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The objective of this research was to investigate the influence of physicochemical 

properties of lignocellulosic biomass on the rate and extent of cellulose conversion, i.e. 

the "hydrolyzability" of the substrate. 

The initial two parts of this thesis investigated the interactions between various 

components of pretreated biomass. The relevance of cellulase partitioning between the 

cellulose and non-cellulose components of pretreated switchgrass was determined. 

Furthermore, a method was developed to assess the changes in surface area of the non- 

cellulose fraction during saccharification. The overall conclusion from these studies was 

that for an optimally pretreated switchgrass sample the cellulose and non-cellulose 

components are fully disassociated and the non-cellulose fraction does not appear to 

interfere with cellulose conversion. 

The third study determined the changes in physicochemical properties of native 

and pretreated poplar during simultaneous saccharification and fermentation (SSF). 

While this study gave an unprecedented insight into the dynamics of SSF, it was also 

apparent that parameters measuring the complete feedstock are inadequate for explaining 

cellulose reactivity/hydrolyzability during saccharification. 

As a consequence of these conclusions, the final study focused on properties of 

model celluloses and initial rates of hydrolysis by the major cellulase - CBHI. The 

content of insoluble ends was measured by different modified soluble reducing sugar 

assays and by tritium labeling through NaB3H4 reduction reactions. The content of 

insoluble reducing ends partially explained the relative initial rates of hydrolysis. 



However, comparisons between celluloses in their crystalline and corresponding 

amorphous state revealed that crystallinity also accounts for some of the observed rate 

differences. Furthermore, surface characteristics, such as the presence of pores, must be 

considered to fully explain cellulose reactivity. 
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CONVERSION OF LIGNOCELLULOSIC BIOMASS: ANALYSIS OF SUBSTRATE 
CHARACTERISTICS 

Chapter 1 

Introduction 

Cellulose containing plant materials are defined as lignocellulosic biomass. 

Lignocellulosic biomass is intensively studied because it is the world's most abundant 

renewable resource. In a world challenged by population growth and limited distribution 

of finite resources it is essential that renewable resources are fully utilized. Sustainable 

agriculture and sustainable energy are popular concepts relying heavily on the principles 

of avoiding exploitation. Sunshine, water and carbondioxide are the major ingredients in 

photosynthesis. A product of photosynthesis is lignocellulosic biomass, which consists 

primarily of cellulose, hemicellulose, and lignin. Cellulose is sugar, sugar is energy. So 

intuitively the transformation of cellulose into useful resources seems easy. However, the 

transformation is far from evident. Cellulose was not meant to be an energy storage 

component like starch. Cellulose is a building material, which together with 

hemicellulose and lignin, contribute strength and resistance to plants. Towering redwood 

trees and ever-intruding blackberry bushes were not made to be easily degradable. 

Therefore, significant efforts are required to convert lignocellulosic biomass into useful 

compounds such as glucose and ethanol. 

A brilliant system was developed by the white rot fungus Trichoderma reesei that 

contain at least 6 extracellular cellulases which penetrate the rigid lignocellulosic 

structure and synergistically convert cellulose to glucose. Genetically engineered 

cellulases and attempts to purify and subsequently reassemble cellulases to optimize 

synergistic action have produced only minor improvements in the enzymatic conversion 

of lignocellulosics. 

With the apparent failure of improving lignocellulosic conversion through 

improvement of the cellulase system, attention has shifted towards making the substrate 

itself more easily degradable. This can be accomplished through pretreatments, which 



combine mechanical or chemical treatments with heat to destroy the tight interactions 

between cellulose, hemicellulose, and lignin. Many different pretreatments have been 

investigated such as steam explosion, dilute acid pretreatments, alkaline treatments etc. 

While pretreatments do improve lignocellulosic conversion both in terms of rate and 

extent, it remains difficult to predict how a pretreated substrate will react and to compare 

the usefulness of different pretreatments. The inability to determine which substrates will 

convert efficiently is due in part to the lack of knowledge of which substrate parameters 

are important for efficient conversion. Some substrate parameters seem important but can 

not be measured, while other parameters have been measured but do not seem important. 

Furthermore, most substrate parameter analysis have been done before the initiation of 

hydrolysis, which means that as soon as conversion starts the measurements become 

obsolete. 

The overall objective of this thesis is to improve the understanding of 

lignocellulosic substrate characteristics as they apply to the enzyme-catalyzed 

saccharification processes. 

The specific objectives of this research are to: 

1: Determine the importance of lignocellulosic composition (lignacious residue content) 

on cellulose hydrolysis. (Chapter 2: Enzyme-catalyzed saccharification of model 

celluloses in the presence of lignacious residues). 

2: Develop a method for determining relative changes in non-cellulose surface area 

during hydrolysis of lignocellulosic substrates. (Chapter 3: Assessing changes in the 

surface area of the non-cellulose fraction of lignocellulosics). 

3: Measure changes in substrate parameters (particle size, particle shape, crystallinity, 

surface area, enzyme adsorption) during simultaneous saccharification and fermentation. 

(Chapter 4: Physicochemical properties of pretreated poplar feedstocks during 

simultaneous saccharification and fermentation). 

4: Develop a method for determining reducing ends on cellulose substrates and relating 

these to initial velocity (Chapter 5: Reducing ends on cellulose substrates and initial rates 

of hydrolysis by Trichoderma reesei CBHI). 



Chapter 2 

Enzyme-catalyzed Saccharification of Model Celluloses in the Presence of Lignacious 
Residues 

Lisbeth Meunier-Goddik and Michael H. Penner 

Submitted to Journal of Agricultural and Food Chemistry 
October 1998, in press. 



ABSTRACT 

Experiments were designed to determine the relevance of enzyme partitioning, 

between the cellulose and non-cellulose components of pretreated biomass, with respect 

to rates of cellulose saccharification in a typical biomass-to-ethanol process. The 

experimental system included three cellulose preparations (differing in physicochemical 

properties), a representative lignin-rich noncellulosic residue (prepared from dilute acid- 

pretreated switchgrass), an acid-extracted lignin preparation, and a complete 

Trichoderma reesei cellulase preparation. Enzyme-reactor conditions were typical of 

those commonly used in biomass-to-ethanol studies. The results were found to be 

dependent on both the lignin and cellulose preparations used. The noncellulosic 

lignacious residue, when supplemented at up to 40% (wt/wt) in cellulose-cellulase 

reaction mixtures, had little effect on rates and extents of cellulose saccharification. 

Overall, the results suggest that enzyme partitioning between cellulose and the 

noncellulosic component of a pretreated feedstock is not likely to have a major impact on 

cellulose saccharification in typical biomass-to-ethanol processes. 

INTRODUCTION 

Saccharification of the cellulose and hemicellulose in biomass results in sugar- 

rich liquid streams useful for the production of a variety of value added products, 

including ethanol, furfural and various functional biopolymers (Fuller et ai, 1996). A 

saccharification process which has received considerable attention involves the dilute 

acid-catalyzed hydrolysis of the hemicelluloses, followed by the cellulase-catalyzed 

hydrolysis of the cellulose (McMillan, 1994). The dilute acid operation, referred to as the 

"pretreatment", is designed to optimize sugar yields from hemicellulose while rendering 

the cellulose more susceptible to enzymatic hydrolysis (Pinto and Kamden, 1996; 

Esteghlalian et al., 1997; Converse etai, 1990). The enzymatic susceptibility of the 

cellulose component of pretreated biomass is affected by many parameters, but one of the 

more important of these appears to be the lignin fraction of the biomass. Numerous 



studies have found an inverse correlation between measured lignin contents and cellulose 

saccharification rate (Yuldashev et al, 1993; Kong et al, 1992; Pinto and Kamden, 1996; 

Vinzant et al, 1997; Barl et al, 1991), and delignification has been shown to 

significantly increase rates of cellulose saccharification (Baker, 1973; Schwald et al, 

1988). Hence, it is generally accepted that the presence of lignin is associated with 

reduced rates of biomass cellulose saccharification (Coughlan, 1991). 

The presence of lignin in a cellulase-cellulose reaction mixture is often assumed 

to decrease the quantity of enzyme associated with cellulose due to nonspecific 

adsorption of enzyme to lignin (Bernandez et al, 1993; Chemoglazov et al, 1988; 

Excoffier et al, 1991). This assumption is the basis for kinetic models that contain terms 

for lignin bound-enzyme (Philippidis et al, 1993b; Ooshima et al, 1990, South et al, 

1995). It has also been suggested that the negative effect of lignin is due to steric 

hindrance (Mooney et al, 1998; Yuldashev et al, 1993). Steric hindrance occurs when 

lignin encapsulates the cellulose component and makes it less accessible to enzyme 

catalysts (Fan, 1980). 

The objective of this study was to determine the relevance of enzyme partitioning 

between the cellulose and non-cellulose components of pretreated biomass, with respect 

to rates of cellulose saccharification under traditional saccharification conditions. The 

non-cellulosic component of most interest in this context was lignin. The experimental 

system included representative cellulose substrates, covering a range of physicochemical 

properties, and a lignacious residue (LR) prepared by enzyme-digestion of the cellulose 

component of dilute acid-pretreated switchgrass. The experimental design, using 

physically distinct celluloses and LRs, allowed us to test the relevance of enzyme 

partitioning in the absence of the confounding steric constraints that are imposed on 

cellulose accessibility due to the lignin fraction of intact lignocellulosics. 

Previous experiments have demonstrated that the addition of chemically purified 

lignins to cellulase saccharification systems can significantly reduce rates of cellulose 

hydrolysis (Excoffier et al, 1991; Chemoglazov etal, 1988; Sewalt et al, 1997). 

However, the lignins used in those studies may not be representative of the lignin 

component of pretreated biomass; the chemical and physical properties of which depend 

on both the pretreatment to which the lignin has been exposed and the method of 



purification (Glasser et al., 1983; Ooshima et al., 1990). It has been suggested that the 

lignin component of lignocellulosic materials is best represented by the lignin-rich 

fraction remaining following extensive enzyme saccharification of the cellulose + 

hemicellulose components (Chang et al., 1975; Crawford, 1981). At a minimum, this 

residue would reflect the noncellulosic material, the majority of which is lignin, actually 

present in biomass-to-ethanol reactors. Therefore enzymatically prepared LR was used in 

this study. A chemically prepared lignin (analogous to Klason Lignin, KL) was also 

included for comparative purposes. The results of the study suggest that enzyme 

partitioning between the cellulose and non-cellulose components of pretreated 

switchgrass has but a minimal effect on cellulose saccharification. 

MATERIALS AND METHODS 

Celluloses 

Microcrystalline cellulose (MCC-a, Avicel PH 101) was obtained commercially 

(FMC, Philadelphia PA). Amorphous cellulose (AC) was produced from MCC-a by the 

method of Isogai and Atalla (1991) using a S02-Diethylamine-DMSO solvent for 

cellulose dissolution. Bacterial microcrystalline cellulose (BMCC) was prepared with 

cultures of Acetobacter xylinum. Cultures were incubated in trays (Hestrin, 1963) for 10 

days at 30oC without shaking. Surface layers of cellulose were harvested and purified by 

the method of Gilkes et al., (1992). All three cellulose preparations (MCC-a, BMCC, AC) 

were found to be >96% glucan based on glucose yields following acid hydrolysis 

(Ehrman, 1992). 

Lignins 

Lignins were prepared from Switchgrass obtained from the National Renewable 

Energy Laboratory (Golden CO), (see Table 2.1 for composition). Switchgrass was dilute 

acid pretreated in a batch reactor (180oC, 0.9% H2SO4, 5 min)(Esteghlalian et al, 1997) 

and then water washed to neutral pH. Cellulose was removed from the resulting residue, 

which was approximately 61% cellulose, by treatment with Trichoderma reesei cellulases 



(Environmental Biotechnology Inc. Menlo Park, CA) at a concentration of 60 FPU/g 

cellulose. Cellulase treatments were done with rotational inversion in a 50oC incubator 

for 7 days (Torget, 1993). Following the initial cellulase treatment, the switchgrass 

residue was washed and again incubated with fresh cellulase (60 FPU/g original 

cellulose) for an additional three days. Following this enzyme treatment samples were 

washed with 6M urea or 3% sodium dodecyl sulfate (SDS) at 40oC for removal of 

associated protein (Reese, 1982; Otter et ai, 1989). Desorbants were removed through 

subsequent water washes. The resulting residue (LR) was stored at 40C. Compositional 

analyses were done according to the methods of Magill (1992a,b): klason lignin and acid 

soluble lignin, and Ehrman (1994): ash and total glucan. 

Chemically prepared lignin (essentially the same as Klason Lignin, KL) was 

produced by two stage sulfuric acid treatment (Magill, 1992b) of the pretreated 

switchgrass. KL was water washed to neutral pH and stored at 40C. 

Table 2.1. Composition of native switchgrass, pretreated switchgrass, LR and KL. 

% 
Composition 

Native 
Switchgrass 

Pretreated 
Switchgrass1 

LR^ KL^ 

Total Glycan 56.85 54.0 N/A* N/A 
Glucan 31.3 50.0 5.3 None detected 
Xylan 20.56 3.5 N/A N/A 

Galactan 1.86 0.3 N/A N/A 
Arabinan 3.13 0.2 N/A N/A 
Mannan None detected None detected N/A N/A 
Klason 
Lignin 

21.37 34.55 73 85.4 

ASL4 3.37 1.5 2.1 None detected 
Ash 7.1 6.8 12.1 14.6 

1: Pretreated at 180oC, 1.2% H2SO4, 1 min. 
2: Enzymatically prepared lignacious residue. 
3: Chemically prepared lignin. 
4: Acid soluble lignin. 
5: Not applicable 



Cellulase saccharification 

Trichoderma reesei cellulases (Environmental Biotechnology Inc., Menlo Park, 

CA) (94.3 FPU/ml, 91.6 p-NPGU/ml) were added to each cellulose in concentrations 

corresponding to 0.5K. K is here defined as the total protein concentration that leads to 

half saturation of the cellulose surface, as measured in adsorption isotherm experiments. 

Total protein additions (0.5K) were 82 mg/g, 468 mg/g and 1120 mg/g for MCC-a, 

BMCC, and AC, respectively. Reaction conditions were 1% (MCC-a, AC) or 0.5% 

(BMCC) cellulose in 50 mM sodium citrate, pH 5, at 370C; this temperature 

corresponding to that used in simultaneous saccharification and fermentation protocols 

(Philippidis et al., 1993a). The lower substrate concentration for BMCC was necessary 

due to its higher water binding capacity. EL and KL were added to selected reaction 

mixtures in quantities corresponding to 10% and 40% of total solids. The 40% addition 

corresponds to the amount of noncellulosic material in a reaction mixture containing 1 % 

(wt/v) pretreated switchgrass. Reactions were initiated by the addition of cellulase 

resulting in total reaction volumes of 1.0 mL. Reactions were terminated at 5 min, 15 

min, 30 min, 60 min, and 24 hours by centrifugation at 14000 rpm and removal of 

supernatant. Initial time points were taken after rapid hand mixing (= 10 seconds). 

Reaction mixture supematants were analyzed for product using a glucose oxidase 

peroxidase method (Sigma Chemical Co, St Louis, MO). Early time point samples of 

AC-based reaction mixtures contained significant amounts of cellobiose and thus were 

treated with p-glucosidase (Novozym 188, Novo Nordisk, Danbury, CT ) before glucose 

analysis. 

Protein adsorption 

Adsorbed protein was calculated as the difference in soluble protein between 

control (without substrate) and sample (with substrate) reaction mixtures. In reaction 

mixtures containing cellulose only, soluble protein was measured spectrophotometrically 

by absorbance at 280 nm using BSA as the reference standard. Protein determination by 

measurement of absorbance at 280 nm is incompatible with reaction mixtures containing 

lignin residues. Therefore, soluble protein in reaction mixtures containing lignin was 

measured by the Bradford dye binding assay (Bio Rad, Hercules, CA) using a cellulase 



color yield of 0.29 (mg/mL)"1(cm)"1. Adsorption isotherms were obtained by exposing 

MCC-a, BMCC, and AC to increasing protein concentrations for 20 min, 10 min, and 0.5 

min respectively, which corresponds to the shortest time required for maximum 

adsorption (chosen to minimize the effect of hydrolysis). Adsorbed protein was 

calculated per gram residual cellulose. Other reaction conditions were as described for 

cellulase saccharification. 

RESULTS AND DISCUSSION 

Saccharification in model reaction mixtures. 

Reaction time courses show that the addition of LR to reaction mixtures 

containing AC and BMCC substrates had essentially no effect on the initial phase of 

hydrolysis (Figure 2.1B,C). The rate of hydrolysis of MCC-a was only slightly lower in 

the presence of relatively high concentrations (40%) of LR (Figure 2.1 A). LR had no 

significant effect on percent converted at 24 hours for any of the substrates (Table 2.2). 

These results are contrary to those obtained by others using more refined lignin 

preparations. Sewalt et al. (1997) found a 70% reduction and Excoffier et al. (1991) 

found a 24% reduction in extent of hydrolysis after 24 hours using 15% and 25% lignin, 

respectively. 

In contrast to LR, the addition of KL to reaction mixtures clearly lowered the 

extent of MCC-a and BMCC saccharification during the early phase of the reaction 

(Figure 2.2A,B). AC hydrolysis remained unaltered following KL addition (Figure 2.2C). 

The biggest effect was with respect to MCC-a hydrolysis, which decreased by 18% and 

67% (after 60 min hydrolysis) following the addition of 10% KL and 40% KL, 

respectively. After 24 hours the addition of 10% KL and 40% KL led to 14% and 39% 

decreases in extents of MCC-a hydrolysis, respectively. Addition of 10% KL to BMCC- 

based reaction mixtures had no detectable effect on extent of saccharification, while 

decreases in the extent of BMCC hydrolysis (-25% after 60 min; -8% after 24 hours) 

were observed when KL addition was increased to 40%. For comparative purposes, other 
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studies of this type (Sewalt et al, 1997) appear to have used cellulose preparations most 

similar to MCC-a. 

Continued 
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Figure 2.1.   Early stage hydrolysis of 3 celluloses in the presence of LR. (A): (♦) MCC- 
a, (■) MCC-a+ 10% LR, (A) MCC-a + 40% LR. (B): (♦) BMCC, (■) BMCC + 10% 
LR, (A) BMCC + 40% LR. (C): (♦) AC, (■) AC + 10% LR, (A) AC + 40% LR. 
Experiments were performed in 50 mM sodium citrate (pH 5.0) at 370C and a protein 
concentration of 0.5 KA. Substrate concentrations were 1% for MCC-a and AC and 0.5% 
for BMCC. 

Continued 
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Figure 2.2.   Early stage hydrolysis of 3 celluloses in the presence of KL. (A): (♦) MCC- 
a, (■) MCC-a+ 10% KL, (A) MCC-a + 40% KL. (B): (♦) BMCC, (■) BMCC + 10% 
KL, (A) BMCC + 40% KL. (C): (♦) AC, (■) AC + 10% KL, (A) AC + 40% KL. 
Reaction conditions were as described in Figure 1. 

Two LR preparations were tested in these experiments. The preparations differed 

with respect to the method used to desorb residual protein, i.e. protein that associated 

with the noncellulosic components during the preparation of LR. In one case, protein 

was removed with 6M urea (see methods), a treatment known to desorb residual cellulase 

(Reese, 1982; Otter et al., 1989). Protein was desorbed from the other LR preparation by 

washing with 3% SDS, a well established method for the desorption of interfacial 
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proteins (Helenius and Simons, 1975; Rapoza and Horbett, 1990). Results obtained with 

the two LR preparations were not significantly different, suggesting that the minimal 

effect of LR on rates of saccharification was not an artifact arising as a consequence of 

LR preparation. 

Table 2.2. Effect of lignacious residues on extent of cellulose conversion at 24 hours. 

Cellulose Lignacious Residue % conversion % relative 
inhibition 

MCC-a1 36 (.23)b 0 
MCC-a 10% LR4 35 (.47) 3 
MCC-a 40% LR 36 (.93) 0 
MCC-a 10% ¥Jj 31 (.47) 14 
MCC-a 40% KL 22 (.58) 39 
BMCC2 78 (1.2) 0 
BMCC 10% LR 78 (.97) 0 
BMCC 40% LR 81 (2.2) 0 
BMCC 10% KL 78 (2.5) 0 
BMCC 40% KL 72 (2.0) 8 

ACJ 99 (5.6) 0 
AC 10% LR 101 (.49) 0 
AC 40% LR 98 (2.9) 1 
AC 10% KL 97 (.69) 2 
AC 40% KL 99 (1.7) 0 

1: Microcrystalline cellulose (Avicel PH 101). 
2: Bacterial microcrystalline cellulose. 
3: Amorphous cellulose. 
4: Enzymatically prepared lignacious residue. 
5: Chemically prepared lignin. 
6: Standard deviation of 2 replicates 

Protein adsorption to reaction mixture components. 

Protein adsorption capacities of reaction mixture components (Table 2.3) were 

calculated by fitting a saturation (Langmuir)-type adsorption model to adsorption 

isotherms. Cellulase adsorption to cellulose does not fulfill the strict requirements for the 

Langmuir model, i.e. equilibrium process and absence of a saturation effect (Medve et 

ai, 1995, Brash and Horbett, 1995), but the model provides a good fit to the adsorption 
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isotherm data and allows an estimation of adsorption capacities. LR was found to bind 

relatively little protein, while the adsorption capacity of KL was greater than that of 

MCC-a. This difference in adsorption capacity is likely to explain the contrasting effects 

the two lignin preparations had on cellulose hydrolysis. Relatively little protein is 

associated with LR and, thus, it is not expected to appreciably diminish the amount of 

catalytically productive cellulose-cellulase complex. Much more protein associates with 

KL and, thus, its addition to a reaction mixture is likely to significantly decrease the 

amount of cellulase available for cellulose hydrolysis. 

Table 2.3.   Adsorption characteristics of MCC-a, BMCC, AC, LR, and KL. 

Half saturating protein 
concentration (K) 

(mg/g solids)6 

0.5 K 
(mg/g solids)7 

Maximum protein 
adsorption capacity 

(mg/g solids) 
MCC-a1 163 82 92 
BMCC2 937 468 670 

|ACJ 2379 1190 1120 
|LR4 23 N/A" 35 
IKL

3 
320 N/A 271 

1: Microcrystalline cellulose (Avicel PH 101). 
2: Bacterial microcrystalline cellulose. 
3: Amorphous cellulose. 
4: Enzymatically prepared lignacious residue. 
5: Chemically prepared lignin. 
6: Amount of total protein required to obtain half of maximum enzyme adsorption capacity. 
7: Concentration of protein used in competition adsorption/hydrolysis experiments. 
8: Not applicable 

The effect of supplemental lignin was most pronounced in experiments using the 

MCC-a substrate. Figure 2.3 illustrates the correlation between cellulose-adsorbed 

protein (calculated using the determined association constant for MCC-a and the 

measured amount of free protein in reaction mixtures) and the rate of cellulose 

saccharification (taken as percent of conversion at 15 min.). The near linear relationship 

is consistent with supplemental lignin acting as a competing adsorbant. An entirely linear 

relationship was not expected based on the known synergistic behavior of this system 

(Nidetzky et al., 1995), the nonlinear substrate-velocity relationships of this system 
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(Penner and Liaw, 1994) and the non-ideal enzyme-velocity profiles of individual 

cellulase components (Medve et al., 1998). 

m o 0.75 
E « 
o % 
s fe 0.5 
u « 

0.25 
0.25 0.5 0.75 

Fraction of maximum protein/MCC-a complex 

Figure 2.3.   Fraction of maximum MCC-a conversion as a function of the fraction of 
maximum protein/cellulose complex. The 5 reaction mixtures included are (A) MCC- 
a+40% KL, (♦) MCC-a+10%KL, (o) MCC-a+40%LR, (■) MCC-a+10%LR, (•) MCC-a. 
Reaction conditions were as described in Figure 1. Adsorption and conversion data used 
was obtained after 15 min hydrolysis. 

LR was prepared from a herbacious feedstock that had been exposed to high 

temperatures (180oC) at low pH during the initial dilute acid-pretreatment. The lignin 

component of LR is thus expected to be condensed, since lignins become highly 

crosslinked under these conditions (Funaoka etal, 1990). The severity of the 

pretreatment is expected to affect the degree of condensation, and LR prepared from less 

severely pretreated feedstocks are expected to have higher protein binding capacities 

(Ooshima et al, 1990). Therefore, it is expected that the addition of LRs derived from 

more mildly pretreated feedstocks would have a more significant (negative) impact on 

hydrolysis. The pretreatment used in this study was chosen based on its industrial 

relevance, since it was previously shown to give optimum sugar yields for this feedstock 

(Esteghlalian et al, 1997). 
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Application to biomass saccharification studies. 

Biomass lignin content is well known to be negatively correlated with rates and 

extents of biomass saccharification (Vinzant et al., 1997). The experimental design of 

this study tested whether or not lignin-rich noncellulosic residues, derived from a 

representative pretreated herbaceous feedstock, affect cellulose saccharification in the 

absence of steric hindrance. The affect was found to be minimal, apparently due to the 

low protein binding capacity of LR. This result suggests that the reported negative 

impact of the lignin component of dilute acid-pretreated lignocellulosic feedstocks on 

cellulose saccharification is not principally due to enzyme partitioning (Excoffier et al., 

1991; Gregg and Saddler, 1996). The results with this model system are more consistent 

with the hypothesis that the lignin component of a pretreated feedstock hinders 

saccharification by physically limiting the enzyme accessibility of the feedstock's 

cellulose (Yuldashev etal, 1993; Mooney etal, 1998). 

The results from this type of study are here shown to be dependent on the 

cellulose and lignin preparations employed. The optimum preparation(s) for any given 

study will undoubtedly be dependent on the hypothesis tested. In the present case, the 

intent was to use preparations that best represent the components present in actual 

enzyme-based, biomass-to-ethanol, saccharification reactors. Hence, LR derived from an 

optimally pretreated feedstock was chosen as the primary focus of this study - along with 

celluloses representing a broad range of physicochemical properties. This is in contrast 

to those studies which focus on the more refined lignin preparations that are available 

(Glasser et al., 1983). LR is here envisioned as the lignin-rich noncellulosic residue that 

actually competes with biomass cellulose as an adsorbent for cellulolytic enzymes - so 

results based on this preparation are expected to be of direct relevance to industrial 

biomass-to-ethanol processes. KL was included in this study only as a reference to 

facilitate comparisons with other research. The results obtained with KL are similar to 

those from studies using the more refined lignins (Excoffier et al., 1991; Sewaltz et al., 

1997). 



17 

REFERENCES 

Baker, A.J. 1973. Effect of lignin on the in vitro digestibility of wood pulp. Journal of 
Animal Science 36:768-771. 

Barl, B., Biliaderis, C.G., Murray, E.D., and A.W. MacGregor. 1991. Combined chemical 
and enzymic treatments of corn husk lignocellulosics. Journal of Science in Food 
and Agriculture 56:195-214. 

Bemandez, T.D., Lyford, K., Hogsett, D.A., and L.R. Lynd. 1993. Adsorption of 
Clostridium thermocellum cellulases onto pretreated mixed hardwood, avicel, and 
lignin. Biotechnology and Bioengineering 42:899-907. 

Brash, J.L., and T.A. Horbett. 1995. Proteins at interfaces. In Proteins at interfaces II, 
eds. T.A. Horbett, J.L. Brash, .ACS symposium series 602. Washington, DC: 
ACS. 

Chang, H.M., Cowling, E.B. and W. Brown. 1975. Comparative studies on cellulolytic 
enzyme lignin and milled wood lignin of sweetgum and spruce. Holzforschung 
29:153-159. 

Chernoglazov, V.M., Ermolova, O.V., and A.A. Klyosov. 1988. Adsorption of high- 
purity endo-l,4-p-glucanases from Trichoderma reesei on components of 
lignocellulosic materials: cellulose, lignin, and xylan. Enzyme and Microbial 
Technology 10:503-507. 

Converse, A.O., Ooshima, H, and D.S. Burns. 1990. Kinetics of enzymatic hydrolysis of 
lignocellulosic materials based on surface area of cellulose accessible to enzyme 
and enzyme adsorption on lignin and cellulose. Applied Biochemistry and 
Biotechnology 24/25:67-73. 

Coughlan, M.P. 1991. Enzymic hydrolysis of cellulose: an overview. Bioresource 
Technology 39:107-115. 

Crawford, R.L. 1981. Lignin Biodegradation and Transformation, 7-19. New York: John 
Wiley and Sons. 

Ehrman, T. 1994. Standard method for ash in biomass. Chemical analysis and testing 
standard procedure No 005; National Renewable Energy Laboratory. Golden, CO. 

Ehrman, T. 1992. Two stage sulfuric acid hydrolysis for determination of carbohydrates. 
Chemical analysis and testing standard procedure No 002; National Renewable 
Energy Laboratory. Golden, CO. 



18 

Esteghlalian. A., Hashimoto. A.G., Fenske. J.J., and M.H. Penner. 1997. Modeling and 
optimization of the dilute-sulfuric-acid pretreatment of com stover, poplar, and 
switchgrass. Bioresource Technology 59:129-136. 

Excoffier, G, Toussaint, B., and M.R. Vignon. 1991. Saccharification of steam-exploded 
poplar wood. Biotechnology Bioengineering 38:1308-1317. 

Fan, L.T., Lee, Y.H., and E.H. Beardmond. 1980. Major chemical and physical features 
of cellulosic materials as substrates for enzymatic hydrolysis. In: Advances in 
biochemical engineering, ed. A. Fiechter, New York: Springer-Verlag. 

Fuller, G., McKeon, T.A., and D.D. Bills. Nonfood products from agricultural sources. In 
Agricultural materials as renewable resources; Fuller, G., McKeon, T.A., Bills, 
D.D., Eds.; ACS Symposium Series 647: Washington, DC, 1996. 

Funaoka, M., Kako, T., and I. Abe. 1990. Condensation of lignin during heating of wood. 
Wood Science Technology 24:277-288. 

Gilkes, N.R., Jervis, E., Henrissat, B., Tekant, B., Miller Jr, R.C., Warren, R.AJ., and 
D.G. Kilburn. 1992. The adsorption of a bacterial cellulase and its two isolated 
domains to crystalline cellulose. Journal of Biological Chemistry 267:6743-6749. 

Glasser, W.G., Barnett, C.A., Muller, P.C., and K.V. Sarkanen. 1983. The chemistry of 
several novel bioconversion lignins. Journal of Agriculture and Food Chemistry 
31:21-930. 

Gregg. D.J., and J.N. Saddler. 1996. Factors affecting cellulose hydrolysis and the 
potential of enzyme recycle to enhance the efficiency of an integrated wood to 
ethanol process. Biotechnology and Bioengineering 51:375-383. 

Helenius, A., and K. Simons. 1975. Solubilization of membranes by detergents. 
Biochimica Biophysica Acta. 415:29-79. 

Hestrin, S. 1963. Bacterial cellulose. In Methods in Carbohydrate Chemistry, volume III: 
Cellulose, ed. R.L. Whistler, New York and London: Academic Press. 

Isogai, A., and R.H. Atalla. 1991. Amorphous celluloses stable in aqueous media: 
regeneration from SCVamine solvent systems. Journal of Polymer Science: Part 
A. Polymer Chemistry 29:113-119. 

Kong, F., Engler, C.R., and EJ. Soltes. 1992. Effects of cell-wall acetate, xylan 
backbone, and lignin on enzymatic hydrolysis of aspen wood. Applied 
Biochemistry and Biotechnology 34/35:23-35. 



19 

MaGill, K. 1992a. Determination of acid soluble lignin in biomass. Chemical analysis 
and testing standard procedure No 004; Golden, CO: National Renewable Energy 
Laboratory. 

MaGill, K. 1992b. Determination of Klason lignin in biomass. Chemical analysis and 
testing standard procedure No 003; Golden, CO: National Renewable Energy 
Laboratory. 

McMillan, J.D. 1994, Pretreatment of lignocellulosic biomass. In Enzymatic conversion 
of biomass for fuels production, eds. M.E. Himmel, J.O. Baker, R.P. Overend, 
ACS symposium series 566. Washington, DC: ACS 

Medve, J., Karlsson, J., Lee, D., and F. Tjemeld. 1989. Hydrolysis of microcrystalline 
cellulose by cellobiohydrolase I and Endoglucanase II from Trichoderma reesei: 
Adsorption, sugar production pattern, and synergism of the enzymes. 
Biotechnology and Bioengineering 59:621-634. 

Medve, J., Stahlberg, J., and F. Tjerneld. 1997. Isotherms for adsorption of 
cellobiohydrolase I and n from Trichoderma reesei on microcrystalline cellulose. 
Applied Biochemistry and Biotechnology 66:39-56. 

Mooney, A.C., Mansfield, S.D., Touhy, M.G., and Saddler. 1998. The effect of initial 
pore volume and lignin content on the enzymatic hydrolysis of softwoods. 
Bioresource Technology 64:113-119. 

Nidetzky, B., Steiner, W., and M. Claeyssens. 1995. Synergistic interaction of cellulases 
from Trichoderma reesei during cellulose degradation. In Enzymatic degradation 
of insoluble carbohydrates, eds. J.N. Saddler, and M.H. Penner. ACS symposium 
Series No. 618. Washington, DC: ACS. 

Ooshima, H., Burns, D.S., and A.O. Converse. 1990. Adsorption of cellulase from 
Trichoderma reesei on cellulose and lignacious residue in wood pretreated by 
dilute sulfuric acid with explosive decompression. Biotechnology and 
Bioengineering 36:446-452. 

Otter, D.E., Munro, P.A., Scott, G.K., and R. Geddes. 1989. Desorption of Trichoderma 
reesei cellulase from cellulose by a range of desorbents. Biotechnology and 
Bioengineering 34:291-298. 

Penner, M.H., and E.-T. Liaw. 1994. Kinetic consequences of high ratios of substrate to 
enzyme in saccharification systems based on Trichoderma cellulases. In 
Enzymatic conversion of biomass for fuels production, eds. M.E. Himmel, J.O. 
Baker, R.P. Overend. ACS symposium series No. 566. Washington, DC:ACS. 

Philippidis, G.P., Smith, T.K., and S.L. Schmidt. 1993a. SSF experimental protocols: 
lignocellulosic biomass hydrolysis and fermentation. Chemical analysis and 



20 

testing standard procedure No 008. Golden CO: National Renewable Energy 
Laboratory. 

Philippidis, G.P., Smith, T.K., C.E. Wyman. 1993b. Study of the enzymatic hydrolysis 
of cellulose for production of fuel ethanol by the simultaneous saccharification 
and fermentation process. Biotechnology and Bioengineering 41:846-853. 

Pinto, J.-H., and D.P. Kamden. 1996. Comparison of pretreatment methods on the 
enzymatic saccharification of aspen wood. Applied Biochemistry and 
Biotechnology 60:289-297. 

Rapoza, R.J., and T.A. Horbett. 1990. The effects of concentration and adsorption time 
on elutability of adsorbed protein in surfactant solutions of varying structures and 
concentrations. Journal of Colloid Interface Science 136:480-493. 

Reese, E.T. 1982. Elution of cellulase from cellulose. Process Biochemistry May/June:2- 
6. 

Schwald, W., Brownell, H.H. and J.N. Saddler, J.N. 1988. Enzymatic hydrolysis of steam 
treated aspen wood: influence of partial hemicellulose and lignin removal prior to 
pretreatment. Journal of Wood Chemistry Technology 8(4):543-560. 

Sewalt, V.J.H., Glasser, W.G., and K.A. Beauchemin. 1997. Lignin impact on fiber 
degradation. 3. Reversal of inhibition of enzymatic hydrolysis by chemical 
modification of lignin and by additives. Journal of Agriculture and Food 
Chemistry 45:1823-1828. 

South, C.R., Hogsett, D.A.L., and L.R. Lind. 1995. Modeling simultaneous 
saccharification and fermentation of lignocellulose to ethanol in batch and 
continuous reactors. Enzyme and Microbial Technology 17:797-803 

Torget, R. 1993. Enzymatic Saccharification of lignocellulosic biomass. Chemical 
analysis and testing standard procedure No 009. Golden CO: National Renewable 
Energy Laboratory. 

Vinzant, T.B., Ehrman, C.I., Adney, W.S., Thomas, S.R., and M.E. Himmel. 1997. 
Simultaneous saccharification and fermentation of pretreated hardwoods. Effects 
of native lignin content. Applied Biochemistry and Biotechnology 62:99-104. 

Yuldashev, B.T., Rabinovich, M.L., and M.M. Rakhimov. 1993. Comparative study of 
the behavior of cellulases on the surface of cellulose and lignocellulose in the 
course of enzyme hydrolysis. Translated from: Prikladnaya Biokhimiya I 
Mikrobiologiya 29:233-243. 



21 

Chapter 3 

Assessing Changes in the Surface Area of the Non-cellulose Fraction of Lignocellulosics 

Lisbeth Meunier-Goddik and Michael H. Penner 

Submitted to Biochemistry Techniques 
October 1998, in press. 



22 

ABSTRACT 

Cholic acid, which preferentially associates with the non-cellulose component of 

lignocellulosics, is used as a probe to monitor changes in the relative surface area of this 

fraction of lignocellulosic biomass-to-ethanol substrates. The method is experimentally 

demonstrated in a traditional enzyme-catalyzed lignocellulosic saccharification 

experiment. 

INTRODUCTION 

Rates and extents of lignocellulosic saccharification in biomass-to-ethanol 

processes are largely dependent on the physicochemical properties of the substrates. 

Hence, considerable effort has gone toward correlating these parameters (Fan et al. 1980; 

Desai and Converse, 1997; Ramos and Saddler, 1994; Burns et al, 1989, Ooshima et al, 

1990). Physicochemical properties of recognized relevance include cellulose 

crystallinity, lignin content, particle size, and surface area. 

Surface area is widely recognized as a critical saccharification parameter due to 

the interfacial nature of cellulose hydrolysis (Fan et al, 1980). The solute exclusion 

technique is most commonly used to assess the substrate's surface area (Stone and 

Scallan, 1968; Bums et al. 1989; Grethlein, 1985; Mooney et al. 1998, Weimer and 

Weston, 1985). Results from this analytical approach allow one to calculate total pore- 

associated and enzyme-accessible pore-associated surface areas. These parameters have 

been shown to correlate well with rates of saccharification (Grethlein, 1985). A 

limitation of this technique is that it does not allow one to measure the relative change in 

surface area associated with specific fractions of the substrate -such as the cellulose and 

non-cellulose components. 

The intent of this communication is to demonstrate an analytical approach for 

assessing changes in the non-cellulose-associated surface area of lignocellulosic 

substrates. Our interest is in using the technique for monitoring changes, which occur 
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over the course of biomass-to-ethanol saccharification processes. The method is intended 

to provide results that are complimentary to those obtained using the solute exclusion 

technique. The method is based on using cholic acid as a probe, due to its preferential 

adsorption to the substrate's non-cellulose fraction. Relative changes in the cholic acid 

adsorption capacity of the substrate are thus indicative of changes in the surface area 

associated with this fraction. Cholic acid has been used in a similar manner for the 

analysis of the fiber component of grains and other foodstuffs, where it has been shown 

to preferentially associate with lignin (Zuman etal. 1988; Story and Kritchevsky, 1976; 

Eastwood and Hamilton 1968). Switchgrass was used in this study as a representative 

herbacious feedstock/substrate of potential commercial importance (Sanderson etal., 

1996). The substrate was dilute acid-pretreated (Penner et al., 1996) prior to being 

monitored over the course of Trichoderma reesei cellulase-catalyzed saccharification. 

MATERIALS AND METHODS 

Dilute acid pretreated switchgrass (PTSG) 

Switchgrass was obtained from the National Renewable Energy Laboratory 

(Golden, CO, USA) and dilute acid pretreated (180oC, 5 min, 1.2% H2SO4) in a batch 

type reactor (Esteghlalian et al., 1997). 

Celluloses 

Microcrystalline cellulose (MCC) was obtained commercially (Avicel PH 101, 

FMC, Philadelphia, PA, USA). Amorphous cellulose (AC) was produced from MCC by 

the method of Isogai and Atalla (1991). 

Non-cellulose residue (NCR) 

Cellulose was removed from pretreated switchgrass by exhaustive treatment with 

Trichoderma reesei cellulases (94.3 FPU/ml, 91.6 p-NPGU/ml) (Environmental 

Biotechnology Inc. Menlo Park, CA, USA) as described elsewhere (Meunier-Goddik and 
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Penner, 1998). Residual enzyme was removed by washing with .02N NaOH, 40oC, and 

then water (Reese, 1982, Nutor and Converse, 1991). 

Cholic acid adsorption isotherm 

Cholic acid was obtained commercially (Sigma Chemical Co, St Louis, MO, 

USA). MCC, AC, switchgrass, and NCS (10 mg total solids) were incubated in 1 ml test 

solution (50 mM NaHP04, pH 6.2, containing from 0.25 mM - 2.5 mM cholic acid) at 

370C with rotational inversion for 60 min. Reactions were terminated by centrifugation 

(11,000 rpm, 5 min) and removal of a portion of the supernatant. The cholic acid content 

of the supernatant was then determined by a modification of the method proposed by 

Zuman et al. (1988). 0.1 ml of supernatant was mixed with 3 ml 72% H2SO4, left at room 

temperature for 60 min, and the absorbance at 318 nm measured spectrophotometrically. 

Adsorbed cholic acid was calculated as the difference in soluble cholic acid between the 

control (without substrate) and the samples (with substrate). Maximum adsorption 

capacities of the solid samples were calculated by fitting the data with the Langmuir 

adsorption model. MCC, AC, and PTSG were washed in a manner similar to NCR prior 

to exposure to cholic acid to assure that all samples received a comparable treatment. 

Control experiments indicated no effect due to NaOH washing of MCC and AC and only 

a slight increase (-8%) in the adsorption capacity of PTSG samples. 

Saccharification of pretreated switchgrass 

Saccharification conditions were 1.7% solids, 50mM sodium citrate, pH 5.0, 

370C. Reactions were initiated by addition of Trichoderma reesei cellulases (94.3 

FPU/ml, 91.6 p-NPGU/ml) (Environmental Biotechnology Inc. Menlo Park, CA, USA) 

at a concentration of 25 FPU/g cellulose. Reactions were terminated at 0, 1.3, 3.5, 21, 28, 

48, 72, 120, and 168 hours by centrifugation of the samples. A supernatant sample was 

kept for glucose analysis while the residual switchgrass was washed as described above 

to remove residual enzyme (Reece, 1982; Nutor and Converse, 1991). Adsorption 

capacities of the residual switchgrass were determined by exposing the samples to 

saturating concentrations of cholic acid. Adsorbed cholic acid was determined as 



25 

described above. The terms specific adsorption and specific surface area are used in this 

paper to denote adsorption or surface area per g solid. 

Non-cellulose switchgrass content 

Supernatants from PTSG saccharification reaction mixtures were analyzed for 

glucose using a glucose oxidase/peroxidase method (Sigma Chemical Co, St Louis, MO, 

USA). Total soluble glucose was used for calculating % cellulose and % non-cellulose 

content of the remaining switchgrass residue. 

RESULTS AND DISCUSSION 

The apparent preferential adsorption of cholic acid to the non-cellulose fractions 

of the substrate is evident from the data of Figure 1. The figure illustrates adsorption 

isotherms for two celluloses differing with respect to physicochemical properties, PTSG, 

and NCR. Cholic acid adsorption to the cellulose preparations was minimal. Calculated 

adsorption capacities for the MCC and AC preparations were 1.0 and 3.1 mMol/g, 

respectively. Cholic acid adsorption to PTSG and, in particular, NCR preparations were 

much higher. Calculated adsoption capacities for the PTSG and NCR preparations were 

32 and 75 m Mol/g, respectively. As both the crystalline (MCC) and amorphous (AC) 

cellulose preparations had low cholic acid adsorption capacities, it is reasonable to 

assume that the adsorption capacity of the cellulose per se within the lignocellulosic 

substrate is also minimal. Hence, the relatively high adsorption capacity of the PTSG and 

NCR samples is taken to be a consequence of the non-cellulose fractions. The data of 

Figure 3.1 demonstrates the potential of using cholic acid as a probe to monitor changes 

in non-cellulose-associated surface area. 
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Figure 3.2. Cholic acid adsorption capacity of samples taken during pretreated 
switchgrass saccharification. Saccharification conditions were 370C, 25 FPU/g cellulose, 

1.7 % solids. 
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Figure 3.1. Cholic acid adsorption isotherms for 4 substrates. MicrocrystalHne cellulose 
(♦), amorphous cellulose (■), pretreated switchgrass (A), and non-cellulose residue (*). 
Curves generated by Langmuir adsorption model. Incubation conditions were 370C, 60 
min, 1% substrate concentration, and 0.25-2.5mM cholic acid concentration. 

The data of Figures 3.2 and 3.3 illustrate the application of this experimental 

approach in a traditional saccharification experiment. The intent of the experiment was to 

monitor the change in non-cellulose-associated surface area as saccharification proceeds; 

this information being useful for understanding the dynamics of the process. 
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Figure 3.2 illustrates the approximately two-fold increase in the cholic acid 

adsorption capacity of the substrate over the course of saccharification. This increase in 

specific adsorption capacity is indicative of an overall increase in the percent non- 

cellulose-associated surface area. 

35 45 55 65 75 85 95 
% non-cellulose residue content of pretreated switchgrass 

105 

Figure 3.3. Relative change in specific surface area of non-cellulose residue of samples 
taken during switchgrass saccharification vs. changes in noncellulosic content of 
switchgrass. Saccharification conditions were 370C, 25 FPU/g cellulose, 1.7% solids. 

The data presented in Figure 3.3 shows that the relationship between measured 

non-cellulose-associated surface area and "non-cellulose" content is essentially linear. 

This relationship, although apparently straight forward, is certainly not a given for all 

processes. For example, the peeling nature of cellulose saccharification (Teeri, 1997) 

suggests changes in the surface area of the cellulose component will not be directly 

proportional to cellulose content. Similarly, a simple linear relationship is not expected if 

cellulose dissolution results in the association/aggregation of non-cellulose components. 

The data of Figures 2 and 3, showing that changes in the non-cellulose-associated surface 

area are directly proportional to changes in the non-cellulose content of the substrate, 

suggest that the pertinent cholic acid-adsorbing component of the substrate is accessible 

to the solvent throughout the course of saccharficiation. As eluded to in the Introduction, 
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cholic acid is presumed to preferentially adsorb to lignin (Zuman et al. 1988; Story and 

Kritchevsky, 1976; Eastwood and Hamilton 1968). This suggests that the lignin- 

associated surface area per reaction mixture does not change significantly over the course 

of saccharification (although surface area per unit weight residue, defined as specific 

surface area, increases due to the increase in the percent non-cellulose components). This 

observation lends credence to existing kinetic models, which assume that the enzyme- 

accessible lignacious residue remains essentially constant over the course of 

saccharification. (Ooshima et al, 1990; South et al, 1995). 
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ABSTRACT 

Physicochemical properties of native and dilute acid pretreated (0.6% H2SO4, 10 

min, and either 170oC or 180oC) poplar were investigated before and during 

simultaneous saccharification and fermentation (SSF). SSF duration was 5 days and 

employed Trichoderma reesei cellulases and Saccharomyces cerevisiae fermentation. 

Chemical composition (glucan, xylan, lignin), enzyme-accessible surface area (based on 

solute exclusion), crystallinity index, particle size distribution, particle shape, and 

enzyme adsorption (cellulase, p-glucosidase) were compared to cellulose conversion. 

Cellulose conversion varied from 8% for native poplar to 78% for the 180oC pretreated 

poplar. The physicochemical properties of native poplar changed little during SSF. In 

contrast, the physicochemical properties of the 180oC pretreated feedstock changed 

markedly. Enzyme-accessible surface area and P-glucosidase adsorption increased by 

83% and 65%, respectively, as cellulose was removed from the feedstock. Crystallinity 

index and particle size (large fraction) decreased by 65% and 93%, respectively. 

Cellulase adsorption per unit weight increased initially (+ 45%) followed by a slight 

decrease (-13%). The same trends were observed, although to a lesser extent for 170oC 

pretreated feedstock. 

INTRODUCTION 

Simultaneous saccharification and fermentation (SSF) is widely recognized for its 

potential importance as a unit operation in biomass-to-ethanol conversion processes. 

Enzymatic hydrolysis under SSF conditions is known to be influenced by the 

physicochemical properties of the substrate. Important physicochemical properties 

include chemical composition (Mooney etal, 1998; Ramos and Saddler, 1994; Vinzant 

etal, 1997) crystallinity index (Ramos and Saddler, 1994; Lee etal, 1982) pore 

volume/surface area (Mooney et al, 1998; Moniruzzaman, 1996; Tanaka et al, 1988; 

Grethlein, 1985; Thompson etal, 1991) particle size distribution (Alvo and Belkacemi, 

1997) and enzyme adsorption capacity (Excoffier et al, 1991; Philippidis et al, 1993; 
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Ooshima et al, 1990). Prior to SSF, lignocellulosic feedstocks are "pretreated" to make 

the cellulose component more amenable to enzymatic saccharification. Many 

pretreatment processes have been investigated (McMillan, 1994), and several have been 

shown to impact the structural characteristics of lignocellulosics (Behera et al, 1996; 

Barl et al, 1991). A pretreatment which has received considerable attention involves the 

incubation of the feedstock in dilute acid (approximately 1% (w/w) sulfuric acid) at 

relatively high temperatures (> 140oC) (Penner et al, 1996). 

Several studies have attempted to correlate one or more of the physicochemical 

properties of a feedstock with its susceptibility to enzymatic saccharification (Mooney et 

al, 1998; Ramos and Saddler, 1994; Tanaka et al, 1988; Grethlein, 1985; Gharpuray et 

al, 1983). In most cases, cellulose saccharification and/or ethanol productivity was 

correlated with the physicochemical properties of the feedstock prior to the initiation of 

enzyme saccharification. Hence, relatively little is known with regard to how the 

physicochemical properties of a feedstock change over the course of enzyme 

saccharification or SSF. Desai and Converse (1997), Nutor and Converse (1991), and 

Burns et al. (1989) have determined substrate reactivity and surface area as a function of 

extent of enzyme saccharification. Ramos and Saddler (1994) have monitored fiber 

length, crystallinity, and degree of polymerization during the initial stages of enzyme 

saccharification. 

This study assesses the physicochemical properties of native and dilute acid 

pretreated yellow poplars, over the full time course of SSF using Trichoderma reesei 

cellulases with fermentation to ethanol by Saccharomyces cerevisiae. Properties 

monitored in this work include the chemical composition of the substrate (cellulose, 

xylan, lignin), particle size and shape, relative crystallinity, pore volume/enzyme 

accessible surface area, and adsorbed enzyme. The results are considered with respect to 

time, extent of cellulose conversion and ethanol yields. 
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MATERIALS AND METHODS 

Substrates. 

Native and dilute acid pretreated yellow poplar sawdust preparations were 

obtained from the National Renewable Energy Laboratory (NREL) (Golden, CO). Dilute 

acid pretreatment (0.6% H2SO4, 10 min, and either 170oC or 180oC) was performed in a 2 

gallon batch reactor at 10% solids (Hsu and Farmer, 1993). Pretreated samples were 

water-washed to neutral pH prior to initiating SSF experiments. 

Simultaneous saccharification and fermentation. 

SSF was conducted in one liter baffled flasks equipped with traditional N-shaped 

water traps. On initiation of the SSF experiment, a typical sample contained 3% cellulose, 

25 FPU cellulase activity/g cellulose and 10% (v/v) yeast inoculum (log phase cells) in a 

total volume of 400 ml. Saccharomyces cerevisiae inoculum was prepared by the method 

of Philippidis et al. (1993). Yeast extract-peptone-dextrose (YPD) media was 1% yeast 

extract (Difco), 2% peptone (Difco), and 2% glucose, adjusted to pH 5.0. The 

Trichoderma reesei cellulase preparation (59 FPU/ml, 57 P-glucosidase units/ml - as 

defined by Ghose (1987)) was obtained from Environmental Biotechnology Inc. (Menlo 

Park, CA). SSF flasks were incubated at 380C with orbital agitation (150 rpm) 

(Philippidis et al, 1993). Initial SSF incubations demonstrated that SSF was essentially 

complete by day 5. Subsequent incubations were thus measured up to day 5 with 

sampling at day 0, day 1, day 2, and day 5. The day 0 sample was obtained immediately 

after a complete blend of the SSF reaction components was obtained. SSF incubations 

were terminated by immersion of reaction flasks in boiling water for 30 min. The residual 

substrates were washed with 6M urea to remove bound enzyme (Reese, 1982). Urea was 

removed through subsequent water washes. Control experiments with native poplar 

showed that the termination process (boiling, urea and water washes) had minimal effect 

on the composition, crystallinity, and pore size distribution measurements. However, 

particle size distribution was slightly affected, therefore, samples for this analysis were 

boiled but not urea washed. Control flasks, containing a-cellulose as a substrate, were 

incubated in parallel with the reactors described above. The percent of cellulose 
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converted was calculated based on glucose, cellobiose and ethanol yields (Philippidis et 

al, 1993). SSF runs were done in duplicate and all reported values are the means of two 

runs. A flow chart showing the sampling process and corresponding parameters analyzed 

is presented in Figure 4.1. 

Native and 
Pretreated 
Samples 

I 
•Initial 
Composition 

•Particle Size Distribution 
•Particle shape 

I Incubation with 
lysing enzyme 5 days 

SSF Reaction ^^^^ Biomass    ^""^     Biomass 
Boil 30 min        Centrifugation 

Urea+water wash I I 
Supernatant sample: 

•Enzyme adsorption 
•Ethanol+Glucose+Cellobiose 
quantification 

•Composition 
•Crystallinity In. 
•Pore volume 
Distribution 

Figure 4.1. Flow chart of sampling process and corresponding parameters analyzed. 

Chemical Composition. 

Cellulose, hemicellulose and lignin components of the biomass samples were 

determined according to Thammasouk et al. (1997). Lignin contents were measured as 

Klason lignin. 

Crystallinity index. 

The crystallinity index of all samples was determined by x-ray diffraction 

measurements (Hsu and Penner, 1991), using the empirical relationships provided by 

Segal et al. (1959). Prior to analysis, sample residues were washed with distilled water 

and freeze-dried. 
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Pore volume, pore size distribution, total and enzyme accessible surface area. 

Samples were water-washed extensively (suspension and centrifugation) prior to 

being analyzed. A batch solute exclusion technique was used to measure pore volume and 

pore size distribution (Sangsethong et al, 1998). Glucose, raffinose, and dextran (D 6K, 

DT10, D 15-20, DT40, D70K, D 200-300, D500K, and D2000) probes were used. 

Approximately 0.2 g dry biomass was suspended in 3 ml of probe solution at 30oC and 

140 rpm for 5 hr. The suspension was then allowed to settle and the upper phase was 

removed and centrifuged. Probe concentrations were determined by polarimetry. Results 

presented are based on the accessibility of enzymes with a diameter of 51 A (Grethlein, 

1985). Sample mass and probe solution volumes were reduced by 40% for analysis of 

the harshly pretreated samples (0.6% acid, 10 min, 180oC) due to the limited amounts of 

residual substrate available toward the end of these SSF experiments. 

Particle size distribution. 

Particle size distribution and particle shapes were determined by sequential 

filtering and microscopic observation. Prior to analysis, samples were incubated for 5 

days at 370C with phosphate buffer, pH 7, containing antimicrobials and lysing enzyme 

(Cytophaga species, Sigma product # L9893) in order to remove yeast cells (Chung et al., 

1997. Samples were then sequentially filtered through two nylon filters (size cut-offs of 

50 and 74 jam). A sample from each fraction was evaluated microscopically (image 

analysis) prior to drying. Image analysis was done at 10X magnification to determine 

particle size dimensions within each fractionated particle size range. Two-dimensional 

particle size parameters (major and minor axes and apparent 2D surface area) were 

estimated using commercial image analysis software (Image Pro Plus version 2.0, Media 

Cybernetics, Silver Spring, MD). The remaining portions of the fractions were collected 

and dried at 100oC for 1 day and measured gravimetrically. 

Enzyme adsorption to insoluble biomass components. 

The amount of enzyme adsorbed to insoluble feedstocks during SSF incubations, 

measured in units of activity, was calculated as the difference in enzyme activity between 
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the liquid phases from "sample" and "blank" flasks. Blank flasks contained all reaction 

mixture components except substrate. Sampled liquid phases were centrifuged (11000 

rpm for 5 min) for clarification and the supernatant frozen until analyzed. Enzyme 

activity in the blank flask served as control to measure activity loss due to the prolonged 

incubation, exposure to reaction mixture components (other than poplar), temperature, 

and freeze/thaw treatment. 

P-Glucosidase activity was determined by the method of Wood and Bhat (1988). 

Cellulase activity was measured by incubating filter paper in 0.05 M Na-Citrate, pH 5.0, 

with enzyme sample solutions at 50oC for three hour reaction periods. Product, as soluble 

reducing sugar, was determined by the dinitrosalicylic acid assay (Ghose, 1987). One unit 

of cellulase activity is here defined as that amount of enzyme that generates one mmole 

of reducing sugar equivalents over the course of three hours. 

RESULTS AND DISCUSSION 

Substrates. 

Compositions of the feedstocks, prior to SSF, are given in Table 4.1. Percent 

(w/w) glucan, xylan, and Klason lignin prior to initiating SSF was dependent on the 

severity of the pretreatment. The more severe the pretreatment, the higher the glucan and 

Klason lignin content. This is expected since the severity of the pretreatment dictates the 

extent to which the hemicellulose (xylan) fraction is hydrolyzed and, thus, removed from 

the insoluble feedstock. The measured glucan content, for many practical purposes, may 

be considered equivalent to the cellulose content. 
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Table 4.1. Percent glucan, xylan, and lignin per unit weight solid substrate. Substrates 
were native poplar, 170°C pretreated poplar1, and 180oC pretreated poplar2 during SSF 
treatment. 

Component SSF sample Native poplar 170oC 
pretreated 

poplar 

180oC 
pretreated 

poplar 

Glucan 

Initial3 39.6 (.78)4 59.7(1.29) 59.9 (.14) 
DayO' 39.6 (.59) 54.3 (.09) 49.5 (.57) 
Day 1 34.6 (.03) 42.7 (3.91) 38.3 (5.52) 
Day 2 35.5 (1.4) 24.0 (2.78) 15.2 (3.03) 
Day 5 34.1 (.66) 16.6 (1.59) 5.6 (.44) 

Xylan 

Initial 15.8 (.17) 3.6 (.16) 1.7 (.07) 
DayO 16.5 (.34) 3.1 (.24) 1.2 (.02) 
Day 1 14.2 (.00) 2.4 (.05) 1.1 (.08) 
Day 2 14.9 (.94) 1.7 (.11) 0.8 (.11) 
Day 5 14.3 (.41) 1.6 (.02) 0.5 (.06) 

Klason 
lignin 

Initial 23.1 (.32) 31.5   (.3) 33.6 (.34) 
DayO 22.1 (.48) 27.5 (1.89) 28.1 (.98) 
Day 1 18.9 (.47) 35.2 (7.18) 45.0(1.80) 
Day 2 19.1 (.16) 50.5 (1.05) 68.5 (2.82) 
Day 5 19.5 (.35) 60.5 (2.47) 79.0 (.21) 

l:170oC,0.6%, lOmin. 
2: 1 StyC, 0.6%, lOmin. 
3: Composition of samples prior to SSF. 
4: Values within parentheses are standard deviations of 
5: Composition of samples taken during SSF following 

2 replicates. 
reaction termination (boiling, urea wash). 

Cellulose conversion / SSF yield. 

The fastest rates of cellulose saccharification were during the first 24 hrs of SSF 

(Figure 2A). Conversion rates and the extent of cellulose conversion over the course of 

SSF were dependent on the severity of the pretreatment. Maximum cellulose conversion 

for the native, 170oC pretreated and 180oC pretreated feedstocks were 7%, 39% and 

78%, respectively. These values are based on the summation of ethanol yield plus 

glucose and cellobiose concentrations. This calculation ignores the amount of substrate 

used for cell growth and, therefore, slightly underestimates % conversion. The control 

substrate, a-cellulose, was converted faster and to a greater extent than any of the poplar 

substrates (Figure 4.2). 
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Figure 4.2. Time course of % cellulose conversion during SSF in reaction mixtures. 
(X) a-cellulose, (♦) native poplar, (■) 170oC pretreated poplar, (A) 180oC pretreated 
poplar. SSF experiments were done at 370C using T. reesei cellulase (25 FPU/g cellulose) 
and Saccharomyces cerevisiae (10%v/v inoculum). 170oC pretreated poplar was dilute 
acid pretreated at 170oC in 0.6% acid for 10 min, and 180oC pretreated poplar was dilute 
acid pretreated at 180oC in 0.6% acid for 10 min. 

Ethanol yields were dependent on the severity of the pretreatment (Figure 4.3). In 

particular, yields from 180oC pretreated feedstocks were higher than those from the 

170oC pretreated and native feedstocks. Ethanol yields for all feedstocks were below that 

of a-cellulose. Glucose and cellobiose concentrations were also measured throughout 

SSF. Both remained below 1 mg/ml and maximum concentrations were obtained within 

the first day's incubation. This trend is consistent with results shown in a previous study 

(Spindler et al, 1991). 
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Figure 4.3. Time course of ethanol concentration (g/L) during SSF in reaction mixtures. 
(X) a-cellulose, (♦) native poplar, (■) 170oC pretreated poplar, (A) 180oC pretreated 
poplar. SSF experiments were done at 370C using T. reesei cellulase (25 FPU/g cellulose) 
and Saccharomyces cerevisiae (10%v/v inoculum). 170oC pretreated poplar was dilute 
acid pretreated at 170oC in 0.6% acid for 10 min, and 180oC pretreated poplar was dilute 
acid pretreated at 180oC in 0.6% acid for 10 min. 

Compositional changes during SSF. 

The cellulose content of the native substrate decreased only slightly over the 

course of SSF (Table 4.1), demonstrating the recalcitrant nature of the cellulose 

component of the untreated woody lignocellulosic feedstock. By contrast, the cellulose 

content of the pretreated substrates was depleted over the course of SSF. The extent of 

depletion was a reflection of pretreatment severity. Considering the 180°C pretreated 

feedstock, the glucan content of the substrate decreased by approximately 90% in the 

course of SSF (from 49.5% to 5.6% of total solids). Xylan in the native substrate 

underwent a slight reduction between days 0 and 1 of the SSF experiment. Both 

pretreated substrates showed the same trend of reduction, losing about one-half of their 

initial xylan content over the 5 day SSF process. Xylan degradation was expected due to 

the presence of xylanase activity in crude cellulase mixtures from Trichoderma reesei 

(Scakacs, and Tengerdy, 1996). Percent Klason lignin of the native substrate did not 

change appreciably over the course of SSF. Klason lignin content of the 170oC 

pretreated substrate showed an increase of approximately 33% over the course of SSF 
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(i.e. from 27.5 to 60.5%). The 180oC pretreated substrate showed the expected greater 

increase in percent Klason lignin, increasing by 51% from 28.1 to 79% (Table 4.1). 

Essentially all of the increase occurred during the first two days of SSF, when the 

majority of the cellulose was removed as a result of enzymatic saccharification. 

Particle Size. 

Dilute-acid pretreatment resulted in measurable changes in the substrate's particle 

size distribution. The native feedstock had a higher percentage, approximately 10% more, 

of its total solids in the largest particle fraction. Over the course of SSF, the percent of 

total solids in the different size fractions did not change appreciably for the native 

feedstock. In contrast, there was an obvious change in the particle size distribution of the 

two pretreated feedstocks during SSF (Figure 4.4). For these feedstocks, there was a large 

decrease in the percent of solids in the largest particle size fraction (i.e. particles unable 

to pass a 74 jam sieve) and a corresponding increase in both the small and medium sized 

fractions. 

Microscopic observations were used to measure major and minor axes of the 

particles within each fraction. In general, particles remained rodshaped with the major 

axis approximately twice as long as the minor axis. 
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Figure 4.4. Particle size distribution during SSF in reaction mixtures. (A) native poplar, 
(B) 170oC pretreated poplar, (C) 180oC pretreated poplar. (♦) Small fraction: particles 
passing a 50 (j.m pore nylon filter. (■) Middle fraction: particles passing a 74 urn pore 
nylon filter but retained by a 50 jam pore nylon filter. (A) Large fraction: particles 
retained by a 74 jam pore nylon filter. Reaction conditions were as described in Figure 
4.2. 

Pore Volume and Enzyme-Accessible Surface Area. 

The change in enzyme accessible surface area for each substrate is plotted in 

Figure 5.4 as a function of SSF processing time. Average relative errors associated with 

inaccessible pore volume measure units, values of which were used in calculating 
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Figure 4.5.   Enzyme-accessible surface area as measured by solute exclusion analysis of 
substrates during SSF. Reaction mixtures contained: (♦) native poplar, (■) 170oC 

pretreated poplar, (A) 180oC pretreated poplar. Reaction conditions were as described in 
Figure 4.2. 
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accessible surface area, ranged from 6-18%. In general, the pore volume and enzyme- 

accessible surface area of the feedstock increased as a result of dilute-acid pretreatment. 

The time zero enzyme-accessible surface areas presented in Figure 4.5 for native poplar 

and 180oC pretreated poplar are 36 m2/g and 115 m2/g, respectively. The approximate 3- 

fold increase in surface area between the native and pretreated feedstock is comparable 

to, although somewhat smaller than, the trend observed by Grethlein (1985) for similar 

substrates (6.5 m2/g and 88 m2/g). This increase in enzyme-accessible surface area is 

likely the result of the pretreatment creating cavities due to the removal of a significant 

portion of the feedstock's hemicellulose. The pore volume and enzyme-accessible 

surface area per unit weight of the pretreated feedstocks further increased over the course 

of SSF. Enzyme-accessible surface area per unit weight of the 170oC- and 180oC 

pretreated substrates increased by ~110% and -83%, respectively, from the initiation of 

the SSF experiment until maximum cellulose conversion was obtained (day 5). The 

increase in specific enzyme accessible surface area over time is most likely the result of 

the hydrolysis, and dissolution, of the cellulose component. By contrast, the enzyme 

accessible surface area of the untreated feedstock did not increase during SSF, 

presumably due to the recalcitrant nature of the cellulose in that feedstock. 
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The observed decrease in mean particle size and the concomitant increase in 

specific pore volume are most easily rationalized by assuming that the reduction in 

particle size over the course of SSF is due to particle disintegration, rather than being due 

to particle collapse. Apparently, the lignin matrix that assures the integrity of native 

lignocellulosic particles (Fan et al, 1980a) is not adequately coherent in the pretreated 

feedstock to stabilize the particles as cellulose is removed. If the observed reduction in 

particle size had been due to particle collapse, then the pore-associated surface area 

would be expected to decrease, which was not the case. 

Crystallinity Index. 

Prior to SSF, the pretreated feedstocks had a higher crystallinity index than did 

the corresponding untreated feedstock (Figure 4.6). The apparent increase in relative 

crystallinity due to dilute acid pretreatment is likely the result of the dissolution of the 

less crystalline components in the feedstock, particularly the dissolution of the 

hemicelluloses. 

The relative crystallinity of the untreated feedstock increased slightly over the 

course of SSF. This increase in crystallinity is, again, likely due to a decrease in the 

amorphous components; the hemicelluloses and amorphous cellulose are expected to be 

more susceptible to enzymatic hydrolysis (Fan et al, 1980b). A different trend was 

observed for the pretreated feedstocks. For these, crystallinity indexes remained relatively 

constant over the first 24 hrs, followed by a sharp decrease, suggesting conversion of 

crystalline cellulose. At the end of SSF the pretreated substrates had a lower crystallinity 

index than the native substrate. For the pretreated substrates, the solids remaining are 

predominantly lignin (Table 4.1). 



47 

Figure 4.6. Crystallinity index of substrates during SSF. Reaction mixtures contained 
(♦) native poplar, (■) 170oC pretreated poplar, (A) 180oC pretreated poplar. Reaction 
conditions were as described in Figure 4.2. 

Enzyme Adsorption. 

Because no single assay accounts for the combined activity in a crude cellulase 

mixture (Nidetzky and Claeyssens, 1994), two assays were used to estimate adsorbed 

enzyme. One assay was a general indicator of complete cellulase activity. The other assay 

specifically measured p-glucosidase activity. 

Initial adsorbed enzyme values were found to be dependent on the severity of the 

feedstock's pretreatment. The 180oC pretreated feedstock had the highest amount of 

adsorbed enzyme upon initiation of SSF (Figures 4.7A & 4.7B). 

The apparent increase in adsorbed p-glucosidase throughout SSF is concurrent 

with the substrate's increase in surface area and decrease in cellulose content. This 

suggests that p-glucosidase adsorption is relatively non specific; and that adsorption is 

not a simple function of available cellulose. We have referred to the increases in enzyme 

adsorption as "apparent", since enzyme inactivation by mechanisms not common to the 

control reaction mixtures can not be ruled out (see methods). The results presented here 

are in general agreement with those obtained by Ooshima et al. (1990). 

Apparent cellulase adsorption per unit weight residual feedstock decreased even 

though enzyme-accessible surface area per unit weight increased. Hence, cellulase 
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adsorption was not linearly related to enzyme-accessible surface area. Cellulase 

adsorption is probably markedly governed by its affinity for the cellulose component of 

the feedstock (Linder and Teeri, 1996). The compositional data shows that the cellulose 

content of the residual feedstock decreased at a faster rate than the observed decrease in 

cellulase adsorption (considering the more severely pretreated feedstocks). This apparent 

discrepancy may reflect that the enzyme-accessible surface area of the cellulose 

component of the feedstock decreases at a slower rate than the corresponding weight 

fraction of that cellulose component, which was the parameter measured. 

Alternatively, the relatively slow decline in adsorbed cellulase activity may be 

due to the extent to which cellulolytic enzymes bind nonspecifically to the non-cellulose 

components of the substrate. The rationale is in agreement with the adsorption of enzyme 

to the lignin-rich residue present at the conclusion of SSF, as demonstrated here, and the 

previously demonstrated enzyme adsorption capacity of lignin per se (Chernoglazov, 

1988). 
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Figure 4.7.   Adsorbed enzyme per gram residual substrate during SSF. Reaction 
mixtures contained (♦) native poplar, (■) 170oC pretreated poplar, (A) 180oC pretreated 
poplar. (A) Adsorbed cellulase activity; units are amount of enzyme which generates 1 
mmole of reducing sugar equivalents/3 hours. (B) Adsorbed P-glucosidase activity; units 
are amount of enzyme which releases lumol p-nitrophenol/min. Reaction conditions 
were as described in Figure 2. 

Summary. 

Each of the substrates, including a-cellulose, showed similar declines in 

reactivity/saccharification-susceptibility over the course of SSF (i.e. all of the time 

courses for cellulose conversion had the same general shape, (Figure 4.2). However, the 

substrates differed considerably with respect to their absolute rates and extents of 

cellulose conversion. The present paper demonstrates how the physicochemical 

properties of the substrates change over the course of SSF. Figure 4.8 summarizes these 

changes with respect to the 180oC pretreated feedstock. The specific enzyme-accessible 

surface area of this substrate increased approximately 83 percent, while the crystallinity 

index and particle size (large fraction) decreased roughly 65 and 93 percent, respectively. 

All of these trends would be expected to be associated with an increase in the rate of 

saccharification, assuming equivalent cellulose concentrations, if the measured 

parameters were specific for the cellulose component of the substrate. However, these 

parameters reflect the entire substrate residue and, hence, as SSF proceeds the measured 
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parameters increasingly reflect the nature of the non-cellulose component of the 

substrate.   Thus, correlations analogous to those shown in Figure 4.8 are difficult to 

interpret in terms of the observed decreases in cellulose reactivity that occur over the 

course of SSF. Time courses following the changes in lignocellulosic substrate 

physicochemical properties are more directly applicable to understanding the changes 

that occur in the bulk substrate as SSF progresses. 
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Figure 4.8. Relative change in substrate parameters of 180oC pretreated poplar during 
cellulose conversion. (♦) enzyme accessible surface area, (■) adsorbed p-glucosidase, 
(A) adsorbed cellulase, (x) crystallinity index, (•) large particle size fraction. Reaction 
conditions were as described in Figure 4.2. 
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ABSTRACT 

The concentration of insoluble reducing ends is an important substrate parameter 

as it is a direct measure of the substrate available for cellobiohydrolase I (CBHI). Four 

soluble sugar assays were modified and used for determining reducing ends on four 

celluloses (filter paper (FP), microcrystalline cellulose (MCC), bacterial microcrystalline 

cellulose (BMCC), and amorphous cellulose (AC)). Initial rates of hydrolysis by CBHI 

and maximum CBHI adsorption capacity were also determined. The content of reducing 

ends was in decreasing order AC, BMCC, MCC, and FP. There was no clear relationship 

between initial rates of hydrolysis and content of reducing ends. The general trend for 

rates of hydrolysis was similar to that for content of reducing ends. 

INTRODUCTION 

Cellobiohydrolases are exoenzymes, which hydrolyze cellulobiose from chain 

ends. Lately studies have shown that the major Trichoderma reesei cellulase - 

Cellobiohydrolase I (CBHI) preferentially hydrolyses cellulose from the reducing end 

(Vrsanka and Biely, 1992, Teeri, 1997). This has created a strong need to focus attention 

on the measurement of insoluble reducing ends on cellulose, because the concentration of 

reducing ends is the true measure of available substrate for CBHI. Several reducing sugar 

assays exist although they are traditionally applied to soluble reducing sugars. The most 

common of these are the dinitrocalicylic acid (DNS) assay (Ghose, 1987), p- 

hydroxybenzoic acid hydrazide (PAHBAH) assay (Gill and Hippel, 1989), CU+2 

/bicinchoninic acid (BCA) assay (Mopper and Gindler, 1973, Garcia et al, 1993), and 

CU+2/arsenomolybdate (NELSON-Somogyi) assay (Nelson, 1944; Robyt and Whelan, 

1968). Several of these methods have been adopted for measuring the number of reducing 

ends on insoluble celluloses. Currently, the method most commonly used for measuring 

insoluble reducing ends is a modified DNS assay (Irwin et al. 1993) in which the 

incubation time has been increased from 5 to 15 min and reducing ends are reported as 
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cellobiose equivalents. The method is primarily used to measure the creation of new 

insoluble reducing ends, i.e. the endo activity of a cellulase (Reverbel-Leroy et al. 1997; 

Kruus et al, 1995). Stahlberg et al, (1993) measured insoluble reducing ends using a 

modified NELSON method where boiling time was extended from 20 min to 120 min. 

Unmodified reducing ends assays have also been used to measure insoluble reducing 

ends. Johnston et al. (1998) used the BCA assay for measuring total reducing ends, which 

included soluble and insoluble reducing ends. While Kruus et al, (1995) used the 

ferricyanide method (Park and Johnson, 1949). 

The objectives of this study are two fold; (1) to systematically compare the use of 

DNS, NELSON, PAHBAH, and BCA assays for measuring insoluble reducing ends on 

representative celluloses, and (2) to determine if rates of cellulose saccharification by 

CBHI can be explained based on the number of reducing ends available for hydrolysis. 

This paper also includes a short comparison of the four traditional reducing ends assays 

when used for measuring soluble sugars. 

MATERIALS AND METHODS 

Celluloses. 

Microcrystalline cellulose (MCC) and filter paper (FP) were obtained 

commercially (Avicel, PH 101, FMC, Philadelphia, PA, and Filter Paper #1, Whatman 

International Ltd, Maidstone, England). Amorphous cellulose (AC) was produced from 

MCC by the method of Isogai and Atalla (1991) using a S02-Diethylamine-DMSO 

solvent for cellulose dissolution. Bacterial microcrystalline cellulose (BMCC) was 

prepared with cultures of Acetobacter xylinum. Cultures were incubated in trays (Hestrin, 

1963) for 10 days at 30oC without shaking. Surface layers of cellulose were harvested 

and purified by the method of Gilkes et al., (1992). 

Cellodextrins. 

Glucose and cellobiose were purchased from Sigma Chemical Co (St. Louis, 

MO). Cellotriose was prepared from a commercially available cellulose powder 
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(Whatman CF-11, Whatman, International Ltd, Maidstone, England ). The major steps 

comprise acid hydrolysis using HC1 (Halliwell and Vincent, 1981), precipitation of 

cellodextrins with 1-propanol (Hamacher, 1985), cellodextrin separation by molecular 

exclusion chromatography (BioGel P2), and freeze drying. 

Reducing ends assays: 

Dinitrosalycilic acid (DNS) assay. 

The traditional assay was done according to the method by Ghose (1987). The 

assay was done with (DNSsg) and with out (DNS) a standard addition of 100 (ig glucose 

to each testtube to replace glucose consumed through oxidation (Ghose, 1987). In the 

modified insoluble reducing ends assay (DNS*) 0.4 ml of 50 mM sodium acetate, pH 5.0, 

containing cellulose was mixed with 1 ml DNS reagent (Ghose, 1987) and a standard 

addition of 100 \ig glucose was used. The test tubes were capped with glass marbles and 

incubated for 120 min in a boiling water bath (instead of 5 min in the traditional assay). 

p-hydroxybenzoic acid hydrazide (PAHBAH) assay. 

The traditional assay was done according to the method by Gill and Hippel 

(1989). In the modified insoluble reducing ends assay (PAHBAH*) boiling time was 

extended from 5 min to 30 min. The test tubes were capped with glass marbles during the 

incubation. 

CU+2 /bicinchoninic acid (BCA) assay. 

The traditional assay was done according to the method by Garcia et al. (1993). In 

the modified insoluble reducing ends assay (BCA*) incubation time in an 80oC water 

bath was extended from 30 min to 6 hours. The test tubes were capped with glass marbles 

during the incubation. 

CU+2/arsenoinolybdate (NELSON) assay. 

The traditional assay was done according to the method by Nelson (1944) and 

Robyt and Whelan (1968). A modification (NelsonS) of this Nelson assay was also tested 

as the final dilution by distilled water was done to a total volume of 5 ml instead of 10 
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ml. In the modified insoluble reducing ends assay (NELSON*) boiling time was 

extended to 90 min (Stahlberg et al, 1993) and 2 ml dd H2O was added to each test tube 

before the spectrophotometric reading. The test tubes were capped with glass mables 

during the water bath incubation. 

Calibrational sensitivity, analytical sensitivity, standard error, pooled standard 

deviation, detection limit, linear range, working range, and cellodextrin response of 

soluble reducing ends assays. 

At least four replicates were done for each method and each measurement was 

done in duplicate. Standard error and pooled standard deviations were used to describe 

the distribution of the data (Ramsey and Schaefer, 1996). The determination of 

calibration sensitivity, analytical sensitivity and detection limit required linear regression 

analysis. The standard error for the analytical sensitivity and detection limit was 

calculated by Taylor's series approximation. 

Cellobiohydrolasel (CBHI) and Endoglucanase (EG) purification. 

Crude Trichoderma reesei cellulases were obtained from Environmental 

Biotechnology Inc. (94.3 FPU/ml, 91.6 p-NPGU/ml) (Menlo Park, CA). CBHI was 

purified by the method of Piyachomkwan et al. (1997) using anion-exchange, affinity, 

and hydrophobic interaction chromatography. The EG fraction eluted together with CBHI 

from the anion-exchange and was separated from cellobiohydrolase activity by the 

affinity column. 

Initial rates of cellulose hydrolysis by CBHI 

Cellulose substrates were incubated in 50mM sodium acetate, pH 5, at 50oC with 

rotational inversion. Reactions were initiated by addition of saturating levels of CBHI 

and terminated by addition of the BCA "A" reagent (original BCA reference) that raised 

pH to above 10. BMCC and AC reaction mixtures were terminated after 4 min while 

MCC and FP reaction mixtures were terminated after 8 min. Initial experiments showed 

that 4 and 8 min incubation periods were within the linear range of initial hydrolysis. 

Following termination all reaction mixtures were centrifuged and the supematants were 
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analyzed for soluble reducing ends by the traditional BCA assay and reported as glucose 

equivalents, (check terminology of rates and initial hydrolysis) 

CBHI adsorption isotherms 

Adsorption isotherms were obtained by exposing MCC, BMCC, AC, and FP to 

increasing enzyme concentrations for 20 min, 4 min, 2 min, and 45 min, respectively. 

This corresponded to the shortest time required for maximum adsorption to minimize the 

effects of hydrolysis. The incubations were done at 50oC and reactions were terminated 

by centrifugation at 14,000 rpm. Soluble protein was measured spectrophotometrically by 

absorbance at 280 nm using a molar extinction coefficient of 85,000 (Bothwell et ah, 

1997). Adsorbed CBHI was calculated as the difference in soluble protein between the 

control (without substrate) and the samples (with substrate). The adsorption isotherms 

were fitted with the Langmuir adsorption model (Meunier-Goddik and Penner, 1998) and 

maximum adsorption capacities were calculated. 

EG treated BMCC 

BMCC was incubated with EG for 0, 3, 5, and 11 days in 50mM sodium acetate, 

pH 5, at 50oC with rotational inversion. The EG treated BMCC was then washed in 6M 

urea to remove residual enzyme (Reese, 1982). Urea was removed through subsequent 

water washes. Insoluble reducing ends on the EG treated BMCC were determined by 

DNS* assay. EG treated BMCC was incubated with CBHI and initial rates of hydrolysis 

were determined in a manner similar to that stated under "Rates of cellulose hydrolysis 

by CBHI". 

RESULTS AND DISCUSSION 

Analytical parameters associated with soluble reducing ends assays. 

Calibration sensitivity is defined as the slope of the calibration curve of 

absorbance reading vs analyte concentrations while analytical sensitivity is defined as the 

ratio of the calibrational sensitivity to the standard deviation at the specified 
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concentration. Both parameters reflects how well the assay discriminates between small 

differences in analyte concentration while analytical sensitivity also accounts for the 

precision of the method. It is evident from Table 5.1 that BCA followed by PAHBAH are 

significantly more sensitive than the other methods. Furthermore the modified Nelson 

assay (NelsonS) is more sensitive that the original Nelson assay. Comparatively, the two 

DNS assays and the original Nelson assay are less sensitive. 

Table 5.1. Calibration sensitivity, analytical sensitivity and standard errors for soluble 
reducing ends assays. 

Assay Calibration sensitivity 
(Abs / |J.g glucose 

Analytical sensitivity1 (AAbs / jig glucose) 

Calibration 
sensitivity 

xlO"3 

Associated 
std.error 

xlO'3 

Analytical 
sensitivity 

Associate 
d std.error 

xlO"2 

Std.dev2 

xlO"3 
Referen- 
ce cone3 

DNS4 3.95 0.042 1.78 1.91 2.22 90 

DNSsg5 4.31 0.067 0.896 1.6 4.81 90 

Nelson 
10ml6 

4.73 0.023 0.783 1.12 6.04 90 

Nelson 
5ml7 

9.37 0.03 1.77 3.03 5.33 50 

PAHBAH 
8 

50.4 0.88 3.88 7.38 13.4 12 

BCAy 106 1.07 15.4 40.33 6.87 5 
1: defined as absorbance change 
2: the standard deviation is the pooled standard deviation from different experiments 
3: reference concentration is the concentration (ng) at which measurements were analyzed to obtain pooled standard deviations. 
4: dinitrosalicyclic acid assay 
5: modified dinitrosalicylic acid assay with supplemental glucose 
6: Nelson-Somogyi assay 
7: modified Nelson-Somogyi assay with a final volume of 5 ml 
8: p-hydroxybenzoic acid assay 
9: Bicinchoninic acid assay 

Detection limit, linear range, and working range are parameters of practical 

importance when selecting a method or deciding what dilutions are required. Table 5.2 

demonstrates the large differences between the assays. 
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Table 5.2. Detection limit, linear range and working range for soluble reducing ends 
assays. 

Assay Detection limit 
Og glucose) 

Assoc. std. 
error 

Linear range 
upper limit 

(Hg glucose) 

Working range 
1 Og glucose) 

DNS7 55 0.058 4000 80-127 

DNSsg" 1.9 0.157 4000 25-187 

Nelson lOmf 1.1 0.05 -400 22-170 

Nelson SmP 0.66 0.024 -200 12-86 

PAHBAH" 0.22 0.024 ~208 2-16 

BCA7 0.12 0.007 -10 1-8 

1: based on linear regression parameters, slope and intercept 
2: dinitrosalicyclic acid assay 
3: modified dinitrosalicylic acid assay with supplemental glucose 
4: Nelson-Somogyi assay 
5: modified Nelson-Somogyi assay with a final volume of 5 ml 
6: p-hydroxybenzoic acid assay 
7: Bicinchoninic acid assay 
8: The PAHBAH calibration curve is not linear over a wide range, but for small ranges appears linear (with slope changes). The range 
here reported was used for determination of sensitivity and detection limit. 

In theory, a perfect reducing ends sugar assay would have the same molar 

absorptivity for all reducing sugars, regardless of the sugars' degree of polymerization 

(DP) or identity. The molar color yield (response) for cellodextrins of DP 1 through 3 

was evaluated for the DNS, Nelson, and BCA (Table 5.3). In the Nelson and BCA assays, 

glucose, cellobiose, and cellotriose had essentially the same equimolar response. In the 

DNS assay this was not the case. The results suggest that cellodextrins of higher DP 

undergo degradation reactions during the DNS assay. The effect of this can be significant 

for example when deciding to report cellulose hydrolysis results as glucose or cellobiose 

equivalents. 
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Table 5.3. Cellodextrin response for DNS, Nelson, and BCA soluble assays. 

Assay1 Similar response of 
equimolar amounts of 

G,G2,G3 

G* 

„       3    .        4 
mratio      Dratio 

02' 

mratio    bratio 

G36 

IHratio    bratio 

DNS' v No 1.0 1.0 1.5 1.0 1.8 0.9 

Nelson8 Yes 1.0 1.0 1.0 1.0 1.0 1.0 

BCAy Yes 1.0 1.0 1.0 1.0 1.0 1.0 _ 
1: not determined for p-hydroxybenzoic acid assay (PAHBAH) 
2: glucose V_ 
3: ratio of the calibration sensitivities (or slope) of the different cellodextrin standard curves to the glucose standard curve. 
4: ratio of the intercepts of the different cellodextrin standard curves to the glucose standard curve. 
5: cellobiose 
6: cellotriose 
7: dinitrosalicyclic acid assay 
8: Nelson-Somogyi assay 
9: Bicinchoninic acid assay 

Modification and optimization of insoluble reducing ends assays. 

DNS* assay: As shown in Table 5.2 the DNS assay has a very high detection limit 

unless a standard addition of glucose is employed. To allow detection of reducing ends at 

low substrate concentrations 100 ^g of glucose was added to all testtubes. Figure 5.1 

illustrates the color development for FP solutions boiled between 5 and 90 min. 25 \x.% 

glucose/ml standards and reagent blanks were incubated simultaneously. It is clear from 

the graph that the duration of the boiling has a strong effect on the color development of 

the FP solution and ultimately on the measure of reducing ends as glucose solutions used 

for standard curves are much less influenced by boiling time. In this experiment the color 

development for the glucose standard decreased_by -12% while itincreased by +196% 

for FP solutions over the 90 min boiling period/ To allow for maximum color 

development boiling time was set at 120 min throughout this study. An area of concern 

for the DNS assay is the absence of an equimolar response (Table 5.3) to cellodextrins. 

When reporting insoluble reducing ends results as glucose or cellobiose equivalents (ie 

using standard curves consisting of either glucose or cellobiose) the values differ by 

-37% for FP (Table 5.4), therefore it is important to specify the sugar standard used. For 

BCA and Nelson either glucose or cellobiose equivalents can be used. 
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Figure 5.1. Color development during incubation in DNS assay solution. (■): FP, (♦): 
glucose standard. 

NELSON* assay: Stahlberg etal. (1993) investigated the effect of boiling time on 

color development and no further color development was reported between 60 and 120 

min boiling. Based on this result a boiling time of 90 min was used in this study. Table 1 

shows the gain in sensitivity obtained by decreasing the water addition in the Nelson 

assay. Therefore water addition was limited to 2 ml (total volume of 5 ml). 

PAHBAH* assay: Color development of FP mixtures over extended boiling time 

shows an increase for the initial 30 min boiling (+210%) followed by a steady decrease 

(Figure 5.2). At the same time the color development of the glucose standard (10|j.g /ml) 

decreased and by 150 min no color development was detected in comparison to the 

reagent blank. Throughout this study cellulose solutions, glucose standards, and blanks 

were all incubated for 30 min in boiling water. However, it might also be reasonable to 

incubate the cellulose together with reagent blanks for 30 min while the glucose 

standards and corresponding blanks are incubated for 5 min as it is done in the traditional 

PAHBAH assay. 
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Figure 5.2. Color development during incubation in PAHBAH assay solution. (■): FP, 
(♦): glucose standard. 

BCA* assay: Figure 5.3 illustrates color development during boiling time for FP 

and glucose (l|j.g/ml) solutions. While color development continued to increase over the 

7.5 hours incubation period (+402%), it was more practical to limit boiling time to 6 

hours as it was done throughout the study. Though evaporation was kept at a minimum 

by placing glass marbles on the test tubes a volume decrease of approximately 10% was 

noted at the end of 7.5 hours. Effects due to evaporation should be limited as the glucose 

standards are exposed to the same treatment. 
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Figure 5.3. Color development during incubation in BCA assay solution. (■): FP, (♦): 
glucose standard. 

Reducing ends on AC, BMCC, MCC, and FP. 

Table 5.4 summarizes the quantity of reducing ends on cellulose substrates as 

measured by the modified assays. The assays give very different results. The DNS* data 

calculated as either glucose or cellobiose equivalents give results much higher than 

PAHBAH* followed by NELSON* and BCA*. 

Table 5.4. Assay responses to insoluble reducing ends on cellulose substrates. 
Concentration of insoluble reducing end equivalents (|J.M/g cellulose) on filter paper 
(FP), microcrystalline cellulose (MCC), bacterial microcrystalline cellulose (BMCC), and 
amorphous cellulose (AC). 

Sample DNS*1'2 DNS*3 PAHBAH*2 NELSON*2 BCA*2 

FP 78.3 57.3 12.9 6.1 2.8 

MCC 841 - 389 79 54 

BMCC 908 662 462 84 51.2 

AC 1362 956 585 127 71.2 
1: assays with "*" have been modified from the corresponding standard soluble assays as described in 
materials and methods. All results are measured as glucose equivalents 
2: glucose equivalents 
3: cellobiose equivalents 
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Table 5.5 represents the same data calculated as ratios compared to BMCC. 

Presented this way an obvious trend between the different celluloses emerges. Reducing 

end concentration on cellulose substrates are in decreasing order AC , BMCC, MCC, and 

finally FP. The results indicate that the 4 assays discriminate well between different 

celluloses. However, the actual value of reducing ends is difficult to determine. For 

example for BMCC the concentration of reducing ends varies from Sl^M/g (by BCA*) 

to 908 pM/g (by DNS*). The experimental conditions for all these assays are harsh due 

to high pH and temperature. It is quite likely that the assay conditions lead to structural 

changes such as looser interactions between cellulose chains, which might result in 

exposure of internal hidden reducing ends. However, since the trends between the 

celluloses are consistent for all the assays, it is unlikely that assay conditions alone give 

the large difference in concentration of reducing ends as measured by BCA* and DNS*. 

Table 5.5. Relative values of reducing ends, rates of CBHI hydrolysis, and maximum 
adsorption capacities as compared to BMCC. Cellulose substrates are filter paper (FP), 
microcrystalline cellulose (MCC), bacterial microcrystalline cellulose (BMCC), and 
amorphous cellulose (AC). 

FP MCC BMCC AC 

RE1 

DNS*2 0.09 0.9 1.5 
PAHBAH* 0.03 0.8 1.3 
NELSON* 0.07 0.9 1.5 

BCA* 0.05 1.1 1.4 
Hydrolysis3 0.0004 0.03 2.4 
Adsorption4 0.22 0.33 3.7 

1: content of reducing ends (|jM/g substrate) 
2: assays with "*" have been modified from the corresponding standard soluble assays as described in materials and methods. All 
results are measured as glucose equivalents 
3:Initial rate of hydrolysis by CBHI 
4: Maximum CBHI adsorption capacity 
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Initial rate of hydrolysis and maximum adsorption capacity. 

The initial rates of cellulose hydrolysis by CBHI and CBHI adsorption capacities 

follow the same trends as the concentration of insoluble RE (Tables 5.5 and 5.6) with 

highest values for AC and lowest values for FP. Careful investigation of some of these 

values reveals that there is no clear linear relationship between reducing ends and initial 

rates of hydrolysis. MCC and BMCC have approximately the same content of insoluble 

reducing ends, yet initial rates of hydrolysis were very different (-30 times). This 

indicates that other factors such as structural characteristics may play an important role in 

determining a substrates reactivity. It is well known that MCC has a more porous 

structure than BMCC. The small pore diameter on MCC makes some pores (and their 

content of reducing ends) inaccessible to cellulases (Bothwell, 1997), which would 

explain lower initial rates of hydrolysis of MCC than BMCC, as it was observed in this 

study. 

Table 5.5. Rates of CBHI hydrolysis, maximum CBHI adsorption capacity, and degree 
of polymerization (DP) of cellulose substrates. Cellulose substrates are filter paper (FP)1, 
microcrystalline cellulose (MCC), bacterial microcrystalline cellulose (BMCC), and 
amorphous cellulose (AC). 

Sample Hydrolysis2 

jaM /min*g 
Ads.CBHI 

MM/g 
DP 

FP 0.029 0.26 1641 

MCC 2.0 0.4 219 

BMCC 73 1.2 

AC 174 4.4 201 
1: Determined by Liaw, 1994 
2: glucose equivalents 

FP and MCC bind approximately the same quantity of CBHI, while the initial rate 

of hydrolysis of FP is much lower than for MCC. This indicates that a large part of the 

CBHI adsorbed to FP is bound in a noncatalytically active position. Evidently, the 
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quantity of adsorbed enzyme can not be used as an indicator to predict differences in 

relative rates of hydrolysis of selective celluloses. The quantity of adsorbed enzyme is 

expected to be a factor of accessible surface area, which is not necessarily linked to the 

content of reducing ends. The content of reducing ends on FP is from 10 to 25 times 

(depending on the assay) lower than on MCC. 

Internal v.s. external insoluble reducing ends. 

While the above assays can be used to measure reducing ends, it would be 

expected that they only measure external, solvent accessible, reducing ends, while a 

fraction of total reducing ends remains internal and is not accessible to the assay solution. 

AC is made from MCC. There is not expected to be any chemical difference between the 

two celluloses (Isogai and Atalla, 1991). The only difference should be in the physical 

arrangement of the individual cellulose chains. MCC is a porous particulate substrate 

with both internal and external reducing ends. In contrast, AC has a large surface area 

and for simplicity can be assumed to have only external reducing ends. Surprisingly, 

there is not a large difference in content of accessible reducing ends. AC contains 

approximately 1.6 times more external reducing ends than MCC. This indicates that the 

majority of reducing ends on MCC (-60%) are external and are accessible to the assay 

solutions. AC is hydrolyzed at a rate approximately 90 times faster than MCC. Therefore 

the majority of the solvent accessible reducing ends on MCC may be located in the pores 

where they are not accessible to CBHI for hydrolysis. 

The above discussion assumes that other substrate parameters such as crystallinity 

or degree of polymerization (DP) do not influence rates of hydrolysis. DP (table 5.5) is 

expected to correlate well with the concentration of reducing ends, especially in the case 

of AC where all (or most) of the reducing ends are external. Due to the presence of 

internal reducing ends on the other celluloses, the measurable (i.e. solvent accessible) 

content of reducing ends and DP are not expected to be related. 

Effect of new insoluble RE on rate of hydrolysis of EG treated BMCC by CBHI. 

The comparison between 4 celluloses showed that the concentration of reducing 

ends on selected celluloses was somewhat related to the initial rates of CBHI hydrolysis, 
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though no clear relationship was observed. The objective of this experiment was to test 

whether the concentration of RE on the same cellulose substrate is linearly related with 

initial rates of hydrolysis. Table 5.7 shows initial rates of hydrolysis of BMCC after new 

insoluble RE have been created by preincubation with EG. It is apparent that the 

formation of new insoluble RE leads to higher initial rates of hydrolysis. However, it 

was not possible to establish a linear relationship. As the concentration of new reducing 

ends increased, the initial rate of hydrolysis increased even more quickly. 

Table 5.7. Concentration of new insoluble reducing ends and rates of CBHI hydrolysis 
on EG treated BMCC 

EG incubation time 
(days) 

New insoluble RE 
on BMCC1 (pM/g) 

Hydrolysis2 

(|jM/min) 

0   (control) 0 145 

3 44 154 

5 78 170 

11 124 216 
1: glucose equivalents as measured by modified DNS assay 
2: glucose equivalents as measured by BCA assay 

Summary. 

The intent of this study was to determine if rates of cellulose saccharification 

could be explained by the content of reducing ends. This was not the case, though the 

same general trends were observed. This indicates that the content of reducing ends is at 

least in part a useful parameter for predicting rates of saccharification. Other substrate 

parameters such as crystallinity might be applied in conjunction with content of reducing 

ends to improve the estimates of relative saccharification rates. 
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Chapter 6 

Conclusion 

In this thesis physicochemical properties of lignocellulosic biomass have been 

measured and compared to extent and rate of enzymatic saccharification. The changes in 

these parameters during cellulose conversion have also been determined to improve 

understanding of process dynamics. 

As a whole the thesis investigates the interactions between cellulose and non- 

cellulose components of a feedstock and the effect of cellulose conversion on the 

structure of the remaining residue. Furthermore, a clearer understanding emerges of 

which substrate parameters effectively predict the "hydrolyzability" of a substrate. 

A brief summary of the conclusions of each of the four chapters is outline below. 

The lignin content of a feedstock is commonly assumed to affect the rates and 

extents of cellulose conversion either by limiting enzyme-accessibility to the substrate or 

by binding and thus inactivating enzyme. Chapter 2 focuses on the role of lignin as a 

potential adsorbant of enzyme in a saccharification mixture. The "lignin" used in this 

study is a non-purified lignacious residue prepared by enzymatic saccharification of 

optimally pretreated switchgrass. The enzyme adsorption capacity of this residue is low 

and it has an insignificant effect on the rates and extents of hydrolysis of model 

celluloses. In contrast, a chemically purified lignin has a high enzyme adsorption capacity 

and significantly lowers rates of cellulose hydrolysis. This leads to the following 

conclusions: 1) The lignacious residue of optimally pretreated feedstocks does not affect 

the cellulose conversion by binding and removing enzyme from the reaction mixtures. 2) 

The use of chemically purified lignins in this type of studies will give erroneous results as 

these lignins behave differently from the lignacious residue present in feedstocks. 

The research presented in this thesis was in part funded by the national renewable 

energy laboratory. One specific objective of the project was to determine the distribution 

of bound enzyme between the cellulose and non-cellulose components of pretreated 

feedstocks during saccharification. A method to accomplish this is presented in chapter 3. 
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The relative changes in surface area of the non-cellulose fraction of pretreated poplar 

during saccharification are determined by help of a probe (cholic acid) which 

preferentially binds to the non-cellulose fraction. The changes in surface area can be 

combined with a measure of adsorbed enzyme at the end of saccharification (when only 

non-cellulose residue remains) to predict how much enzyme was bound to the non- 

cellulose fraction at any point during saccharification. Furthermore the data suggests that: 

3) Total surface area of the non-cellulose component remains constant throughout 

saccharification. This means that the pretreatment successfully separated the cellulose 

and non-cellulose components of the feedstock and neither blocks for the access to the 

other component. 4) Pore collapse does not occur as a result of saccharification. 

Conclusions 1 and 3 combined indicates that: 5) The lignacious residue (or non-cellulose 

component) of optimally pretreated biomass has probably no effect on the rate or extent 

of saccharification, as it does not bind significant amounts of enzyme and it does not 

block the enzyme-accessibility of cellulose. 

The process of SSF is like a "black box". Input and outputs are well defined, but 

the process itself remains relatively unknown. This is the background for the research 

presented in chapter 4. The substrate parameters thought to be important in substrate 

conversion were analyzed throughout SSF. These parameters included surface area, 

crystallinity index, and particle size and shape. Furthermore adsorbed enzyme activities 

were analyzed. The changes in these parameters as cellulose conversion proceeds are 

informative for understanding SSF. Observations/conclusions from this chapter are: 6) 

Severity of the pretreatment significantly affects the overall yield and rate of cellulose 

conversion. Furthermore the pretreatments lower crystallinity index, decrease particle 

size, and increase surface area and enzyme adsorption as compared to the untreated 

feedstock. 7) During SSF of pretreated feedstocks the crystallinity index decreases, 

surface area increases, and particle size decreases. 8) The decrease in particle size during 

SSF is probably due to particle disintegration and not due to collapse of pores. 9) 

Cellulase adsorbs in higher quantities to cellulose than to lignacious residue. 10) 0- 

glucosidase adsorption appears non specific in regard to feedstock components and is a 

factor of total surface area. None of these observations/conclusions are unexpected. 

However, one overall conclusion we had to draw was that 11) None of the measured 
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substrate parameters effectively predicts the cellulose reactivity during the process. 

Essentially, because the substrate parameters analyzed measures the total substrate, which 

towards the end of SSF primarily consists of the lignacious residue. 

The three first chapters revealed that for optimally pretreated feedstocks we can 

not predict the substrate's "hydrolyzability" based on parameters covering the entire 

feedstock or the lignacious residue. Instead focus needs to be shifted to characteristics of 

the cellulose component. In chapter 5 the system of interest was "cleaned" substantially. 

Instead of "messy" biomass and crude cellulase mixtures the study used pure celluloses 

and purified CBHI. The true substrate for CBHI is the reducing ends on the cellulose 

chains. In this chapter methods were optimized or developed to measure insoluble 

reducing ends. The conclusions to draw from this chapter are that: 12) Reduction by 

NaB3H4 provides a good method for determining insoluble reducing ends, and the 

concentration of reducing ends appears to predict the relative initial rates of CBHI 

hydrolysis on different celluloses. 13) Maximum adsorption capacity fails to adequately 

predict the differences in initial rates of hydrolysis of the celluloses. 

If an overall conclusion needs to be drawn from this study it is that the methods presently 

used for predicting the "hydrolyzability" of a pretreated lignocellulosic feedstock are 

inadequate. To our knowledge all studies in this area have focused on the overall 

substrate characteristics or on the effect of lignin. We believe that the true answer to the 

question lies with the cellulose fraction. Methods need to be developed which can 

specifically measure and analyze the cellulose component of a feedstock. For example it 

would be very useful to develop a method similar to the cholic acid analysis, which could 

measure the changes in surface area of the cellulose component. Likewise, it would be 

useful to develop methods for determining insoluble reducing ends on the cellulose 

component of a feedstock. 



77 

BIBLIOGRAPHY 

Alvo, P. and K. Belkacemi. 1997. Enzymatic saccharification of milled timothy (Phleum 
pratense L.) and alfalfa (Medicago sativa L.). Bioresource Technology 61:185- 
198. 

Baker, A.J. 1973. Effect of lignin on the in vitro digestibility of wood pulp. Journal of 
Animal Science 36:768-771. 

Barl, B., Biliaderis, C.G., Murray, E.D. and A.W. MacGregor. 1991. Combined chemical 
and enzymatic treatments of corn husk lignocellulosics. Journal of Science in 
Food and Agriculture 56:195-214. 

Behera, B.K., Arora, M. and D.K. Sharma. 1996. Scanning electron microscopic (SEM) 
studies on structural architecture of lignocellulosic materials of Calotropis 
procera during its processing for saccharification. Bioresource Technology 
58:241-245. 

Bemandez, T.D., Lyford, K., Hogsett, D.A., and L.R. Lynd. 1993. Adsorption of 
Clostridium thermocellum cellulases onto pretreated mixed hardwood, avicel, and 
lignin. Biotechnology and Bioengineering 42:899-907. 

Bhat, K.M., Hay, A.J., Claeyssens, M., and T.M. Wood. 1990. Study of the mode of 
action and site-specificity of the endo-(l-4)-p-D-glucanases of the fungus 
Penicillium pinophilum with normal, 1- H-labelled, reduced and chromogenic 
cello-oligosaccharides. Biochemistry Journal 266: 371-378. 

Bothwell, M.K., Daughhetee, S.D., Chaua, G.Y., Wilson, D.B., and L.P. Walker. 1997. 
Binding capacities for Thermomonospora fusca E3 and E4 and E5, the E3 binding 
domain, and Trichoderma reesei CBHI on Avicel and bacterial microcrystalline 
cellulose. Bioresource. Technology 60:169-178. 

Brash, J.L., and T.A. Horbett. 1995. Proteins at interfaces. In Proteins at interfaces II, 
eds. T.A. Horbett, J.L. Brash, ACS symposium series 602. Washington, DC: 
ACS. 

Bums, D.S., Ooshima, H. and A.O. Converse. 1986. Surface area of pretreated 
lignocellulosics as a function of the extent of enzymatic hydrolysis. Applied 
Biochemistry and Biotechnology 20/21:79-94. 

Chang, H.M., Cowling, E.B. and W. Brown. 1975. Comparative studies on cellulolytic 
enzyme lignin and milled wood lignin of sweetgum and spruce. HolTforschung 
29:153-159. 



78 

Chernoglazov, V.M., Ermolova, O.V., and A.A. Klyosov. 1988. Adsorption of high- 
purity endo-M-P-glucanases from Trichoderma reesei on components of 
lignocellulosic materials: cellulose, lignin, and xylan. Enzyme and Microbial 
Technology 10:503-507. 

Chung, Y.C., Bakalinsky, A. and M.H. Penner. 1997. Analysis of biomass cellulose in 
simultaneous saccharification and fermentation processes. Applied Biochemistry 
and Biotechnology 66:249-262. 

Converse, A.O., Ooshima, H, and D.S. Burns. 1990. Kinetics of enzymatic hydrolysis of 
lignocellulosic materials based on surface area of cellulose accessible to enzyme 
and enzyme adsorption on lignin and cellulose. Applied Biochemistry and 
Biotechnology 24/25:67-73. 

Coughlan, M.P. 1991. Enzymic hydrolysis of cellulose: an overview. Bioresource 
Technology 39:101-\15. 

Crawford, R.L. 1981. Lignin Biodegradation and Transformation, 7-19. New York: John 
Wiley and Sons. 

Desai, S.G. and A.O. Converse. 1997. Substrate reactivity as a function of the extent of 
reaction in the enzymatic hydrolysis of lignocellulose. Biotechnology and 
Bioengineering 56 (6):650-655. 

Eastwood, M.A. and D. Hamilton. 1968. Studies on the adsorption of bile salts to non- 
absorbed components of diet. Biochimica et Biophysica Acta 152:165-173. 

Ehrman, T. 1992. Two stage sulfuric acid hydrolysis for determination of carbohydrates. 
Chemical analysis and testing standard procedure No 002; National Renewable 
Energy Laboratory. Golden, CO. 

Ehrman, T. 1994. Standard method for ash in biomass. Chemical analysis and testing 
standard procedure No 005; National Renewable Energy Laboratory. Golden, CO. 

Esteghlalian, A., Hashimoto, A.G., Fenske, J.J. and M.H. Penner. 1997. Modeling and 
optimization of the dilute-sulfuric-acid pretreatment of corn stover, poplar, and 
switchgrass. Bioresource Technology 59:129-136. 

Excoffier, G., Toussaint, B. and M.R. Vignon. 1991. Saccharification of steam-exploded 
poplar wood. Biotechnology and Bioengineering 38:1308-1317. 

Fan, L.T., Lee, Y.H. andD.H. Beardmore. 1980a. Mechanism of the enzymatic 
hydrolysis of cellulose: effects of major structural features of cellulose on 
enzymatic hydrolysis. Biotechnology and Bioengineering 22:177-199. 



79 

Fan, L.T., Lee, Y.H., and D.H. Beardmord. 1980b. Major chemical and physical features 
of cellulosic materials as substrates for enzymatic hydrolysis. In: Advances in 
biochemical engineering, ed. A. Fiechter, 101-117. New York: Springer-Verlag. 

Fuller, G., McKeon, T.A., and D.D. Bills. Nonfood products from agricultural sources. In 
Agricultural materials as renewable resources; Fuller, G., McKeon, T.A., Bills, 
D.D., Eds.; ACS Symposium Series 647: Washington, DC, 1996. 

Funaoka, M., Kako, T., and I. Abe. 1990. Condensation of lignin during heating of wood. 
Wood Science Technology 24:277-288. 

Garcia, E., Johnston, D., Whitaker, J., and S. Shoemaker. 1993. Assessment of endo-1,4- 
beta-d-glucanase activity by a rapid colorimetric assay using disodium 2,2"- 
bicinchoninate. Journal of Food Biochemistry 17:135-145. 

Gharpuray, M.M., Lee, Y.H. and L.T. Fan. 1983. Structural modification of 
lignocellulosics by pretreatments to enhance enzymatic hydrolysis. Biotechnology 
and Bioengineering 25:157-172. 

Ghose, T.K. 1987. Measurement of cellulase activities. Pure Applied Chemistry 59:257- 
268. 

Gilkes, N.R., Jervis, E., Henrissat, B., Tekant, B., Miller Jr, R.C., Warren, R.A.J., and 
D.G Kilburn. 1992. The adsorption of a bacterial cellulase and its two isolated 
domains to crystalline cellulose. Journal of Biological Chemistry 267:6743-6749. 

Gill, S.C., and P.H. Hippel. 1989. Calculation of protein extinction coefficients from 
amino acid sequence data. Analytical Biochemistry 182:319-32. 

Glasser, W.G., Barnett, C.A., Muller, P.C., and K.V. Sarkanen. 1983. The chemistry of 
several novel bioconversion lignins. Journal of Agriculture and Food Chemistry 
31:21-930. 

Gregg. DJ., and J.N. Saddler. 1996. Factors affecting cellulose hydrolysis and the 
potential of enzyme recycle to enhance the efficiency of an integrated wood to 
ethanol process. Biotechnology and Bioengineering 51:375-383. 

Grethlein, H.E. 1985. The effect of pore size distribution on the rate of enzymatic 
hydrolysis of cellulosic substrates. Bio/technology February: 155-160. 

Halliwell, G., and R. Vincent. 1981. The action on cellulose and its derivatives of a 
purified 1,4-P-glucanase from Trichoderma koningii. Biochemistry Journal 
199:409-417. 



80 

Hamacher, K., Schmid, G., Sahm, H., and C. Wandrey. 1985. Structural heterogeneity of 
cellooligomers homogeneous according to high-resolution size-exclusion 
chromatography. Journal of Chromatography 319:311-318. 

Helenius, A., and K. Simons. 1975. Solubilization of membranes by detergents. 
Biochimica Biophysica Acta. 415:29-79. 

Hestrin, S. 1963. Bacterial cellulose. In Methods in Carbohydrate Chemistry, volume III: 
Cellulose, ed. R.L. Whistler, New York and London: Academic Press. 

Hsu, D. and J. Farmer. 1993. Preparation of dilute-acid pretreated biomass. In: NREL 
Chemical Analysis & Testing Standard Procedure No 7. 1-10. Golden, CO: 
NREL. 

Hsu, J.-C. and M.H. Penner. 1991. Preparation and utilization of cellulose substrates 
regenerated after treatment with hydrochloric acid. Journal of Agriculture and 
Food Chemistry 39:1444-1447. 

Irwin, D.C., Spezio, M., Walker, L.P., and D.B. Wilson. 1993. Activity studies of eight 
purified cellulases: specificity, synergism, and binding domain effects. 
Biotechnology and Bioengineering 42:1002-1013. 

Isogai, A., and R.H. Atalla. 1991. Amorphous celluloses stable in aqueous media: 
regeneration from SOi-amine solvent systems. Journal of Polymer Science: Part 
A. Polymer Chemistry 29:113-119. 

Johnston D.B., Shoemaker, S.P., Smith, G.M., and J.R. Whitaker. 1998. Kinetic 
measurements of cellulase activity on insoluble substrates using disodium 
2,2vbicinchoninate. Journal of Food Biochemistry 22(4):301-320. 

Kong, F., Engler, C.R., andE.J. Soltes. 1992. Effects of cell-wall acetate, xylan 
backbone, and lignin on enzymatic hydrolysis of aspen wood. Applied 
Biochemistry and Biotechnology 34/35:23-35. 

Kruus, K., Wang, W.K., Ching, J., and J.H. Wu. 1995. Exoglucanase activities of the 
recombinant Clostridium thermocellum CelS, a major cellulosome component. 
Journal of Bacteriology 177(6): 1641 -1644. 

Lee, S.B., Shin, H.S. and D.D.Y. Ryu. 1982. Adsorption of cellulase on cellulose: effect 
of physicochemical properties of cellulose on adsorption and rate of hydrolysis. 
Biotechnology and Bioengineering 24:2137-2153. 

Linder, M. and T.T. Teeri. 1996. The cellulose-binding domain of the major 
cellobiohydrolase of Trichoderma reesei exhibits true reversibility and a high 
exchange rate on crystalline cellulose. Proceedings of National Academi of 
Science 93:12251-12255. 



81 

MaGill, K. 1992a. Determination of acid soluble lignin in biomass. Chemical analysis 
and testing standard procedure No 004; Golden, CO: National Renewable Energy 
Laboratory. 

MaGill, K. 1992b. Determination of Klason lignin in biomass. Chemical analysis and 
testing standard procedure No 003; Golden, CO: National Renewable Energy 
Laboratory. 

McMillan, J.D. 1994. Pretreatment of lignocellulosic biomass. In: Enzymatic conversion 
of biomass for fuels production, eds. M.E. Himmel, J.O. Baker, R.P. Overend, 
292-324. Americal Chemical Society symposium series 566. Washington, DC: 
ACS. 

Medve, J., Karlsson, J., Lee, D., and F. Tjemeld. 1989. Hydrolysis of microcrystalline 
cellulose by cellobiohydrolase I and Endoglucanase II from Trichoderma reesei: 
Adsorption, sugar production pattern, and synergism of the enzymes. 
Biotechnology and Bioengineering 59:621-634. 

Medve, J., Stahlberg, J., and F. Tjerneld. 1997. Isotherms for adsorption of 
cellobiohydrolase I and n from Trichoderma reesei on microcrystalline cellulose. 
Applied Biochemistry and Biotechnology 66:39-56. 

Meunier-Goddik, L., and M.H. Penner. 1998. Enzyme-catalyzed saccharification of 
model celluloses in the presence of lignacious residues. Journal of Agriculture 
and Food Chemistry In press. 

Moniruzzaman, M. 1996. Effect of steam explosion on the physicochemical properties 
and enzymatic saccharification of rice straw. Applied Biochemistry and 
Biotechnology 59:283-297. 

Mooney, A.C., Mansfield, S.D., Touhy, M.G., and Saddler. 1998. The effect of initial 
pore volume and lignin content on the enzymatic hydrolysis of softwoods. 
Bioresource Technology 64:113-119. 

Nelson, N. 1944. A photometric adaptation of the Somogyi method for the determination 
of glucose. Journal of Biological Chemistry 153:375-380. 

Nidetzky B. and M. Claeyssens. 1994. Specific quantification of Trichoderma reesei 
cellulases in reconstituted mixtures and its application to cellulase-cellulose 
binding studies. Biotechnology and Bioengineering 44:961-966. 

Nidetzky, B., Steiner, W., and M. Claeyssens. 1995. Synergistic interaction of cellulases 
from Trichoderma reesei during cellulose degradation. In Enzymatic degradation 
of insoluble carbohydrates, eds. J.N. Saddler, and M.H. Penner. ACS symposium 
Series No. 618. Washington, DC: ACS. 



82 

Nutor, J.R.K., and A.O. Converse. 1990. The effect of enzyme and substrate levels on the 
specific hydrolysis rate of pretreated wood. Applied Biochemistry and 
Biotechnology 28/29:757-772. 

Ooshima, H., Burns, D.S. and A.O. Converse. 1990. Adsorption of cellulase from 
Trichoderma reesei on cellulose and lignacious residue in wood pretreated by 
dilute sulfuric acid with explosive decompression. Biotechnology and 
Bioengineering 36:446-452. 

Otter, D.E., Munro, P.A., Scott, G.K., and R. Geddes. 1989. Desorption of Trichoderma 
reesei cellulase from cellulose by a range of desorbents. Biotechnology and 
Bioengineering 34:291-298. 

Park, J.T., and M.J. Johnson. 1949. A submicrodetermination of glucose. Journal of 
Biological Chemistry 181:149-151. 

Penner, M.H., and E.-T. Liaw. 1994. Kinetic consequences of high ratios of substrate to 
enzyme in saccharification systems based on Trichoderma cellulases. In 
Enzymatic conversion ofbiomass for fuels production, eds. M.E. Himmel, J.O. 
Baker, R.P. Overend. ACS symposium series No. 566. Washington, DC:ACS. 

Penner, M.H., Hashimoto, A.G., Esteghlalian, A. and J.J. Fenske. 1996. Acid-catalyzed 
hydrolysis of lignocellulosic materials. In: Agricultural materials as renewable 
resources. Nonfood and industrial application, eds. G. Fuller, T.A. McKeon, 
D.D. Bills, 12-31. American Chemical Society Symposium Series 647, 
Washington, DC: ACS. 

Philippidis, G.P., Smith, T.K. and C.E. Wyman, C.E. 1993. Study of the enzymatic 
hydrolysis of cellulose for production of fuel ethanol by the simultaneous 
saccharification and fermentation process. Biotechnology and Bioengineering 
41:846-853. 

Philippidis, G.P., Smith, T.K. and S.L. Schmidt. 1993. SSF experimental protocols: 
lignocellulosic biomass hydrolysis and fermentation. In: NREL Chemical Analysis 
& Testing Standard Procedure No 8. 1-13. Golden, CO: NTRL. 

Pinto, J.-H., and D.P. Kamden. 1996. Comparison of pretreatment methods on the 
enzymatic saccharification of aspen wood. Applied Biochemistry and 
Biotechnology 60:289-297. 

Piyachomkwan, K., Gable, K.P., M.H. Penner. 1997. p-Aminophenyl 1-thio-p-D- 
cellobioside: synthesis and application in affinity chromatography of exo-type 
cellulases. Carbohydrate Research 303:255-259. 



83 

Ramos, L.P. and J.N. Saddler. Bioconversion of wood residues. In: Enzymatic conversion 
of biomass for fuels production, eds. M.E. Himmel, J.O. Baker, R.P. Overend, 
325-341. American Chemical Society Symposium Series 566. Washington, DC: 
ACS. 

Ramsey, F., and D. Schaefer. 1996. The statistical sleuth, 32-37. International Thompson 
Publishers, NY. 

Rapoza, R.J., and T.A. Horbett. 1990. The effects of concentration and adsorption time 
on elutability of adsorbed protein in surfactant solutions of varying structures and 
concentrations. Journal of Colloid Interface Science 136:480-493. 

Reese, E.T. 1982. Elution of cellulase from cellulose. Process Biochemistry May/June:2- 
6. 

Reverbel-Leroy, C, Pages, S., Belaich, A., Belaich, J.-P., and C. Tardif. 1997. The 
processive endocellulase CelF, a major component of the Clostridium 
cellulolyticum cellulosome: purification and characterization of the recombinant 
form. Journal of Bacteriology 179:46-52. 

Robyt, J.F., and WJ. Whelan. 1968. The ot-amylases, 430-493. In: Starch and its 
derivatives, 4th edition, ed. J.A. Radley, 

Sanderson, M.A., Reed, R.L., McLaughlin, S.B., Wullschleger, S.D., Conger, B.V., 
Parrish, D.J., Taliaferro, C, Hopkins, A. A., Ocumpaugh, W.R., Hussey, M. A., 
Read, J. C, and C.R. Tischler. 1996. Switchgrass as a sustainable bioenergy crop. 
Bioresource Technology    :83-93. 

Sangseethong, K., Meunier-Goddik, L., Tantasucharit, U., Liaw, E.T. and M.H. Penner. 
1998. Rationale for particle size effect on rates of enzymatic saccharification of 
microcrystalline cellulose. Journal of Food Biochemistry 22(4):321-330. 

Scakacs, G. and R.P. Tengerdy. 1996. Production of cellulase and xylanase with selected 
filamentous fungi by solid substrate fermentation. In: Enzymes for pulp and 
paper processing, eds. T.W. Jeffries, L. Viikari, 175-182. American Chemical 
Society Symposium Series 655. Washington, DC: ACS. 

Schwald, W., Brownell, H.H. and J.N. Saddler, J.N. 1988. Enzymatic hydrolysis of steam 
treated aspen wood: influence of partial hemicellulose and lignin removal prior to 
pretreatment. Journal of Wood Chemistry Technology 8(4):543-560. 

Segal, L., Creely, J.J., Martin, JR. and CM. Conrad. 1959. An empirical method for 
estimating the degree of crystallinity of native cellulose using the X-ray 
diffractometer. Texture Research Journal 29:789-794. 



84 

Sewalt, V.J.H., Glasser, W.G., and K.A. Beauchemin. 1997. Lignin impact on fiber 
degradation. 3. Reversal of inhibition of enzymatic hydrolysis by chemical 
modification of lignin and by additives. Journal of Agriculture and Food 
Chemistry 45:1823-1828. 

South, C.R., Hogsett, D.A.L., and L.R. Lind. 1995. Modeling simultaneous 
saccharification and fermentation of lignocellulose to ethanol in batch and 
continuous reactors. Enzyme and Microbial Technology 17:797-803 

Spindler, D.D., Wyman, C.E. and K. Grohmann. 1991. The simultaneous saccharification 
and fermentation of pretreated woody crops to ethanol. Applied Biochemistry and 
Biotechnology 28/29:773-786. 

Stahlberg, J., Johansson, G., and G. Petterson. 1993. Trichoderma reesei has no true exo- 
cellulase: all intact and truncated cellulases produce new reducing end groups on 
cellulose. Biochimica Biophysica Acta 1157:107-113. 

Stone, J.E., and A.M. Scallan. 1968. A structural model for the cell wall of water swollen 
wood pulp fibres based on their accessibility to macromolecules. Cellulose 
Chemistry and Technology 2:343-358. 

Story, J.A. and D. Kritchevsky. 1976. Comparison of the binding of various bile acids 
and bile salts in vitro by several types of fiber. Journal of Nutrition 106:1292- 
1294. 

Tanaka, M., Dcesaka, M. Matsuno, R. and A.O. Converse. 1988. Effect of pore size in 
substrate and diffusion of enzyme on hydrolysis of cellulosic materials with 
cellulases. Biotechnology and Bioengineering 32:698-706. 

Teeri, T. 1997. Crystalline cellulose degradation: new insight into the function of 
cellobiohydrolases. TibTech 15:160-167. 

Thammasouk, K., Tandjo, D., and M.H. Penner. 1997. Infuence of extractives on the 
analysis of herbacious biomass. Journal of Agricultural and Food Chemistry 
45(2):437-443. 

Thompson, D.N., Chen, H.C. and H.E. Grethlein. 1991. Comparison of pretreatment 
methods on the basis of available surface area. Bioresource Technology 39:155- 
163. 

Torget, R. 1993. Enzymatic Saccharification of lignocellulosic biomass. Chemical 
analysis and testing standard procedure No 009. Golden CO: National Renewable 
Energy Laboratory. 



85 

Vinzant, T.B., Ehrman, C.I., Adney, W.S., Thomas, S.R. and M.E. Himmel. 1997. 
Simultaneous saccharification and fermentation of pretreated hardwoods. Effect 
of native lignin content. Applied Biochemistry and Biotechnology 62:99-104. 

Weimer, P.J. and W.M. Weston. 1985. Relationship between the fine structure of native 
cellulose and cellulose degradability by the cellulase complexes of Trichoderma 
reesei and Clostridium thermocellum. Biotechnology and Bioengineering 
27:1540-1547. 

Wood, T.M. and K.M. Bhat. 1988. Methods for measuring cellulase activities. In: 
Methods in Enzymology #160: Biomass Part A: Cellulose and hemicellulose. eds. 
W.A. Wood, S.T. Kellogg, 87-111. New York: Academic Press. 

Yuldashev, B.T., Rabinovich, M.L., and M.M. Rakhimov. 1993. Comparative study of 
the behavior of cellulases on the surface of cellulose and lignocellulose in the 
course of enzyme hydrolysis. Translated from: Prikladnaya Biokhimiya I 
Mikrobiologiya 29:233-243. 

Zuman, P., Ainso, S., Paden, C, and B.A. Pethica. 1988. Sorptions on Lignin, wood and 
celluloses. I. Bile Salts. Colloids Surfaces 33:121-132. 


