverse approaches in the 

past several years.  

With the current progress in this field, researchers increasingly focus on the 

molecular basis of the CBM-cellulose interactions.
141

 As mentioned previously, some 

molecular modeling and simulation work has been reported to mimic the dynamic 

process of the CBM-cellulose complex.
144-146

 However, this approach has many 

limitations and can hardly reach to solid conclusions. For instance, the binding and 

unbinding processes of CBM molecules to the large crystalline surface of cellulose 

microfibrils still need tedious work to build the model and it takes a lot of computing 

resources and time to simulate the equilibration process. Different modeling approaches 

and force fields generated different structures and behavior of the crystalline cellulose 
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microfibril.
194

 Moreover, the binding processes of different families of CBMs to the 

intact microcrystalline cellulose surface are still missing.  

On the other hand, traditional bulk experimental measurements quantitatively 

showed a wide range of the affinity of different CBMs on the crystalline or amorphous 

cellulose substrates. However, no consistent conclusions could be drawn and some of the 

data reported could be somehow contradictory to each other. For instance, according to 

the review work done by Tomme et al.,
49

 CBM2a exhibited high affinities for bacterial 

microcrystalline cellulose (BMCC) with the Ka equals to  3.2 × 10
6 

M
-1

), but the Ka of 

CBM3 to BMCC varied from a lower value of 1.7 × 10
6
M

-1
 to a much higher value of 2.9 

× 10
7
 M

-1
.Mclean and co-workers also reported in 2002 that the Ka of CBM2a to BMCC 

was 3.2 × 10
6
 M

-1
, but the Ka of CBM3 to BMCC was only 1.0 × 10

6
 M

-1
.
142

 To 

understand the hydrolytic process of a single enzyme molecule, study of the CBM-

cellulose binding indicating the actual reaction dynamic and kinetic mechanism is quite 

necessary. 

Recently, AFM recognition imaging was frequently combined with SMDFS to 

measure intra-molecular unfolding forces of individual molecules and inter-molecular 

forces between various specific reaction molecules.
149, 157, 175, 195

 Due to the complexity of 

plant cell wall surface structures, this method provides a more comprehensive approach 

than conventional bulk solution ones. In the previous chapter, we determined the binding 

specificity of a type A CBM, CBM3a to crystalline cellulose surface. In this study, we 

mapped the natural poplar cell wall surface and extracted crystalline cellulose by AFM 

recognition imaging. Subsequently, we measured unbinding forces between the CBM and 

cellulose using CBM3a and another type A CBM, CBM2a (derived from Cellvibrio 
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japonicus Xyn10A) functionalized AFM tips, respectively. We also determined the 

kinetic parameters for the interactions of these two CBMs and cellulose to understand the 

binding mechanisms.
196

 

3.2 Experiments 

3.2.1 Preparation of recombinant CBM2a 

The preparation procedure of recombinant CBM3a has been described in detail in 

Chapter 2. The recombinant CBM2a was derived from Cellvibrio japonicus Xyn10A 

with a molecular weight of 12328 and an estimated pI of 8.08. The translated amino acid 

sequence of the recombinant CBM2a is: 

MQTATCSYNITNEWNTGYTGDITITNRGSSAINGWSVNWQYATNRLSSSWNANV

SGSNPYSASNLSWNGNIQPGQSVSFGFQVNKNGGSAERPSVGGSICSGSVAIEGR

HHHHHH.  

3.2.2 Poplar sample preparations for recognition imaging and force measurement 

The natural poplar cell wall sample preparation has been described in the previous 

chapter.
181

 The pretreatment of the extracted single crystalline cellulose followed a 

widely used procedure.
119

 Briefly, 1 mg of microtomed poplar slice was treated by a 

mixture of NaOH and Na2S solution (1% w/v and 15.5 mL, respectively) at 80 ˚C for 1.5 

h (bath ratio: 1 : 30). The sample was then bleached by sodium chlorite (1.7% w/v, 5 mL) 

at 80 ˚C for 2.5 h in the presence of an acetate buffer (0.135 g NaOH and 0.375 mL 

glacial acetate acid in 5 mL de-ionized (DI) water). The bleached cellulose fibers were 

centrifuged 8 times with DI water (SORVALL BioFuge Pico Microcentrifuge) and then 
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dried in air at room temperature. Further, the fibers were hydrolyzed in sulfuric acid 

(64% w/w, 1 mL) at 60 ˚C for 30 min under strong agitation. The reaction was stopped 

by addition of 2 mL cold DI water. The diluted suspension is centrifuged at 10,000 rpm 

for 10 min to obtain the precipitates. The last two steps were repeated (around 10 times) 

until a turbid suspension was obtained. The suspension was collected and dialyzed using 

a micro dialyzer (QuixSep) for 5 h. Finally, the suspension was sonicated for 10 min and 

stored at 4 ˚C with addition of 0.05% sodium azide. 

AFM sample preparation for recognition imaging and force measurement, poly-L-

lysine hydrobromide (MW 53,900, 0.1 wt%, 10 mL) was dropped onto a freshly cleaved 

mica surface. After 5 min, the mica surface was gently washed by 200 mL DI water 4 

times and dried in air. The pretreated poplar suspension (0.1 wt%, 6 mL) was dropped 

onto the modified mica surface. After 3 min, the mica surface was washed using 200 mL 

DI water 3 times to remove the extra cellulose. After drying in air, the mica surface was 

further incubated with sodium glutamate (NaGlu) solution (10 wt%, 10 mL) for 10min 

and then washed gently using 200 mL DI water 4 times. Finally the air-dried mica was 

fixed into an AFM flow cell and then filled with 0.3 mL Tris-Cl buffer (10 mM Tris-Cl 

and 150 mM NaCl, pH = 7.5) for recognition imaging and force measurement. 

3.2.3 AFM tip functionalization 

AFM tip modification by CBM3a has also been introduced in Chapter 2.
181

 Here 

the AFM tip with CBM2a was functionalized in a similar way. Briefly, the gold-coated 

CS-10 silicon AFM tips (Nanoscience Instruments, nominal spring constant of about 0.1 

N/m) were first immersed in the HS-PEG2000-NTA crosslinker (Nanocs Inc.) (0.2 mg/mL, 
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300 mL) for 3 h, and then in NiCl2 (10 mM, 20 mL) for 30 min, at room temperature. The 

tips were then washed repeatedly and immersed in 400 mL Tris-Cl buffer (10 mM Tris-

Cl and 150 mM NaCl, pH 7.5) with addition of CBM2a (27 mg/mL, 6 mL). The solution 

was then kept at 4 ˚C for 8 h. The modified tips were finally washed thoroughly in Tris-

Cl buffer for future imaging. 

3.2.4 Experimental setup for recognition imaging and force measurement 

The simultaneous topography and recognition images were obtained using Top 

magnetic AC (TopMAC) mode using a PicoTREC controller under a PicoPlus Molecular 

Imaging system (Agilent Technologies, Santa Clara, CA). During the recognition 

imaging of the cellulose, the F-D curves were also recorded. Over 300 representative F-D 

curves were used under at each loading rate and processed using a home-designed 

Labview program to construct the histograms. Gaussian fitting was used to identify the 

values of the most probable unbinding forces.  

3.3 Results and discussions 

3.3.1 AFM recognition imaging of natural and extracted cellulose 

We first monitored the CBM-cellulose binding events on the crystalline cellulose 

surface using both natural and extracted cellulose microfibrils. Figure 3.1 shows the 

topography and recognition images of crystalline cellulose from natural poplar cell walls 

and after extraction using CBM3a (a-d) and CBM2a (e-h) functionalized AFM tips.  
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Figure 3.1 Topography (a, c, e, g) and recognition (b, d, f, h) images of natural poplar 

cell wall cellulose (a, b, e, f) and extracted crystalline cellulose (c, d, g, h). (a-d) are 

imaged by CBM3a-functionalized AFM tip; (e-h) are imaged by CBM2a-functionalized 

AFM tip. The red frames in (a), (b), (e) and (f) highlight the areas on the crystalline 

cellulose surface with probable impurities. Insets: enlarged areas in the red frames; the 

representative cellulose microfibrils in (a) and (e) and the corresponding recognition 

signals in (b) and (f) are labelled with white dashed lines. 

 

 

The topography images in Figure 3.1 clearly show that the crystalline cellulose 

fibrils on the natural cell wall are closely packed (Figure 3.1(a, e)) while the extracted 

cellulose fibrils are well isolated (Figure 3.1(c, g)). The surface areas recognized by both 

CBM3a and CBM2a are shown as dark signals (Figure 3.1(b, d, f, h)). On the natural 

cellulose surface, the binding sites lay closely to each other due to the compact crystalline 

cellulose structure (Figure 3.1(b, f)). However, on the extracted cellulose sample, the 

binding sites were found to orderly align along the cellulose microfibril (Figure 3.1(d, h)). 

Impurities may exist on the natural cell wall surface, such as hemicellulose and other 

non-carbohydrate residues; hence certain small areas on the cellulose surface cannot be 

recognized by the CBM-functionalized tip. For example, the red frames in Figure 3.1(a, b, 
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e and f) highlight the small areas on the crystalline cellulose surface with probable 

impurities. Insets are the enlarged areas in the red frames and the representative cellulose 

microfibrils are labelled with dashed white lines. The recognition signals along the same 

cellulose microfibrils (dashed white lines) are interrupted as shown in Figure 3.1(b) and 

(f) (insets) due to the existence of impurities. 

To further determine the binding efficiencies of CBM3a and CBM2a, the binding 

sites on the surface of extracted single cellulose microfibrils were recognized by the 

above two binding modules. Their topography and recognition images were also 

compared. Figure 3.2 exhibits a small area of extracted single cellulose microfibrils 

recognized by the CBM3a-functionalized AFM tip in topography (a) and recognition (b) 

images. The extracted cellulose microfibrils in the topography image (a) show clear 

recognition signals in the corresponding recognition image (b). To identify the individual 

binding sites, we analyzed the cross-section profiles of two representative extracted 

cellulose microfibrils marked a-a’, b-b’ in (a) and c-c’, d-d’ in (b). Figure 3.2(c) and (d) 

compare the cross-section profiles of the two labeled extracted single cellulose 

microfibrils marked in (a) and (b). Each unbinding event is highlighted by a vertical 

dashed red line, indicating the corresponding topography and recognition signals. The 

black curve in Figure 3.2(e) is a representative F-D curve measured on the extracted 

cellulose microfibril at point A in Figure 3.2(a), corresponding to A’ in Figure 3.2(b). 

The red curve in Figure 3.2(e) was measured on the mica substrate at point B, 

corresponding to point B’ in Figure 3.2(b). The overlay of these two curves indicates that 

the interaction between the CBM3a molecule on the AFM tip and the cellulose surface 

was specific, since no interaction was detected between CBM3a and mica surface. 
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Figure 3.2. Topography (a) and recognition (b) images of extracted cellulose microfibrils 

with cross-section analysis (c) and (d) on smaller surface areas. The images of (a) and (b) 

were obtained using the CBM3a-functionalized AFM tip. The curves in (e) represent F-D 

curves measured (under the loading rate of 40 nN/s) at point A in (a), which corresponds 

to point A’ in (b), and point B in (a) corresponds to point B’ in (b). The F-D curve A (A’) 

(in black) shows the specific interaction between CBM3a and the extracted cellulose 

microfibril surfaces; while the curve B (B’) (in red) shows no interaction between AFM 

tip and mica surface. 

 

As shown in Figure 3.2(c) and (d), the smallest intervals in the cross-section 

profiles were measured to be 5-8 nm, which is consistent with the result we obtained in 

Chapter 2.
181

 The binding site of a single CBM3a molecule has proved to directly come 

into contact with 6-7 glucose units (3-4 nm in width) on the surface of cellulose 

microfibrils.
68

 Therefore, a separation distance of 2-5 nm between two binding sites can 

be deduced. This value is consistent with the range of the separation distance labelled by 

quantum dots as reported previously by Xu et al.
186

 Due to the relatively short unbinding 

time under fast scanning speed and the blocking by the impurities on the cellulose 

crystalline surface, some of the expected binding sites didn’t show any binding signals, 

giving a 10-20 nm separation distance between two binding events.  
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To quantitatively compare the binding efficiencies of CBM3a and CBM2a, we 

measured the recognition area percentage (RAP) on both natural and extracted cellulose 

microfibril surfaces. The RAP is defined as the ratio of the bound area on single cellulose 

microfibrils (nm
2
) to the total surface area of single cellulose microfibrils (nm

2
) 

(Equation 3.1). The cellulose bound area to CBM3a or CBM2a was considered as the 

dark area generated by the recognition signal from recognition images, and the apparent 

surface area of cellulose included the entire bright area of cellulose from topography 

images. These area values were calculated using Picoscan software.  

                 
)(nm lmicrofibri cellulose single of area surface Total

)(nm lmicrofibri cellulose singleon  area Bound
RAP(%)

2

2

 Equation 3.1 

Here the bound area is highlighted as the black circle in the recognition image Figure 

3.3(b) and the total surface area is highlighted as the white circle in both topography and 

recognition image Figure 3.3(a-b). Each total surface area is defined as a cellulose 

surface about 200 nm in length and 25 nm in width. The RAP of 20 cellulose sections 

was collected to construct a histogram for each CBM on each substrate. The final RAP 

value was determined by Gaussian fitting (Figure 3.3(c-g)). The results showed that 

RAPs of CBM3a and CBM2a to natural cellulose surface were 56.7 ± 10.0% and 47.0 ± 

12.8%, respectively. The RAPs of CBM3a and CBM2a to extracted cellulose surface 

were a little larger, with the value of 73.7 ± 11.1% and 63.6 ± 13.5%, respectively. The 

data indicates that under the same experimental conditions, CBM3a was capable of 

binding about 9.7% more area than that of CBM2a on natural cellulose and about 11.1% 

more area than that of CBM2a on extracted cellulose microfibrils. This difference on the 

RAP at single molecule level is mainly due to the detailed molecular structures of these 

two binding modules and their cellulose binding conformations.
68-69
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Figure 3.3 RAP calculation of CBM3a and CBM2a binding on extracted crystalline 

cellulose. (a, b) Representative AFM images for calculating the RAP of CBM3a-bound 

cellulose microfibril. Black circle: bound area; white circle: total surface area. (c, d) RAP 

calculation of CBM3a and CBM2a binding to natural cell wall cellulose. (e, f) RAP 

calculation of CBM3a and CBM2a binding to extracted cellulose microfibril. (g) RAP 

summary of the CBM-cellulose interaction. Each histogram was constructed by RAP 

values averaged from 20 cellulose microfibril sections (approximately 200 nm in length 

and 25 nm in width).  
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Some previous work confirmed that CBM3a has 10 conserved residues 

participating in the cellulose binding activity, with five of them (Trp118, Arg112, Asp56, 

His57, and Tyr67) in the planar strip and another five of them as anchors (Asn16, Gln110, 

Ser12, Asn10, and Ser113).
68

 Among these residues, His57 and Tyr67 can form strong 

hydrogen bonds with the glucose units of cellulose, and in turn stabilize the binding 

conformation.
68

 Other residues can also contribute to possible hydrogen bonding and van 

der Waals interactions to help orientate the CBM3a active residues to the right locations 

on the cellulose surface. The CBM2a structure in the literature shows 8 conserved 

residues involved in binding, with four of them (Trp17, Asn87, Trp54, and Trp72) in the 

planar strip, and another four (Asn15, Asn24, Gln83, and Gln52) as anchors.
68

 For the 

CBM2a used in our experiment, we found that the residues Asn15, Trp17, Trp54, and 

Trp72 were conserved in the similar positions in the secondary structure, but other active 

residues changed. For the planar strip, Asn87 helps Trp54 form the correct orientation on 

the cellulose surface; while for the anchor residues, only Asn15 keeps in the secondary 

structure.
68

 Therefore, the CBM2a we used may not show affinity as strong as that 

reported in the literature. Compared to CBM3a, the contact area between CBM2a and 

cellulose in the literature is smaller than that between CBM3a and cellulose; therefore, 

the overall binding affinity of CBM3a in our experiments is expected to be higher than 

that of CBM2a. The topography and recognition images of extracted cellulose 

microfibrils using CBM2a-functionalized AFM tip with cross-section analysis are also 

provided in Figure 3.4, which shows less binding events than the CBM3a-cellulose 

interaction. Moreover, CBM3a and CBM2a show 17% and 16.6% more bound area on 

natural cell wall cellulose than that on extracted cellulose, respectively, which may be 
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resulted from the more impurities blocking the CBMs from binding to the cellulose 

crystalline surface. 

As shown in Figure 3.4, the extracted cellulose microfibrils in topography image 

Figure 3.4(a) show clear recognition signals at the corresponding positions in recognition 

image Figure 3.4(b). The cross-section profiles in Figure 3.4(c) and Figure 3.4(d) are the 

comparison of two representative single cellulose microfibrils marked as a-a’, b-b’ in (a) 

and c-c’, d-d’ in Figure 3.4(b). Each binding event on these two microfibrils is 

highlighted by vertical red, dashed lines. 

 

 

 

Figure 3.4 Topography (a) and recognition (b) images of extracted cellulose microfibril 

with cross-section analysis (c) and (d) on a smaller area. (a, b) are imaged by CBM2a-

functionalized AFM tip. 
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The cross-section analysis of CBM2a-celluose interaction shows less binding 

events on the extracted single cellulose microfibril surface with the same length than 

those between CBM3a and the extracted single cellulose microfibril surface. The binding 

intervals on the cellulose microfibril surface vary from 10 to 30 nm, which is larger than 

5 to 20 nm as observed on the CBM3a-bound cellulose surface, indicating a less efficient 

binding of CBM2a to the crystalline cellulose surface. 

3.3.2 Affinity study of CBM3a/2a binding to natural/extracted crystalline cellulose 

To understand the binding mechanism, we measured the single molecule binding 

affinity based on F-D curves. In the traditional bulk experiments, the affinity (described 

as association constant Ka) of different CBMs on various carbohydrate substrates is 

usually measured from an average value of a large amount of CBM molecules. All these 

results are based on statistical calculations involving numerous protein molecules each 

time. This may introduce various sources of uncertainties when compared with the study 

of affinity and binding mechanisms of a single CBM molecule. The single molecule 

interaction measurements may provide data to determine the in-depth dynamic and 

kinetic mechanisms of the CBM-cellulose interactions, which has not been reported yet. 

Based on the study of molecular interactions of biological molecules with 

dynamic force spectroscopy,
197-199

 it has been widely accepted that weak non-covalent 

bonds have limited lifetimes and can break apart when the applied external forces last 

long enough time.
200

 According to Bell’s model,
177

 the reaction dissociation rate, or off 

rate, increases exponentially with the external force. Therefore, to calculate the off rates 

of the CBM-cellulose interactions on the cellulose surface, we measured the unbinding 

forces at 11 incremental loading rates from 0.5 nN/s to 500 nN/s.  
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Figure 3.5 Force histograms generated under 11 loading rates and the representative F-D 

curves. (a) CBM3a-extracted cellulose microfibril; (b) CBM2a-extracted cellulose 

microfibril interactions. Each histogram was built from over 300 unbinding events and 

the most probable unbinding force labelled on the top was obtained by Gaussian fitting. 

The unbinding force increased with incremental loading rates until 300 nN/s, where the 

unbinding reaction reached the energy barrier and the force no longer changed. (c,d) 

Representative F-D curves under 6 loading rates of the CBM3a-extracted cellulose 

microfibril (c) and CBM2a-extracted cellulose microfibril (d) unbinding interactions. 

 

 

Figure 3.5 shows the 11 force histograms, each of which was constructed from 

over 300 F-D curves (an example is shown in Figure 3.1(e)) for both CBM3a-extracted 
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single cellulose microfibril (a) and CBM2a-extracted single cellulose microfibril (b) 

interactions, as an example. The histograms are arranged in the 3D figure with the most 

probable unbinding force calculated using Gaussian fitting (force values labelled on top). 

We observed that, at the loading rates higher than 300 nN/s, the unbinding force reached 

its saturation, which indicates the minimum force to overcome the energy barrier (Eb) of 

CBM-cellulose non-covalent interactions instantaneously. Some representative F-D 

curves of CBM3a and CBM2a-extracted cellulose microfibril interactions are listed in 

Figure 3.5 (c, d).  No obvious difference was observed between the shapes of the curves 

measured from CBM3a-extracted cellulose microfibril and CBM2a-extracted cellulose 

microfibril interaction. 

We also determined the lifetime of the bond under external force (tF). The tF value 

was calculated from Equation 3.2 derived based on Bell’s model,
177
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Here F is unbinding force (pN), xD is barrier length (nm), toff is natural lifetime of the 

bond without external force (s), koff is dissociation rate or off rate (s
-1

), T is effective 

temperature (300 K) and kB is Boltzmann’s constant. Due to the thermal activation, the 

non-covalent bonds have modest lifetimes which are gradually shortened under external 

force. It has already been predicted that the bond lifetime depends on the rapidity of 

applied forces. The most probable unbinding force will determine the most probable 

binding lifetime at the specific force loading rate (r). Therefore, we can establish a 

relationship between the measured unbinding force and the affinity between     CBM and 

cellulose. The unbinding forces under a series of loading rates determine the koff, and the 
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larger the koff value, the lower the affinity. Taking CBM3a-extracted cellulose microfibril 

interaction as an example, the plot of unbinding force and tF versus the logarithmic 

coordinates of loading rates is shown in Figure 3.6(a). The data points for unbinding 

forces are marked in black squares and the data points for tF are marked in red triangles. 

The tF decreases dramatically from 7.92 s under 0.5 nN/s to 0.01 s under 300 nN/s. 

The force spectroscopy reflects only the non-equilibrium state of the CBM-

cellulose interactions, since the F-D curve is measured at a certain loading rate. The most 

probable unbinding force, when plotted as a function of ln(r), can be used to reconstruct 

the energy landscape along the unbinding pathway. According to Jarzynski’s equality, the 

free energy change of the CBM3a-extracted single cellulose microfibril interactions 

under the equilibrium state can be reconstructed.
178, 201

 The free energy profile was rebuilt 

based on 20 F-D curves and the reconstructed free energy change for CBM3a-extracted 

cellulose microfibril interactions was calculated to be 27.06 ± 3.42 kcal/mol or 45.33 ± 

5.73 kBT (Figure 3.6(b)). The reconstructed free energy of CBM2a-extracted single 

cellulose microfibril interaction is 25.21 ± 2.15 kcal/mol or 42.51 ± 3.63 kBT, for 

CBM3a-natural cellulose microfibril interaction, the value is 29.86 ± 2.36 kcal/mol or 

50.02 ± 3.95 kBT, and for CBM2a-natural cellulose microfibril interaction, the value is 

28.61 ± 2.93 kcal/mol or 48.02 ± 3.86 kBT (see Table 3.1 and Figure 3.6). The results 

show a very similar affinity of the two CBM molecules to the cellulose surface. 

Nevertheless, some differences can be identified for the two CBMs and for the natural 

and extracted cellulose microfibril surfaces: the CBM3a-natural cellulose microfibril 

complex has the highest free energy change and the CBM2a-extracted cellulose 

microfibril complex has the lowest one.  
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Figure 3.6 The unbinding forces and tF vs. loading rate plots and energy profiles of CBM 

binding to cellulose. (a, c, e, g) The unbinding forces and tF vs. loading rate plots for the 

interactions between CBM and cellulose microfibrils. The data points for the unbinding 

forces are marked with black squares and the data points for tF are marked in red triangles. 

The unbinding forces after saturation are marked with dashed blue lines. (b, d, f, h) The 

weighted average F-D curves and the work integral used to obtain the reconstructed free 

energy changes for CBM-cellulose microfibril interactions. The averaged F-D curve is 

marked in black and the free energy profile is marked in blue. 
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 Specifically, the CBM3a-celluose complexes have higher free energy changes 

than that of CBM2a-cellulose complexes, which can be contributed to a larger contact 

area of CBM3a to the cellulose surface because of more CBM3a binding residues and 

their wider occupancy of the binding interface.
68

 The proposed reason for both CBM-

natural cellulose complexes to have higher free energy than that of CBM-extracted 

cellulose microfibril complexes is that the crystalline structure of the extracted cellulose 

microfibrils may be partially damaged during the extraction procedure.
202

 This may lead 

to the consequence that only partial binding residues of the CBMs can bind to the 

damaged crystalline cellulose surface so that the binding of CBMs to the extracted 

cellulose is not so tight as to the intact, natural cellulose. 

 

Table 3.1 Dynamic and kinetic parameters for binding of CBM3a and CBM2a to natural 

and extracted cellulose microfibrils. xD: barrier length; Eb: energy barrier;  koff: 

dissociation rate; ΔG: reconstructed free energy. 

 CBM3a CBM2a 

Natural Extracted Natural Extracted 

xD (nm) 0.64 ± 0.06 0.63 ± 0.06 0.68 ± 0.05 0.63 ± 0.05 

Eb (kcal/mol) 15.12 ± 4.08 14.23 ± 2.43 14.87 ± 3.15 13.73 ± 3.44 

koff  (s
-1

) 0.0081 ± 0.0002 0.0089 ± 0.0006 0.0082 ± 0.0002 0.0099 ± 0.0008 

ΔG (kcal/mol) 29.86 ± 2.36 27.06 ± 3.42 28.61 ± 2.93 25.21 ± 2.15 

 

 

Due to the small differences in free energy changes, we took a closer look at the tF 

values of different CBM-cellulose complexes to compare their kinetic properties. At the 

lowest loading rate of 0.5 nN/s and the highest loading rate of 300 nN/s before the 

saturation, the CBM3a-extracted cellulose microfibil interaction shows the longest bond 

lifetime of 7.92 s and 0.01 s, respectively, while the CBM3a-natural cell wall cellulose 

shows the shortest bond lifetime of 6.74 s and 0.01 s, respectively (see Figure 3.7). 
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Moreover, the CBM2a-extracted cellulose microfibril complex shows a slightly shorter 

bond lifetime of 7.19 s and 0.01 s than that of the CBM2a-natural cell wall complex, 

which is 7.88 s and 0.01 s, respectively. The calculated and experimental tF values of the 

four sets of experiments are plotted with the 9 loading rates before the saturation and the 

results are listed in Figure 3.7. These results exhibit a good agreement between the 

calculated and experimental tF values. Specifically, the tF of CBM2a-extracted cellulose 

microfibril interaction decreased from 7.19 s under 0.5 nN/s to 0.01 s under 300 nN/s. 

The tF of CBM3a-natural cellulose microfibril interaction decreased from 6.74 s under 0.5 

nN/s to 0.01 s under 300 nN/s, while that of CBM2a-natural cellulose microfibril 

interaction decreased from 7.88 s under 0.5 nN/s to 0.01 s under 300 nN/s. Similarly, 

CBM3a had a shorter bond lifetime on natural cellulose microfibril and longer bond 

lifetime on extracted cellulose microfibril. However, CBM2a had a shorter bond lifetime 

on extracted cellulose microfibril and longer bond lifetime on natural cellulose. The 

differences of bond lifetime among the four complexes are not very pronounced. The 

probable reason is that compared to CBM2a, the highly conserved binding residues on 

the CBM3a planar strip are more sensitive to the impurities on the natural cell wall which 

can block the binding sites along the cellulose microfibrils. For CBM2a, the disruption of 

the crystalline structure on the cellulose microfibril surface probably has more influence 

to the planer strip and anchor residues for binding.
68, 180

 

The dissociation rates and energy barrier Eb can also provide a theoretical support 

for our dynamic and kinetic study on the CBM-cellulose interaction mechanism. To 

calculate the Eb for all of the CBM3a-natural/extracted cellulose microfibril and CBM2a-

natural/extracted cellulose microfibril interactions, 100 F-D curves were collected at the 
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loading rate of 100 nN/s for each CBM-cellulose complex. According to Bell’s model, a 

constant force F applied to a distance xD will lower the energy barrier.
177

 The xD defined 

here in our study is the energy barrier width larger than which the bond is broken. The Eb 

here was estimated using Eb = 1/2 FbL, where Fb is the unbinding force and L is the 

stretching distance of the non-covalent bond during the unbinding event.
203

  

 

 

 

Figure 3.7 Comparisons of calculated (black line) and experimental (red dots) tF value 

for CBM-cellulose interaction. (a) CBM3a-extracted cellulose microfibril complex, (b) 

CBM2a-extracted cellulose microfibril complex, (c) CBM3a-natural cellulose microfibril 

complex, and (d) CBM2a-natural cellulose microfibril complex. 
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The kinetic off rate (koff) can provide insight into the occurrence of the bond, bond 

strength and relaxation time. The koff of CBM-cellulose interaction listed in Table 3.1 is 

calculated by the linear fitting (red line in Figure 3.6(a)) of unbinding forces before the 

saturation. The fitted unbinding forces agreed with Bell’s one-barrier bond dissociation 

model.
199

 The complete results of calculations are all listed in Table 3.1. 

            The CBM3a-natural cell wall cellulose complex shows the lowest off rate (with 

koff of 0.0081 ± 0.0002 s
-1

) and highest energy barrier (with Eb of 15.12 ± 4.08 kcal/mol) 

and the CBM2a-extracted cellulose microfibrils show the highest off rate (with koff of 

0.0099 ± 0.0008 s
-1

) and lowest energy barrier (with Eb of 13.73 ± 3.44 kcal/mol). The 

off rate of CBM-cellulose interactions measured in this study is much larger than that of 

streptavidin and biotin (1.67 × 10
-5

 s
-1

), which is one of the strongest protein-ligand 

interactions.
204

 Therefore this result shows a much weaker interaction between CBM and 

cellulose. As discussed previously about the free energy changes, the larger CBM3a-

celluose contact area enhances the binding process although the differences are still not 

very significant. 

3.4 Conclusions 

Different from the bulk experiments, we determined several dynamic and kinetic 

parameters, such as unbinding forces, reconstructed free energy change, energy barrier, 

and bond lifetime, to estimate the affinities of the CBMs to natural and extracted 

cellulose microfibril from a single-molecule perspective. Generally, a CBM3a single 

molecule has a slightly higher binding efficiency and affinity than the CBM2a molecule 

to both natural and extracted cellulose surfaces. Both CBMs have higher affinities to the 

natural cellulose microfibrils compared to the extracted cellulose microfibrils. The bond 
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lifetime analysis showed the differences of kinetic properties of two CBMs at the single-

molecule level. The CBM-cellulose interaction study using SMDFS will offer a radical 

approach to provide more detailed information on both the plant cell wall degradation 

and other single molecule interaction systems. With the above established method and 

conclusions, we are able to take a step further to study the plant cell wall morphology 

changes during the breakdown process and how to degrade the cell wall in a more 

efficient and economical way. 
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CHAPTER 4 

STRUCTURAL AND COMPONENT CHANGES OF NATURAL AND 

PRETREATED PLANT CELL WALL SURFACES  

4.1 Introduction 

On the way of pursuing renewable and sustainable replacements of crude oil, the 

lignocellulosic biomass (such as poplar, switchgrass, and corn stover), has been 

considered as one of the primary feedstocks with potentials of high efficiency and low 

cost.
3-4, 205-206

 To overcome the recalcitrance of the plant cell walls, several pretreatments 

have been developed to enhance the cellulose degradability.
75, 207-208

  

The essential role of pretreatment is to physically and/or chemically disassemble 

the protective carbohydrate-lignin complex, disrupt the crystalline structure of cellulose 

in order to increase the surface accessibility of cell wall carbohydrates.
207, 209

 Some 

extensively studied pretreatment technologies include steam explosion,
210-211

 ammonia 

fiber expansion (AFEX),
212

 ammonia recycled percolation (ARP),
213

 lime,
214

 dilute acid 

pretreatment,
215

 etc. Each pretreatment has specific advantages and disadvantages in 

hemicellulose degradation and lignin removal, but they all have the capacity to change 

the plant cell wall structure.
75, 216

 Dilute acid pretreatment (DAP), specifically dilute 

sulfuric acid, has received extensive attentions for several decades. Its major objective is 

to extensively solubilize hemicellulose (over 80% of the natural content) and disrupt the 

carbohydrate-lignin linkage to enhance the enzymatic digestibility of cellulose.
207, 217-218

 

Although little lignin is removed, the disruption and re-localization of lignin have been 
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clearly verified which can slightly increase the exposed surface area of cellulose for 

hydrolysis.
219-221

 

Enzymatic hydrolysis predominantly proceeds from outer surface of the plant cell 

walls. Extensive surface distribution of hydrolysable components therefore can facilitate 

the cell wall-enzyme interactions and improve the hydrolysis efficiency. Consequently, 

an in-depth understanding of structural changes of pretreated cell wall surface, especially 

at single molecule level, can provide a fundamental insight of cell wall ultrastructure for 

pretreatment improvement. However, the cell wall structure after pretreatments is 

completely or partially destroyed, so the chemical changes determined by bulk chemical 

analysis do not necessarily reflect the real surface conditions. Alternatively, surface 

characterization techniques such as SEM, TEM, can provide surface morphology 

information, but do not provide information on chemical composition.
77, 222-223

 

Fluorescence microscopy
224

 and time-of-flight secondary ion mass spectrometry (ToF-

SIMS)
225

 are also applied in cell wall surface analysis, but the accuracy of component 

distributions on surface is unsatisfactory due to the limited mapping resolution. 

Based on the methods and conclusions from the previous chapters, in the 

following study, we characterized the natural, dilute sulfuric acid pretreated and 

delignified plant cell wall surfaces of poplar, switchgrass, and corn stover by AFM 

recognition imaging using CBM3a-modified AFM tip. The surface structural changes of 

plant cell walls before and after pretreatments were determined and compared based on 

the extended concept of recognition area percentage (RAP) on exposed crystalline 

cellulose.
226
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4.2 Experiments 

4.2.1 Dilute sulfuric acid pretreatment of biomass samples 

All biomass for pretreatment were ball-milled (8000 M Mixer/Mill, SPEX 

SamplePrep, Metuchen NJ) and sieved by mesh screen. The sample pieces in size of 200-

250 μm were collected, washed by DI water, and dried at 45 ˚C for 24 h. 0.1 g ball-milled 

biomass of each species was pre-soaked in dilute sulfuric acid (0.03% w/w, 2 mL) (VWR, 

Radnor, PA) for 30 min in a 20 mL glass pressure tube (Ace Glass Incorporated, 

Vineland, NJ). The sealed pressure tube was heated in a heating block on a hot plate 

(Barnstead/Thermolyne-RT Elite, Dubuque, IA) at 135 ˚C for 20 min. The reaction was 

stopped by cooling down the tube to room temperature in cold DI water. The pretreated 

sample was then washed by 10 mL DI water for 5 times and centrifuged with 1 mL DI 

water (5,000 rpm, 10 min) for 5 times (SORVALL BioFuge Pico Microcentrifuge, 

Thermo Electron Corporation, Waltham, MA) and finally dried in air at 45 ˚C for 24 h. 

The same procedure was repeated at 135 ˚C for all three species with 0.5% w/w, 1% w/w, 

and 2% w/w sulfuric acid. The switchgrass and corn stover pretreated in 0.5% w/w 

sulfuric acid at 160 ˚C (0.095 g H2SO4: dry wt, 5 wt.% solids) were provided by the 

University of California at Riverside. The summary of all pretreatment conditions and 

sample nominations are compiled in Table 4.1. 
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Table 4.1 Dilute acid pretreatment conditions of poplar, switchgrass and corn stover. 

Species Sample ID Solid loading 

(%) 

Temperature 

(˚C) 

Reaction 

time (min) 

Acid loading 

(g/g dry wt.) 

Poplar Natural-P - - - - 

(P) 0.03%P-135 5% 135 20 0.005 

 0.5%P-135 5% 135 20 0.095 

 1%P-135 5% 135 20 0.2 

 2%P-135 5% 135 20 0.4 

Switchgrass Natural-SG - - - - 

(SG) 0.03%SG-135 5% 135 20 0.005 

 0.5%SG-135 5% 135 20 0.095 

 1%SG-135 5% 135 20 0.2 

 2%SG-135 5% 135 20 0.4 

 0.5%SG-160 5% 160 20 0.095 

Corn stover Natural-CS - - - - 

(CS) 0.03%CS-135 5% 135 20 0.005 

 0.5%CS-135 5% 135 20 0.095 

 1%CS-135 5% 135 20 0.2 

 2%CS-135 5% 135 20 0.4 

 0.5%CS-160 5% 160 20 0.095 

 

 

4.2.2 Delignification of dilute acid pretreated biomass samples 

The pretreated samples were subsequently delignified following one of the 

leading methods.
223

 Briefly, 0.02 g sodium chlorite (J. T. Baker, Phillipsburg, NJ) and 40 

μL glacial acetic acid (VWR, Radnor, PA) was added into each pretreated biomass water 

slurry (3% solid, 1 mL). The reaction was taken at 80 ˚C for 1.5 h with gentle stirring. 

After cooling down, the bleached sample was washed 8 times with DI water followed by 

centrifugation at 10,000 rpm for 10 min and then was dried in air at 45 ˚C for 24 h. 

4.2.3 AFM sample preparation and experimental setup 

The AFM sample preparation procedure was the same as poplar slice 

immobilization as described in Chapter 2.
181

 All images were taken using TopMAC mode 
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under PicoTREC (Agilent Technologies, Santa Clara, CA). The 200-500 μm hand-cut, 

natural pieces of each biomass sample after mesh screening (200-500 μm in size) before 

pretreatments and pure microcrystalline cellulose Avicel PH-105 (FMC BioPolymer, 

Philadelphia, PA, nominal particle size: 20 μm) were also imaged. For each sample, 

about 20 pieces were randomly imaged by the functionalized AFM tip at an average 

scanning speed of 6 μm/s. 100 recognition images in size of 1 μm×1 μm were randomly 

selected for the RAP calculation. 

4.3 Results and discussions 

4.3.1 Surface mapping of natural plant cell walls of poplar, switchgrass, and corn stover 

Previously, we visualized and recognized the crystalline cellulose on the surface 

of natural poplar slice. In the following work, we also characterized the natural cell wall 

of switchgrass and corn stover. The representative images are shown in Figure 4.1. 

 

 

 

Figure 4.1 AFM topography and recognition images of the natural plant cell walls. 

Topography (a-f) and recognition (g-l) images of poplar (P), switchgrass (SG), and corn 

stover (CS). (a, c, e, g, i, k) show the representative surface mainly covered by lignin and 

(b, d, f, h, j, l) show the representative surface mainly covered by crystalline cellulose. 
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It has been confirmed that the lignin content in poplar is about 10% higher than 

that in switchgrass and corn stover.
77, 222

 Accordingly, we observed more surface area 

covered by lignin or lignin-carbohydrate complex on the poplar plant cell wall than on 

switchgrass and corn stover. Besides, the morphology of poplar lignin exhibited smooth 

and intact layers while the lignin in switchgrass and corn stover formed irregular and 

compact granules as shown in the topography images of Figure 4.1(a), (c), and (e). Few 

surface components of these areas were recognized in the corresponding recognition 

images of Figure 4.1(g), (i), and (k), indicating the absence of specific interactions 

between non-cellulose components and CBM3a molecule on the AFM tip. Differently, on 

surface area extensively covered by parallel or interwoven crystalline cellulose 

microfibrils in Figure 4.1(b), (d), and (f), strong recognition signals were detected in the 

corresponding recognition images of Figure 4.1(h), (j), and (l). 

4.3.2 Measurement of RAP on plant cell wall surfaces 

The crystalline cellulose distributions on the plant cell wall surface were 

quantitatively determined based on recognition signal distributions. For each biomass 

sample, 5 different surface areas were imaged on each single piece by the functionalized 

AFM tip. Over 20 sample pieces were imaged and 100 recognition images in size of 1 μm 

× 1 μm were randomly selected for the RAP calculation. Generally, all the recognition 

images of each sample were divided into maximum 7 types based on the surface features 

represented by RAP of crystalline cellulose. Table 4.2 lists a summary of RAPs of each 

area type on pretreated and delignified corn stover cell wall surface (sample named as 

0.5%CS-135 with 0.5% sulfuric acid concentration pretreated at 135 ˚C).  
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Table 4.2 Recognition area percentage (RAP) calculation of 0.5%CS-135 and delignified 

0.5%CS-135 surface averaged from100 images.  

Type A: < 10%; B: 10-20%; C: 20-30%; D: 30-40%; E: 40-50%; F: 50-60; G: > 60%. 

Sample ID Area Type Image counts Average RAP (%) Total RAP (%) 

0.5%CS -135 A 6 7.15 27.9 

 B 19 17.0  

 C 25 24.7  

 D 28 34.9  

 E 9 44.8  

 F 3 58.5  

 G 0 0  

0.5%CS -135 A 0 0 42.6 

delignified B 0 0  

 C 12 26.7  

 D 21 34.5  

 E 36 43.1  

 F 25 52.4  

 G 6 59.5  

 

The details of extended definition of RAP and an example of RAP calculation are 

depicted in Figure 4.2 and Equation 4.1-4.3. A 250 nm × 250 nm area was chosen to 

highlight the binding sites. 

 

 

Figure 4.2 Example of recognition area percentage (RAP) calculation on delignified corn 

stover cell wall pretreated by 0.5% sulfuric acid. (a) Topography image; (b) recognition 

image. The recognition binding sites are highlighted by white circles.  
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The RAP of a single recognition was calculated using Equation 4.1: 

Individual RAP (%) = 
)(nm surface  wallcellplant  imaged of area surface Total

)(nm lsmicrofibri cellulose ecrystallinon  arean Recognitio
2

2

 

Equation 4.1 

The average RAP and total RAP were defined in Equation 4.2 and 4.3: 

Average RAP (%) = 
N area ofNumber 

N area of RAP Individual
               Equation 4.2 

Total RAP (%) = 
100

N area of RAP Individual
                Equation 4.3 

Here N is the area type (A-G). The recognition area was highlighted as the white circle in 

the recognition image as shown in Figure 4.2(b). The un-recognized area was supposed to 

be covered by non-carbohydrate residues, exposed amorphous cellulose or partially 

twisted crystalline cellulose. 

The representative topography and recognition images selected from each area 

type are shown in Figure 4.3. Based on surface components of pretreated cell wall before 

and after delignification, the majority of recognition images of 0.5%CS-135 were 

classified into type A through D, while most of the recognition images of delignified 

0.5%CS-135 showed the features of type E-G.  

The type A surface was mainly covered by irregularly shaped agglomerates with 

different sizes, which were mainly supposed to be the re-localized lignin after dilute acid 

pretreatment (DAP).
221

 The RAP of Figure 4.3(h) was lower than 10%, indicating little 

CBM3a-cellulose interactions. From Type B to G, the amount and size of surface 

agglomerates gradually decreased and more crystalline cellulose appeared, resulting in an 

increase of RAPs to over 60%. 
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Figure 4.3 Representative topography and recognition images of 0.5%CS-135 and 

delignified 0.5%CS-135 surface of different area types. (a-g) Topography images; (h-n) 

recognition images. 0.5%CS-135: corn stover cell wall pretreated by 0.5% sulfuric acid at 

135 ˚C. 

 

 

This difference denoted that the lignin locating on the surface of pretreated plant 

cell walls was extensively removed during after delignification, therefore the crystalline 

cellulose underneath was exposed and recognized by the CBM3a-modified AFM tip.
223

 

4.3.3 Effect of dilute acid pretreatment under different concentrations  

Hydrolysis of hemicellulose is considered as the main reaction during acid 

pretreatment accompanied by fast condensation and precipitation of solubilized lignin as 

inevitable physical process.
75, 227

 The coalesced lignin deposits back onto the plant cell 

wall surfaces and potentially blocks further access to cell wall components as observed 

by SEM and AFM.
221, 228

 To quantify the component changes before and after DAP, we 

compared the surface of natural, dilute acid pretreated and delignified plant cell walls and 

calculated the RAPs. The plant cell wall surfaces were predominantly covered by lignin 

sheath, which was unevenly distributed all over the surface (Figure 4.4(a)). Recognition 

signals can hardly be seen due to the absence of specific CBM3acellulose interactions 

(Figure 4.4(e)). Remarkably, more crystalline cellulose microfibrils could be seen on the 
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surface of 0.5%CS-135 sample in Figures 4.4(c) and (g) with higher RAPs than that of 

poplar (0.5%P-135) and switchgrass (0.5%SG-135) (Figure 4.5). This result 

demonstrated that the cell wall of corn stover is less recalcitrant to DAP process. 

 

 

Figure 4.4 Topography and recognition images of natural, dilute acid pretreated, and 

delignified corn stover cell walls. Topography (a-d, i-l) and recognition (e-h, m-p) images 

of natural, dilute acid pretreated (pretreated by 0.03%, 0.5%, and 1% sulfuric acid at 135 

˚C) and delignified corn stover cell wall. Some possible residues in (d) which do not have 

recognitions in (h) are highlighted in the red circles. 
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To determine the effect of DAP on cell wall surface structural changes other than 

lignin re-distribution, we removed the lignin by acidified sodium chlorite as shown in 

Figure 4.4(b, d, f and h). In Figure 4.4(b), the crystalline cellulose exhibited a compact 

configuration and individual crystalline cellulose microfibrils could hardly be 

distinguished. Some agglomerates could also be observed in Figure 4.4(d), which were 

supposed to be lignin residues (marked in red circles) that could not be recognized in 

Figure 4.4(h). The RAPs of natural and delignified corn stover were measured to be 

15.2% and 29.4%, respectively. The RAPs of natural corn stover and switchgrass (RAPs 

of natural switchgrass increased from 13.6% to 26.1% after delignification) nearly 

doubled after delignification; meanwhile the RAPs of delignified poplar increased by 

70% (RAPs of natural poplar increased from 12.9% to 21.8% after delignification) 

(Figure 4.5 and 4.6). The less efficient delignification effect on poplar might due to a 

naturally higher content of intact lignin and a more solid cell wall structure. 

Comparatively, the surfaces of delignified cell walls after 0.5% sulfuric acid pretreatment 

at 135 ˚C exhibit a more interrupted and interwoven configuration, especially for corn 

stover (Figure 4.4(d)) and switchgrass (Figure 4.6(d)). This morphology change was 

mainly caused by the removal of hemicellulose, therefore the linkage between crystalline 

cellulose was destroyed and individual crystalline cellulose microfibrils were released. 

The RAPs of 0.5%CS-135, 0.5%SG-135 and 0.5% P-135 were 27.9%, 20.4%, and 17.4%, 

respectively. After delignification, the RAPs of dilute acid pretreated corn stover and 

switchgrass increased by over 50% of their pretreated condition and that of pretreated 

poplar even doubled (Figure 4.6). The higher cellulose content in natural plant cell walls 

of poplar also contributed to a more substantial increase of RAP when more re-localized 
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lignin droplets was removed (Figure 4.6(f)). The surfaces of natural and 0.5% sulfuric 

acid pretreated poplar and switchgrass cell walls were characterized and the results are 

shown in Figure 4.5. 

 

 

 

Figure 4.5 Topography (a-d) and recognition (e-h) images of natural and dilute acid 

pretreated poplar (0.5%P-135) and switchgrass (0.5%SG-135). 

 

 

The size of lignin agglomerates on poplar cell wall surface was larger than that on 

switchgrass, showing a more intact solid structure of lignin on poplar cell walls. The 

RAPs of natural poplar and switchgrass was 12.9% and 13.8%, respectively. After DAP 

with 0.5% sulfuric acid, the RAPs of poplar and switchgrass increased to 17.4% and 

20.4%, respectively. 

After delignification, the fine crystalline cellulose structure was exposed and the 

recognition was largely improved as shown in Figure 4.6.  
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Figure 4.6 Topography (a-d) and recognition (e-h) images of delignified natural and 

dilute acid pretreated poplar (0.5%P-135) and switchgrass (0.5%SG-135). Residual 

components or unfavorable position of crystalline cellulose which are not recognized are 

highlighted in red circles.  

 

 

For both poplar and switchgrass cell walls before DAP, the surfaces after 

delignification were majorly composed of crystalline cellulose together with other un-

removed, linking matrix components (e.g., hemicellulose). Some representative non-

cellulose components which were not recognized were marked in red circles. The RAPs 

of delignified poplar and switchgrass without DAP were 21.7% and 26.1%, respectively. 

With 0.5% acid pretreatment, the RAPs of poplar and switchgrass increased to 32.3% and 

33.1%. The delignified switchgrass cell wall structure showed more interwoven 

crystalline cellulose than those of poplar.  

Various DAP conditions (e.g., altering temperature, acid concentration, reaction 

time, etc.) have been investigated to optimize the pretreatment results for better cell wall 

degradability.
76

 The hemicellulose removal and re-localization of lignin are proved to be 
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more pronounced with stronger acid or higher reaction temperature.
75, 221

 In the following 

work, we quantitatively studied the surface structural changes during DAP under 

different acid concentrations (i.e., 0.03%, 0.5%, 1%, and 2%). The corn stover surface 

structural changes after 0.03% and 1% DAP can be clearly seen in Figure 4.4(i and k). 

The AFM images of poplar and switchgrass cell walls pretreated by 0.03% and 1% 

sulfuric acid are shown in Figure 4.7. The size of agglomerates formed on cell wall 

surfaces after 0.03% DAP was larger than that observed on surfaces pretreated by 1% 

acid, especially on 0.03%P-135 and 0.03%SG-135 (Figure 4.7). The re-localized lignin 

was assumed to overlay the cell wall surfaces more evenly under high acid concentration 

and thereby reduce the RAPs.
220-221

 Some hemicellulose re-precipitated onto the cell wall 

surfaces under lower acid concentrations was also presumed to reduce the RAPs.
220

  

 

 

  

Figure 4.7 Topography (a-d) and recognition (e-h) images of dilute acid pretreated 

poplar (0.03%P-135 and 1%P-135) and switchgrass (0.03%SG-135 and 1%SG -135) cell 

walls.  
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To further understand the effect of acid concentrations on hemicellulose removal, 

we also removed the surface lignin to see the compositional changes underneath. Figure 

4.8 shows the topography and recognition images of the above pretreated poplar and 

switchgrass cell walls after delignification. In Figure 4.4(j), the exposed crystalline 

cellulose on 0.03%CS- 135 presented some interwoven arrangement, similar to the 

morphology observed on 0.03%SG-135 (Figure 4.8(c)); while the exposed crystalline 

cellulose exhibits a more intact, parallel structure on 0.03% P-135 (Figure 4.8(a)). 

Moreover, less surface components were recognized on 0.03% P-135 (Figure 4.8(e)) than 

on 0.03%SG-135 (Figure 4.7(g)) and 0.03%CS-135 in Figure 4.4(n). Therefore, the 

surface of delignified 0.03%P-135 was expected to be covered by a large amount of 

hemicellulose, denoting a less effective removal of this component. When the cell walls 

of corn stover were previously pretreated with stronger acid, e.g., 1% or 2% acid, a 

denser, more regular crystalline cellulose structure were exposed after delignification 

(Figure 4.4(l)) and the corresponding recognition area also greatly increased (Figure 

4.4(p)). The similar results were also observed on the delignified poplar and switchgrass 

(Figure 4.8(b) and (d)).  

Under higher acid concentrations, the lignin residues were smaller in size but 

covered the cell wall surface more evenly therefore reduced the recognition area and 

RAPs. The RAPs of pretreated poplar decreased from 14.8% (0.03%P-135) to 13.5% 

(1%P-135) and the RAPs of switchgrass decreased from 17.3% of 0.03%SG-135 to 

15.2% of 1%SG-135. 
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Figure 4.8 Topography (a-d) and recognition (e-h) images of delignified, dilute acid 

pretreated poplar (0.03%P-135 and 1%P-135) and switchgrass (0.03%SG-135 and 

1%SG-135) cell walls. 

 

 

It can be clearly seen that the cell wall pretreated with higher acid concentration 

showed a more interwoven morphology, indicating a more efficient removal of 

hemicellulose. The RAPs of delignified cell walls after DAP increased from 29.4% 

(0.03%P-135) to 41.2% (1%P-135) for poplar and increased from 31.1% (0.03%SG-135) 

to 43.8% (1%SG-135) for switchgrass. This result again demonstrated a better effect of 

hemicellulose removal under higher acid concentration. 

Additionally, the cell walls of poplar, switchgrass, and corn stover pretreated by 

2% acid were also characterized and the representative images are shown in Figure 4.9. 

The cell walls of all species pretreated with 2% acid showed well-distributed small lignin 

agglomerates and cross-linking crystalline cellulose morphology after delignification. 

The RAPs of 2%P-135, 2%SG-135 and 2%CS-135 increased from 13.2%, 16.8% and 

16.2% to 41.9%, 42.6% and 47.5%, respectively after delignification. 
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Figure 4.9 Topography (a-f) and recognition (g-l) images of dilute acid pretreated and 

delignified poplar (2%P-135), switchgrass (2%SG-135) and corn stover (2%CS-135) cell 

walls. 

 

 

Similarly, the RAPs of 0.03%CS-135 and 1%CS-135 were determined to be 

19.4% and 15.9%, respectively. The RAPs of 0.03%P-135 and 0.03%SG-135 also 

decreased from 14.8% to 13.5% and 17.3% to 15.2%, respectively when compared with 

1%P-135 and 1%SG-135. The results demonstrated that the RAPs decreased with a 

higher acid concentration which caused more extensive and even lignin coverage by 

smaller lignin droplets and corn stover exhibited better accessibility. After delignification, 

the RAP of 0.03%CS-135 was 35.3% and the RAP of 1%CS-135 became 50.8%. The 

RAPs of delignified poplar and switchgrass also showed the same trend, i.e., the RAPs of 

poplar increased from 29.4% (0.03%P-135) to 41.2% (1%P-135), while the RAPs of 

switchgrass increased from 31.1% (0.03%SG-135) to 43.8% (1%SG-135) (Figure 4.8). 

Hence, compared with 0.03% acid, cell wall pretreatment with 1% acid exhibited 6-12% 

more surface accessibility of crystalline cellulose by dissolving more hemicellulose, 

although the surface lignin was hardly removed. Notably, the polymerization of the 

crystalline cellulose was also affected under the high acid concentration by inducing the 
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decrease of microfibril length as shown in Figure 4.4(d) and (l), therefore more reducing-

ends were supposed to be produced. 

To sum up, the dilute acid pretreatment effectively dissolve hemicellulose but 

showed no pronounced removal of lignin, at least on the outer surface of plant cell wall. 

The plant cell wall was also deconstructed due to removal of hemicellulose and lignin 

after delignification. The corn stover cell wall showed less recalcitrance compared to 

poplar and switchgrass.  

4.3.4 Area type distributions and RAP summary of natural and pretreated plant cell walls 

As an average value, however, RAP cannot tell the differences of surface 

conditions before and after pretreatments. For instance, the RAP of natural corn stover is 

15.2%, which is very close to the RAPs of 1%CS-135 (15.9%) and 2%CS-135 (16.2%). 

However, it doesn’t necessarily mean that the surface component distributions are the 

same. To explore the changes of plant cell wall structures, the number of recognition 

images in each area type was counted and the results were compiled in Figure 4.10. 

The distributions in Figure 4.10(a) clearly manifested that for natural corn stover, 

more than half of the surface structures were defined as type A and B and about one 

fourth of the recognitions images showed the features of type E and F. The crystalline 

cellulose in natural plant cell walls were highly ordered, lacking the favorable position 

for specific CBM binding, therefore the recognized area was quite limited and the RAP 

cannot reach to over 60% as defined in type G. After DAP, over 60% of surface features 

were grouped in type B and C, indicating a slight interruption of lignin coverage and 

higher crystalline cellulose accessibility. Remarkably, for 0.5%CS-135, the majority of 

recognition images located in type C and D, which also gave a much higher RAP value 
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and exhibited a more evenly distributed crystalline cellulose. Similar results could also be 

obtained on poplar and switchgrass. 

 

 

 

Figure 4.10 Area type distributions. (a, b, c) Area type distributions of natural and dilute 

acid pretreated cell wall surfaces of corn stover, poplar and switchgrass; (d, e, f) Area 

type distributions of delignified cell wall surfaces of corn stover, poplar and switchgrass. 

 

 

Figure 4.10(b, c, e and f) reveals diverse distributions of recognition images of 

natural and dilute acid pretreated poplar and switchgrass. Similar to corn stover, for 

natural poplar and switchgrass, more than half of the surface morphologies were located 

in type A and B. After DAP with 0.03%, 0.5%, 1% and 2% dilute acid, the more cell wall 

surfaces showed the features in type C and D. After delignification, the surfaces of dilute 

acid pretreated cell walls showed more features determined as type D through G and the 

majority of recognition images of natural samples were determined as type A though D. 



 

87 

 

After removal of lignin, the image distributions changed evidently as shown in 

Figure 4.10(d, e, f). The area types distributed more widely and more surface features 

were determined as type D through G. For delignified corn stover before DAP, for 

instance, more than half of the images areas revealed features of type C and D, whereas 

the majority of surface features of 0.03%CS-135, 1%CS-135, and 2%CS-135 were 

determined as type D through F. Some areas classified as type G, especially on 2%CS-

135, validated a more effective removal of hemicellulose under higher acid concentration.  

Due to the limitation of high scan speed during imaging, surface roughness and 

unfavorable position of crystalline cellulose for binding, the recognition efficiency and 

accuracy are supposed to have their own limitations.
149, 229

 Therefore, to reflect more 

accurate surface crystalline cellulose distributions, we used Avicel as a control to 

calibrate the RAPs. The RAP of Avicel, a commercial product containing up to 97% of 

microcrystalline cellulose, was measured to be 72.1% (Figure 4.11).  

The surface of Avicel was full covered by short microcrystalline cellulose fibrils 

and over 70% of the surface components were recognized in Figure 4.11(b). More than 

90 recognition images showed the features of type G (with RAP > 60%) as shown in 

Figure 4.11(c). Hence the recognition efficiency was simply defined as 72.1% / 97% = 

74.3%. After calibration, we summarized the new RAPs obtained under different acid 

concentrations at 135 ˚C into Figure 4.11(d). 

Figure 4.11(d) illustrates a direct view of RAPs measured on all biomass species 

under different pretreatment conditions. After DAP, the RAPs of poplar, switchgrass, and 

corn stover increased slightly and reached a highest value when the acid concentration 

was 0.5% and then decreased.  
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Figure 4.11 Recognition area percentage (RAP) calibration and summary. Topography (a) 

and recognition (b) images of pure microcrystalline cellulose (Avicel). The area type 

distribution of Avicel surfaces are shown in (c). (d) RAP summary of natural and 

pretreated poplar, switchgrass, and corn stover cell wall surfaces. 

 

 

At the acid concentration higher than 1%, the surface structure was supposed to 

have less correlation to the acid concentration and no further improvement of RAPs was 
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observed. With 0.5% DAP, the cell wall deconstruction, hemicellulose removal, and 

lignin re-precipitation reached to a balance point so that the crystalline cellulose skeleton 

was exposed to a maximum level with the highest RAP. After delignification, however, 

the RAPs could be correlated to acid concentration up to 2%. When the surface lignin 

droplets were nearly completely removed, the blocking effect was greatly eliminated and 

the cell walls pretreated under higher acid concentrations presented more interrupted 

structures with more binding-favorable positions of crystalline cellulose. A slight 

decrease of RAPs in switchgrass and corn stover pretreated by 2% acid could be 

attributed to a more evident effect of depolymerization of crystalline cellulose, lower 

surface density of surface crystalline cellulose microfibrils due to extensive removal of 

hemicellulose or partial generation and deposition of pseudo-lignin.
230-231

 

In summary, the RAPs after calibration indicated that the increasing acid 

concentration caused more effective removal of hemicellulose on all plant cell wall 

surfaces; meanwhile the surface coverage of re-precipitated lignin droplets reduced 

slightly and then intensified with highest RAP at 0.5% acid. The surface chemical 

components changes were further qualitatively determined by grazing angle attenuated 

total reflectance Fourier transform infrared spectroscopy (ATR-FTIR). The spectra of 

poplar, as an example, indicated a conclusion similar to RAP results (Figure 4.12). 

FTIR measurements were taken with a Nicolet Model 6700 spectrometer (Thermo 

Electron Corporation, Waltham, MA) with a grazing angle attenuated total reflectance 

accessory. Spectra were obtained with 4 cm
-1

 resolution at 64 scans for both the 

background and samples. After drying, the sample was pressed against the Ge 

hemispherical ATR crystal surface by a build-in pressure applicator (Harrick Scientific 
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Products, Inc. Pleasantville, NY). The representative spectra of each poplar sample are 

shown in Figure 4.12 below. 

 

 

 

Figure 4.12 ATR-FTIR spectra of natural, dilute acid pretreated (a) and deliginified (b) 

poplar cell wall surface. 
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In Figure 4.12, the ATR-FTIR spectra show the chemical component changes of 

dilute acid pretreated poplar cell wall surface. The inset from the dashed, grey square 

highlights the surface content changes of hemicellulose and lignin. The dashed, red lines 

highlight the positions of the bands at 1732 cm
-1

 (ascribed to carbonyl group, indicating 

hydrolysis of hemicellulose and cleavage of lignin side chains), 1595 cm
-1 

and 1510 cm
-1 

(ascribed to aromatic skeletal vibrations of lignin).
77, 223, 232

 The spectra showed an 

obvious decrease of hemicellulose and slight decrease of lignin in peaks. For sample 

pretreated by 1% and 2% acid, the surface content of lignin started to slightly increase, 

indicating a possibility of more extensive surface coverage of lignin which agreed with 

the AFM recognition result. 

After delignification, the lignin on the cell wall surface almost disappeared and 

the decrease of hemicellulose under higher acid concentration is more pronounced as 

previously determined by RAP result (Figure 4.12(b)). 

4.3.5 Effect of dilute acid pretreatment under different temperatures 

DAP under high temperatures (130 ˚C-220 ˚C) was considered to highly improve 

plant cell wall deconstruction.
221

 According to Moxley et al.,
220

 cellulose accessibility 

was closely correlated to hemicellulose solubilization at lower pretreatment temperatures; 

at higher temperatures, however, lignin degradation has a better correlation with cellulose 

accessibility. Here we compared the surface structural changes of corn stover and 

switchgrass cell walls pretreated by 0.5% acid at 135 ˚C and 160 ˚C. Figure 4.13(a, c) 

reveal re-deposited lignin droplets on the cell wall surfaces. Notably, the droplet on 

surfaces of 0.5%CS-135 was slightly larger than that on surfaces of 0.5%CS-160. This 
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difference could be attributed to depolymerization and translocation of lignin under 

higher pretreatment temperature.
221

 

 

 

Figure 4.13 Topography and recognition images of corn stover pretreated by 0.5% dilute 

acid at 135 ˚C and 160 ˚C and after delignification. (a-d) Topography images; (e-h) 

recognition images. 0.5%CS-135, corn stover cell wall pretreated by 0.5% sulfuric acid at 

135 ˚C; 0.5%CS-160, corn stover cell wall pretreated by 0.5% sulfuric acid at 160 ˚C. 

 

 

After delignification, the deconstructed cell wall surfaces were fully exposed with 

features of parallel and interwoven crystalline cellulose. As shown in Figure 4.13(b, d) 

and Figure 4.14, the crystalline cellulose microfibrils on surfaces of 0.5%CS-160 and 

0.5% SG-160 were better separated than those on surfaces of 0.5%CS-135 and 0.5%SG-

135, depicting a more in-depth and delicate removal of hemicellulose among individual 

cellulose microfibrils.  

The topography and recognition images of switchgrass pretreated by 0.5% acid 

under 135 ˚C and 160 ˚C are shown in Figure 4.14. Similar to corn stover, the re-
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precipitated lignin agglomerates on surface of dilute acid pretreated switchgrass 

decreased under higher reaction temperature and the RAPs also increased slightly from 

27.5% to 28.5% (after calibration, the same for the following RAPs). After removal of 

lignin, the crystalline cellulose underneath showed more fine structure and was better 

separated under higher pretreatment temperature with the increase of RAP from 44.5% to 

47.8%. 

 

 

 

Figure 4.14 Topography (a-d) and recognition (e-h) images of switchgrass pretreated by 

0.5% dilute acid at 135 ˚C and 160 ˚C and after delignification (0.5%SG-135 and 

0.5%SG-160). 

 

 

The recognition signals in Figure 4.13(h) also showed more delicate distribution 

compared with that in Figure 4.13(f). On the other hand, 0.5%SG-135 and 0.5%CS-135 

showed the RAPs of 27.5% and 37.6%, respectively (after calibration, the same for the 

following RAPs). These values were slightly lower than the RAPs of 0.5%SG-160 
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(28.5%) and 0.5%CS-160 (39.9%). Corn stover cell walls again seemed to be more 

sensitive to higher temperature. Accordingly, the RAPs of delignified 0.5% SG-135 and 

0.5%CS-135 were measured to be 44.5% and 57.3%, respectively, lower than the RAPs 

of 0.5%SG-160 (47.8%) and 0.5%CS-160 (61.1%) respectively. Therefore, DAP under 

higher temperature revealed a higher efficiency in plant cell wall deconstruction, 

especially for corn stover. 

4.4 Conclusions 

Based on AFM recognition imaging and area percentage calculations, the results 

showed that 17-20% of plant cell wall surfaces were covered by crystalline cellulose 

before pretreatment. This coverage increased to 23-38% after dilute acid pretreatment 

under different temperature and acid concentrations. When the plant cell walls were 

pretreated with 0.5% sulfuric acid, the crystalline cellulose surface distribution of 23% on 

poplar, 28% on switchgrass, and 38% on corn stover was determined as an optimized 

result at 135 ˚C. Compared to bulk component analysis, this method exhibits pronounced 

advantages in providing detailed surface information of plant cell walls. 
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CHAPTER 5 

BINDING KINETICS OF CBM WITH CRYSTALLINE CELLULOSE UNDER AN 

OPTIMIZED CONDITION 

5.1 Introduction 

The CBM binding can guide the movement of intact cellulase molecules on cellulose 

surface; hence the binding equilibrium is important for understanding hydrolysis process. 

In the intact cellulolytic enzyme molecule, CBM has been presumed to be responsible for 

the apparently irreversible binding, rather than the catalytic domain.
13, 233

 The adsorption 

of CBMs is therefore required to be fully understood and well-controlled.
234

 
 

In the past decades, bulk experimental measurements quantitatively revealed a 

wide range of affinities of different CBMs binding to various cellulose substrates under a 

series of temperature.
139, 141, 235-238

 In 1996, Linder and Teeri studied the kinetics of 

binding of the CBM from Trichoderma reesei cellobiohydrolase I on microcrystalline 

cellulose based on binding isotherm data.
234

 In this work, free CBM molecules (100 µL, 

20 µM) were incubated with the same volume of bacterial microcrystalline cellulose (2 

mg/mL) for 3 h. Binding affinity of the CBM was found to increase at lower temperatures. 

The exchange rate measured for the CBM-cellulose interaction compared well with the 

hydrolysis rate of cellobiohydrolase I with koff = 0.012 ± 0.0025 s
-1

 at 22 ˚C. McLean and 

co-workers extended the CBM species and cellulose substrates in 2002 to identify the 

specificities of different CBMs to different cellulose structures by competition isotherms 

and fluorescent labeling.
142

 The adsorption isotherms were obtained by incubating 2-20 
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µM of competing fluorescence-labeled CBM species with cellulose substrates (1 mg/mL) 

for 3 h at 4 ˚C. The surface and solution concentrations of each CBM were monitored as 

a function of time and composition. A very fine binding specificity of cellulose-specific 

CBMs was determined down to the resolution of cellulose microstructures. This research 

provided a comprehensive understanding of how an enormous number of CBM 

molecules from different enzyme species bound to the carbohydrate substrates 

competitively and the specificity of each CBM was quantitatively determined. However, 

the complicated labeling procedure and averaged kinetic values made the measurement of 

binding efficiency down to the single CBM molecule impossible. 

In this project, we studied the binding process of the CBM-cellulose interaction 

on extracted crystalline cellulose of poplar monitored by AFM topography and 

recognition images. CBM3a molecules were used for both AFM tip functionalization and 

free CBM molecule binding under a series of concentrations. We also observed the 

distribution of bound CBMs on cellulose sample surface and determined the binding 

kinetics by a single-molecule kinetics model, which is based on counting the surface 

concentrations of CBM3a-cellulose complexes along the reaction time. Consequently, a 

minimal effective initial concentration of CBM3a was determined at a comparatively 

short reaction time using this kinetics model.
239

 

5.2 Experiments 

5.2.1 Preparation of extracted plant cell wall cellulose and AFM sample 

The extraction of crystalline cellulose fibrils were depicted in Chapter 3.
119, 196

 To 

prepare the AFM sample for recognition imaging and binding sites calculation, the 
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extracted poplar suspension (0.1% wt, 20 μL) was dropped onto the cleaned glass surface. 

After 20 min, the glass surface was washed by 200 μL purified water five times to 

remove extra cellulose that had weak adsorption to glass. Finally, the air-dried glass chip 

was fixed into an AFM flow cell and then filled with 0.4 mL Tris-Cl buffer (10 mM Tris-

Cl and 150 mM NaCl, pH=7.5) for recognition imaging and binding site calculation. 

5.2.2 AFM experimental setup 

The PicoPlus system combined with an Agilent 5500 Controller was used in this 

work. After obtaining repeatable AFM images of extracted crystalline cellulose within 

the same scanned area, the CBM3a solution in 100 μL Tris-Cl buffer was gently injected 

into the flow cell. The CBM3a concentrations used in this work were 3.38 μM, 2.37 μM, 

1.20 μM, 0.5 μM, 0.3 μM, 0.2 μM, and 0.1 μM. The binding process of CBM3a onto 

crystalline cellulose was then monitored in the following 3-8 h. 

5.2.3 Binding sites calculation by AFM recognition imaging 

Under each CBM3a concentration, the binding experiment was repeated 3 times. 

The binding sites were calculated in a 300 nm × 300 nm scanned area, and 5 randomly 

selected locations on sample surface were used to obtain the images with the same scan 

size in order to obtain averaged results. The functionalized AFM tip was set at a scanning 

speed of 6 µm/s. AFM recognition images have been used to calculated the RAP in our 

previous work.
196, 226

 To study the kinetics of CBM3a binding process, the numbers (or 

concentrations) of available binding sites on cellulose sample surface were counted from 

individual binding site, which was estimated as 5 nm in width with 5-8 nm interval along 

a single crystalline cellulose fibril.
181

 Both the total binding sites at the beginning of 
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reaction and the unoccupied binding sites after a certain reaction time (which were 

converted into the numbers of formed CBM-cellulose complex) were calculated from the 

AFM images with 300 nm × 300 nm scanned area. 

5.3 Results and discussions 

5.3.1 Binding of CBM3a to crystalline cellulose 

The schematics of CBM3a gradually binding to crystalline cellulose is shown in 

Figure 5.1. The CBM3a molecule functionalized on the AFM tip was induced to interact 

with the crystalline cellulose on substrate during scanning. A series of recognition signals 

could be generated at the supposed binding sites along each crystalline cellulose fibril. 

The binding kinetics study was based on the initial concentrations of free CBM3a, the 

number of estimated available or initial binding sites on cellulose surface at the beginning 

of reaction, and the time-dependent formation of CBM-cellulose complex along the 

binding reaction course (Figure 5.1). The number of estimated binding sites was defined 

as the total number of binding sites located on the entire crystalline cellulose sample 

surface (300 nm × 300 nm scanned area). The interval between two adjacent binding sites 

was measured to be 5 to 8 nm.
181

  

The crystalline cellulose surface with and without CBM binding was illustrated 

by AFM topography (Figure 5.2(a, b)) and recognition (Figure 5.2(c, d)) images. After 

injecting the CBM3a solution, the binding sites were gradually blocked by the free CBM 

molecules in solution; therefore, the number of available binding sites decreased. When 

coverage of the CBM3a molecules on the crystalline cellulose surface became saturated, 

most binding sites were blocked. 
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Figure 5.1 Schematics of blocking of binding sites on crystalline cellulose after injection 

of free CBM3a molecules. 
 

 

The number (or concentration) of the CBM3a-crystalline cellulose complexes 

could be calculated by subtracting the number (or concentration) of un-blocked binding 

sites (Figure5.2(h)) from the total number of estimated available (initial) binding sites 

(Figure 5.2(g)). Therefore, the number of bound CBM3a-crystalline cellulose complexes 

was estimated to be 15 -20 along a 200 nm fibril. 

A representative crystalline cellulose fibril of diameter 20-25 nm was labeled by a 

white line along the axis. The cross-section along the white line was analyzed to show the 

difference of the surface morphology before and after CBM binding (Figure 5.2(e-h)). 

Before injecting the CBM3a solution, the surface of cellulose was comparatively rough 

with numerous binding sites available, as labeled by red dashed lines with the intervals of 

5-15 nm in Figure 5.2(g). At 180 min after injection of 3.38 µM of CBM3a, more small 

features appeared on the surface of cellulose fibril, which were supposed to be individual 

CBM3a molecules aligning along the cellulose fibrils. Therefore, the number of binding 
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sites greatly decreased (less red dashed lines in Figure 5.2(h)), indicating the blocking of 

binding sites by free CBM molecules. The blue boxes in Figure 5.2(g) and (h) highlight 

the details of the change in binding sites between 0 min and 180 min within a distance of 

200 nm on cellulose fibril surface. Base on the observation of 15 crystalline cellulose 

fibrils, the average blockage ratio of the binding sites at 180 min was around 70-80% 

under this relatively high CBM concentration of 3.38 µM. 

 

 

 

Figure 5.2 In-situ AFM recognition imaging of cellulose microfibrils and binding site 

analysis. (a, b) Topography and (c, d) recognition images of crystalline cellulose fibril 

before (0 min) and after (180 min) presence of free CBM molecules (3.38 µM). The 

white lines label the topography (e, f) and recognition (g, h) cross-section of a single 

cellulose fibril. The red, dashed lines highlighted the individual binding sites before and 

after the blocking by free CBM molecules. The blue boxes indicate the differences of 

binding sites at 0 min and 180 min on a certain location of that cellulose fibril. 
 

 

To reveal the details of CBM binding process and the changes of cellulose surface 

morphology along the reaction time, a series of AFM topography and recognition images 

were collected with the initial CBM3a concentration of 0.2 µM, as an example. Figure 

5.3 shows the images obtained at 0 min, 30 min, 120 min, and 300 min after injection of 
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CBM3a solution. The cellulose surface morphology and the change of the binding sites 

were also revealed by cross-section analysis. 

 

 

 

Figure 5.3 Timeline of CBM3a binding to crystalline cellulose. (a-d) Topography images; 

(e-h) recognition images; (i-l) cross-sections of topography images along the white lines; 

(m-p) cross-sections of recognition images along the white lines. Some representative 

binding sites are label with dashed red lines. 
 

 

With the presence of CBM3a molecules, the surface of each crystalline cellulose 

fibril was gradually covered by CBM (Figure 5.3(a-d)). Simultaneously, more and more 

small features appeared along the cellulose fibril (Figure 5.3(a-d)). About 20 small 

“bumps” with the diameter of ~5 nm were observed at 300 min along the fibril labeled by 
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the white line, suggesting the regular alignment of CBM3a molecules (Figure 5.3(i-l)). 

Besides, the number of representative binding sites decreased from about 22 to 9 after 

300 min reaction (Figure 5.3(e-h) and (m-p)), indicating a weaker and nonspecific 

interaction between the CBM3a on AFM tip and cellulose due to blocking of binding 

sites. Different from the results with the higher CBM concentration, the average blockage 

of binding sites reduced to 60-70% after saturated binding at 300 min under this lower 

concentration of CBMs. 

Different from bulk experiment, we were able to directly observe the time-

dependent alignment of individual CBM3a molecule along a single cellulose fibril at a 

smaller scale in AFM images (Figure 5.4). In topography images (Figure 5.4(a-d)), the 

morphology of the cellulose fibril kept changing and a highly regular pattern was finally 

observed along the fibril after 300 min, indicating the binding of increasing number of 

CBM molecules onto cellulose as indicated by the blue arrows. The recognition images 

(Figure 5.4(e-h)) showed a clearer trend of decreasing number of binding sites 

(highlighted by white dashed circles) due to the surface coverage of free CBM molecules. 

The 3D images (Figure 5.4(i-l)) also provided the binding and alignment details 

of individual CBM molecule along cellulose fibril. After 120 min reaction, the CBM 

molecules on cellulose fibril began to show a regular pattern until the formation of a 

well-arranged alignment of nine “bumps” at 300 min (indicated by blue arrows in Figure 

5.4(b-d) and (j-l)). Notably, the changes of the surface morphology and binding sites 

were significant during the first 120 min, but ones between 120 min and 300 min were 

not pronounced. This difference implied that the CBM-cellulose binding happened faster 

in the first 1 to 2 h then slowed down until saturation. 
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Figure 5.4 AFM topography (a-d), recognition (e-h) and 3D (i-l) images of CBM3a-

cellulose binding at a smaller scale. The blue arrows in (b-d) and (j-l) indicate the 

regularly aligned CBM3a molecules binding on a crystalline cellulose fibril from 0 min 

to 300 min. The binding sites are labeled by white, dashed circles. 

 

 

The same situation was also found in Figure 5.3(k, l, o and p). The above 

observations provided important information of the binding behavior of CBM3a molecule. 

The binding efficiencies of CBM at different stages of time could lead to a more 

profound insight into the enzymatic hydrolysis process. 

5.3.2 Binding kinetics study and determination of minimal effective initial concentration 

To quantitatively determine the binding process of CBM3a to cellulose, we also 

studied the reaction kinetics of CBM3a-cellulose interaction. The CBM3a binding 
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reaction mechanism was based on a 1:1 single-molecule surface reaction model for the 

CBM3a and cellulose molecules. The CBM3a-cellulose interaction process can be 

expressed as follows:
173

 

)(complex  binding)( cellulose)( CBM3a
off

on MC
k

k
CM        Equation 5.1 

Here, M is the concentration of injected CBM3a molecules; C is the concentration of 

estimated initial binding sites on the cellulose surface; MC is the concentration of 

CBM3a-cellulose binding complex at time t on the sample surface. The calculations of C 

and MC were described in detail in Table 5.1. The initial concentration of CBM3a (M0) 

was considered constant during the entire reaction course if excess of CBM3a molecules 

were added, compared to the relatively small concentration of cellulose (C0) on the 

substrate surface. 

The average counts and concentrations of binding sites and bound CBM-cellulose 

complexes of a full 300 nm × 300 nm scanned area are summarized in Table 5.1. 

 

Table 5.1 The average counts and concentrations of available binding sites and bound 

CBM-cellulose complexes at different reaction time. The average number of initial 

binding sites is 180 on a 300 nm × 300 nm scanned area. 

Time 

(min) 

Counts of available 

binding sites 
C (M) 

Counts of bound CBM-

cellulose complexes 
MC (M) 

0 180 4.6644 E
-9

 0 0 

30 157 4.0684 E
-9

 23 5.9601 E
-10

 

120 109 2.8245 E
-9

 71 1.8399 E
-9

 

300 74 1.9176 E
-9

 106 2.7468 E
-9

 

 

After the initial binding sites on cellulose in the scanned area were blocked by 

CBM3a molecules and reached to a saturation state, MC(t) became a constant value 

MC(∞) (Equation 5.2 and 5.3).  
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The classic reaction rate can be expressed as follows: 

)()(
d

d
off00on tMCkMMCCk

t

MC
      Equation 5.2 

Here MC(t) is the concentration of binding complex at time t on sample surface, C0 is the 

initial concentration of cellulose on sample surface. The initial concentration of CBM3a 

(M0) can be considered as constant during entire reaction curse if excess of CBM3a 

molecules were added compared to the relatively small number of cellulose molecules 

(C0) on sample surface.
173

 Therefore, the concentration of binding complex MC(t) can be 

solved as 

]1[)(
)(

off0on

00on off0on tkMk
e

kMk

CMk
tMC





              Equation 5.3 

Here M0 was determined at the beginning of reaction, MC(t) values were obtained by 

counting the numbers of binding molecules from the AFM images along reaction time. 

With the dissociation constant koff estimated by the Bell’s model from single-

molecule unbinding force measurements,
177, 196

 the on rate kon could also be determined 

from the relationship below (Equation 5.4): 

)]([

)(

00

off

on





MCCM

kMC
k                                     Equation 5.4 

Here, both the initial binding sites on cellulose molecules C0 and the final binding 

complex MC(∞) were counted based on the AFM images. With the koff value estimated 

from single-molecule unbinding force measurements,
196

 the dissociation constant kd value 

was also calculated from the kon and koff (Equation 5.5): 

                                                           
on

off

d
k

k
k                                                  Equation 5.5 
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To better understand the specific process of CBM3a-cellulose interactions, seven 

different M0 values (3.38 µM, 2.37 µM, 1.20 µM, 0.5 µM, 0.3 µM, 0.2 µM and 0.1 µM) 

were used to obtain the real-time reaction curve. The fitting curves based on Equation 5.2 

were compared with their corresponding experimental data points (Figure 5.5). Here, the 

CBM3a concentrations were converted from the numbers of molecules counted in each 

AFM image along reaction time t. The saturation time t(0.99) was defined as the reaction 

time when the concentration of occupied binding sites is 99% of the maximum bound 

CBM3a concentration at the end of reaction (see the fitting curves in Figure 5.5).  

 

 

Figure 5.5 CBM3a against reaction time plots for different initial concentrations of 

CBM3a (M0). t(0.99) is the saturation time when the concentration of occupied binding sites 

is 99% of the maximum bound CBM3a concentration at the end of reaction. 

 

The value of t(0.99) at each concentration was calculated from its corresponding 

fitting curve, and highlighted as cross marks on the fitting curve of each M0 concentration 

in Figure 5.5. The kd values also depended on the M0 concentrations. When M0 increased, 

both MC(∞) and kd increased in the binding process (Table 5.2). 
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Table 5.2 The calculations of kd values from koff and kon at different initial concentrations 

of CBM (M0). 

M0 

(μM) 
3.38 2.37 1.20 0.50 0.30 0.20 0.10 

kon(s
-

1 
M

-1
) 

1.68×10
4
 2.18×10

4
 2.97×10

4
 4.97×10

4
 5.88×10

4
 7.37×10

4
 12.73×10

4
 

koff  

(s
-1

) 
0.0089 0.0089 0.0089 0.0089 0.0089 0.0089 0.0089 

kd 

(μM) 
0.53 0.41 0.31 0.20 0.15 0.12 0.07 

 

 

Both M0 and t showed the exponential relationships with the binding complex 

concentration MC (Equation 5.6). According to Equation 5.4, the relationships among 

MC(t), M0, and t were complicated and deserve more study. Because the values of kon, M0 

were always larger than the koff values,
196

  the koff term was ignored from Equation 5.4, 

and the simplified equation is: 

)1()( 0on

0
tMk

eCtMC


                               Equation 5.6 

Therefore, both M0 and t showed the exponential relationships with the binding 

complex concentration MC(t). 

Then the relationship between M0 and t can be expressed as 

                                         
0on

)99.0(0

)99.0(

]ln[

Mk

MCC
t


                                       Equation 5.7 

Here MC(0.99) represents the saturation binding complex concentration at saturation time 

t(0.99). The plots of t(0.99) against M0 are shown below in Figure 5.6. The saturation time 

significantly decreased when initial CBM3a concentration increased. According to 

Equation 5.7, the initial CBM3a concentration M0 and saturation time t(0.99) had a simple 
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reciprocal relationship if the change of saturation complex concentration, the MC value at 

t(0.99), could be neglected. 

According to the work of Lee et al., the values of koff, kon, and kd obtained from 

the force spectroscopy approach (force measurements of koff based on Bell’s model and 

subsequent application of Equation 5.3 to solve only kon from recognition images) 

differed by a best fit of the entirety of the competitive inhibition data.
173

 The distribution 

was not expected to be homogeneous due to non-ideal mixing of the injected solution. 

Therefore, the binding rate was assumed to lag behind the estimation in Equation 5.3 

under an ideal-mixing condition. This was also confirmed by Equation 5.3 with koff 

determined from force spectroscopy. Thereby, the binding kinetics could be determined 

more realistically using force spectroscopy in real experiments. 

Figure 5.6 showed the plot of t(0.99) against M0 and the trend of these data points 

was very close to a reciprocal relationship. However, when M0 decreased in the 

experiments, the value of saturation complex concentration (marked as brown cross for 

each M0 value in Figure 5.5) gradually decreased. Therefore, the saturation time t(0.99) was 

determined by both initial CBM3a concentration M0 and measured complex 

concentration MC(0.99). Strictly speaking, the relationship between t(0.99) and M0 was more 

complex than a highly simplified reciprocal fitting curve.  

In the experimental analysis, we aimed to obtain a minimal effective initial 

CBM3a concentration M0 so that the binding reaction could reach saturation with a 

reasonable t(0.99). Here, linear fittings were used for the four data points in the left part and 

three data points in the right part of Figure 5.6. The intersection of these two fitting line 

showed the minimal effective initial CBM3a concentration and its corresponding 
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saturation time t(0.99). Based on this estimation, the initial CBM3a concentration should be 

5.1×10
-7

 M and the saturation time will be 17200 second or 287 min. If the purpose was 

to obtain shorter saturation time, further increasing of CBM3a initial concentration would 

not be efficient any more. On the other hand, the CBM3a initial concentrations lower 

than 5.1×10
-7

 M would dramatically increase the reaction time to reach binding saturation 

on the cellulose surface. The 5.1×10
-7

 M should be an economic value for the CBM3a-

cellulose surface binding reaction. 

 

 

 

Figure 5.6 Plot of t(0.99) against a series of M0. Data-points determined by low M0 and 

high t(0.99) are fitted by blue line and data-points determined by high M0 and low t(0.99) are 

fitted by red line. Trend of the changes of t(0.99) is guided by the dashed black line. The 

point near intersection indicates the minimal effective initial concentration of M0 (around 

5.1×10
-7

 M). 

 

 

Other literature reported the reaction times of CBM3a-cellulose interaction with 

various criteria and methods.
48, 240

 For instance, Goldstein and co-workers reported that a 
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plateau value of 1.2 µM complex was attained by 60 min with 2 µM CBM incubated with 

1 mg/mL Avicel.
236

 Besides, the measured complex concentration dropped to around half 

of the maximum value after prolonged incubation of 18 h. This was assumed to be caused 

by gradual denaturation of the CBMs or by disrupted cellulose surface during non-

hydrolytic processes according to Din et al.
241

 Our single-molecule measurements 

provided important information about the reaction process as well as time at the 

nanometer scale. It is well known that the binding kinetics can differ widely among 

cellulose sample preparations, surface immobilizations, reaction temperatures, and so 

forth. Thus the very close agreement between bulk experiment and single molecule 

measurement was not expected in this study. In our work, we used small CBM molecules 

to study only the binding process and kinetics of CBM-cellulose interaction. When a 

larger enzyme molecule is used, a different and more complex hydrolysis process is 

expected to be observed with different binding sites distribution and changes of counts in 

a time course. 

5.4 Conclusions 

The free CBM3a molecules of different concentrations were observed to bind to 

crystalline cellulose efficiently and regularly, especially in the first 120 min. Single-

molecule kinetics revealed the detailed relationships among the real-time CBM3a 

concentration on cellulose surface, reaction time, and initial CBM3a concentration in 

solution. The saturation time when the concentration of occupied binding sites is 99% of 

the maximum bound CBM3a concentration, t(0.99), was determined by the AFM 

recognition images and kinetic model we used in this study. The minimal effective initial 

CBM3a concentration was found to be 5.1×10
-7

 M at a comparatively short reaction time 
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of 287 min when the reaction time and initial CBM3a concentration were considered as 

critical conditions in the experiments. The single-molecule kinetics used in this study was 

based on large amounts of AFM experimental results and can guide the future 

experiments on similar reaction systems. 
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CHAPTER 6 

SUMMARY AND OUTLOOK 

6.1 Summary 

The binding of CBM to cellulose plays an important role in plant cell wall 

degradation by cellulolytic enzymes. Different from the information provided by bulk 

experiments, the above studies provided new information on binding kinetics of CBM 

binding to crystalline cellulose down to the single molecule level by AFM recognition 

imaging and dynamic force spectroscopy. 

a. Binding of CBM3a to natural crystalline cellulose was visualized and 

measured at single molecule level by in situ real-time AFM imaging and 

SMDFS. The GNP-CBM3a complexes bound to the cellulose surface, closely 

aligning along the cellulose fibril axis. The unbinding force was measured to 

be 44.96 ± 18.80 pN under a loading rate of 67.2 nN/s. The binding of 

CBM3a to crystalline cellulose was determined to be specific and fast. 

b. The binding efficiency of both CBM3a and CBM2a to cellulose was 

determined by the recognition area percentage (RAP) on the crystalline 

cellulose fibrils surface using AFM recognition imaging. Some important 

dynamic and kinetic parameters, namely the unbinding forces, reconstructed 

free energy change, energy barrier and bond lifetime constant, were quantified 

using SMDFS, which illuminated the affinities of CBMs binding to natural 

and single cellulose surface from a totally different aspect. 
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c. The structural changes, specifically on crystalline cellulose, of natural, dilute 

sulfuric acid pretreated and delignified cell wall surfaces of poplar, 

switchgrass, and corn stover were determined using AFM recognition imaging. 

The surface structural changes were studied at single molecule level based on 

the RAP of exposed crystalline cellulose over the imaged cell wall surface. 

The results showed that the cell wall surface crystalline cellulose coverage 

increased from 17-20% to 18-40% after dilute acid pretreatment at 135 ˚C 

under different acid concentrations and reached to 40-70% after 

delignification. Corn stover cell walls also showed less recalcitrance due to 

more effective pretreatments and delignification compared to poplar and 

switchgrass. The optimal acid concentration was determined to be 0.5% acid 

at 135 ˚C, especially for corn stover. This study provides a better 

understanding of surface structural changes after pretreatment such as lignin 

relocation, re-precipitation, and crystalline cellulose distribution, and can lead 

to potential improvements of biomass pretreatment. 

d. The CBM molecules with different concentrations were observed to bind to 

cellulose efficiently and regularly, especially in the first 60-120 min. The 

saturation time t(0.99), when the concentration of occupied binding sites is 99% 

of the maximum bound CBM3a concentration at the end of reaction, was 

determined by fitting different concentrations of CBM3a against reaction time. 

The minimal effective initial CBM3a concentration was estimated to be 

5.1×10
-7

 M at 287 min reaction time.  
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To summarize, the overall studies successfully determined the binding kinetics of 

CBMs on crystalline cellulose, as well as the structural changes of plant cell wall surface 

before and after pretreatment at single molecule level. The in-depth understanding of the 

binding mechanisms of the CBM-cellulose interactions may pave the way for more 

efficient plant cell wall degradation and eventually facilitate biofuel production. This 

research also provides a radical method for the study of single-molecule affinity between 

CBM and cellulose that is critical to the engineering of novel cellulolytic enzymes. 

6.2 Outlook 

Investigating the binding behavior of specific CBM with known properties may 

improve understanding of the mechanism of enzyme-plant cell wall interaction.  

a. This approach can be applied to study the intricate architecture, especially the 

surface morphology of the plant cell walls; meanwhile dissect the major 

components and their distribution in the plant cell walls. For instance, CBMs 

of different types and/or from different families which target amorphous 

cellulose or hemicellulose, have the capacity of mapping the distribution and 

content of the above carbohydrates on the plant cell walls. Determination of 

the binding specificity can be extended down to the fine microstructures, 

especially the linkage of cellulose to other non-carbohydrates components, 

such as lignin. Besides, the structure and component changes between the 

plant cell walls pretreated by different chemicals or procedures can be 

quantitatively compared by AFM recognition imaging as well.  

b. The mechanisms of enzymatic hydrolysis of the plant cell walls can also be 

determined at single-molecule level by AFM recognition imaging and 
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SMDFS. The morphology of the plant cell wall surface and the structure and 

size of the enzymes in combination greatly affect the hydrolysis efficiency. In 

most cases, the specificity of the CBMs reflects the specificity of the catalytic 

modules, and this can be verified in the more complex hydrolysis procedure 

by the intact enzyme molecule. Specifically, the binding sites and hydrolysis 

kinetics of the intact enzyme molecule different in sizes can be quantified on 

diverse cell wall surfaces, and the results can be compared with that of CBM 

or catalytic modules only. Therefore, how the CBM targeting affect the 

substrate coverage by intact enzymes as well as the cellulose degradation 

efficiency is expected to be addressed. 

c. The structural changes during plant cell wall expansion or disassembly may 

also be monitored at single-molecule level. For example, expansin from a 

distinct CBM family is a specific protein conducting expansion activity in the 

plant cell walls. As one of the cell wall proteins, expansin takes part in the 

plant cell wall loosening during plant growth, and also in the softening of 

fruits.
242

 It has proved to induce non-hydrolytic activity on plant cell wall 

polysaccharides, e.g., between cellulose and xyloglucans, and break the H 

bonding among the polymer network to loosen and elongate the plant cell 

walls.
243

 The reversible binding activity of single expansin molecule along the 

wrapped cellulose fibrils can be monitored to look into the deformation or 

disassembly of interwoven polysaccharides. Therefore, the mechanisms of 

plant cell wall expansion can be further understood based on the changes of 

microstructure of the plant cell walls. 
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