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ABSTRACT OF THESIS 

QUARTZ CRYSTAL MICROBALANCE INVESTIGATION OF CELLULOSOME 
ACTIVITY FROM CLOSTRIDIUM THERMOCELLUM ON MODEL 

CELLULOSE FILMS 
 

The cost of deconstructing cellulose into soluble sugars is a key impediment to the 
commercial production of lignocellulosic biofuels. The use of the quartz crystal 
microbalance (QCM) to investigate reaction variables critical to enzymatic cellulose 
hydrolysis is investigated here, extending previous studies of fungal cellulase activity 
for the first time to whole cell cellulases. Specifically, the activity of the cellulases of 
Clostridium thermocellum, which are in the form of cellulosomes, was investigated. To 
clearly differentiate the activity of free cellulosome and cell-bound cellulosome, the 
distribution of free cellulosome and cell-bound cellulosome in crude cell broth at 
different growth stages of C. thermocellum (ATCC 27405) was quantified. Throughout 
growth, greater than 70% of the cellulosome in the crude cell broth was unattached to 
the cell. The frequency response of the QCM was shown to capture adsorption and 
hydrolysis of amorphous cellulose films by the whole-cell cellulases. Further, both 
crude cell broth and free cellulosomes were found to have similar inhibition pattern 
(within 0 - 10 g/L cellobiose). Thus, kinetic models developed for the cell-free 
cellulosomes, which allow for more accurate interfacial adsorption analysis by QCM 
than their cell-attached counterparts, may provide insight into hydrolysis events in both 
systems.   
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  CHAPTER ONE 

 Introduction 

  

Biofuel production from lignocellulose 

Biofuels and biomass-derived commodity chemicals are renewable alternatives to 

fossil fuels. The development of low-cost and sustainable biorefinery technologies is 

the key factor in the further utilization of these biofuels. In this context, lignocellulose, 

the most abundant, sustainable and relatively low cost plant biomass in nature, is the 

most attractive feedstock for biofuel production. However, compared to biochemical 

production from soluble carbohydrates (i.e., sugar cane (sugar) and corn (starch)), the 

structure of lignocellulose makes the production of lignocellulosic biofuel more 

complicated.  

 In typical lignocellulosic biomass (Fig.1.1), cellulose, which is a long chain 

crystalline polymer that comprises glucose monomers, is the main structural constituent. 

Glucose molecules are linked  by ß-1,4-glycosidic linkages and the polymer chains are 

joined together by hydrogen bonds, resulting in highly organized cellulose fibers 

(Kumar et al. 2009). This cellulose macrofibril is then wrapped by hemicellulose and 

lignin, forming cell walls to protect plants from outside attack. Most naturally occurring 

cellulose is crystalline, which is difficult to hydrolyze. Only about 1% of cellulose is in 

amorphous form, which is easier to decompose (Ruel et al. 2012). Unlike crystalline 

cellulose, which is an unbranched polymeric chain comprising a single type of 

monomer, hemicellulose is a highly branched amorphous polymer which contains 

various sugar monomers, with xylose, arabinose, mannose as the main components 

(Kumar et al. 2009, Rubin 2008, Jorgensen et al. 2007). Glucose and xylose are the 

most and second most abundant carbohydrate sugar in lignocellulosic biomass 

respectively, which are the essential for lignocellulosic fuel production (Zhang and 

Geng 2012). The amorphous structure and short branch chains makes hemicellulose 

easily decomposed by chemicals or enzymes. Meanwhile, lignin is most nondegradable 

component in lignocellulose. Lignin is across-linked polymer consisting of three 

alcohol monomers: p-coumaryl alcohol, coniferyl alcohol and sinapyl alcohol. The 

lignin content varies from plant species, which can range between 15% and 36% on the 

lignocellulosic biomass on a dry basis (Campbell and Sederoff 1996). 
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Figure 1.1 Structure of lignocellulose. The figure is adapted from Kumar et al. 

(2009). 

A lignocellulosic biofuel production process using biochemical pathways (Fig.1.2) 

includes: pretreatment, hydrolysis, fermentation and purification. As mentioned before, 

hemicellulose and lignin are covalently linked and cover cellulose, which makes 

cellulose inaccessible to acid hydrolysis or enzymatic hydrolysis (using cellulases). 

Thus, pretreatment is the first and key step in lignocellulosic biofuel production. The 

main purpose of pretreatment is to remove the lignin and hemicellulose to make 

cellulose more accessible to enzymes or acid and improve hydrolysis efficiency. 

Pretreatment methods include physical (milling and grinding), physicochemical (steam 

pretreatment/autohydrolysis, hydrothermolysis, and wet oxidation), and chemical 

(alkali, dilute acid, oxidizing agents, and organic solvents) processes (Taherzadeh and 

Karimi 2007).  

After pretreatment, the exposed cellulose is decomposed into glucose by enzymes 

or acid, which break up the ß-1, 4-glycosidic linkages. Glucose is then fermented into 

biofuels by microorganisms. Biofuels of high purity can be recovered from the 

fermentation broth in purification processes, such as distillation and adsorption (Kumar 

et al. 2009). 
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Figure 1.2 Schematic of lignocellulosic biofuel production. The figure is adapted 

from Taherzadeh and Karimi (2007). 

Despite the potential of lignocellulosic biofuels, the high cost of pretreatment and 

low efficiency of enzymatic hydrolysis still remain as the key impediment for 

industrializing this process (Rubin 2008, Ding et al. 2012). Efficient pretreatment 

removes lignin and hemicellulose, improving cellulose accessibility (Taherzadeh and 

Karimi 2007). Furthermore, the crystallinity of cellulose is reduced after pretreatment, 

which makes cellulose more amenable to hydrolysis (Himmel, Ding et al. 2007). Also, 

the surface area and porosity of cellulose are improved by effective pretreatment, 

providing more active site for cellulases (Yang, Dai et al. 2011). The selected 

pretreatment method should depend on the plant types (different lignin content) and 

hydrolysis process(Chang et al. 2001). Improving pretreatment efficiency to enhance 

the conversion of cellulose is an active area of research. 

 A promising technology for low cost and high yield biofuel production is 

“consolidated bioprocessing” (CBP), which combines the enzyme production, 

lignocellulose hydrolysis and microbial sugar fermentation in a single process (Lynd et 

al. 2005). However, no single existing microorganism has been found to efficiently 

hydrolyze cellulose to soluble sugars and simultaneously ferment these soluble sugars 

(Xu, Singh et al. 2009). A promising microorganism is Clostridium thermocellum, 

which is both cellulolytic and ethanologenic (Xu et al. 2010). However, the application 

of C.thermocellum is limited since the optimal reaction conditions (with respect to 

temperature and pH, for example) differs for cellulose hydrolysis and fermentation 

processes (Jorgensen et al. 2007).  Also, the fermentation product (ethanol) can be toxic 

to the microorganisms (Herrero and Gomez 1980). Thus, further development of CBP 

should involve deeper understanding of the mechanism of microbial strain metabolism 

and developing more efficient microorganisms with capability for cellulose hydrolysis 
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and ethanol production. Despite the challenges of CBP, development of CBP would 

have the benefits of reducing capital investment, maintenance and operation costs in 

the biorefinery. Furthermore, the hydrolysis product can be consumed by fermentation 

in time, resulting in low hydrolysis product concentration, less hydrolysis product 

inhibition on cellulase and thus higher hydrolysis efficiency (Hasunuma and Kondo 

2012, Xu et al. 2009). 

 

Cellulase system 

Developing efficient hydrolysis techniques is still a major challenge facing 

economical lignocellulosic biofuel production. Typically, the conversion of cellulose 

into fermentable sugar can be carried out by acid or cellulases. Advances in enzymatic 

hydrolysis technologies are required to achieve a low cost and high efficiency 

biorefinery. In contrast to acid hydrolysis, enzymatic hydrolysis has high selectivity and 

high glucose yield, due to the specificity of the cellulase enzymes used to decompose 

cellulose into glucose. Furthermore, enzymatic hydrolysis is usually conducted at low 

temperature (45-50oC) and a mild pH (4.2-5.8) (Pardo and Forchiassin 1999), which 

requires less energy relative to acid hydrolysis  and avoids corrosion issues (Sun and 

Cheng 2002). Also, the inhibition of fermentation by hydrolysis byproducts is not as 

severe as acid hydrolysis. 

Microorganisms that are capable of producing enzymes to degrade insoluble 

cellulose can be divided into bacteria and aerobic fungi. Usually, a fungal cellulase 

consists of a catalytic domain, which catalyzes cellulose degradation by acid-base 

catalysis, and a cellulose binding domain (CBD), which can bind to the specific sites 

on cellulose surface through hydrogen bonding and van der Waals interactions (Xi et al. 

2013) and make the cellulose accessible to the catalytic domain. These two domains are 

connected by a poly-linker (Fig.1.3).  

Although the cellulose binding domain (CBD) is non-catalytic, the role of the CBD 

in hydrolysis activity improvement cannot be neglected. In the absence of the CBD, the 

ability of cellulase to hydrolyze insoluble substrates dramatically decreases (Boraston 

et al. 2004). The CBD generally has three functions: i) a targeting function (Carrard 

2000): CBD can target to the specific region on cellulose substrate through hydrogen 

bond and van der Waals interactions ; ii) a proximity effect (Bolam et al. 1998): The 

targeting of CBD to the substrate brings the catalytic domain close to the substrate 
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surface, which concentrates the cellulase on the substrate surface and then increases 

hydrolysis rate; iii) a disruptive function (Gao 2001): Some CBDs even show the ability 

of break down cellulose, which makes it easier for the action of catalytic domain. 

However, this phenomenon is not very common (Boraston et al. 2004). 

 

Figure 1.3 Fungal cellulase structure. The figure is adapted from Xi et al. (2013). 

Based on the modes of action and structural properties of the catalytic domain, 

cellulases, which cleave ß-1, 4-glycosidic linkages, can be classified into exo-

glucanases and endo-glucanases. Typically, an endo-acting enzyme has cleft-shaped 

open active sites (Maki et al. 2009), which allow endo-glucanases to break down the 

glycosidic linkage at internal amorphous regions of the cellulose chain. Meanwhile, 

exo-glucanases (cellobiohydrolases), like other exo-acting enzymes, have tunnel-

shaped close active sites preventing the enzyme from adhering to the substrate (Maki 

et al. 2009). Therefore, exo-glucanases can only cleave the glycosidic linkages from 

either reducing end or non-reducing ends of the cellulose chain, producing glucose or 

cellobiose. Exo-glucanases can processively hydrolyze a single chain, which offers 

great hydrolysis efficiency (Zhong et al. 2007).   

Overall, the bioconversion of cellulose into fermentable sugar results from the 

synergistic action of three types of enzymes: exo-glucanase, endo-glucanase and ß-

glucosidase (Xi et al. 2013, Lynd et al. 2002, Li 2012) (Fig.1.4 A): Exo-glucanase 

(cellobiohydrolase) processively decompose crystalline cellulose from chain end and 

release cellobiose as main component, which expose and provide underlying 

amorphous regions on which endo-glucanases can act; Endo-glucanases break down 

the network of cellulose, and generate various oligosaccharides, which create new chain 

ends on which exo-glucanases can act; ß-glucosidase decomposes cellobiose into 

glucose, which relieves the inhibition of cellobiose on exo-glucanases activity. 
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Figure 1.4 Schematic of cellulose hydrolysis by non-complexed (A) and complexed 

(B) cellulase systems. The figure is adapted from Ratanakhanokchai et al. (2013).  

Typically, cellulase systems are categorized by two types: complexed cellulases or 

non-complexed cellulases (Lynd et al. 2002). Non-complexed cellulases are produced 

by fungi and some aerobic bacteria such as Phanerochaete chrysosporium and 

Trichoderma reesei. Non-complexed cellulases are secreted freely and separately from 

the cells. Meanwhile complexed cellulases are multi-protein complexes, in which 

enzymes combine and anchor on the surface of the bacteria by non-catalytic proteins. 

This kind of multi-protein complex is also termed as a cellulosome. Complexed 

cellulases are often produced by anaerobic bacteria, such as Clostridium thermocellum.  

Due to the structural differences between complexed and non-complexed cellulases 

system, they interact differently with cellulose (Fig.1.4), which result in different 

hydrolysis abilities.  

 

Clostridium thermocellum: a potential cellulosome source for lignocellulose 

hydrolysis 

 Clostridium thermocellum, an anaerobic, thermophilic, Gram-positive bacterium, 

is recognized for its potential as cellulolytic organism, producing highly efficient 

complexed cellulase (cellulosome) for cellulose degradation (Zhang and Lynd 2005).  

C. thermocellum can hydrolyze cellulose into cellobiose and cellodextrins, which is 

then transferred into the cell and metabolized into ethanol, acetic acid, lactic acid, , 
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formic acid, hydrogen and carbon dioxide (Demain et al. 2005). This makes 

C.thermocellum a potential microorganism for “consolidated bioprocessing (CBP)”, 

which combines the enzyme production, enzymatic hydrolysis and sugar fermentation 

in one single step (Xu, Qin et al. 2010). 

  The fundamental structure of the cellulosome, which has a complex protein 

composition, has been revealed as important proteins are identified through gene 

cloning and sequencing (Raman et al. 2009). As shown in Fig.1.5, the cellulosome also 

has various catalytic domains, which have the same hydrolysis ability as fungal 

cellulase. The difference between fungal cellulase (non-complexed cellulase) and 

cellulosome (complexed cellulase) is that cellulosomal catalytic domains are linked 

with dockerin domains instead of cellulose binding domain to form an enzymatic unit 

(Tokatlidis et al. 1991, Morag et al. 1992). The function of dockerin domains is to 

assemble these catalytic domains into a complex through interaction with the cohesin 

domains on scaffoldin (Gerngross et al. 1993, Tokatlidis et al. 1991). Typically, the 

scaffoldin of C.thermocellum consist of nine copies of type-I cohesin domain, a Family-

IIIa cellulose binding domain (CBD) and a type-II dockerin domain (Demain, 

Newcomb et al. 2005). Similar to the CBD of fungal cellulase, the Family-IIIa CBD is 

responsible for the targeting of the substrate and has the ability to interfere with the 

noncovalent interactions between cellulose chains (Din et al. 1994, Din et al. 1991). 

The type-I cohesin domains interact with the type-I dockerin domains, which is linked 

with catalytic domains, through calcium dependent binding (Choi and Ljungdahl 1996, 

Yaron et al. 1995). Meanwhile, the catalytic domains together with scaffoldin are 

attached to the cell surface mediated by the type-II dockerin domains, which bind to the 

type-II cohesin domains of the cell-surface anchoring proteins, SdbA, Orf2p and OlpB 

(Fujino et al. 1993). These S-layer proteins all contain one SLH (S-layer homologous) 

domain and one, two, four type-II dockerin domains, respectively, which recognize the 

dockerin domains of the scaffoldin (Demain et al. 2005, Bayer et al. 1998). The forth 

anchoring protein, OlpA, only contains one SLH domain and type-I cohesin domain, 

which recognizes the dockerin domains of the enzymatic unit. Thus, the enzymatic unit 

can directly attach to the cell surface through OlpA protein. 
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Figure 1.5 Schematic of the cellulosome structure. The figure is adapted from 

Raman et al. (2009). 

The special architecture of cellulosome from C. thermocellum is believed to 

contribute to its higher hydrolysis activity than fungal cellulase. By assembling the 

catalytic domains in a complex, the cellulosome can ensure that the ratio between 

synergistic enzymes remains optimum on the substrate surface, which guarantees a 

constant highly efficient degradation rate (Lynd et al. 2002, Tuka et al. 1992). 

Concomitantly, catalytic domains on the same scaffoldin and scaffoldins attached to 

different sites on the cell surface are well spaced, which eliminates the competition 

between catalytic domains on the same site acting on the substrate. Furthermore, of the 

22 catalytic domains on the cellulosome, at least nine are endo-glucanases, four are 

exo-glucanases, and five are hemicellulases, one of which is chitinase, and one of which 

is lichenase (Lynd et al. 2002, Demain et al. 2005). The presence of other enzymes, 

particularly the hemicellulases, which can help to remove the hemicellulose and break 

down lignocellulose fiber, makes cellulose  more accessible to cellulase and leads to 

fast degradation of the plant cell materials (Himmel et al. 2007, Taherzadeh and Karimi 

2007) .  

The cellulosome may exist in both cell-associated and extracellular forms. 
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Previous studies suggest that the cellulosome of C. thermocellum are cell-associated 

(attached to the cell surface) in the early exponential growth phase (Bayer et al. 1985). 

The cell-associated cellulosome is then detached from cell surface as the life cycle 

proceeds. Most cellulosomes are in extracellular form in the stationary phase (Demain 

et al. 2005). Furthermore, a recent work (Lu et al. 2006) has shown that the crude cell 

broth of C .thermocellum (cell-bound cellulosome and cell-free cellulosome both exist) 

exhibited 2.3-4.5 fold higher hydrolysis ability than cell-free cellulosome. Considering 

the separation cost and activity lost involved in enzyme purification, crude cell broth of 

C.thermocellum should be more economic cellulase source for industry production.   

 

Lignocellulose hydrolysis model 

The main challenges to efficient lignocellulosic fuel production include high 

pretreatment cost and low hydrolysis efficiency. Understanding the interaction of the 

cellulosome with lignocellulosic substrate during the hydrolysis is useful for designing 

or optimizing the hydrolytic process in industry. Multiple mathematical models have 

been developed to describe measurements of bulk cellulose hydrolysis in response to 

variables such as enzyme loading, temperature, and pretreatment (Bansal et al. 2009, 

Chang and Holtzapple 2000, Vasquez et al. 2007, Kim and Holtzapple 2006). These 

models can be divided into: empirical models (Zhou et al. 2009, Turon et al. 2008, 

Ohmine et al. 1983), Michaelis-Menten based models (Gusakov et al. 1985b, Shin et al. 

2006, Drissen et al. 2007), fractal kinetic model (Xu and Ding 2007, Valjamae et al. 

2003, Kopelman 1988), and jamming kinetic model (Xu and Ding 2007, Bansal et al. 

2009). 

Empirical models are used most commonly in predicting hydrolysis under various 

reaction condition and substrate properties, without knowing the mechanistic changes 

of the hydrolysis process. Usually, empirical models are developed by fitting a 

mathematical equation to large data collection that describes the extent of hydrolysis or 

hydrolysis rate with respect to time or independent reaction parameters. To date, many 

empirical models have been developed, which have shown that hydrolysis efficiency 

depends on pH, temperature and substrate properties (lignin content, degree of 

polymerization, crystallinity, accessible surface area)(Ahola et al. 2008b). Furthermore, 

the empirical models can be used for initial hydrolysis rate estimation, reaction 

conditions optimization and pretreatment method optimization by characterizing the 
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substrate properties using DRIFT (Diffuse reflectance infrared fourier transform) 

spectra (Bansal et al. 2009). It should be noted that empirical models can only apply to 

the experimental condition under which they are developed. 

The Michaelis-Menten model (Michaelis and Menten 1913) describes the kinetics 

between a single substrate and single enzyme, which is the simplest enzyme-catalyzed 

reaction. As shown in Fig.1.6 (A), it postulates that the enzymatic reaction proceeds 

through the reversible formation of an enzyme-substrate (ES) complex. An irreversible 

enzymatic reaction releases product (P) and free enzyme (E). Most analyses of this 

reaction sequence assume that that rate of ES complex formation is much faster than 

the reaction step, thus the product formation step determines the overall reaction rate. 

 

Figure 1.6 Schematic for Michaelis-Menten (A), fractal (B) and jamming kinetics 

(C). The figure is adapted from Xu and Ding (2007). 

Based on Michaelis-Menten model, four types of enzyme inhibition are proposed 

(Fig.1.7): (i) Competitive inhibition: Inhibitor (I) competes with substrate for enzyme 

active site by forming enzyme-inhibitor complex (EI)(Shuler and Kargi 2002); (ii) 

Uncompetitive inhibition: Inhibitor only binds to the enzyme-substrate complex to 

reduce [ES]; (iii) Noncompetitive inhibition: Inhibitor can bind to the allosteric sites of 

either enzyme or enzyme-substrate complex, which prevents the product formation; (iv) 

Mixed typed: this type of inhibitor is similar to noncompetitive inhibitor, except that 

noncompetitive inhibitor has an equal affinity for the enzyme and the enzyme-substrate 

complex and mixed inhibitor has greater affinity for one of them. However, these 

Michaelis-Menten based models are derived for homogenous reaction systems, where 

and the substrate is soluble and all of the substrate is available to the enzyme. Therefore, 

additional assumptions accounting for the heterogeneity are needed, when Michaelis-
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Menten based models is applied to enzymatic hydrolysis of insoluble substrate, which 

is a heterogeneous reaction.  

 

Figure 1.7 Four types of enzyme inhibition mechanism 

Fractal kinetics is an effective approach to modeling reactions that are diffusion 

limited, dimensionally restricted, or occur on fractal surface (Valjamae et al. 2003). As 

shown in Fig.1.6 (B), the cellulase (ellipsoid) acts on the cellulose chain end, and moves 

along the chain in one direction as it cleaves the ß-1,4-glycosidic linkages (Xu and Ding 

2007). This one-dimensional heterogeneous reaction can be described by fractal 

kinetics. The key point for developing fractal kinetics is that the rate constant is time-

dependent (Kopelman 1988), which can be expressed as: 

g k 			0 1                                                                                                 (1.1) 

where k is homogenous reaction rate constant and f represents fractal dimension. By 

applying this rate constant expression to the classic Michaelis-Menten model (Fig. 

1.6(A)), the expression for Michaelis-Menten model with fractal kinetic is developed 

as (Xu and Ding 2007): 

ln	 1                                                                                 (1.2) 

Jamming kinetics further consider the effect of enzyme size on the kinetics of the 

heterogeneous reaction. Because the cellulase molecule is larger than the distance 

between cellulose chains, cellulase could block the attachment site on the cellulose 

surface from other cellulases (Fig 1.6 (C)) (Xu and Ding 2007). Like a traffic jam, the 



   

12 
 

cellulase ahead will stop the cellulase behind it and affect the hydrolysis rate. As the 

cellulase concentration increases, these effect will become more significant. The 

jamming kinetics can be expressed as: 

1 ln	 1                                                                  (1.3) 

where j is the jamming parameter which is found to be around 0.0004 (Bansal et al. 

2009).  

 

Quartz crystal microbalance with dissipation (QCM-D) 

In order to improve the design enzymatic hydrolysis processes, versatile tools to 

investigate the enzyme-substrate interactions and catalytic properties of cellulases 

under a broad range of hydrolysis conditions are needed. The quartz crystal 

microbalance (QCM-D) is a powerful interfacial technique for measuring enzymatic 

hydrolysis, which allows for monitoring in situ and in real time the binding and catalytic 

activity of cellulases on model cellulose substrates. QCM-D can measure the cellulose 

substrate mass change with time during hydrolysis based on mass sensing, which 

contributes to a kinetic profile of the reaction. Furthermore, it can capture the adsorption 

and desorption processes on the surface, which can be used to quantify how cellulases 

interact with the cellulose surface during hydrolysis.  

The fundamental principle of QCM is the inverse piezoelectric effect, which is a 

natural property of crystal materials. By applying a certain voltage on the quartz sensor, 

which is covered with metal electrodes on the upper and lower sides, mechanical 

deformation is generated. Different voltages lead to different extents of mechanical 

deformation. Therefore, the application of alternating electric field on the quartz sensor 

results in a cyclical deformation, which is generated at the same frequency as the 

applied voltage. If this deformation frequency matches the crystal’s inherent resonant 

frequency (f), an acoustic wave is generated (Reviakine et al. 2011). Thus, the surface 

event on the QCM sensor can be probed by its acoustic wave propagation properties 

variation, which can be converted into electrical signal through transducers (Ferreira et 

al. 2009).  

Typically, a QCM sensor is an AT-cut thin (~0.1mm) quartz disk, which is cut at 

an angle of 35.15o to the optical Z-axis (Wegener et al. 2001). Depending on the relative 

position between cut angle and crystal lattice, the crystal shows different kinds of 

oscillation when an alternating voltage is applied (Reviakine et al. 2011). An AT-cut 
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QCM sensor with circular geometry oscillates in the thickness shear mode (TSM), 

where the upper and lower surface of the quartz sensor move in lateral and antiparallel 

directions (Fig.1.8)(Ferreira et al. 2009). Therefore, multiple acoustic waves that 

propagate in the direction vertical to the sensor surface is produced and their 

wavelengths (λ) are equal to 2d/n, where d is the thickness of QCM sensor and n is the 

overtone order. Since surface electrodes can excite only odd harmonics, therefore n = 

1, 3, 5, ...(Wegener et al. 2001). Since the acoustic wave velocity (ν) is defined as 

product of frequency (f) and wavelength (λ 2d/n), the resonance frequency can be 

expressed as:  

nν/2d	                                                                                                                      (1.4) 

when n=1, the fundamental resonance frequency ( ) is obtained. From the equation 

above, the dependence of  on the sensor thickness is clear. For example, the  of a 

common QCM sensor is 5 MHz, and its thickness is about 330 μm (Dixon 2008). 

 

Figure 1.8 AT-cut QCM sensor oscillation mode. The figure is adapted from 

Ferreira et al. (2009).  

The principle of the microbalance is that the sensor mass change, Δm, and 

resonance frequency change, Δf, are linearly related, as derived by Sauerbrey 

(Sauerbrey 1959). Any mass bound to the sensor surface increases the sensor’s 

thickness, which decreases the resonance frequency according to Eq. 1.4 Thus, by 

relating the mass of the sensor (m A ∗ d ∗ ρ, where A is the sensor area,	ρ is the quartz 

density) with Eq. 1.4, the Sauerbrey equation is developed: 
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∆ ∆                                                                                                                 (1.5) 

where n is the overtone order, C  is the mass sensitivity constant.  The negative 

sign in Eq. 1.5 indicates that an increase of mass will result in the decrease in frequency. 

For crystals with =5 MHz, C is 18 Hz-1 ng cm-2 (Dixon 2008), which shows that this 

quartz microbalance has really high level of sensitivity (the unit of mass is ng). The 

Sauerbrey equation only applies when the following conditions are satisfied: (i) the 

added mass is uniformly deposited on the crystal surface. (ii) the added mass is rigidly 

adsorbed to the surface with no slip or deformation imposed by the oscillating surface. 

(iii) the bound mass is much smaller the crystal mass i. e. , ∆f/f ≪ 1(Rodahl et al. 1995). 

In liquid environments, the Sauerbrey equation is no longer satisfied since the 

assumption that the added mass is rigidly adsorbed to the surface is violated, due to the 

viscoelastic dissipation (Dixon 2008). Thus, the interpretation of mass change should 

include the film viscoelasticity (Hu 2009), which can be characterized by dissipation 

factor (D) and expressed as:    

D                                                                                                                  (1.6) 

where  is the energy dissipated during one oscillatory cycle and  is 

the energy stored in the oscillating system. Typically, under the vacuum or gaseous 

environment, the dissipation factor is about 10-6 to 10-4 (Rodahl et al. 1995). Therefore, 

the viscoelastic contribution can be neglect if the dissipation factor is small enough 

(~10-6), even in liquid environment. 

 

Enzymatic kinetic of cellulose hydrolysis monitoring by QCM-D 

Turon et al. (2008) were the first to report the study of enzymatic cellulose 

hydrolysis using QCM-D. As frequency change reflects the mass change of cellulose 

surface and dissipation change indicates the morphology and viscoelasticity change of 

the surface, their experiment results (Fig. 1.9) revealed four distinct stages during 

hydrolysis process: 

(i) Binding stage: a quick drop in frequency and a rapid increase in dissipation due 

to adsorption of enzyme onto the cellulose surface. 

(ii) Transition stage: enzyme hydrolysis begins to compete with adsorption which 

result in a minimum in frequency   

(iii) Enzyme hydrolysis: the frequency increases and passes through maximum rate 
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as cellulose is degraded by enzyme, while dissipation keeps increasing and goes 

through a maximum point before decreasing. 

(iv) Substrate depletion: frequency and dissipation reaches plateau as accessible 

cellulose is completely consumed. 

 

Figure 1.9 Frequency (a) and dissipation (b) profile during enzymatic hydrolysis 

on cellulose thin film. The figure is modified from Turon et al. (2008).  

The work of Rojas group demonstrated that quartz crystal microbalance with 

dissipation (QCM-D) is a viable method to determine cellulase activity, which allows 

for monitoring in situ and in real time the cellulase binding and activity on model 

cellulose substrates. This tool can also be applied to study the effects of variables critical 

to cellulose hydrolysis, such as the cellulase system, the properties of cellulose substrate, 
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temperature, and pH. 

The properties of the model cellulose thin film plays an important role in 

investigating cellulose activity by QCM. The degree of crystalinity, chemical 

composition, morphology, pore size distribution and specific surface area (Rojas et al. 

2007) affect the efficiency of cellulase hydrolysis. To deposite celluose on a surface, 

series of cellulose-soluble solvents have been used to produce celluose solution, which 

result in regenerated celluose films with various crystillinities depending on the solvent 

system(Wang et al. 2011). Although regenerated cellulose films have less crytallinity 

and polymeriztion degree than native cellulose, thery provides an opportunity to study 

cellulose degradation on model cellulose surface.  Recently, the appearance of thin film 

of lignocellulosic nanofibrils (LCNFs) enables the modelling of cellulose hydrolysis on 

more representvative substrates for native cellulose. LCNF consist of crystalline 

cellulose I and amorphous region, which is present in fibrillar structure (Ahola et al. 

2008a). Kumagai et al. (2013) have reported the application of LCNFs to study enzyme 

degradation monitored by QCM-D and found that the  frequency changes in adsoption 

stage was different from the typical changes reported for pure cellulose.  

The real-time meaurement of enzyme binding and hydrolysis by QCM-D also 

enables the modeling of enzymatic kinetics, which can be used to optimize the effects 

of various reaction conditions. The key for model development is to recongize that 

enzyme binding and hydrolysis contribute to the observed change in mass throughout 

the entire process. Some models have been reported to describe the interaction between 

cellulose film and cellulase successfully. Rojas group proposed an empirical model, 

which fit enzyme binding as an exponential decay function and described cellulose 

degradation with Boltzmann sigmoidal equation (Turon et al. 2008, Hu et al. 2009). By 

appling classic Michaelis-Menten model to continous flowing QCM system, Li (2012) 

successfully used the reaction steps to model the adsorption, hydrolysis and enzyme 

complex formation under various inhibitor (cellobiose) and enzyme concentrations. 

Also, Maurer (2012) proposed a kinetic model which combines Langmuir adsorption 

model and Michaelis-Menten activity of adsorbed enzyme to describe the competitive 

adsorption and cooperative activity of the mixture of cellobiohydrolase I (Cel7A) and 

endoglucanase I (Cel7B) from T. longibrachiatum meausured by QCM on 

4MMO/DMSO cellulose films.  A 1:2 bulk mass ratio of Cel7B : Cel7A is found to give 

optimum cellulose hydrolysis rate (Maurer et al. 2012, Maurer et al. 2013). 
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CHAPTER TWO 

Activity and Distribution (Free and Cell-Bound) of Cellulosomes from 

Clostridium thermocellum  

 

Summary 

Clostridium thermocellum, a well-studied cellulolytic bacterium, produces highly 

active cellulases in the form of cellulosomes. The cellulolytic activity of C. 

thermocellum is greater than that of free fungal cellulase (Bayer et al. 2004). The ability 

of the cellulosome to adhere C. thermocellum cells to the cellulose substrate is 

considered to contribute to its high cellulose degradation activity. Although the synergy 

of having cell-attached cellulosomes is widely accepted, the relative importance of cell-

bound and free cellulosomes on observed cellulose hydrolysis rates is unclear. In this 

study, a surface measurement technique, quartz crystal microbalance with dissipation 

(QCM-D), was used to examine the interactions between C. thermocellum and a model 

cellulose surface. To clearly differentiate the activity of free cellulosome and cell-bound 

cellulosome, the distribution of free cellulosome and cell-bound cellulosome in crude 

cell broth at different growth stages of C.thermocellum was quantified. For C. 

thermocellum strain ATCC 27405 in late exponential phase, greater than 70% of the 

cellulosome in the crude cell broth was shown to exist unattached to the cell. The 

hydrolysis of free cellulosome and crude cell broth measured by QCM on uniform 

amorphous (LiCl/DMAc dissolved) cellulose films indicated these two cellulase 

sources had significant initial hydrolysis rates, but different  adsorbed “masses” on the 

film, potentially due to the differences in measuring by QCM the mass enzymes and 

cells adhered to the substrate. Furthermore, cellobiose inhibition of cellulase activity 

measured using Remazolbrilliant blue R dyed β-glucan (blue assay) suggested that the 

free cellulosome was more sensitive to cellobiose than the crude cell broth, which 

provides opportunities for further study on cellulose hydrolysis by C.thermocellum 

using QCM.  

 

Introduction 

Clostridium thermocellum is an anaerobic, cellulolytic, thermophilic, Gram-

positive bacterium. It is capable of producing a large enzyme complex, termed a 

cellulosome, to degrade cellulose into cellodextrins, which are further fermented into 



   

18 
 

ethanol or other products by cells (Zhang and Lynd 2005). The ability of C. 

thermocellum to adhere to cellulosic substrates is well documented (Bayer et al. 1983, 

Dumitrache et al. 2013, Lynd et al. 2002). The adherence is believed to bring the cells 

close to the substrate and enable efficient uptake of hydrolysis products by the cells 

(Lynd et al. 2002). In fact, an adhesion-defective mutant of C. thermocellum, which 

was selected by enriching cells which failed to adhere to cellulose, has been reported to 

show reduced hydrolysis activity (Bayer et al. 1983). Furthermore, the adhesion of C. 

thermocellum is found to be mediated by the cellulosome, which is anchored to the cell 

via type II cohesion domain (Lynd et al. 2002), while the presence of cellulose binding 

modules within the cellulosome enables the binding of cell associated with cellulosome 

to cellulose (Shoham et al. 1999, Lynd et al. 2002, Bayer et al. 1983, Lamed et al. 1983). 

Supporting the possibility of enhanced hydrolysis efficiency in the presence of cell 

adherence to cellulose, recent work (Lu et al. 2006) has shown that the growing cultures 

of C. thermocellum (in which cell-bound cellulosome and cell-free cellulosome both 

exist) exhibited 2.3-4.5 fold higher hydrolysis ability than cell-free cellulosome. 

The adherence of C. thermocellum to cellulose is a key factor in cellulose 

degradation and is mediated by cell-bound cellulosome. However, cellulosomes may 

exist in both cell-bound and extracellular forms. Early research (Bayer et al. 1985) has 

shown that cellulosomes are attached to the cell surface in the early exponential growth 

phase. The cell-bound cellulosome is then detached from cell surface as the life cycle 

goes on. By the stationary phase, most cellulosomes are in extracellular form (Demain 

et al. 2005, Bayer et al. 1998). Determining the state of the cellulosome (cell-bound 

cellulosome or cell-free cellulosome) is critical to the interpretation of the cellulolytic 

activity, as determined by cellulase assays or when extending the use of interfacial 

techniques to cellulases from whole cells. 

As an advanced surface measurement technique, quartz crystal microbalance with 

dissipation (QCM-D) (Turon et al. 2008) has been successfully used for in situ and real 

time measurement of adsorption and hydrolysis of commercial fungal cellulase on 

model cellulose films. The application of QCM to cellulose degradation investigations 

presents the possibility of studying enzyme hydrolysis on cellulose substrate with 

various substrate properties(Ahola et al. 2008a), and examining the effect of other 

reaction conditions (pH, temperature, enzyme concentration) on hydrolysis kinetics. 

Various enzymatic kinetic models have also been developed based on real time 

measurement of QCM (Turon et al. 2008, Hu et al. 2009), with a goal of quantifying 
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the adsorption and hydrolysis steps for comparison across substrates and reaction 

conditions. 

In the present work, a separation method for cell-bound cellulosome and free 

cellulosome was developed and the distribution of free cellulosome and cell-bound 

cellulosome in crude cell broth at different growth stages of C.thermocellum was 

quantified to clearly differentiate the activity of free cellulosome and cell-bound 

cellulosome. To examine the interactions between C. thermocellum and a model 

cellulose surfaces, quartz crystal microbalance with dissipation (QCM-D) was utilized 

to monitor in real time the hydrolysis of amorphous (LiCl/DMAc-solubilized) cellulose 

film by cellulases in a crude cell broth or free cellulosomes. Furthermore, inhibition of 

cellulase activity by cellobiose was measured using dyed β-glucan (blue assay) to study 

the sensitivity of the free and cell-bound cellulases of C.thermocellum to inhibition. 

 

Materials and Methods 

Materials: Microcrystalline cellulose (MCC, 20 μm) was supplied by Aldrich. D (+)-

cellobiose (98%), ammonia (28-30 wt %), polyethyleneimine (PEI, 50 wt. % aqueous 

solution) were purchased from Acros Organics. Methanol (99.9%), N, N-

dimethylacetamide (DMAc, 99.99%), lithium chloride (99.8%), hydrogen peroxide 

(30%), Tris buffer (0.3 M), glycerol (99.9%) were supplied by Fisher Scientific. Beta-

glucazyme tablets (60 mg) were purchased from Megazyme (Ireland). 

 

Source and maintenance of strains: C.thermocellum ATCC 27405 was used. Long 

term culture storage was prepared by anaerobically diluting 3 ml stock culture (late log 

phase) with 3ml of 50% deoxygenated glycerol and stored at -80oC. 

 

Medium and cultivation condition: The composition of Thermophile medium (T 

medium) per liter is: 1ml resazurin stock, 1.53g Na2HPO4, 1.5g KH2PO4, 0.5g NH4Cl, 

0.5g (NH4)2SO4, 0.09g MgCl2·6H2O, 0.03g CaCl2, 0.5g cysteine, 2.0g yeast extract, 

10ml standard vitamins mixture, 5ml modified metal mixture (Pfennings metals plus 

10mg Na2WO4·2H2O and 1mg Na2SeO3). The pH of the medium was adjusted to 6.7 

with NaOH before being autoclaved at 121 oC for 60 minutes to degas. Then the 

medium was bubbled with CO2 until it cooled to room temperature, after which 50 ml 

8% Na2CO3 (4g/50ml) was anaerobically added. Medium for batch culturing was 
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anaerobically transferred to serum bottles with Whatman No.1 filter paper (cellulose) 

and then autoclaved at 121 oC for 60 minutes for sterility. C. thermocellum was cultured 

anaerobically at 65 oC by routinely transferring 1 ml of cell culture to 9 ml T medium 

(10% inoculation) every two days (48 h).  Finally, 1 ml of cell culture was transferred 

to 9 ml T medium with 4g/l cellobiose once to consume the residual cellulose before 

any further measurement by QCM (Fig.2.1).   

 

Figure 2.1 C. thermocellum culturing procedure 

 

Optical density measurement for bacteria population: The concentration of 

C.thermocellum was quantified by the absorbance reading at 600 nm of the cell broth 

measured by UV- vis spectrophotometer (8453, Agilent Technologies). T medium was 

used as a blank. The final reading was the average of three replications. Bacterial dry 

cell weights (DCW) were determined by optical density at 600 nm (OD600). For 

C.thermocellum, one unit of OD600 was shown to correspond to 0.464 g DCW /L 

(Bothun 2004).  

 

Separation of cellulosome fraction: Cells (and cell-attached cellulosomes) were 

removed from the crude cell cultures of C. thermocellum by centrifugation (3000 ×g 

for 20 min at room temperature (23oC)). The resulting supernatant was the free 

cellulosome fraction. The cell-bound cellulosome was obtained by resuspending the 

above-mentioned pellet in the T medium, which of same volume as the original broth. 



   

21 
 

To resuspend the pellet, the suspension was stirred vigorously on vortex mixer for 10 

min. The separated fractions were imaged to examine separation efficiency (described 

below). 

 

Lithium Chloride/Dimethylacetamide (LiCl/DMAc) cellulose film preparation: 

The preparation of cellulose film was adapted from a previous investigation (Notley et 

al. 2006, Eriksson et al. 2005). To make cellulose solution, firstly, 0.5 g microcrystalline 

cellulose (MCC) was immersed in 10 ml deionized water with continuous stirring for 

24 h to allow the cellulose to swell and open the structure. After overnight stirring, most 

water of the suspension was removed by filtration. To exclude the residual water, the 

residue was immersed in 10 ml methanol with continuous stirring for 30 minutes, then 

filtered. This was repeated for three times. Methanol was removed by placing the 

residue in 10 ml N, N-dimethylacetamide (DMAc) with continuous stirring for 30 

minutes then filtered, which was repeated for three times. This 0.5 g DMAc extracted 

cellulose was then added to 18 ml DMAc which was already heated to 150 oC. The 

activation process took place at 150 oC with refluxing DMAc for 30 minutes to opening 

polymer chains. After activation, the solution was cooled to 100 oC for 20 minutes. Then 

1.5 g oven dried lithium chloride (LiCl) was added to dissolve cellulose substrate, after 

which the solution was left to cool to 25 oC with stirring overnight. Finally, a clear and 

colorless cellulose solution was obtained. 5 ml of this cellulose solution was further 

diluted with 20 ml DMAc to make 0.5% w/w cellulose solution, which was 

subsequently heated to 100 oC before spin-coating.  

Prior to spin-coating with cellulose solution, the gold sensors (QSX 301, Q-sense, 

Göteborg, Sweden) were treated with ultraviolet cleaner (BioForce, Ames, IA) for 10 

minutes to remove the organic contaminants on the sensor surface. The UV/ozone 

treated sensors were further cleaned in the 5:1:1 mixture of Milli-Q water, ammonia 

(25%), hydrogen peroxide (30%) at 75 oC for 5 minutes. After rinsing with deionized 

water to remove residual reagent, the sensors were dried with nitrogen gas and treated 

with UV/ozone again. The cleaned sensors were then placed in 2% w/v 

polyethyleneimine (PEI, 50 wt. % aqueous solution) solution for 10 minutes to coat the 

sensors with PEI, which is used as an anchoring polymer to help the cellulose attach to 

the sensor surface and stabilize in aqueous solution. The PEI treated sensors were rinsed 

with deionized water for 5 seconds and then water was removed by nitrogen gas. The 

polymer coated sensors were then dried in oven at 50 oC for 1 h. Finally, the sensors 
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were ready for spin-coating with cellulose solution. Heated cellulose solution 0.5% w/w 

(80 μl) was spin coated on the PEI coated sensor with the spin-coater (WS-400BZ-

6NPP/Lite, Laurell Technologies) at 3000 rpm for 45 seconds. This was repeated three 

times. After spin-coating, the cellulose coated sensors were immersed in deionized 

water for 30 minutes to remove excess solvent (DMAc and LiCl), after which the water 

was removed with nitrogen and the cellulose film was dried in oven at 50 oC for 1h. The 

prepared cellulose films were stored in a desiccator at room temperature until use. The 

mass of cellulose coated on the sensor surface was measured by QCM-D. 

 

C. thermocellum imaging on cellulose films: Samples (crude cell broth, supernatant, 

pellet suspension) were placed dropwise on prepared LiCl/DMAc cellulose films and 

observed using a NIKON Eclipse 80i microscope (NIKON Instrument Inc.) at 20x 

magnification. 

 

Cellulase activity assay: Remazolbrilliant blue R dyed β-glucan (blue assay) 

(McCleary 1991, McCleary and Shameer 1987) was used to compare the bulk activity 

of crude cell broth, free cellulosome and cell-bound cellulosome. The principle of the 

assay is that water soluble dyed fragments are produced when the dyed cellulose tablet 

is hydrolyzed. Increasing dyed fragments in solution are measured as increasing UV-

vis absorbance at 590 nm, which can be related to enzyme activity. Test tubes (16×120 

mm) with 0.5ml enzyme solution were incubated in a 60 oC water bath for 5 min. 

Following this, the reaction was initiated by adding a Beta-Glucazyme tablet (60 mg, 

Megazyme, Ireland). After exactly 10 min, 10 ml Trizma base solution (pH=8.5) was 

added to stop the reaction. To extract the dyed fragments, the content of the tubes was 

stirred vigorously on vortex mixer and allowed to stand at room temperature for about 

5 min. This slurry was filtered using Whatman No.1 (9cm) filter paper (Fisher 

Scientific). The absorbance of filtrate at 590 nm was measured using a UV- vis 

spectrophotometer (8453, Agilent Technologies). The blank was prepared by adding 10 

ml of Trizma base solution to the enzyme solution before adding the Beta-Glucazyme 

tablet. Three replicates were conducted. 

 

QCM-D measurement of cellulose hydrolysis by C.thermocellum: The QCM-D (E4, 

Q-sense, Göteborg, Sweden) was used to measure the hydrolysis activity and binding 

of C.thermocellum on the LiCl/DMAc cellulose films. In a typical experiment, prior to 
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injection to the QCM module, all solutions (buffer and enzyme solution), which used 

T-medium (pH=6.7) as solvent, were placed in vacuum oven (285A, Fisher Scientific) 

at 50 oC for 1h to degas. Further degassing was performed at 50 oC in an ultra-sonicator 

(Cole-Parmer 8890, IL) for 20 minutes. The hydrolysis was conducted at 50 oC by 

controlling the QCM chamber at 50 oC and placing all solutions in a 50 oC water bath. 

After the temperature of chamber and solutions reached 50 oC, the degassed buffer 

solution was firstly introduced to QCM at a flow rate of 0.1 ml/min to let cellulose film 

fully swell and establish a stable baseline signal (Turon et al. 2008). When a constant 

frequency reading (Δf< 2 Hz/hr) was obtained, buffer solution was switched to enzyme 

solution (crude cell broth, free cellulosome, or cell-bound cellulosome). During this 

period, the frequency and dissipation of the thin film cellulose were monitored. When 

the frequency was not changing (Δf< 2 Hz/hr), buffer solution was injected for 30 

minutes to rinse off the unbound cell and hydrolysis product on the sensor surface. 

 

Result and Discussion 

C.thermocellum cultivation 

The cell culture was transferred to medium with crystalline cellulose (Whatman 

No.1 filter paper) regularly to maintain the extracellular organelle (cellulosome) that 

the cell uses to degrade cellulose. Cells were transferred to medium with 4 g/L 

cellobiose prior to QCM experiments for 28 h (stationary phase) to consume the 

residual cellulose, which could provide an undesirable background contribution to the 

frequency change observed in the QCM upon the introduction of the cellulase. 

Removing the residual cellobiose was not necessary, prior to the QCM measurements. 

The residual cellobiose in the cell broth at stationary phase was about 0.05g/l, as 

measured by HPLC, which indicates that cellobiose was almost completely consumed 

by the cell. 

The optical density at 600nm (OD600nm) of cell culture was taken hourly from 

inoculation (t=0 h) to monitor cell growth using cellobiose as carbon source. As shown 

in the growth curve (Fig.2.2), the cell had about 20 h growth lag. The cells grew rapidly 

once it entered log phase, and it took about 28 h to reach the stationary phase. This 

trends is consistent with literature (Johnson et al. 1989). Furthermore, the time to reach 

stationary phase using cellulose is about 48 h (data not shown) and for fructose is about 

80h (Johnson et al. 1989). Thus, compared to cellulose and fructose, the growth on 
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cellobiose is relatively fast and cellobiose is the carbon source preferred by C. 

thermocellum (Lynd et al. 2002, Johnson et al. 1989). As observed, at about 28 h, the 

optical density reached a maximum and decreased slowly, which could be caused by 

greater cell death rate than cell growth rate due to lack of nutrients.  The maximum 

optical density at 600 nm was about 1.20, corresponding to approximate 0.56 g dry cell 

weights/L as calculated from OD600 of 1.0 = 0.464 g dry cell /L, as measured for C. 

thermocellum (Bothun 2004). 

 

 

Figure 2.2 C. thermocellum growth curve using cellobiose as carbon source 

 

Separation of free cellulosome and cell-bound cellulosome  

A method to separate free cellulosome and cell-bound cellulosome was verified by 

varying the centrifuge speeds (centrifuge for 20 min). The corresponding optical density 

at 600 nm (OD600nm) and optical microscopic images of supernatant (free cellulosome) 

and pellet suspension (cell-bound cellulosome) were used to select the centrifuge speed. 

Table 2.1 summarizes the optical density of the resulting supernatant and the 

resuspended cell pellet, and compares the total optical density to that of the original 

crude cell broth. As expected, the optical density of supernatant decreased and that of 

pellet suspension increased as the centrifuge speed increased, which indicates less cell 

residue in the supernatant and higher separation efficiency. The sum of the optical 

density of the supernatant and resuspended cell pellet at each centrifuge speed were 

similar to the optical density of the original crude cell broth (OD = 0.756). This suggests 
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that cells were recovered through suspending the pellet in medium, which justified this 

separation method for free cellulosome and cell-bound cellulosome.  

 

Table 2.1 Optical density (OD600nm) of supernatant and resuspended pellet 

suspension obtained after separation at various centrifuge speeds 

Speed (×g) original 200 600 1400 3000 

Supernatant  0.566 0.161 0.040 0.014 

Pellet suspension ---- 0.176 0.619 0.755 0.751 

Sum 0.756 0.742 0.780 0.795 0.765 

 

The optical images of the model cellulose surface (Fig 2.3A) exposed to the 

supernatant and pellet suspension support the observations of cell density as a function 

of centrifuge speed. As shown for the crude cell broth on the cellulose surface (Fig 2.3 

B), C. thermocellum has a rod shape approximately 20 - 50µm in length. This 

observation is consistent with other reports that cells are usually of 2 - 5µm in length 

(Freier et al. 1988, Bayer et al. 1985, Bayer and Lamed 1986, Bayer et al. 1994) and up 

to 40 µm is common under unfavorable conditions (Freier et al. 1988, Bayer et al. 1994). 

Meanwhile, the size of cellulosome complex is about 25 nm (Bayer et al. 1998). Thus, 

the cellulosome is not visible under the light microscopy. Compared to crude cell broth, 

fewer cells are observed in the supernatant and more cells are observed in the 

resuspended pellet with increasing centrifuge speed, which was consistent with the 

optical density result. Moreover, almost no cells in the supernatant were seen at speed 

of 3000 ×g (Fig 2.3 F (1)), which indicated that primarily free cellulosomes exist in the 

supernatant. This speed (3000 ×g) was used to separate free- and cell-bound 

cellulosomes for the remainder of the investigation.    
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Figure 2.3 Supernatant (1) and pellet (2) suspension images obtained under 

various centrifuge speed: (A) cellulose surface, (B) 0 ×g (crude cell broth), (C) 200 

×g, (D) 600 ×g, (E) 1400 ×g, (F) 3000 ×g; Scale bar: 100µm.          

 

Cellulosome distribution at different growth stages of C. thermocellum 

To demonstrate whether cell-bound or free cellulosome is predominate in the cell 

broth at different growth stages, the activity of crude cell broth (free cellulosome and 

cell-bound both present), supernatant (free cellulosome) and pellet suspension (cell-

bound cellulosome) at different growth stages (shown as red dots in Fig. 2.2 ) were 

measured by cellulase activity assay (blue assay) at 60 oC. In the blue assay, dyed β-

glucan is hydrolyzed by endo-acting cellulase and produces water soluble dyed 

fragments, resulting in increased absorbance at 590 nm (A590nm). Therefore, cellulase 

activity can be quantified by the absorbance at 590 nm. Since all reaction conditions 

(pH, temperature, dyed β-glucan amount) were the same, higher A590nm reading 

indicated higher hydrolysis activity and the presence of more active cellulosome.  

E (1)  E (2)

F (1)  F (2) 
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As shown in Table 2.2, the activity of the three different fractions increased with 

the age of the cell culture, consistent with the presence of more cellulosome due to an 

increasing cell concentration. When normalizing the activity of free cellulosome and 

cell-bound cellulosome with the activity of crude cell broth, the sum of normalized 

activity of free cellulosome and cell-bound cellulosome was close to 1, indicating that 

the activity of the original crude cell broth was captured in the fractions of the 

supernatant and reconstituted cell pellet. The proportion of free cellulosome or cell-

bound cellulosome relative to the total cellulosome is approximated by the 

corresponding normalized activity. It can be concluded that most cellulosome (> 70%) 

was in extracellular form at all growth stages. 

 

Table 2.2 Cellulase activity as measured by the blue assay of crude cell broth, 

supernatant, pellet at different growth stages. 

Growth stages 
Early log 

phase 

Mid log 

phase 

Late log 

phase 

Stationary 

phase 

Growth time (h) 23 24.5 26.5 29.5 

OD600nm 0.390 0.553 0.844 1.179 

Activity 

(A590nm) 

Crude cell broth 0.187 0.215 0.411 0.567 

Free cellulosome 0.145 0.184 0.295 0.487 

Cell-bound 

cellulosome 
0.041 0.072 0.094 0.120 

Normalized 

activity 

Crude cell broth 1 1 1 1 

Free cellulosome 0.775 0.853 0.717 0.859 

Cell-bound 

cellulosome 
0.219 0.337 0.229 0.212 

 

In contrast, previous studies (Bayer et al. 1985, Mayer et al. 1987) demonstrate 

that most cellulosomes are attached to the cell surface in the early log phase and that 

they detach from the cell surface in the stationary phase, as monitored by electron 

microscopy using negative staining techniques for cellulosome visualization. 

Noteworthy is that the strain used in previous works was C.thermocellum YS or JW20 

while the strain used in this study was ATCC 27405. Since the strain was evolving over 

decades, it is possible that properties are different between strains. Furthermore, it is 
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reported that a cellobiose-grown mutant (Bayer et al. 1983), which is selected by 

enriching cells which fail to adhere to cellulose, lacked cell-bound cellulosome (Bayer 

et al. 1985). The presence of this mutant also provides support for the appearance of 

less cell-bound cellulosome than free cellulosome in log phase in this study.  

 

Hydrolysis activity of crude cell broth, free cellulosome and cell-bound 

cellulosome investigated by QCM 

QCM-D was used to compare the binding and hydrolysis of crude cell broth, free 

cellulosome and cell-bound cellulosome obtained from stationary phase on amorphous 

cellulose thin film at 50 oC. A dramatic decrease in the frequency of the QCM occurs 

at 5 min (Fig.2.4 a), corresponding to the introduction of the crude cell broth, 

supernatant, or resuspended cell pellet into the QCM chamber. This frequency drop is 

interpreted as the binding of the cellulase to the cellulose surface. As the mass of the 

cellulose film decreased due to hydrolysis (observed as an increase in frequency) 

competes with the mass increase due to cellulase adsorption, a maximum frequency 

drop is observed. The frequency then continues to increase due to the cellulose mass 

loss by cellulase hydrolysis. As the substrate is consumed, the rate of frequency increase 

slows. This trend was observed for crude cell broth and free cellulosome, and has been 

observed previous for fungal cellulase (Turon et al. 2008). However, the hydrolysis rate, 

which can be represented by the slope of frequency changes following the minimum 

frequency, are quite different. Indeed, the crude cell broth showed highest hydrolysis 

ability, followed by the free cellulosome (supernatant), while the cell-bound 

cellulosome (resuspended pellet) didn’t show significant hydrolysis activity.  

The energy dissipation indicates the viscoelastic property change of cellulose film, 

which depends on the softness/rigidness of films (Schofield et al. 2007). As the enzyme 

introduced, the dissipation of crude cell broth and free cellulosome increase (Fig 2.4 b), 

indicating the formation of soft film due to the cellulase adsorption to the cellulose 

surface. A maximum dissipation value occurred and the dissipation started to decrease, 

as cellulose hydrolysis was dominant and resulted in a more rigid cellulose surface. 

This dissipation trend is similar to that of fungal cellulase as measured by QCM (Turon 

et al. 2008).  

As shown in Fig.2.4 a, the crude cell broth showed greater hydrolysis activity but 

less maximum frequency drop than free cellulosome, which seems unreasonable since 
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crude cell broth have same amount of free cellulase as free cellulosome solution that 

should cause similar frequency drop. In fact, this observation is not contradict due to 

the existence of cell adsorption. Unlike cell-free cellulosome adsorption that can be 

interpreted by Sauerbrey equation in which the frequency drop is linearly with the 

bound mass, bacterial cell adhesion to substrate surface forms viscoelastic bacterium-

substratum interface (Schofield et al. 2007) and makes the attached mass underestimate 

by Sauerbrey equation (Voinova et al. 2002, Olsson et al. 2009). Also, the dissipation 

of crude cell broth is always higher than that of free cellulosome (Fig.2.4 (b)) confirms 

the existence of a softer cellulose surface and a more viscoelastic interface in crude cell 

broth system. Therefore, the actual mass adsorbed of crude cell broth should be higher 

than the quantity calculated from Sauerbrey equation based on maximum frequency 

drop and comparable to the mass adsorbed of free cellulosome. 

However, unlike crude cell broth and free cellulosome, the cell-bound cellulosome 

didn’t show significant hydrolysis activity (Fig.2.4 a) and had constant increasing 

dissipation profile (Fig.2.4 b). Also, the cell-bound cellulosome didn’t show a dramatic 

frequency drop at the time cellulase was introduced, which is usually seen on enzyme 

adsorption. Meanwhile, the images of cellulose film (Fig.2.5) after interacting with 

three cellulase fractions showed that cells were deposited on cellulose films uniformly, 

with cell-bound cellulosome (Fi2.5 D) showed more crowded cell deposition than crude 

cell broth (Fig.2.5 B) and the free cellulosome tended to distribute unevenly on the 

surface and build up as aggregates (Fig.2.5 C), which is visible under light microscopy. 

The accumulation of cells on cellulose surface is likely gravity driven. Therefore, the 

observed low hydrolysis activity of cell-bound cellulosome could result from that cells 

become inactive during the centrifugation and resuspending process and the frequency 

drop could just cause by cells which settle down on the cellulose surface under the 

effect of gravity.  
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Figure 2.4 Frequency (a) and dissipation (b) profile of cellulose hydrolysis by crude 

cell broth, free cellulosome and cell-bound cellulosome obtained at 50 ˚C on an 

amorphous cellulose thin film. 
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Figure 2.5 Images of cellulose surface after 240 min exposure time to the flow of 

cellulase solution in the QCM(A) crude cell broth (B), free cellulosome (C) and 

cell-bound cellulosome (D); scale bar: 20µm 

Hydrolysis activity of crude cell broth, free cellulosome and cell-bound 

cellulosome measured by QCM and blue assay were also compared to demonstrate the 

difference between QCM and blue assay. As shown in table 2.3, the initial hydrolysis 

rates were the slope of QCM frequency changes following the minimum frequency and 

were normalized with the initial hydrolysis rate of crude cell broth.  The sum of the 

normalized activity of free cellulosome (0.859) and cell-bound cellulosome (0.212) as 

measured by the blue assay was close to 1, suggesting that the cellulase activity of the 

blue assay is proportional to enzyme concentration.  In contrast, the cellulase activity 

of the cell fractions measured by QCM does not appear to be additive. The difference 

may be influenced by the substrate. Dyed β-glucan is used in blue assay and the reaction 

occurs in the liquid phase, while cellulose film with certain degree of polymerization is 

used in QCM experiment and the interaction between cellulase and cellulose is a 

heterogeneous reaction. Thus, the reaction condition and substrate properties make 

cellulose more difficult to degrade in QCM experiment than the blue assay, causing 

C  D

A  B
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inconsistence in hydrolysis activity. Also, the experimental temperature for blue assay 

is 60ºC, which is the optimum temperature for cellulosome (Ng et al. 1977). However, 

QCM is conducted at 50 ºC due to experimental limitations of the technique. Thus, 

reaction temperature difference could also result in difference result in QCM and blue 

assay. In conclusion, QCM can be applied to study actual interaction between 

cellulosome and cellulose film under various condition such as pH, temperature and 

whole biomass substrates. Meanwhile, blue assay is more suitable for determining 

cellulosome distribution.  

 

Table 2.3 Hydrolysis activity of crude cell broth, free cellulosome and cell-bound 

cellulosome measured by QCM and blue assay. 

 
Crude cell 

broth 

Free 

cellulosome 

Cell-bound 

cellulosome 

Blue assay 
Activity(A590nm) 0.567 0.487 0.120 

Normalized activity 1 0.859 0.212 

QCM 
Initial rate(Hz/min) 1.351 0.798 0.069 

Normalized activity 1 0.590 0.051 

 

Cellobiose inhibition comparison between cell broth and free cellulosome at 

stationary phase 

The activity of cell broth and free cellulosome obtained at stationary phase under 

various cellobiose concentration (0, 5, 10, 20, 30g/L) were measured by blue assay of 

cellulase activity. The reported activities at each cellobiose concentrations are 

normalized relative to uninhibited (0 g/L) cellobiose and summarized in Table 2.4. A 

graphical representation of cellulase activity as a function of cellobiose concentration 

is shown in Fig. 2.6. The cellulase activity decreased as cellobiose concentration 

increases. Complete inhibition is not observed even at the cellobiose concentration of 

30 g/L. Furthermore, in the presence of the same concentration of cellobiose, the 

activity of free cellulosome was decreased more than the cell broth, which contained 

both free cellulosome and cell-bound cellulosome. Thus, the presence of cell-bound 

cellulosome could possibly reduce the inhibition effect of cellobiose. 

Cellobiose, the dimer of cellulose and a product of cellulose hydrolysis, is a known 

inhibitor of cellulase activity (Johnson et al. 1982b). A cellobiose concentration of 20 
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g/L is reported (Lamed et al. 1985) to almost completely inhibit the activity of purified 

cellulosome from C.thermocellum YS with microcrystalline cellulose as substrate. 

Purified CelS (exo-glucanase), the most abundant catalytic subunit in cellulosome, and 

its activity is found to be 92% inhibited by cellobiose at 5 g/L using cellopentaose as 

substrate (Kruus et al. 1995), while purified endo-ß-glucanase of C.thermocellum is 

reported to be relatively insensitive to cellobiose when  chromogenic substrate 

trinitrophenyl carboxymethyl-cellulose (TNP-CMC) was used as substrate (Johnson et 

al. 1982b). Thus, different catalytic units of the cellulosome have different sensitivity 

to cellobiose inhibition and the inhibition extent is strongly dependent on the substrate 

used (Johnson et al. 1982b). Since C. thermocellum strains are evolved over decades, 

the composition of catalytic units in cellulosome could differ from literature, which 

could lead to inconsistent inhibition concentration with literature when using different 

substrate. 

 

Table 2.4 Cellobiose inhibition of crude cell broth and free cellulosome as 

measured by the blue assay of cellulase activity. 

[Cellobiose] 0g/L 5g/L 10g/L 20g/L 30g/L 

Crude 

Cell 

broth 

Activity(A590) 0.567 0.557 0.608 0.523 0.473 

Normalized 

activity 

1 

 

0.984 

(±0.023) 

1.074 

(±0.017) 

0.922 

(±0.023) 

0.834 

(±0.036) 

 Free 

cellulo

-some 

Activity(A590) 0.487 0.427 0.418 0.382 0.316 

Normalized 

activity 
1 

0.876 

(±0.026) 

0.857 

(±0.020) 

0.784 

(±0.030) 

0.649 

(±0.026) 
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Figure 2.6 Cellobiose inhibition of crude cell broth and free cellulosome as 

measured by the blue assay of cellulase activity 

 

Conclusion 

To identify the relative importance of cell-bound and free cellulosomes on observed 

cellulose hydrolysis rates, a centrifuge-based separation technique is used to separate 

free cellulosome (supernatant) and cell-bound cellulosome (cell pellet) from crude cell 

broth. Using this separation technique, greater than 70% of the cellulosome in the crude 

cell broth is shown to exist unattached to the cell at all growth stages for strain ATCC 

27405. Cellulase activity measurements in the presence of cellobiose suggest that free 

cellulosome is more sensitive to cellobiose inhibition than crude cell broth. Meanwhile, 

the hydrolysis activity of the crude broth can be captured from the activity of the free 

cellulosomes and the resuspended cells in the cellulase “blue” assay, but not from QCM 

measurements. However, QCM shows advantage over blue assay of cellulase activity 

for the study of the effect of reaction conditions on cellulose hydrolysis. The subsequent 

chapter uses QCM to investigate cellobiose inhibition on crude cell broth and free 

cellulosome, making use of the ability of this interfacial technique to examine the 

cellulosome/substrate interaction and the role cells plays in this interaction. 
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CHAPTER THREE 

Quartz Crystal Microbalance Investigation of Inhibition of Crude Cell Broth 

and Free Cellulosome from Clostridium thermocellum by Cellobiose  

 

Summary 

Methods to examine the effect of reaction conditions on the enzymatic hydrolysis 

of cellulose at the interfacial level are needed to complement bulk cellulose hydrolysis 

experiments and guide the design of more efficient cellulose degradation processes.  

The conversion of cellulose into fermentable sugar by C. thermocellum and fungal 

cellulase is known to be inhibited by the end product cellobiose. Understanding the 

inhibition mechanism of cellobiose is particularly important for relieving product 

inhibition and improving cellulose hydrolysis efficiency. The quartz crystal 

microbalance with dissipation (QCM-D) has been successfully used to investigate the 

kinetics of cellulose hydrolysis by fungal cellulases in response to environmental 

perturbations, such as the presence of inhibitors. In this work, we extend the use of 

QCM-D to the measurement of cellulose hydrolysis by whole cell cellulases, 

specifically crude cell broth and free cellulosome from C. thermocellum (stationary 

phase) on amorphous cellulose films, under various cellobiose concentration (1, 3, 5, 

10 g/L). The initial hydrolysis rates in the presence of crude cell broth or cell-free 

cellulosome decreased with increasing cellobiose concentration. Both crude cell broth 

and free cellulosomes had similar degrees of inhibition in the presence of cellobiose.  

At a concentration of 10 g/L cellobiose, the initial hydrolysis rate was reduced by 

approximately 74-79% relative to the uninhibited systems. The type of inhibition 

(competitive, noncompetitive, uncompetitive inhibition) can traditionally be interpreted 

from the initial hydrolysis rates as a function of inhibitor concentration. However, in 

these flow-through QCM experiments (constant enzyme and inhibitor concentrations) 

we demonstrated that the type of inhibition cannot be determined from initial rates. The 

similar inhibition patterns (within experimental concentration (0-10g/L)) observed for 

crude cell broth and free cellulosomes suggests that models developed for the cell-free 

cellulosomes, which allow for more accurate interfacial adsorption analysis by QCM 

than their cell-attached counterparts, may provide insight into hydrolysis events in both 

systems.   
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Introduction 

Lignocellulose is the most abundant and sustainable biomass in nature, which 

makes it an attractive feedstock for biofuel production. However, the structure of 

lignocellulose, cellulose fibers wrapped by hemicellulose and lignin (Kumar et al. 

2009), complicates the production of lignocellulosic biofuel. To solubilize the sugars 

needed to produce biofuel, lignocellulose is first pretreated to remove most lignin and 

hemicellulose to make the cellulose more accessible to cellulases. Cellulase then 

degrades cellulose to produce fermentable sugar through the synergistic action of at 

least three types of enzymes (Lynd et al. 2002). Exo-glucanase attacks crystalline 

cellulose chain ends to produce cellobiose, while endo-glucanase breaks down cellulose 

from the internal region (Xi et al. 2013). Cellobiose is further converted into glucose 

by ß-glucosidase. The sugar is fermented into biofuels by yeast or bacteria. The low 

efficiency of enzymatic hydrolysis of cellulose is the main cost barrier in economical 

lignocellulosic biofuel production. Therefore, improving cellulase activity is important 

for producing renewable, cost-competitive biofuels. 

The factors affecting the enzymatic hydrolysis efficiency of cellulose include the 

cellulase source, the substrate (lignin content, crystalline degree etc.), reaction 

conditions (pH, temperature, enzyme concentration etc) and end-product inhibition 

(Sun and Cheng 2002). Pretreatment byproducts (organic acids, vanillin), intermediate 

hydrolysis products (cellobiose), and fermentation product (ethanol) are all cellulase 

inhibitors, which decrease the cellulase activity (Li 2012, Marju Gruno 2004). 

Cellobiose is the main end-product of cellulose hydrolysis, and has been shown to 

strongly inhibit cellulase activity, leading to low conversion efficiency (Gusakov et al. 

1985a, Holtzapple et al. 1990). Therefore, understanding the inhibition mechanism of 

cellobiose is particularly important for relieving product inhibition and improving 

cellulose hydrolysis efficiency. A challenge in measuring cellobiose inhibition from 

bulk reaction kinetics is that the hydrolysis rate quantified by the product formation rate 

can be inaccurate since the source of the hydrolysis product is both the substrate and 

the added inhibitor (Holtzapple et al. 1990, Teugjas and Valjamae 2013).  

Quartz crystal microbalance with dissipation (QCM-D) allows the real time 

measurement of cellulase adsorption and substrate consumption, which offers 

opportunities for mechanistic studies of inhibition (Turon et al. 2008, Li 2012). Li (2012) 

has reported the use of QCM to study the interaction between fungal cellulase and semi-

crystalline model cellulose films under various inhibitor and enzyme concentrations. 
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Fundamental models of cellulase adsorption, hydrolysis, and inhibition were applied to 

interpret the frequency response of the QCM data. In extending this investigation to 

cellulases from C. thermocellum, understanding the role of the cell in both the QCM 

frequency response and the observed hydrolysis rates is critical.  However, bacterial 

cell are large colloidal particles, which will form viscoelastic bacterium-substratum 

interface if cells adheres to the substrate (Schofield et al. 2007). This non-rigidly 

attached mass has been shown to be underestimated by Sauerbrey equation in which 

the frequency drop is linearly with the bound mass (Voinova et al. 2002, Olsson et al. 

2009). Moreover, there are examples that bacterial adhesion associated with positive 

frequency shifts (Olsson et al. 2011, Olsson et al. 2010). Therefore, unlike the 

adsorption of free cellulases (such as fungal cellulases), the frequency change of the 

QCM due to cell adsorption cannot be interpreted directly from the conventional mass-

loading theory. The analysis of the dissipation term which describes the dissipative 

energy losses due to the viscoelastic behavior of the adsorbed mass is also needed to 

estimate the adsorbed mass (Olsson et al. 2011, Schofield et al. 2007). 

The hydrolysis of amorphous cellulose films in the presence of crude cell broth and 

free cellulosome from C. thermocellum (stationary phase) was measured by QCM-D 

under various cellobiose concentration (1, 3, 5, 10g/L). The goal in comparing 

hydrolysis in the presence of different cell fraction was to examine the significance of 

cell adsorption on the measured response of the QCM in cellulose degradation studies 

and interpret interaction between C.thermocellum and the cellulose substrate. The 

kinetic models to interpret the mechanism of inhibition from the initial hydrolysis rate 

as a function of inhibitor concentration were extended from the traditional Michaelis-

Menten approaches to the experimental flow system described by the QCM. The 

cellobiose inhibition pattern (0 – 10 g/L) of crude cell broth and free cellulosome were 

compared to examine the role that cell adherence plays in cellulosome/substrate 

interaction. 

 

Materials and Methods 

Materials: Microcrystalline cellulose (MCC, 20 μm) was supplied by Aldrich. D (+)-

cellobiose (98%), ammonia (28-30 wt %), polyethyleneimine (PEI, 50 wt. % aqueous 

solution) were purchased from Acros Organics. Methanol (99.9%), N, N-

dimethylacetamide (DMAc, 99.99%), lithium chloride (99.8%), hydrogen peroxide 
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(30%), Tris buffer (0.3 M), glycerol (99.9%) were supplied by Fisher Scientific. Beta-

glucazyme tablets (60 mg) were purchased from Megazyme (Ireland). 

 

Source and maintenance of strains: C.thermocellum ATCC 27405 was used. Long 

term culture storage was prepared by anaerobically diluting 3 ml stock culture (late log 

phase) with 3ml of 50% deoxygenated glycerol and stored at -80oC. 

 

Medium and cultivation condition: The composition of Thermophile medium (T 

medium) per liter is: 1ml resazurin stock, 1.53g Na2HPO4, 1.5g KH2PO4, 0.5g NH4Cl, 

0.5g (NH4)2SO4, 0.09g MgCl2·6H2O, 0.03g CaCl2, 0.5g cysteine, 2.0g yeast extract, 

10ml standard vitamins mixture, 5ml modified metal mixture (Pfennings metals plus 

10mg Na2WO4·2H2O and 1mg Na2SeO3). The pH of the medium was adjusted to 6.7 

with NaOH before being autoclaved at 121 oC for 60 minutes to degas. Then the 

medium was bubbled with CO2 until it cooled to room temperature, after which 50ml 

8% Na2CO3 (4g/50ml) was anaerobically added. Medium for batch culturing was 

anaerobically transferred to serum bottles with Whatman No.1 filter paper (cellulose) 

and then autoclaved at 121 oC for 60 minutes for sterility. C. thermocellum was cultured 

anaerobically at 65 oC by routinely transferring 1 ml of cell culture to 9 ml T medium 

(10% inoculation) every two days (48 h). Finally, 1 ml of cell culture was transferred 

to 9 ml T medium with 4g/l cellobiose once to consume the residual cellulose before 

any further measurement by QCM (Fig. 3.1).   
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Figure 3.1 C. thermocellum culturing procedure 

 

Optical density measurement for bacteria population: The concentration of 

C.thermocellum was quantified by the absorbance reading at 600 nm of the cell broth 

measured by UV- vis spectrophotometer (8453, Agilent Technologies). T medium was 

used as a blank. The final reading was the average of three replications. Bacterial dry 

cell weights (DCW) were determined by optical density at 600 nm (OD600). For 

C.thermocellum, one unit of OD600 was shown to correspond to 0.464 g DCW /L 

(Bothun 2004).  

 

Separation of cellulosome fraction: Cells (and cell-attached cellulosomes) were 

removed from the crude cell cultures of C. thermocellum by centrifugation (3000 ×g 

for 20 min at room temperature (23oC)). The resulting supernatant was the free 

cellulosome fraction.  

 

Cellulase activity assay: Remazolbrilliant blue R dyed β-glucan (blue assay) 

(McCleary 1991, McCleary and Shameer 1987) was used to compare the bulk activity 

of crude cell broth, free cellulosome and cell-bound cellulosome. The principle of the 

assay is that water soluble dyed fragments are produced when the dyed cellulose tablet 

is hydrolyzed. Increasing dyed fragments in solution are measured as increasing UV-

vis absorbance at 590 nm, which can be related to enzyme activity. Test tubes (16×120 
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mm) with 0.5ml enzyme solution were incubated in a 60 oC water bath for 5 min. 

Following this, the reaction was initiated by adding a Beta-Glucazyme tablet (60 mg, 

Megazyme, Ireland). After exactly 10 min, 10 ml Trizma base solution (pH=8.5) was 

added to stop the reaction. To extract the dyed fragments, the content of the tubes was 

stirred vigorously on vortex mixer and allowed to stand at room temperature for about 

5 min. This slurry was filtered using Whatman No.1 (9cm) filter paper (Fisher 

Scientific). The absorbance of filtrate at 590 nm was measured using UV- vis 

spectrophotometer (8453, Agilent Technologies). The blank was prepared by adding 10 

ml of Trizma base solution to the enzyme solution before adding the Beta-Glucazyme 

tablet. Three replicates were conducted. 

 

Lithium Chloride/Dimethylacetamide (LiCl/DMAc) cellulose film preparation: 

The preparation of cellulose film was adapted from a previous investigation (Notley et 

al. 2006, Eriksson et al. 2005). To make cellulose solution, firstly, 0.5 g microcrystalline 

cellulose (MCC) was immersed in 10 ml deionized water with continuous stirring for 

24 h to allow the cellulose to swell and open the structure. After overnight stirring, most 

water of the suspension was removed by filtration. To exclude the residual water, the 

residue was immersed in 10 ml methanol with continuous stirring for 30 minutes, then 

filtered. This was repeated for three times. Methanol was removed by placing the 

residue in 10 ml N, N-dimethylacetamide (DMAc) with continuous stirring for 30 

minutes then filtered, which was repeated for three times. This 0.5 g DMAc extracted 

cellulose was then added to 18 ml DMAc which was already heated to 150 oC. The 

activation process took place at 150 oC with refluxing DMAc for 30 minutes to opening 

polymer chains. After activation, the solution was cooled to 100 oC for 20 minutes. Then 

1.5 g oven dried lithium chloride (LiCl) was added to dissolve cellulose substrate, after 

which the solution was left to cool to 25 oC with stirring overnight. Finally, a clear and 

colorless cellulose solution was obtained. 5 ml of this cellulose solution was further 

diluted with 20 ml DMAc to make 0.5% w/w cellulose solution, which was 

subsequently heated to 100 oC before spin-coating.  

Prior to spin-coating with cellulose solution, the gold sensors (QSX 301, Q-sense, 

Göteborg, Sweden) were treated with ultraviolet cleaner (BioForce, Ames, IA) for 10 

minutes to remove the organic contaminants on the sensor surface. The UV/ozone 

treated sensors were further cleaned in the 5:1:1 mixture of Milli-Q water, ammonia 

(25%), hydrogen peroxide (30%) at 75 oC for 5 minutes. After rinsing with deionized 
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water to remove residual reagent, the sensors were dried with nitrogen gas and treated 

with UV/ozone again. The cleaned sensors were then placed in 2% w/v 

polyethyleneimine (PEI, 50 wt. % aqueous solution) solution for 10 minutes to coat the 

sensors with PEI, which is used as an anchoring polymer to help the cellulose attach to 

the sensor surface and stabilize in aqueous solution. The PEI treated sensors were rinsed 

with deionized water for 5 seconds and then water was removed by nitrogen gas. The 

polymer coated sensors were then dried in oven at 50 oC for 1 h. Finally, the sensors 

were ready for spin-coating with cellulose solution. Heated cellulose solution 0.5% w/w 

(80 μl) was spin coated on the PEI coated sensor with the spin-coater (WS-400BZ-

6NPP/Lite, Laurell Technologies) at 3000 rpm for 45 seconds. This was repeated three 

times. After spin-coating, the cellulose coated sensors were immersed in deionized 

water for 30 minutes to remove excess solvent (DMAc and LiCl), after which the water 

was removed with nitrogen and the cellulose film was dried in oven at 50 oC for 1h. The 

prepared cellulose films were stored in a desiccator at room temperature until use. The 

mass of cellulose coated on the sensor surface was measured by QCM-D. 

 

Atomic force microscopy (AFM) characterization on cellulose film：The surface 

morphology and roughness of cellulose film was measured by AFM (Series 4500, 

Agilent Technologies). The cellulose surface was scanned by silicon probes (TAP 

300AI-G, Budget Sensors) with tip radius less than 10 nm in non-contact mode. 

 

QCM measurements： The QCM-D (E4, Q-sense, Göteborg, Sweden) was used to 

measure the hydrolysis activity and binding of C.thermocellum on the LiCl/DMAc 

cellulose film. In a typical experiment, prior to injection to the QCM modules, all 

solutions (buffer and enzyme solution), which used T-medium (pH= 6.7) as solvent, 

were placed in vacuum oven (285A, Fisher Scientific) at 50 oC for 1 h to degas. Further 

degassing was performed at 50 oC in an ultra-sonicator (Cole-Parmer 8890, IL) for 20 

minutes. The hydrolysis was conducted under 50 oC by controlling the QCM chamber 

at 50 oC and placing all solutions in a 50 oC water bath. After the temperature of 

chamber and solutions reached 50 oC, the degassed buffer solution (medium with 0 g/L, 

1 g/L, 3 g/L, 5 g/L, 10 g/L cellobiose) was firstly introduced to QCM at a flow rate of 

0.2 ml/min to let cellulose film to fully swell and produce a steady baseline QCM signal 

(Turon et al. 2008). When a constant frequency reading (Δf< 2Hz/hr) was obtained, 
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buffer solution was switched to enzyme solution (crude cell broth or free cellulosome 

with 0 g/L 1g/L, 3 g/L, 5 g/L, 10 g/L cellobiose). During this period, the frequency and 

dissipation of the thin film cellulose were monitored. When the frequency was not 

changing (Δf < 2 Hz/hr), the buffer solution was injected to rinse off the unbound cell 

and hydrolysis product on the sensor surface for 30 minutes. 

 

Result and discussion 

Lithium Chloride/Dimethylacetamide (LiCl/DMAc) cellulose film 

characterization 

AFM in non-contact mode was used to measure the topography of the prepared 

cellulose films (Fig.3.2). The AFM images showed that the LiCl/DMAc films had a 

uniform structured feature in the micrometer scale, exhibiting non-fibrillar structure 

without any preferential orientation, which is consistent with the observations reported 

in the literature (Aulin et al. 2009, Eriksson et al. 2005). As reported in the literature, 

small incidence angle X-ray diffraction measurement also indicate that LiCl/DMAc 

films are amorphous cellulose substrate (Aulin et al. 2009).  The conversion of 

crystalline cellulose to amorphous cellulose happens during the dissolution of cellulose 

in LiCl/DMAc solvent system. The LiCl/DMAc complex enters in competitive 

hydrogen bond formation with the hydroxyl protons of cellulose, which break the 

intermolecular hydrogen bonds linking the cellulose chains (McCormick et al. 1985, 

Morgenstern and Kammer 1996, Dupont 2003). The disorder of hydrogen bonds leads 

to formation of amorphous structure.   

Figure 3.2 AFM images of cellulose film formed from dissolution in LiCl/DMAc: 

10µm x 10µm (left), 2µm x 2µm (right). 

The properties of cellulose films are of paramount importance in studying 
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enzyme/cellulose interaction. The chemical composition (lignin, hemicellulose 

percentage), surface morphology (accessible surface area etc), and substrate structure 

(crystallinity, degree of polymerization etc.) all affect the efficiency of cellulase 

hydrolysis (Turon et al. 2008, Ahola et al. 2008b). Model cellulose films can be 

prepared by spin-coating (Notley et al. 2006) or Langmuir-Blodgett deposition 

(Holmberg et al. 1997) of cellulose nanocrystal suspension, native cellulose 

microfibrils (MFC) suspension or regenerated cellulose solution on solid substrate, 

which result in cellulose films with different crystallinities (Aulin et al. 2009, Ahola et 

al. 2008b). Although cellulose films that can more closely mimic native cellulose is 

more desirable for some applications, cellulose films with high crystallinity often 

exhibit fibrillar structure and heterogeneous deposition (Aulin et al. 2009). A 

homogenous cellulose films instead can ensure consistent experimental measurements, 

which is important for comparison across hydrolysis conditions and modeling efforts. 

In order to decrease the complexity and reveal the role of cellulases plays in the 

cellulose hydrolysis regardless of substrate properties, regenerated cellulose dissolved 

in LiCl/DMAc is used in this work to prepare smooth amorphous cellulose model 

surfaces.   

 

Effect of cellobiose (inhibitor) concentration on QCM response 

The effect of cellobiose concentration on the frequency response of the QCM-D 

was investigated to quantify its contribution in subsequent hydrolysis experiment in the 

presence of the enzymes. Solutes such as cellobiose can change the observed frequency 

response due to adsorption to the thin film sensor or changes in the solution viscosity 

(Itoh and Ichihashi 2008, Martin et al. 1993). The measurements used a buffer solution 

(0 g/L cellobiose) to obtain base line (F = 0 Hz), after which buffer solutions with 

different cellobiose concentrations were injected (at t of approximately 10 min). Fig.3.3 

shows that the injection of cellobiose solution (5, 10, 20, 30 g/L) resulted in 5.6, 7.3, 

13.1, 25.1 Hz frequency drop (third overtone), respectively and an increase in energy 

dissipation, which indicates changes in the viscoelasticity and morphology of the film. 

Furthermore, the frequency drops were almost proportional to the cellobiose 

concentration (Fig. 3.4), which was caused by viscosity change of the solution adjacent 

to the film or the adsorption of cellobiose on the cellulose substrate. When cellobiose 

solution (5, 10, 20, 30 g/L) was switched to buffer solution (0 g/L cellobiose), the 
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frequency returned to the baseline with a slight offset (4.2, 3.4, 2.5, 1.6 Hz, respectively). 

This observation indicates that cellobiose is not irreversibly bound to the cellulose 

substrate and only small amount of cellobiose is bound to the cellulose film after rinsing 

(maximally causing a 4.2 Hz frequency drop in the experimental range of cellobiose 

concentrations). This offset represents a minimum change in frequency relative to the 

frequency change during hydrolysis (~100Hz), which is neglectable comparing to the 

mass loss of cellulose during hydrolysis. The potential for cellobiose to alter the 

observed changes in the frequency was addressed by equilibrating cellulose film with 

buffer which has the same cellobiose concentration as the enzyme solution before 

cellulose hydrolysis.  

 

Figure 3.3 Frequency and dissipation profile of cellobiose loading at 50ºC. 
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Figure 3.4 Maximum frequency drop of the cellulose-coated QCM sensor as a 

function of cellobiose concentration 

 

QCM Measurement：cellobiose inhibition study on crude cell broth 

Crude cell broth of C.thermocellum at stationary phase was added with cellobiose 

(0, 1, 3, 5, 10 g/L) to study the cellobiose inhibition effect on the hydrolysis activity for 

this mixture of cell-bound and free cellulosome. In order to offset any deviations caused 

by differences in cell density, a blank control that used the same cell broth in the absence 

of cellobiose (0 g/L) was conducted with each cellobiose inhibition experiment (1, 3, 5, 

10 g/L). The frequency profiles for each cellobiose concentration are shown in Fig. 3.5. 

Similar to the cellulose hydrolysis in the absence of cellobiose, the introduction of 

the inhibited crude cell broth into the QCM chamber at approximately 8 min leads to a 

dramatic decrease in the frequency due to the binding of the cellulase to the cellulose 

surface. As the mass loss of the cellulose film due to hydrolysis (observed as an increase 

in frequency),  begins to compete with the mass increase due to cellulase adsorption, a 

maximum frequency drop is observed. For each cellobiose concentration, the difference 

between the maximum frequency drop of the uninhibited (0 g/L) and inhibited cell broth 

(1, 3, 5, 10 g/L) is 2.3, 5.6, 5.0 and -1.5 Hz, respectively, which doesn’t show obvious 

relationship with cellobiose concentration. The interpretation of maximum frequency 

drop can be complicated since it represents the combined effect of cellulase adsorption 

and cellulose hydrolysis, while hydrolysis rate is also affected by cellobiose 

concentration. On the other hand, this complication reflects the potential of this 

interfacial technique to examine both adsorption and hydrolysis simultaneously. 
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Mechanistic models of enzyme kinetics can be tested and parameterized using the QCM 

frequency profile, where the successful prediction of the maximum frequency drop 

provides a stringent test of the proposed model.   

Figure 3.5 Frequency profile of cellulose hydrolysis by crude cell broth of 

C.thermocellum in the presence of cellobiose (1, 3, 5, 10 g/L) at 50 ºC on amorphous 

cellulose film. 

 

The hydrolysis activity of cellulases can be quantified by initial hydrolysis rate ( ), 

which is the maximum slope of the frequency curve after the minimum frequency 

(Fig.3.5). The initial hydrolysis rate of crude cell broth in the presence of cellobiose 

( _  ) and the corresponding initial hydrolysis rate in absence of cellobiose 

( _ ) is summarized in Table 3.1. The extent of inhibition can be evaluated 

by normalizing _  by the corresponding	 _ , which eliminates effect 

of cell density differences. As shown in Fig. 3.7, inhibition of the initial hydrolysis rate 

_  

_  
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increases almost linearly with the cellobiose concentration for cellobiose concentrations 

less than 3 g/L. At higher cellobiose concentration, the inhibition extent is increasing 

but in a relatively slow rate. Within experiment condition (0 – 10 g/L), the highest extent 

of inhibition is 79%, observed at 10 g/L cellobiose. 

Similar cellobiose inhibition study have been performed by Li (2012) using QCM-

D, but fungal cellulase (0.5 % v/v) from Trichoderma reesei was used to degrade 

NMMO (semi-crystalline) cellulose films. In this work amorphous cellulose film 

(LiCl/DMAc) was chose as model cellulose film for studying activity of cellulosome 

from C.thermocellum. To compare the cellulase activity between C.thermocellum and 

fungal cellulase, similar processing was done on Li’s data (Fig. 3.7). Fungal cellulase 

showed higher sensitivity to cellobiose than C.thermocellum and the activity was 

completely inhibited at 5 g/L. Moreover, as measured by blue assay, the activity of 

fungal cellulase (0.5 % v/v) crude cell broth of C.thermocellum (stationary phase) is 

0.850 and 0.333, respectively. This doesn’t necessary indicate that fungal cellulase has 

higher activity since the enzyme concentration in both system are not equivalent. Also, 

NMMO cellulose films and LiCl /DMAc cellulose films have different cellulose 

structures. Therefore, equivalent cellulase concentration and similar substrate are 

required to obtain more precise comparison between fungal cellulase and 

C.thermocellum. 

Reversible enzymatic inhibition can be generally divided into three types: 

competitive inhibition, noncompetitive inhibition, uncompetitive inhibition. For 

example, T. reesei have been reported to be competitive and noncompetitive inhibited 

by cellobiose when the substrate were Avicel and rice straw, respectively(Holtzapple et 

al. 1990). Traditionally, Michaelis-Menten models are used to interpret kinetic data and 

determine the inhibition types by describing the hydrolysis rate expression in the form 

of double-reciprocal plots (a plot of the reciprocal of the observed hydrolysis rate 

against the reciprocal of the substrate concentration), which show distinguishable 

features for different inhibition types as a function of inhibitor concentration 

(Lineweaver and Burk 1934). However, the Michaelis-Menten model is developed 

under homogenous reaction conditions (Michaelis and Menten 1913). Thus it can’t be 

directly applied to the hydrolysis of cellulose, which is a heterogeneous surface reaction. 

To interpret the cellobiose inhibition mechanism, modified Michaelis-Menten models 

for a continuous flow system (QCM system) were developed for three known inhibition 

mechanism (see Appendix A). The three inhibition types are shown to have similar 
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hydrolysis rate expression that is proportional to the cellobiose concentration (Eq.3.1-

3.3) and predict the experiment data well (Fig.3.6). Therefore, the initial hydrolysis rate 

is not sufficient to determine the inhibition type.     

	 :	
_

	 	 	 /
     (3.1) 

	 :	
_

	 	      (3.2) 

	 :	
_

	 	 ]      (3.3) 

 

Figure 3.6 Cellobiose inhibited initial hydrolysis rate of crude cell broth of 

C.thermocellum as a function of cellobiose concentration (1, 3, 5, 10 g/L) at 50 ºC 

on amorphous cellulose film. 

To further investigate the inhibition mechanism, fitting the interfacial models of 

inhibition described by the Michaelis-Menten equations to the entire frequency 

response, and not just the initial rates, would be required. Li (2012) applied mechanistic 

models to fit the QCM frequency profile to reaction steps of cellulase adsorption, 

inhibitor adsorption, inhibited enzyme adsorption, and cellulose hydrolysis for a system 

of T. reesei cellulase on NMMO cellulose film in the presence of cellobiose. Li 

investigated competitive, non-competitive and reactive enzyme-substrate-inhibitor 

(ESI) complex inhibition models, which proved to be unable to describe the experiment 

data. An inhibition model that combined competitive and non-competitive inhibition 

was proposed, which to best predict the frequency profiles as a function of inhibitor 

concentration. Li’s work suggests the direct interpretation of the inhibition mechanism 

from the QCM frequency response.  However, the contribution of attached whole cells 
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to the observed decrease in frequency is less quantifiable (Voinova et al. 2002, Olsson 

et al. 2009) and would need to be addressed further before model that includes whole 

cell adsorption to the cellulose surface could be validated.   

 

Table 3.1 Summary of the initial rates of hydrolysis ( ) for crude cell broths in the 

presence of cellobiose (three replications).  Values are normalized relative to the 

initial rates for uninhibited (0 g/L cellobiose) experiments conducted using the 

same crude cell broth. 

[cellobiose] 1g/L 3g/L 5g/L 10g/L 

Optical density600nm 1.32 1.19 1.39 1.39 

Vo_uninhibited(Hz/min) 1.568 1.219 1.415 1.626 

Vo_inhibited(Hz/min) 1.175 0.522 0.536 0.34 

Normalized 

Hydrolysis Rate 

(Vo_inhibited/Vo_uninhibited) 

0.749 

(±0.089) 

0.428 

(±0.074) 

0.379 

(±0.016) 

0.209 

(±0.000) 

 

 

Figure 3.7 The normalized activity of crude cell broth of C. thermocellum and 

fungal cellulase (data adapted from Li (2012)) as a function of cellobiose 

concentration 
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QCM Measurement：cellobiose inhibition study on free cellulosome 

The activity of crude cell broth and free cellulosome in the presence of cellobiose 

was compared to investigate the role of the cell in the observed inhibition. The effect 

of cellobiose on the activity of free cellulosome, obtained from supernatant of the crude 

C.thermocellum cell broth at stationary phase, was studied at cellobiose concentrations 

of (0, 1, 3, 5, 10g/L). A control that used the same free cellulosome solution but without 

the presence of cellobiose (0g/L) was conducted with each cellobiose inhibition 

experiment (1, 3, 5, 10g/L) to compensate for  differences caused by cell density . The 

frequency profiles for each cellobiose concentration are shown in Fig. 3.8. The initial 

hydrolysis rate of free cellulosome in the presence of cellobiose ( _  ) and 

corresponding initial hydrolysis rate in absence of cellobiose ( _  ) is 

summarized in Table 3.2.  

 

Figure 3.8 Frequency profile of cellulose hydrolysis by free cellulosome of 

C.thermocellum in the presence of cellobiose (1, 3, 5, 10 g/L) at 50 ºC on amorphous 

cellulose film. 
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The trends in QCM frequency in the presence of free cellulosomes was similar to 

that of crude cell broth, but free cellulosomes (	 	of approximately 3.7 Hz/min) was 

more active than crude cell broth (	 	of approximately 1.3 Hz/min) due to differences 

in the batch cell cultures. This difference is eliminated by normalizing the inhibited 

initial rate with the uninhibited initial rate, which allows comparison of the inhibition 

pattern. As shown in Fig. 3.9, cellobiose has a similar effect on the initial rate of 

hydrolysis for free cellulosome and crude cell broth. Johnson et al. (1982b) also 

reported that the free cellulosome and crude cell broth of C. thermocellum ATCC 27405 

had similar cellobiose inhibition patterns on the substrates of phosphoric acid-swollen 

Avicel and microcrystalline Avicel. Furthermore, cellobiose does not affect the 

adherence of C. thermocellum to cellulose substrate (Bayer et al. 1983). The 

observation that crude cell broth and free cellulosome are affected similar by cellobiose 

suggests that mechanistic models of inhibition of the free cellulosome may be applied 

to understand inhibition in the crude cell broth, which contains both free cellulosomes 

and cell bound cellulosomes.     

In this work, at a concentration of 10 g/L, about 74% inhibition is observed for cell-

free cellulosomes as measured by QCM on amorphous cellulose film. However, the 

cellobiose inhibition measured by blue assay using β-glucan as substrate (Chapter 2) is 

only about 35% inhibition, is seen at a concentration of 30g/L. Furthermore, Johnson 

et al. (1982b) found that at 50 g/L of cellobiose the crude cell broth and free cellulosome 

of C.thermocellum was inhibited by 50% for phosphoric acid-swollen Avicel, while 

complete inhibition occurred at 20 g/L cellobiose with microcrystalline Avicel as 

substrate. Thus, cellobiose inhibition of C. thermocellum is strongly dependent on 

substrate structure. Furthermore, substrates that are easier to degrade tend to be less 

inhibited; β-glucan is easier to degrade than amorphous cellulose film and phosphoric 

acid-swollen Avicel is easier to degrade than microcrystalline Avicel. T. reesei is also 

found to have the same characteristic (Gruno et al. 2004).  
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Table 3.2 Summary of the initial hydrolysis rates and normalized rates of 

amorphous cellulose by free cellulosomes in the presence of cellobiose 

[cellobiose] 1g/L 3g/L 5g/L 10g/L 

Vo_uninhibited(Hz/min) 3.778 3.624 3.778 3.778 

Vo_inhibited(Hz/min) 3.343 1.764 1.493 0.996 

Normalized 

hydrolysis rate 

(Vo_inhibited/Vo_uninhibited) 

0.885 0.487 0.395 0.263 

 

 

Figure 3.9 Cellobiose inhibition pattern comparison among free cellulosome (no 

replication) and crude cell broth (error based on three replication). 

 

Conclusion 

With the goal of developing techniques to quantify and model the inhibition 

kinetics of cellulases, the inhibition of crude cell broth and free cellulosome from C. 

thermocellum (stationary phase) by cellobiose was investigated on model amorphous 

cellulose surfaces using QCM. Crude cell broth and free cellulosomes were shown to 

have similar inhibition pattern (within a cellobiose concentration less than10g/L), with 

about 74-79% inhibition at a concentration of 10 g/L. Kinetic models that interpret 

inhibited initial hydrolysis rate were developed for the flow system, and correlate well 

the initial hydrolysis rate. However, these models cannot distingusih the inhibition 
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types (competitive, noncompetitive, uncompetitive inhibition) on the basis of only 

initial hydrolysis rates. Kinetics models that incorporate celluosome adsorption and 

cellulose are expected to describe the inhibition mechanism of free cellulosomes and 

provide insight into hydrolysis event in crude cell broth. 
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CHAPTER FOUR 

Future Work 

 

Current work which demonstrates the ability to analyze the activity of whole-cell 

cellulases using QCM can be further extended to several areas to study the 

lignocellulose degradation. The effect of cellulose substrate properties (degree of 

crystalinity, chemical composition, morphology, pore size distribution and specific 

surface area) (Rojas et al. 2007) can be further explored by utilizing different cellulose 

films. For example, thin film of lignocellulosic nanofibrils (LCNFs) which consist of 

crystalline cellulose I and amorphous region (Ahola et al. 2008a), enables the 

mimicking of cellulose hydrolysis on more representative substrates of native cellulose. 

Also, the potential of modeling cellulose hydrolysis by free cellulosome of 

C.thermocellum as measured by QCM offers greats opportunities to study the effect of 

reaction condition (pH, temperature etc.) and inhibition by end product (cellobiose, 

ethanol). Moreover, the frequency change of the QCM due to cell adsorption, which 

cannot be interpreted directly from the conventional mass-loading theory, will need 

further interpretation for better understanding the interaction between whole cells and 

cellulose substrate.  Progress in these areas will allow for lignocellulosic biofuel 

production improvement. 

As discussed on Chapter 3, the initial hydrolysis rate as a function of inhibitor 

concentration is not sufficient to determine the inhibition types. To further investigate 

the inhibition mechanism, fitting the interfacial models of inhibition described by the 

Michaelis-Menten equations to the entire frequency response, and not just the initial 

rates, would be required. Here we proposed a kinetic model to illustrate cellulose 

hydrolysis on sensor surface which is uniformly coated with amorphous cellulose 

(LiCl/DMAc coated). For example, the scheme of the model for competitive inhibition 

is: 

(i) The formation of enzyme-inhibitor (EI) is reversible and assumed to be at fast 

equilibrium since enzyme and inhibitor are mixed well before introducing to 

QCM cell and reacting with cellulose. 
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(ii) The adsorption of enzyme (E) to substrate (S) to form a complex (ES) is 

reversible and described as n-th order reaction. The formation of inactive 

enzyme-substrate ( ∗) is also assumed to slow down the hydrolysis. 

 

 

(iii) This complex (ES) then breaks down in a slower step to yield product (P). This 

model assumes the enzyme progressively hydrolyzes the cellulose. Therefore, 

enzyme released from enzyme/substrate complex after production formation 

(i.e. ß-1, 4-glycosidic bond cleavage) will bind to the cellulose chain 

immediately and slides along the cellulose chain until eventually the cellulose 

chain dissociates. 

 

(iv) The cellulose film is considered as multilayers of cellulose chains. Only the 

interfacial cellulose sites ( ) are accessible to cellulase while the bulk cellulose 

sites (cellulose underlying the interfacial cellulose,	 ) will become interfacial 

sites as it is exposed to enzyme due to the hydrolysis of interfacial cellulose. 

       

Based on the above kinetic schemes, set of differential equations can be derived to 

describe cellulase adsorption and hydrolysis. 

	 0 

	  

d ∗

dt
k  

d
dt

k k  

The rate parameters in the model will be obtained by fitting above differential 

equations to the experimentally measured change in frequency, where the change in 
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mass of film can be expressed as the sum of mass changes due to enzyme adsorption 

on the substrate and the mass loss due to hydrolysis ( , 	 and , 	 are the initial 

interfacial and bulk substrate concentration, respectively): 

∆ 	 E ∗ B , ,  

	 															  

On the basis of proposed kinetic scheme, different inhibition mechanism can be 

incorporated to examine their ability to describe the QCM frequency profile as a 

function of inhibitor concentration. According to the fitting condition and reasonability 

of rate parameters, the final inhibition mechanism can be determined.   

The developed kinetic model can also be used to describe the effect of other 

reaction conditions such as pH or temperature, which affects enzyme activity. The 

optimum conditions for enzyme hydrolysis and fermentation microorganism growth are 

usually different. Maximum activity of cellulosome from C.thermocellum was reported 

at 70 ºC and at pH 5.7 on Avicel (Johnson et al. 1982a). Meanwhile, fermenting yeast 

and bacteria have optimum growth temperature around 32-37 ºC (Jorgensen et al. 2007).  

Consequently, a compromise between optimal temperatures for hydrolysis and 

fermentation is used, which is less favorable for enzyme hydrolysis. For example, 

Nakayama et al. (2011) reported that the optimum temperature for butanol production 

using co-culture of C.thermocellum and Clostridium acetobutylicum was 30 ºC.  Also, 

the fermentation product of Clostridia such as lactic, acetic acid in addition to solvents 

will decrease the pH of medium and are inhibitory to cellulase (Li 2012). Therefore, 

understanding the how the changes of pH and temperature affect the enzyme hydrolysis 

efficiency will help to design better cellulose fermentation process. 

Inhibition by ethanol, the end product of C.thermocellum metabolism, should also 

be addressed. The growth of C.thermocellum is strongly inhibited by ethanol at relative 

low concentrations (5g/L) (Herrero and Gomez 1980) and the cellulase activity of 

C.thermocellum is rather resistant to ethanol, with 50% inhibition at 8 wt% ethanol 

(Bernardez et al. 1994).  Some literature proposed that ethanol caused the changes in 

the cell membrane and inhibited the glycolytic enzyme activity thus affect the cell 

growth (Jones 1989, Demain et al. 2005). In the effort to improve and understand 

ethanol tolerance of C.thermocellum, technologies like gradual ethanol-adaption 

growth (Shao et al. 2011, Rani et al. 1996), genetic engineering (Brown et al. 2011) and 

chemical or UV mutagenesis is used to obtain to ethanol tolerant stains. In addition to 
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improving the ethanol tolerance of C.thermocellum to reduce ethanol inhibition, 

another strategy is removing ethanol continuously during the fermentation, which 

requires the development of ethanol separation process. Also, understanding how 

ethanol adaptation impacts hydrolytic activity will provide criteria for choosing the 

separation efficiency and designing the separation process. 
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APPENDIX A 

Initial Rate Expression Development for Inhibited Enzyme Kinetics on Cellulose 

Thin Film Measured by QCM-D 

 

The hydrolysis activity of cellulases are quantified by initial hydrolysis rate ( ), 

which is the maximum slope that covers most of the frequency curve after the minimum 

frequency. Traditionally, Michaelis-Menten model is used to interpret kinetic data and 

determine the inhibition types (Holtzapple et al. 1990, Gusakov et al. 1985a). As shown 

in the following equation, the first step of Michaelis-Menten kinetic is that the enzyme 

(E) and the substrate (S) combine to form a complex (ES) that is reversible and 

relatively fast. This complex (ES) then breaks down in a slower step to yield free 

enzyme (E) and product (P). 

 

However, Michaelis-Menten model is developed under homogenous reaction 

conditions (Michaelis and Menten 1913). Thus it can’t be directly applied to the 

cellulose hydrolysis happened on amorphous cellulose film, which is a heterogeneous 

surface reaction. To interpret the cellobiose inhibition mechanism, modified Michaelis-

Menten model for continuous flow system (QCM system) was developed for three 

known inhibition mechanism (competitive, non-competitive, uncompetitive inhibition). 

 

Competitive inhibition  

Competitive inhibitor (I) competes with substrate for enzyme active site by forming 

enzyme-inhibitor complex (EI), which result in reducing hydrolysis activity. Its 

inhibition scheme can be described as: 

 

As the cellulose hydrolysis was measured by QCM, enzyme solutions with 
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inhibitor continuous flowed over cellulose surface. Therefore, the concentration of free 

enzyme E , free inhibitor I  and enzyme-inhibitor complex [EI] was constant during 

the reaction, which satisfy the following equations: 

                  I EI  

                  E EI  

                  =	  when time (t) =0  

where 	is the total enzyme concentration,	  is the total inhibitor concentration 

and   is the instantaneous substrate concentration equals the total substrate 

concentration  at the beginning of reaction. 

Assuming ES formation is quasi steady state ( 0 ), following differential 

equation can be derived based on the kinetic scheme: 

0 

Substitute substrate balance 	  ) into above equation: 	

⇒ 0 

⇒ ES
1 1

, 									  

Therefore, the initial hydrolysis rate in the presence of inhibitor ( _ ) can 

be expressed as: 

_
	
					  

Assuming the formation of EI is a fast equilibrium ( 0 ), following 

differential equation can be derived based on the kinetic scheme: 

0 

which can be transformed into 

					 

⇒				 1 					 

		⇒		
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Similar to the derivation of Eq. (1), for the enzymatic kinetic in the absence of  

 

inhibitor (scheme showed above), the initial hydrolysis rate ( _  ) can be 

derived as: 

_
1 	

					 

Specially, without the presence of inhibitor, the free enzyme concentration [E] 

equals total enzyme concentration , which is constant during the reaction. Therefore, 

the initial hydrolysis rate in the presence of inhibitor ( _ ) can be expressed as: 

_
	
					  

To derivate the relation between _  and	 _ , Eq. (1) and (3) are 

transformed as shown below: 	

_
1

										⇒		
1

_
	

1
	  

_
1

					⇒		
1

_
	

1
	  

 

Therefore: 

1

_
	

1
	 	

1 1
 

Substitute Eq. (2) into above equation, obtained 

1
	

1
	 	

1 1 1 1
 

Therefore, the inhibited initial rate expression as a function of inhibitor 

concentration is obtained: 
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Noncompetitive inhibition  

Noncompetitive inhibitor (I) can bind to the allosteric sites other than the active 

sites of either enzyme or enzyme-substrate complex, which prevents the product 

formation and reducing hydrolysis activity. Its inhibition scheme can be described as: 

 

As the cellulose hydrolysis was measured by QCM, enzyme solutions with 

inhibitor continuously flowed over cellulose surface. Therefore, the concentration of 

free enzyme E  , free inhibitor I   and enzyme-inhibitor complex [EI] was constant 

during the reaction, which satisfy the following equations: 

             I EI  

             E EI  

             =	  when time (t) =0  

where 	is the total enzyme concentration,	  is the total inhibitor concentration 

and   is the instantaneous substrate concentration equals the total substrate 

concentration  at the beginning of reaction. 

Assuming ES formation is quasi steady state ( 0) and the formation of ESI 

is a fast equilibrium ( 0), following differential equation can be derived based 

on the kinetic scheme: 

0 

	
	⇒ 		

	
	⇒	 	 			 

 

	 0 

⇒ 0 

Substitute substrate balance 	 ) into above equation:  
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⇒ 0 

⇒ 0 

⇒ ES
1 1

, 						  

Therefore, the initial hydrolysis rate in the presence of inhibitor ( _ ) can 

be expressed as: 

_ 					  

Assuming the formation of EI is a fast equilibrium ( 0 ), following 

differential equation can be derived based on the kinetic scheme: 

0 

which can be transformed into 

					 

⇒				 1 					 

		⇒		
	
					  

To derivate the relation between _  and	 _ , Eq. (5) and (3) are 

transformed as shown below:  

_
1

⇒		
1

_
	

1
	 	  

_
1

					⇒		
1

_
	

1
	  

Therefore, 

1

_
	

1
	 	

1 1

1
1  
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Substitute Eq. (6) into above equation, obtained 

1
	

1
	

1 1
 

Therefore, the inhibited initial rate expression as a function of inhibitor 

concentration is obtained: 

	 	 	 				  

 

Uncompetitive inhibition 

Uncompetitive inhibitor (I) can bind only binds to the enzyme-substrate complex 

to reduce enzyme-substrate complex concentration and lead to reduced hydrolysis 

activity. Its inhibition scheme can be described as: 

 

As the cellulose hydrolysis was measured by QCM, enzyme solutions with 

inhibitor continuously flowed over cellulose surface. Therefore, the concentration of 

free enzyme E , free inhibitor I  was constant during the reaction, which satisfy the 

following equations: 

             I  

             E  

             =	  when time (t) =0  

where 	is the total enzyme concentration,	  is the total inhibitor concentration 

and   is the instantaneous substrate concentration equals the total substrate 

concentration  at the beginning of reaction. 

Assuming ES formation is quasi steady state ( 0) and the formation of ESI 

is a fast equilibrium ( 0), following differential equation can be derived based 

on the kinetic scheme: 
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0 

	
	⇒ 		

	
	⇒	 	 		 

	 0 

⇒ 0 

Substitute substrate balance 	 ) into above equation:  

⇒ 0 

⇒ 0 

⇒ ES
1 1

, 						  

Therefore, the initial hydrolysis rate in the presence of inhibitor ( _ ) can 

be expressed as: 

_
1

 

Since E , I , so 

_ 				  

To derivate the relation between _  and	 _ , Eq. (8) and (3) are 

transformed as shown below: 	

_
1

⇒		
1

_
	

1
	 	  

_
1

					⇒		
1

_
	

1
	  

Therefore, 

1

_
	

1
	  

Therefore, the inhibited initial rate expression as a function of inhibitor 

concentration is obtained: 
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In summary, the inhibited initial rate expression as a function of inhibitor concentration 

for competitive, noncompetitive and uncompetitive inhibition are Eq. (4), (7), (9) 

respectively. As shown below, 	   are all linear to inhibitor 

concentration, which makes it unable to decide the inhibition types. Furthermore, 

Fig.A.1 shows a linear relationship between 	   and cellobiose 

concentration which is based on the inhibition experiment of the crude cell broth of 

C.thermocellum measured by QCM on amorphous cellulose film at 50 ºC.  

	 	 	 				  

	 	 	 				  

	 	 	 					  

 

Figure A.1 Cellobiose inhibited initial hydrolysis rate of crude cell broth of 

C.thermocellum as a function of cellobiose concentration measured by QCM on 

amorphous cellulose film at 50 ºC. 
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