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exclusion experiments. Internal surface areas were calculated based on the application of 

the lamellae model to the pore volume distribution data. External surface areas were 
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found to have nearly equivalent enzyme accessible surface areas per unit weight. Greater 



than 99 % of the total enzyme accessible surface area for each MCC preparations was 

found to be within the porous structure of the particles. Enzymatic saccharification 

experiments demonstrated that the smaller particle size MCCs were more readily 

digested than those of larger particle size. The similarity of the three MCC preparations 

with respect to chemical and physical properties (other than particle size), pore volume 

distribution, and total enzyme accessible surface area suggests that a rate limiting factor 

in the enzymatic digestion of MCC is a resistance attributable to diffusion within the 

capillary network of these insoluble substrates. 
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POROSITY, SURFACE AREA AND ENZYMATIC 
SACCHARIFICATION OF MICROCRYSTALLINE CELLULOSE 

CHAPTER 1 

INTRODUCTION 

On a weight basis, cellulose is the most abundant molecule on earth. It is 

currently viewed as an underutilized resource due to the large amounts of cellulose that 

are discarded as waste. This includes agricultural residues, forest residues and municipal 

solid waste. There continues to be a research effort aimed at developing economical 

processes for the conversion of waste cellulose to value added products. Value added 

products include medicinal products, fuels and industrial chemicals. Most of these 

processes involve the conversion of cellulose to glucose, followed by the biological or 

chemical processing of the glucose. The depolymerization of the cellulose is generally 

accomplished by acid or enzyme catalyzed hydrolysis. An example of such a processing 

scheme for lignocellulosic biomass is presented in Figure 1.1. In this case, cellulose 

depolymerization is done by an enzyme catalyzed process. 

The enzymatic saccharification of cellulose is a complex heterogeneous process 

involving several soluble cellulolytic enzymes and the insoluble cellulose substrate. The 

enzymes are assumed to act on the substrate surface to liberate cellodextrins and. 
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Figure 1.1 
Biomass conversion process 

eventually, glucose. The enzyme accessible surface area of a cellulose substrate is thus 

expected to play a major role in dictating the rate at which enzyme catalyzed degradation 

occurs. Lignocellulosic substrates are generally regarded as porous, meaning that the 

majority of the surface area is within the substrate particle. Hence, the rate of degradation 



of lignocellulosic substrates is likely to be determined by the substrates pore size 

distribution and associated enzyme accessible surface area. 

The focus of this thesis is the evaluation of three microcrystalline cellulose 

substrates which appear chemically similar but which differ with respect to particle size. 

The specific surface area and pore volume distribution of each of the substrates was 

determined. These physical properties were then compared with each of the substrates' 

measured rate of degradation. The results of these experiments are discussed in terms of 

the factors which may limit the rates of saccharification of microcrystalline cellulose. 



CHAPTER 2 

LITERATURE REVIEW 

2.1 THE KINETICS OF SIMPLE ENZYME-SUBSTRATE SYSTEM 

The simplest model proposed that accounts for the kinetic properties of enzymes 

is 

E + S^ES    *"  >E + P (2.1) 

An enzyme, E, combines with substrate, S, to form an enzyme-substrate complex, 

ES, with a rate constant k/. The ES complex has two possible fates. It can dissociate to E 

and S, with a rate constant k_i, or it can proceed to form product, P, with a rate constant 

kcal. It is assumed that almost none of the product reverts to the initial substrate, a 

condition that holds in the initial stage of a reaction before the concentration of product 

is appreciable (Stryer, 1988). 

The rate of the enzymatic hydrolysis can relate to the concentrations of total 

substrate and total enzyme and the rates of the individual steps. The starting point is that 

the hydrolysis rate is equal to the product of the concentration of the ES complex and kcal: 

V=krJ,[ES] (2.2) 



In the steady state, the concentration of the ES complex is essentially constant 

compared with the changing concentration of substrates and products. This occurs when 

the rates of formation and breakdown of the ES complex are equal. 

Rate of ES formation = k{[E][S\ (2.3) 

Rate of £"5 breakdown = (k^+k^lES] (2.4) 

k,[E][S] = (k.,+keat)[ES] (2.5) 

By rearranging equation 2.5 

r    i     kilEllS] 

k-X+Ka, 

A new constant defined as the Michaelis constant, Km, is 

k    A-k 

Substituting Km into equation 2.6 yields 

[£5] = LJU (2.8) 
m 

The concentration of uncombined substrate, [5], is very nearly equal to the total 

substrate concentration since E«S. The concentration of uncombined enzyme, [E], is 

equal to the total enzyme concentration, [ET], minus the concentration of the ES 

complex, [ES]. 

[E] = [ET)-[ES] (2.9) 

Substituting equation 2.9 into equation 2.8 yields 

[ES}=yV    i   L    m J (2.10) 



By rearranging equation 2.10 

Substituting equation 2.2 into equation 2.11 yields 

V = -f±-lJLl (2.12) 
[S] + Km 

The maximal rate, Vmax, is attained when the enzyme sites are saturated with 

substrate, where [S]»Km, so [S]/([S\+Km) approaches 1. Thus 

K^=kca,[Er] (2.13) 

Substituting equation 2.13 into equation 2.12 yields 

\S} V = V    —LJ— (2 14) 

This equation is known as Michaelis-Menten equation. For the simple reaction 

depicted in equation 2.1, the Michaelis constant, Km, is equal to (kcal + k.{)lk\. This 

equation predicts a substrate-velocity relationship as depicted in Figure 2.1. 

At very low substrate concentrations, where [S\«Km, V = {VmaJKm)[S\; the rate 

is proportional to the substrate concentration. At high substrate concentrations, where 

[S]»Km, V = Vmax; the rate is maximal and independent of substrate concentration. The 

maximum rate, Vmax, is directly proportional to enzyme concentration, as indicated in 

equation 2.13. 
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Figure 2.1 
A plot of the reaction velocity, V, as a function of the substrate concentration, [5] 

The meaning of A",,, is evident from the Michaelis-Menten equation. When [5] = 

AT,,,, then V = VmJ2. Thus AT,,, is equal to the substrate concentration at which the reaction 

rate is half of its maximal value. 

The substrate concentration in traditional soluble enzyme-substrate system is 

generally expressed in terms of molarity. However, molarity does not apply to 

heterogeneous systems, such as an insoluble substrate with soluble enzyme. Insoluble 

substrate concentrations are often expressed in terms of the weight percent (wt./v) of the 

insoluble substrate. The true instantaneous substrate concentration may more accurately 

be described in terms of the enzyme accessible surface area of the insoluble substrate. 

The total surface area available for enzyme binding will obviously be a function of the 

amount (or weight) of the insoluble substrate in the reaction mixture. Thus increasing the 



wt. % of a insoluble substrate in a reaction mixture increases the substrate concentration 

through an increase in available surface area. 

2.2 IMPORTANT FACTORS GOVERN THE RATE OF THE ENZYMATIC HYDROLYSIS OF 

LLGNOCELLULOSIC MATERIALS. 

According to equation 2.2, the rate of an enzyme catalyzed reaction depends on 

the amount of ES complex and the reactivity (£ca,) of the ES complex. The amount of ES 

complex is determined by the concentration of substrate and enzyme and their respective 

affinity for association. The amount of enzyme accessible surface area of an insoluble 

substrate will obviously provide an upper limit for the amount of ES complex that can 

form under condition where E»S. Under these conditions (E»S), increasing the 

available surface area of a substrate is expected to increase the maximum amount of ES 

complex that can form and, thus, increase maximum rates of reaction for a given amount 

of substrate. An example of this would be the swelling of lignocellulosic substrates due 

to moisture uptake (Cowling, 1975). Moisture hydrates the cellulose molecules, thus 

opening up the fine structure so that the substrate is more accessible to enzymes 

(Cowling, 1975). The amount of enzyme provides an upper limit to the amount of ES 

complex formed under classical conditions where E«S. 

Surface area and pore volume distribution are considered by some to be the most 

important factors in determining rates of saccharification of cellulosic materials 

(Grethlein, 1985; Grous et al., 1986; Lin et al., 1987). This is because the enzyme 

molecules must bind to a substrate before catalysis can occur. The rate of hydrolysis, 



therefore, depends on the surface area accessible to the enzyme molecules. It is known 

that cellulosic materials have two different types of surface area : external and internal. 

The area on the outer surface, excluding the pores, is defined as the external surface area. 

The external surface area is related to the shape and size of the cellulose particles. The 

area within the pores is the internal surface area, the internal surface area depends on 

pore structure (Fan et al., 1980). 

For a porous substance, such as cellulose, most of the enzyme accessible surface 

area is within the pore structure (Stone and Scallan, 1969; Grethlein, 1985; Weimer and 

Weston, 1985; Van Dyke, 1972; Neuman, 1991; Gama et al., 1993). This means that the 

enzyme molecules must diffuse into the pores before binding and catalysis can occur. 

Therefore to adequately characterize a particulate substrate one must determine the 

substrate's pore volume distribution and internal surface area. 

The reactivity of the ES complex, kcat, is indicative of the average time it takes for 

the ES complex to break down to free enzyme plus product. kc.al is expected to be 

influenced by things that alter the chemical and physical structure of the substrate; such 

as chemical identity, degree of crystallinity and degree of polymerization (Fan et al., 

1980; Lee et al., 1982, 1983; Grethlein, 1985). For example, the relative amount of 

crystalline versus amorphous material is expected to influence kcal. The less crystalline, 

more amorphous, material is more easily degraded than the more crystalline material. 

The rate of enzyme saccharification of lignocellulosic cellulose may also be affected by 

the nature of substances associated with the cellulose, such as lignin. Associations 

between cellulose and lignin tend to correspond with decreased rates of enzymatic 
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hydrolysis (Cowling, 1975). When the lignocellulosic materials are delignified, the 

enzymatic hydrolysis can be improved. 

2.3 SURFACE AREA MEASUREMENT TECHNIQUE 

Methods of measuring the internal surface area of porous materials include 

nitrogen adsorption, mercury porosimetry, and solute exclusion. A disadvantage of the 

nitrogen adsorption and mercury porosimetry methods is that they require dry samples. 

This is a disadvantage for the study of lignocellulosic materials because the internal 

structure of these materials is not always maintained during the process of drying (Stone 

and Scallan, 1968a; Fan et al., 1980; Grethlein, 1985). The cell wall capillaries may 

collapse upon removal of water, resulting in low estimate of apparent surface area (Stone 

and Scallan, 1969; Grethlein, 1985). A second disadvantage of the nitrogen adsorption 

and mercury porosimetry techniques is that the available surface area is measured with 

probes much smaller than enzyme molecules. Thus the surface area available to an 

enzyme is likely be overestimated. The nitrogen adsorption and mercury porosimetry 

methods appear more suited to measure the total surface area of a dry substrate rather 

than an enzyme accessible surface area of a hydrated substrate. The solute exclusion 

technique, in contrast to the other two, is applied to hydrated samples and it accounts for 

the relatively large size of the enzyme molecules. 
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2.4 SOLUTE EXCLUSION 

Solute exclusion is a technique for measuring the pore volume distribution and 

internal surface area of particulate substrates. It has become a preferred method for 

lignocellulosic substrate characterization because the substrates may be analyzed in the 

same aqueous environment as used in enzyme saccharification studies. The method 

provides an estimate of an enzyme accessible surface area per unit weight substrate. 

The solute exclusion technique was developed by Stone and Scallan (1967) and 

elaborated by Van Dyke (1972) to characterize the pore volume distribution and surface 

area of lignocellulosic materials. The traditional solute exclusion experiment measures 

the volume of substrate-associated water accessible to probes of different sizes. The 

method is most easily understood when considered relative to the diagram of Figure 2.2. 

In this method, the hydrated porous substrate has added to it a known volume of a 

probe solution. The system is then thoroughly mixed and allowed to equilibrate. If all the 

water associated with the porous material is accessible to the probe molecules, then it 

will all contribute to the dilution of the probe solution (case A). If a solution containing 

larger probe molecules is used (case B) then the solvent in the smaller pores of the 

particle will not be accessible to the probe molecules. The water in these smaller pores is 

thus unavailable for dilution of the initial probe solution. After mixing, the concentration 

of the solution will be less diluted than in the first case (case A). This difference in 

concentration is the basis of a calculation to give the amount of water inaccessible to the 

probe. When the probe molecule is so large that it cannot enter the porous material at all 

(case C), the inaccessible water equals the total water entrapped in the porous materials. 
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Addition of solution 

••••••• 

water 

solid 

accessible water inaccessible water 
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Figure 2.2 
The principle of the solute exclusion technique 

(Stone and Scallan, 1968a) 

In the solute exclusion method, a series of probes of increasing size is used to 

generate an inaccessible water curve. A typical curve relating inaccessible water to probe 

diameter is shown in Figure 2.3. The fiber saturation point corresponds to the plateau 

formed with very large diameter probe molecules. The inaccessible water at the fiber 

saturation point equals the total water in the porous material. 
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As explained, the solute exclusion technique measures inaccessible water 

although it is also a measure of accessible water within the porous substrate if the total 

water in the porous material is known. Thus : 

Accessible water = Total water in the porous material - inaccessible water (2.15) 

1.2 1 

ZJ 1.0 

i 08 

0) 3 0.6 
'35 
<u 
8  0.4 
ca 
c 

0.2- 

0.0 

fibre sat. pt 
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water 

"1     i i     i r 
5     10 50   100 500 

Molecular Diameter, A 

Figure 2.3 
The relationship between inaccessibility and molecular diameter 

From the inaccessible water curve given in Figure 2.3, the surface area of the 

pores is calculated with an assumption of pore shape. Stone and Scallan (1968a) have 

postulated that the most basic pore shape within the cell wall is that of lamellae or sheets 

of microfibrils. The pores would then be the slit-like spaces between these sheets as 
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shown in Figure 2.4.The assumption of shape allows one to calculate an apparent surface 

area for pores of different width (size). 

Figure 2.4 
Model for calculating surface area 

(Stone and Scallan, 1968) 

Thus if the complete inaccessible water curve is divided into a series of 

increments the surface of each increment may be calculated. In this case the width of a 

pore is taken as the average pore width within each increment. Starting with the 

contributions of the largest pores and working down towards the smallest, the increments 

of area may be added up to give the total surface area. The surface area accessible to a 

given sized molecule will be found by stopping the calculation at a pore width 

corresponding to the size of that molecule. 



Table 2.1   Probe and reaction time 

15 

Reference Probe Cellulosic substrate Reaction time 

Stone and Scallan (1967) Dextran :Black spruce 1-3 days 

Stone and Scallan (1968a) Dextran :Bleached pine 

sulphate pulp 

Imin., Ihr, 

24hr 

Stone and Scallan (1968b) Dextran :Sulfite spruce 

:Kraft spruce 

2 days 

Nelson and Oliver (1971) PEG :Kraft pine 

Van Dyke (1972) Dextran, PEG :Solka Floe BW300 16-24 hr 

Grethlein(l985) Dextran :Mixed Hardwood 

:Poplar 

: White pine 

: Steam Extracted pine 

Weimer and Weston (1985) Dextran :Sigmacell 20,50,100 

:a-Cellulose 

:Solka Floe 

SW40,BW100 

20 hr 

Lin and Ladisch (1985, 1986) PEG :Solka Floe BW300 

: Cornstalk residue 

36 hr 

Tanakaetal. (1988) Dextran : Mixed Hardwood 

Thompson (1989) Dextran .Mixed Hardwood 

Converse et al. (1990) : Untreated wood 

Thompson et al. (1992) Dextran Mixed Hardwood 

PEG = polyethylene glycol 
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The solute exclusion technique has been used to determine the pore volume 

distribution and enzyme accessible surface area for a variety of lignocellulosic materials 

(Table 2.1). The experimental approach in the various studies differed from that of Stone 

and Seal Ian only with respect to the chemical nature of the probe, reaction times (the 

time allowed for equilibration of lignocellulosic materials and probe solution), and 

method employed for probe quantification (Table 2.1). Stone and Scallan (1968a) 

specifically tested the importance of reaction time, concluding that equilibration was 

established quickly based on the similar results obtained for 1 min., 1 hr, and 24 hr 

reaction times. Gama et al. (1994) have applied the solute exclusion technique to dry 

substrates. In this case probe solution is added directly to the dry porous substrate. 

Consequently, substrate hydration and diffusion of the probe into the substrate's pores 

occur simultaneously. This has the advantage of reduced experimental time. The majority 

of solute exclusion experiments are done using a batch technique as defined above; 

however, there are some laboratories which have used a packed column approach to 

measure pore volume distribution (Martin et al., 1969; Neuman, 1991; Neuman and 

Walker, 1992). 

2.4.1 Assumptions of the Solute Exclusion Technique 

The application of the solute exclusion technique is based on the following 

assumptions : 
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1. The concentration of probe molecules in the accessible pores is equal to that 

in the solution surrounding the porous materials (Lin et al 1985). 

2. Complete penetration of probe molecules into the pores occurs when the 

diameter of the probe molecule is less than the diameter of the pore into 

which it will diffuse (Lin et al., 1985). 

3. The pores are parallel slits of a single width located between multiple 

lamellae (Stone and Scallan, 1968a). 

Figure 2.5 
Multi-lamellae model 

4.   The external surface area is not accounted for by this technique (Converse, 

1990). 
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2.4.2 Molecular Probes 

The probes for solute exclusion experiments are to have the following properties 

(Stone and Scallan, 1968a; Nelson and Oliver, 1971). 

1. Probes must not be physically or chemically adsorbed onto the porous 

materials being analyzed. 

2. Probes should have a narrow molecular weight distribution and be available 

over a wide range of molecular weights. 

3. Probes should be uncharged. A non-electrolyte is preferred. 

4. Probes must be spherical-shaped in solution and its size must be known. 

Dextrans and polyethylene glycols (PEG) meet these requirements and, 

consequently, they have been widely used as probes. Low molecular weight sugars such 

as glucose, fructose, maltose, raffmose, etc. are often used as low molecular weight, 

small molecule probes. 

Dextran probes reportedly contain a relatively high fraction of lower molecular 

weight components than do PEG probes (Van Dyke, 1972). Since low molecular weight 

molecules can diffuse into the porous material more easily than larger molecules, a probe 

with excess small molecules would have a lower final concentration than a similar probe 

having a more normal distribution of molecular weights.To correct for a non-normal 

distribution; dextrans can be fractionated by size-exclusion chromatography. Such 

fractionation would give nearly monodisperse probe fractions around each average 

molecular weight and would provide additional average molecular weights that are not 
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commercially available. In contrast, PEGs are difficult to fractionate at molecular 

weights over 5000 (Van Dyke, 1972). PEG probes also have the disadvantage that they 

adsorb on glass. Thus, polypropylene is a required substitute for glass. 

2.4.3 Instrumentation 

Refractometers and polarimeters are typically used to determine the concentration 

of probe solutions. Refractometers can be used with both PEG and dextran probes. 

Polarimeters are limited to the measurement of dextran solutions. Thompson (1989) 

showed that the variance associated with refractometer measurements of dextran 

solutions was large. Thus they recommended using a precision polarimeter. 

The volume of inaccessible water (F,) in a porous substrate can be calculated 

from the final concentration of the probe solution (Cj). 

The high sensitivity equipment is required to measure the small changes in the 

probe concentration. For example, Qof the smallest and the largest probes are 2.00 and 

2.22 %(wt./v) respectively. If the instrument can measure the concentration to two 

significant digits, then Cy-of the smallest and the largest probe are 2.0 and 2.2 %(wt./v). 

There are a maximum of three data sets that can be measured (2.0, 2.1, and 2.2 %(wt./v)) 

which will provide a maximum of three data sets of the inaccessible water. That is not 

enough to create the relationship between the inaccessible water and the molecular probe 

diameter. On the other hand, the relationship can be created if the instrument measures 

the concentration to three significant digits. That will provide a maximum of 22 
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inaccessible water data sets which will be enough to plot the relation curve. In summary, 

the data calculated in this thesis indicate that if a polarimeter is used for mesurement of 

probe concentrations then it must be sensitive to changes in optical rotation of 0.01 

degree, preferably 0.001 degree, and if a refractometer is used for measurement of probe 

concentrations then it must be sensitive to changes in refractive index of 10° refractive 

index units. 
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CHAPTER 3 

A BATCH SOLUTE EXCLUSION TECHNIQUE 

3.1 INTRODUCTION 

Solute exclusion is a technique used to measure the volume of accessible or 

inaccessible water in the pore structure of porous materials. This technique has become 

the preferred method for measuring the enzyme accessible surface area of insoluble 

porous substrates. Apparent surface area is determined while the substrate is submerged 

in an aqueous environment, the same environment present during enzymatic hydrolysis. 

Thus there is a reasonable chance that the pore structure is the same during the 

measurement of surface area as during enzymatic hydrolysis. This chapter describes the 

application of the solute exclusion technique to the analysis of a relatively high moisture 

content biomass sample (acid pretreated poplar) and a relatively low moisture content 

microcrystalline cellulose powder. 

3.2 MATERIALS AND METHODS 

3.2.1 Celluloses and Chemicals 

Acid pretreated poplar, *80 % moisture content, was provided by the National 

Renewable Energy Laboratory, NREL (Golden, CO). The acid pretreated poplar was 
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Table 3.1   Molecular probes used in the solute exclusion 

Probe Vendor Mw
a Estimated Diameterb (A) 

Glucose Sigma 180 8 

Maltose Fisher 360 10 

Raffmose Sigma 594 12 

Dextran 6 k Fluka 6,000* 38 

Dextran T 10 Pharmacia 10,000 51 

Dextran 15-20 k Polysciences 17,500* 61 

Dextran T 40 Pharmacia 43,200 90 

Dextran T 70 Pharmacia 74,800 118 

Dextran 200-300 k Polysciences 2.5xl05* 204 

Dextran T 500 Pharmacia 5.26xl05 270 

Dextran T 2000 Pharmacia 2.0x106 560 

a        Obtained from vendor's lot analysis except where indicated by (*), where Mu is 
calculated as the midpoint of the molecular weight range reported. 

b        Probe diameters estimated using the values given in the work by Thompson (1989) 
and from Thompson et al. (1992). 

N.A    Not available 

stored at 4 0C. The microcrystalline cellulose (MCC), Avicel PHlOl having an average 

particle diameter of 50^m («3 % moisture content) was commercially obtained from 

FMC Corp. (Philadelphia, PA). Dextrans, used as probes, were obtained from Fluka 

Chemical Corp. (Ronkonkoma, NY), Pharmacia LKB Biotechnology Inc. (Piscatawav, 

NJ), or Polysciences Inc. (Warrington, PA). Dextran probes had molecular diameters 
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ranging from 38 to 560 A (Thompson, 1989). Glucose and raffinose, also used as probes, 

were obtained from Sigma Chemical Co. (St. Louis, MO). Maltose was obtained from 

Fisher Scientific (Pittsburgh, PA). A summary of the probes used in these solute 

exclusion experiments is given in Table 3.1. 

3.2.2 Instrumentation 

Perkin-Elmer Polarimeter, model 141 (wavelengths Na 589 ^m, readout accuracy 

0.001°). 

3.2.3 General Procedure for Solute Exclusion Method 

3.2.3.1 Acid Pretreated Poplar 

Six gram biomass samples, weighed to the nearest 0.1 mg, are loaded into 125 ml 

polyethylene bottles fitted with moisture-tight screw caps (Nalgene, VWR Cat. No. 

16124-984). Sufficient bottles are loaded for duplicate measurements at each probe size. 

To each of the bottles is then added exactly 10 ml, using volumetric pipette, of 0.7 % 

(wt./v) probe solution. The samples are then agitated at room temperature for 5 hr. 

Orbital shaking is done in a LabLine model 3540 orbital shaker, using a platform 

developed for 125 ml Erynmeyer flasks. Following the agitation period, the samples are 

removed from the shaker and the biomass allowed to settle to the bottom of the 

polyethylene bottles for 1 hr. at room temperature. The supernatant is then decanted and 
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further clarified by centrifugation for 10 min. at 5,000 rpm. The optical rotation of the 

clarified supernatant is then determined using a Perkin-Elmer polarimeter, model 141 

(Na 589 jam, readout accuracy 0.001°) (see Figure 3.1). The concentration of each probe 

solution is then calculated from standard curves prepared as described below. 

Weigh biomass into polyethylene bottle 

I 
Add 10 ml of 0.7% (wt./v) probe solution 

! 
Agitate for 5 hr at room temperature 

I 
Allow to settle for 1 hr at room temperature without agitation 

i 
Withdraw adequate volume of supernatant 

! 
Centrifuge withdrawn supernatant at 5,000 rpm for 10 min. 

I 
Measure optical rotation of clarified supernatant 

Figure 3.1 
Solute exclusion analysis of acid pretreated poplar 



Weigh biomass into polyethylene bottle 

I 
Add 10 ml of 0.7% (wt./v) probe solution 

I 
Agitate for 5 hr at room temperature 

! 
Allow to settle for 1 hr at room temperature without agitation 

I 
Withdraw adequate volume of supernatant 

I 
Centrifuge withdrawn supernatant at 5,000 rpm for 10 min. 

I 
Further clarify supernatant by filtering through a 0.22 fim syringe filter 

! 
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Measure the optical rotation of the solution to determine the concentration 

Figure 3.2 
Solute exclusion analysis of microcrystalline cellulose powder 

3.2.3.2 Microcrystalline Cellulose Powder 

The solute exclusion protocol for the analysis of the MCC powder substrate is as 

described for the acid pretreated poplar substrate with the following two exceptions (see 
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Figure 3.2). # 1 One gram MCC powder samples, weighed to the nearest 0.1 mg, are 

loaded into the polyethylene bottles. Note that the actual amount dry matter used for 

assay of the biomass and MCC substrates is similar due to differences in moisture 

content. #2 Following centrifugation for 10 min. at 5,000 rpm, the supernatant is further 

clarified by filtering through a 0.22 jam syringe filter ( Gelman Sciences, Ann Arbor, MI). 

This filtration step was necessary for the MCC substrate because it did not yield a clear 

(non-turbid) supernatant following centrifugation. 

3.2.3.3 "Blank" Samples 

Blank samples are run with each substrate. The blank samples are treated in the 

same manner as the biomass sample being analyzed with the exception that 10 ml of 

water rather than probe solution, is added to the biomass sample prior to incubation. The 

incubation, clarification and optical rotation measurements are all done using the same 

protocol as used for the substrate being analyzed. 

3.2.3.4 Calibration Curves 

Independent calibration curves for each probe are developed from standard probe 

solutions during each experiment. Standard probe solutions range from 0 to 1 % (wt./v). 

The following standard probe solutions, in % (wt./v), were used in a typical solute 

exclusion experiment: 0, 0.25, 0.5, 0.7 and 1.0. Standard probe solutions are to be made 

up from the same stock solution that is used to prepare the 0.7 % experimental probe 
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solution. The optical rotation of standard probe solutions and experimental probe 

solutions are to be determined at the same time. 

3.2.3.5 Determination of Moisture Content 

Moisture analyses must be a part of each solute exclusion experiment. Three 

gram biomass samples, weighed to nearest 0.1 mg, are loaded into aluminum moisture 

dishes. (The samples for the moisture content analysis must be weighed-out at the time 

that samples are being weighed-out for the actual solute exclusion experiment.) The 

moisture content of the biomass samples is then determined by oven drying to constant 

weight at 105oC. 

3.2.4 Calculation of an Inaccessible Water 

The results from the solute exclusion experiment will give a direct measure of the 

concentration of the probe solution following exposure to the biomass sample. This is 

done by comparison of the measured optical rotation of the final probe solution with 

those of the standard curve. The amount of inaccessible water for each probe may then 

calculated from the combined measure of the final concentration of probe solution and 

the moisture content of the original biomass substrate. The final concentration of the 

probe solution is defined as 

Cf = p-  (3.1) 
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where : 

Cf     = final probe concentration of the supernatant following equilibration of hydrated 

substrate and probe solution. 

Mp    = amount of initial probe in the probe solution added to hydrated substrate. 

Vi     = volume of probe solution added to hydrated substrate. 

Fp     = volume of water associated with hydrated substrate, prior to addition of probe 

solution (equivalent to observed moisture loss on oven drying of representative 

hydrated substrate. 

Vi     = volume of water inaccessible to probe molecules. 

The volume of inaccessible solvent per unit weight substrate is then calculated by 

rearranging equation 2.15 and dividing by the weight of dry biomass used in the analysis. 

f AS    "\ 

v:=
x- 

M 
Vl+V2 

p- c   , (3.2) 

where : 

Cf, Mp, Vi, V2, and F,       =   as described in equation 3.1 

q =   weight of dry substrate 

The result of these calculations will be an estimate of the inaccessible volume of 

solvent per gram of substrate for each of the pore sizes tested. 

3.2.5 Developing a Pore Volume Distribution Curve 

The calculations presented in the preceding section allow one to tabulate the 

volume of inaccessible water per gram of substrate for a series of probes which differ in 
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size. This data may then be used to generate a continuous pore volume distribution curve. 

The curve is generally plotted with respect to the experimental data as the volume of 

inaccessible water per gram substrate versus the log of the molecular diameter of the 

probe. The general form of the curve is sigmodial. In our case, the sigmodial curve was 

fitted to the data using a logistic model (Lin et al., 1985; Lin et al. 1986). 

a 

where       a, j3, and y     =   parameters 

D        =   the molecular probe diameter 

Vj        =   the inaccessible water. 

The best curve was determined based on non-linear regression analysis as 

indicated by a minimum in the residuals sum of squares. The curve fitting was done using 

the spreadsheet software "Excel". A hypothetical example of a pore volume distribution 

curve is shown in Figure 2.3 (see literature review). 

3.2.6 Calculation of Internal Surface Area 

The surface area distribution is calculated from the pore volume distribution by 

the method of Stone & Seal Ian (1968a). In this method, the pores in the biomass 

substrate are represented as slits between parallel lamellae (see Figure 2.4 in literature 

review). The combined surface area of the two faces of a pore is then defined as 

2V 
Ap = —!- (3.4) 

w 
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where       Ap       =   total surface area associated with a given pore 

Vp       =   volume of solvent in a given pore 

w        =   width of a given pore 

To obtain values for the surface area associated with a given size pore one must 

first determine Vp and w in equation 3.4. This is done by dividing the continuous pore 

volume distribution curve into a series of increments based on probe/pore diameter. An 

example of this is shown in Figure 3.3. The size of increments is somewhat dependent on 

the pore volume distribution of the substrate. In the relatively flat regions of the pore 

volume distribution curve one can use larger increments than are appropriate for use in 

the relatively steep part of the sigmoidal curve. Examples of how increments were 

employed for poplar and MCC substrate can be seen in Table 3.3 and 3.4, respectively. 

Referring to Figure 3.3, consider the increment defined (bordered) by the probes of size n 

A (Pn on abscissa) and n+1 A (Pn+1 on abscissa). The figure indicates that the volume of 

solvent within the substrate which is inaccessible to probes of size n A equals Vi(„). 

Similarly, the volume of solvent within the substrate which is inaccessible to the probe of 

size n+1 A equals V^,, /). It can now be assumed that each increment represents a single 

pore size within the substrate. Considering the increment defined by the borders of Pn and 

Pn+1, the volume associated with this particular pore size is calculated as 

where        F,,,,)     =   volume of inaccessible water for n A molecule 

Vint-ri) =   volume of inaccessible water for n+1 A molecule 

Vp       =   volume of solvent in a given pore as defined in equation 3.4 
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The width w for this same pore is taken as the mean of the two probes used to 

define the increment: 

n + (/? + l) 
w = A (3.6) 

where        w        =   pore width as defined in equation 3.4 

Equations 3.5 and 3.6 allow us to calculate Vp and w for a given pore. These 

values may then be substituted back into equation 3.4 to determine the total surface area 

associated with this particular pore size. This series of calculations will need to be 

repeated for each increment of the continuous pore volume distribution curve. 

The total enzyme accessible surface area may then be calculated by summing the 

surface area values for all of the increments having a pore width (w) equal to or greater 

than the diameter of the enzyme in question. In the case of cellulase enzymes from 

Trichoderma reesei, the enzyme diameter is approximately 51 A (Grethlein, 1985; 

Neuman, 1991; Neuman and Walker, 1991; Walker and Wilson, 1991). Thus, in this 

study, the surface area associated with all increments (pores) of width between 51 and 

560 A were summed to obtain a measure of the total enzyme accessible surface area. The 

upper limit of 560 A is justified based on the apparent plateau in the pore volume 

distribution curve as the diameter of probes approached this value. The application of 

this approach is tabulated in Table 3.3 and 3.4. 
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Pn-l      Pn      Pa+1 

Molecular Diameter (A) 

Figure 3.3 

Incremental division of a pore volume distribution curve for the purposes of calculating 
internal surface area. Pn = probe of solution diameter n A, Vj(n) = volume of solvent 
inaccessible to probe of size n A 

3.2.7 Effect of Heating on Solute Exclusion Results 

This experiment was done using the acid pretreated poplar substrate. The control 

sample was treated as described in section 3.2.3.1 (see Figure 3.1). The experimental 

sample was treated as described in section 3.2.3.1 with the exception that the agitation 
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step was done for 3 hr at 50oC followed by 2 hr at room temperature. Data handling was 

the same for the control and experimental results. 

3.2.8 Effect of Agitation Time on Solute Exclusion Results 

This experiment was done using the MCC substrate. The control sample was 

treated as described in section 3.2.3.2 (see Figure 3.2). The experimental samples were 

treated as described in section 3.2.3.2 with the exception that the agitation step was done 

for either 5 or 8 hr at 50oC. Data handling was the same for the control and experimental 

results. 

3.3 RESULTS 

The pore volume distribution curves for the acid pretreated poplar substrate are 

shown in Figure 3.4. The corresponding curves for the MCC substrate are presented in 

Figures 3.5 and 3.6. Calculated specific surface areas for the two substrates are given in 

Table 3.2 along with corresponding values from other published studies. The mean 

enzyme accessible surface area of the acid pretreated poplar was 98 m7g compared to 17 

m2/g for the MCC substrate. This correspond to a 5.8-fold difference in the enzyme 

accessible surface area for the two substrates. The incremental changes in inaccessible 

pore volume and probe-accessible surface area for the acid pretreated poplar and MCC 

substrates are given in Tables 3.3 and 3.4, respectively. These incremental values were 
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Figure 3.4 
Pore volume distributions of poplar 

A   Room temperature treatment 
B   50 "C treatment 
C   Comparison of A and B 
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Figure 3.5 
Pore volume distributions of Avicel PH 101 

A   Room temperature treatment 
B   50 "C for 5 hr treatment 
C   50 0C for 8 hr treatment 
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Figure 3.6 
Comparison of pore volume distribution curves for the MCC substrate. The three 

different curves represent different agitation conditions 

determined from the pore volume distribution curves of Figures 3.4 B and 3.5 B, 

respectively, as explained in section 3.2.6. 

The parameters giving the "best fit" pore volume distribution curves for poplar 

and MCC, and the corresponding residual sum of squares, are given in Table 3.5 

(parameters are with respect to equation 3.3). The parameter a represents the 

inaccessible water at the fiber saturation point, which is equal to the total water 

entrapped within the pores of the substrate. To determine a, one considers the limiting 

value of inaccessible water as the diameter of the probe approaches infinity (equation 

3.3). 

V. * lim - 
a 

+ e P-yiog/J 
■« a (3.7) 

where       a, P, y, Vj and D   =   as defined in equation 3.3 
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Table 3.2  Surface area accessible to a 51 A diameter molecule 

Substrate Treatment Specific Surface Area 

Condition (nr/g) 

Acid Pretreated Room Temp., 5 hr 94 This work 

Poplar 

50 0C, 3 hr 101 This work 

Untreated Poplar 6.5 Grethlein, 1985 

Mild Acid 88 Grethlein, 1985 

Pretreated Poplar 

AvicelPHlOl Room Temp., 5 hr 17 This work 

50 0C, 5 hr 15 This work 

50 0C, 8 hr 19 This work 

The total amount of water entrapped in the acid pretreated poplar substrate at the 

fiber saturation point was 1.12 ml/g. The corresponding value for the MCC substrate was 

0.43 ml/g. Thus, the difference in the total pore volume of the two substrates was 

approximately 2.6-fold. The 2.6-fold difference in the total pore volume of the two 

substrates is obviously less than the 5.8-fold difference in the enzyme accessible surface 

area of the two substrates. This difference can be rationalized by the observed shift in the 

pore volume distribution curve of the MCC substrate toward smaller pores. Thus, the 
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Table 3.3  Calculation of internal surface area of the acid pretreated poplar 

Pore Average pore Cumulative Incremental Incremental Cumulative 

width width volume volume area area 

w Vi ^ 4> ZAp 

(A) (A) (ml/g) (ml/g) (m2/g) (m2/g) 

560 1.04 

150 355.0 0.93 0.11 6 6 

100 125.0 0.83 0.10 16 22 

90 95.0 0.80 0.03 7 30 

80 85.0 0.75 0.04 10 40 

70 75.0 0.70 0.05 14 54 

60 65.0 0.63 0.07 20 74 

■ •. m- .'l U--MU^ 'Saml-I i;,-3)i7^_^ ±^j-zr::^-: --3oi..;.;.;;-: 

40 "~45.5 0.45    "' 0.11 49 150 

35 37.5 0.39 0.06 31 181 

30 32.5 0.33 0.06 39 220 

25 27.5 0.26 0.07 49 269 

20 22.5 0.19 0.07 61 330 

15 17.5 0.12 0.07 76 406 

10 12.5 0.06 0.06 95 501 

4 7.0 0.01 0.05 146 647 



Table 3.4  Calculation of internal surface area of MCC, Avicel PH 101 

39 

Pore Average pore Cumulative Incremental Incremental Cumulative 

width width volume volume area area 

w i^,- fp AP ZAp 

(A) (A) (ml/g) (ml/g) (m2/g) (m2/g) 

560 0.41 

150 355.0 0.41 0.01 0 0 

100 125.0 0.40 0.01 2 2 

70 85.0 0.38 0.02 4 6 

60 65.0 0.37 0.01 10 

p:- "if^f^fr-: 
.^a-JT-T-*:^*:-::^^: /l^. .'"''--r-lr          .-—'-":'.:". 

WSi^^SM |r;-^g|=^!: 
'Sf"T'5i'-;-S 

:i-"r3l':j"c-4ir^ .-—■"-: -":-" _~ f."". •"' 

J "40 —-^ - — 
0.03 '"" 'Ti^ 28""   " 

35 37.5 0.30 0.02 n 39 

30 32.5 0.28 0.03 16 55 

25 27.5 0.24 0.03 25 80 

20 22.5 0.20 0.05 40 120 

15 17.5 0.14 0.06 64 185 

10 12.5 0.08 0.06 101 286 

4 7.0 0.02 0.06 180 465 
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Table 3.5  Best fit pore volume distribution curve parameters and the sum of residual 
squares for all substrates 

Substrate Treatment 

Condition 

dt P / Sum of Residual 

Square 

Acid Pretreated Room Temp., 5 hr 1.119 5.623 3.428 0.0082 

Poplar 

50 0C, 3 hr 1.056 6.756 4.029 0.0212 

AvicelPHlOl Room Temp.,5 hr .428 5.104 3.811 0.0087 

50 0C, 5 hr .416 5.994 4.531 0.0189 

50 0C, 8 hr .408 5.028 3.725 0.0120 

a    parameters as defined in equation 3.1 

fraction of pore-entrapped water that is accessible to enzyme-sized probes is greater for 

the acid pretreated poplar substrate than for the MCC substrate. 

The results presented in Figures 3.4, 3.5 and 3.6 indicate that, relative to the 

solute exclusion technique of this study, the agitation conditions employed when mixing 

the initial probe solution with the biomass substrate are somewhat forgiving. The data of 

Figure 3.4 compares the pore volume distribution curves for acid pretreated poplar in 

experiments where agitation was at room temperature and at 50 0C. It is clear from the 

figure that the results were essentially the same. Similarly, agitation for 5 hr at room 
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temperature, 5 hr at 50 0C and 8 hr at 50 0C resulted in similar pore volume distribution 

curves for the MCC substrate (Figure 3.6). 

3.4 DISCUSSION 

The major difference in the solute exclusion technique as applied to the acid 

pretreated poplar and the MCC substrate is in how the external probe solution is 

separated from the substrate prior to taking optical rotation measurements. The acid 

pretreated poplar substrate readily sedimented during the centrifugation, thus leaving a 

clear solution for analysis. In contrast, the MCC substrate contained relatively small 

particles which had not sedimented following the standard centrifugation protocol used 

for poplar. These colloidal particles were associated with excess noise in the optical 

rotation measurements of those probe solutions which had been in contact with MCC. 

Hence, an additional filtration step (0.22 |um syringe filter) was added to the solute 

exclusion technique as applied to MCC substrates. The additional filtration step 

significantly improved the precision of the optical rotation measurements. 

The standard curves used to detennine the final concentration of any given probe 

solutions must cover a range of probe concentrations extending above and below that of 

original probe solution. The reason for this is that the original probe solution may be 

either concentrated or diluted depending on the nature of the substrate under analysis. In 

those cases where the pores of the substrate are not saturated with solvent prior to the 

addition of the probe solution, for example the MCC substrates, one can observe an 
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increase in the concentration of the probe solution due to the penetration of the probe 

solvent into pores which are not accessible to the probe itself. Conversely, probe 

solutions added to substrates which are saturated with solvent are expected to show a 

decrease in concentration as the probe diffuses into the accessible solvent. 

The higher molecular weight probes used in this experiment were limited to those 

dextrans which were commercially available. This limitation meant that there was a 

larger than optimum gap in the probe series, going from a probe of 12 A (raffinose) to 

one of 38 A (6,000 dalton dextran). This gap corresponded to a relatively small portion of 

the acid pretreated poplar pore volume distribution curve, the gap occurring in the initial 

part of the upward swing in the sigmoidal curve (Figure 3.4). However, this same gap in 

probe sizes was more significant with respect to defining the shape of the pore volume 

distribution curve for the MCC substrate (Figure 3.5). In this case, the absence of probes 

in the 12 A to 38 A range meant that a large portion of the middle of the sigmoidal curve 

was not defined, potentially limiting the accuracy of the simulated pore volume 

distribution curve. This is not likely to be a major problem with respect to estimating the 

surface area accessible to Trichoderma reesei cellulase enzymes since the enzymes 

themselves have a diameter of greater than 50 A and, thus, the portion of the curve 

applicable to these enzymes is still quite well resolved. However, if available, it would be 

prudent to include in these assays probe(s) having diameters in the range of 15 to 35 A. 

This is particularly true in those cases where the solute exclusion technique is applied to 

substrates having relatively small pores, such as the MCC substrate of this study. 

Considering this MCC substrate, pore volume distribution curves with "reasonable" fits 
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to the data have been plotted along with a "best" fit curve in Figure 3.7. If the two 

"reasonable" curves are used to calculate internal surface areas, then we find it necessary 

to report a range in enzyme accessible surface area from 10 to 25 m7g for this substrate 

(Figure 3.7). It is reasonable to assume that this range, confidence interval, could be 

narrowed considerably by including probes which correspond to the center portion of the 

sigmoidal pore volume distribution curve. 
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Figure 3.7 

Pore volume distribution curves for the MCC substrate. Agitation time for solute 
exclusion experiment was 5 hr at 50 0C. The "best" fit curve was obtained by non-linear 
regression, it corresponds to the curve of Figure 3.5 B. The two alternative curves were 
generated by the author as "reasonable" fits. 
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CHAPTER 4 

ENZYMATIC HYDROLYSIS ON CELLULOSIC iMATERIAL 

4.1 INTRODUCTION 

A typical fungal cellulase enzyme system includes three classes of extracellular 

enzymes: endoglucanases or endo-1,4-p-glucanase (EC 3.2.1.4), cellobiohydrolase (EC 

3.2.1.91) and p-glucosidase (EC 3.2.1.21) (Wood and Bath, 1988; Liawand Penner, 

1990; Walker and Wilson, 1991). These enzymes act synergistically to catalyze the 

hydrolysis of cellulose to low molecular weight dextrins, cellobiose and glucose. 

Classical enzyme theory indicates that for catalysis to occur the enzyme must form an 

enzyme-substrate complex. Therefore, it is generally assumed that the initial event 

leading to saccharification of insoluble cellulose is the adsorption of the enzyme to the 

substrate surface. In this context, the instantaneous substrate concentration for cellulase 

enzymes acting on insoluble cellulose is directly proportional to the enzyme accessible 

surface area of the particulate substrate. 

Microcrystalline cellulose (MCC) is widely used as a model substrate in cellulose 

saccharification studies (Wood, 1988). MCC is produced from wood pulp. The pulp is 

diced into small pieces, hydrolyzed in mineral acid under high temperature and pressure, 

solidified into a cake by a filter, and then spray dried (Avicel Microcrystalline cellulose 
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Figure 4.1 
Microcrystalline cellulose, Avicel PH 

bulletin, FMC Corp., Philadelphia, PA). An electronmicrograph of a microcrystalline 

cellulose particle is showed in Figure 4.1. MCC is widely used in enzyme research due to 

its perceived purity and commercial availability. The relative advantages and 

disadvantages of using MCC as a "standard" cellulose substrate for the characterization 

of cellulytic enzymes are currently being considered (IUPAC Nomenclature Meeting- 

Cellulases, Lake Tahoe, CA, June 1994). An important aspect of concern with regard to 

utilization of MCC as a standard substrate is the degree of variation between different 

MCC preparations. In general, one would expect that MCC preparations would have 

similar properties. This is a particularly interesting question when considering the 

behavior of MCC preparations differing with respect to particle size; since particle size 
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may impact rates of saccharifications in several ways and MCC preparations having 

different average particle sizes are commercially available. 

In this study we have compared the properties of three MCC preparations, 

obtained from a single supplier, which differ with respect to their average particle size. 

The results of this study demonstrate that the MCC preparations are not equivalent on the 

basis of their susceptibility to enzymatic saccharification. The observed differences in 

rates of saccharification can not be attributed to differences in the enzyme accessible 

surface area of the substrates. 

4.2 MATERIALS AND METHODS 

4.2.1 Celluloses 

The microcrystalline celluloses (MCC) were commercially obtained from FMC 

Corp. (Philadelphia, PA). Three microcrystalline celluloses were Avicel PHlOl (50 jam), 

Avicel PHI02 (90 jam), and Avicel PH105 (20 jam). 

4.2.2 Enzyme 

Trichoderma reesei cellulase was obtained from Environmental Biotechnologies, 

Inc. (Santa Rosa, CA). 
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4.2.3 Glucose Assay 

A glucose oxidase/peroxidase assay kit for glucose determinations was purchased 

from Sigma Chemical Co. (St. Louis, MO). Reagent for the glucose oxidase/peroxidase 

(GO/P) assay was prepared fresh daily with the following compositions : 13.41 units 

glucose oxidase, 2.68 units peroxidase and 0.1 mg o-dianisidine per ml. 

4.2.4 Substrate Characterization 

The crystallinity index and the degree of polymerization of the substrates were 

obtained from Liaw, 1994. The crystallinity index was determined by X-ray diffraction 

methods as described by Hsu and Penner, 1989. The degree of polymerization of 

substrates was calculated by multiplying their experimentally determined intrinsic 

viscosity in 0.5 M cupriethylenediamine by 190 (American Society for Testing and 

Materials, 1986). 

4.2.5 Calculation of an External Surface Area of Microcrystalline Cellulose, MCC 

An external surface area per unit weight substrate was calculated for each of the 

substrates. Thefollowing assumptions were made in calculating the external surface area 

for the different particle size preparations.. 

1. The shape of MCC particle is spherical. 

2. The density of MCC particle is 2.0 g/cm\ The density of MCC was estimated from 

the information in Table 4.1. 
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3.   MCC particle are solid. 

Assumption #1 and #2 are consistant with calculating a minimum external surface 

area. On the other hand, assumption #3 may lead to an overestimation of the external 

surface area. 

Table 4.1   Density3 

Density 

(g/cm3) 

NaCl 2.165 

Protein 1.34 

Sucrose 1.5805 

Cellulose (amorphous) 1.27-1.61 

a    From Handbook of Chemistry and Physics. WEAST 56 th edition 

The following calculation provides our estimate of the external surface area 

associated with one gram of Avicel PH101. 

Molecular diameter (average) 

Radius, r 

Volume of 1 particle, V 

50 ^m 

25 jam 

3 
\xm 

MM*)' jam 
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Density, D 

Weight of 1 particle, W 

In 1 g, there are, N 

Surface area of 1 no-pore particle, A 

= 6.55 xlO4 jum3 

= 6.55 xKT14 m3 

= 2 g/cm3 

= 2xl06 g/m3 

= ZJx V g 

= 2 xl06x 6.55x10-' 4 g 

= DlxlO-7 
g 

= 1 

W 
particles 

1 
particles 

OlxlO"7 

= 7.63 xlO6 particles 

= 4nr2 (inr 

= 4x22x(25)2 nm2 

=    7.86 xlO3 

=    7.86 xKT9 

The total external surface area for 1 g no-pore particle   =   NxA 

\xrcf 

nr 

m" 

=    7.63 x 106 x 7.86x10" m" 

=    5.997x10""     m 

*    0.06 m" 
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The same approach was used to calculate the external surface area of Avicel 

PHI 02 and Avicel PHI05 as 0.03 and 0.15 m2/g respectively. 

4.2.6 Solute Exclusion Experiments 

All solute exclusion experiments were done as described in section 3.2.3.2 of the 

materials and methods section of chapter 3 with the exception that agitation was for 5 hr 

at 50 0C. 

4.2.7 Kinetic Parameters Study 

Apparent kinetic constants, Km and Vmax were determined for Trichoderma reesei 

cellulase acting on each of the MCC substrates. Assay conditions were 50 mM sodium 

acetate buffer, pH 5.0, 50 0C with the designated enzyme and substrate concentrations in 

a total reaction mixture volume of 10 ml. The reaction mixtures were contained in 25 ml 

Erynmeyer flasks. Substrate concentrations for these assays ranged from 0.05 to 0.6 % 

(wt./v). Enzyme concentrations were either 0.004 or 0.008 fU per ml reaction mixture. 

The reaction mixtures were agitated at 160 rpm in a constant-temperature, orbital 

shaking water bath (model 3540; Lab-Line Instruments, Inc., Melrose Park, IL). The 

incubation times were 1 and 2 hr. Reactions were terminated by immersing the reaction 

mixture in boiling water for 5 min. and then filtering the reaction mixture through a 0.22 

,um-pore-size membrane filter (Millipore Corp., Bedford, MA). The filtrate was assayed 
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for glucose using the glucose oxidase/peroxidase assay with glucose as a calibration 

standard. 

Kinetic constants were determined by fitting the Michaelis-Menten equation to 

the treaditional substrate-velocity plots (Figure 4.3 and 4.4). A non-linear regression 

approach was used to determine the kinetic parameters which gave a best fit. The curve 

fitting/non-linear regression was done using the spreadsheet software "Excel" by 

microsoft. 

4.3 RESULTS 

4.3.1 Characterization of Microcrystalline Celluloses 

Each of the MCC substrates was analyzed by the solute exclusion method. Pore 

volume distribution curves for each of the MCC substrates are presented in Figure 4.2. 

Figure 4.2 D. illustrates the similarity in the pore volume distribution curves for these 

substrates. 

Calculated enzyme accessible surface areas for the Avicel PH101, Avicel PH102 

and Avicel PHI05 substrates were 15, 17 and 17 m" per gram, respectively (Table 4.2). 

These results indicate that the different cellulose preparations are indistinguishable based 

on measures of internal surface area per unit weight substrate. 
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Table 4.2  Surface area of the microcrystalline cellulose, Avicel PH 

Microcrystalline 

cellulose 

Particle size 

(urn) 

External surface area 

(m2/g) 

Specific surface area at 51 A 

(m2/g) 

Avicel PH101 50 0.06 (0.4%) 15 (99.6%) 

Avicel PH102 90 0.03 (0.2%) 17(99.8%) 

Avicel PH105 20 0.15(0.9%) 17(99.1%) 

The total surface area accessible to enzyme molecules is the sum of the substrates 

internal and external surface areas. Model calculations were used in this study to obtain 

an approximate external surface area for each of the MCC preparations (see section 

4.2.5). External surface areas were assumed to be a function of particle size and, thus, the 

external surface area per unit mass was different for each of the MCC preparations 

(Table 4.2). The external surface area calculations were based on a model which assumes 

that substrate particles approximate solid spheres, the different MCC preparations 

differing only with respect to the average radius of the spherical particle. Calculated 

external surface area for the Avicel PHI01, Avicel PHI02 and Avicel PHI05 substrates 

were 0.06, 0.03 and 0.15 m" per gram, respectively (Table 4.2). This simple approach 

indicates that for each substrate greater than 99 % of the total enzyme accessible surface 

area is internal; put another way, nearly all of the enzyme accessible surface area 

associated with these substrates is located within the particles capillary system. Hence, 

the predicted difference in the external surface area of the MCC preparations due to 
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differences in particle size should be negligible with reference to the total surface area 

accessible to cellulolytic enzymes. 

Literature provided by FMC corporation (Avicel Microcrystalline cellulose, 

bulletin, FMC Corp., Philadelphia, PA), the producer of the MCC products, indicates that 

the three MCC substrates used in this study were prepared using the same processing 

scheme. The particle size of the MCC preparations was presumably determined in the 

spray drying operation, which occurs at the end of production. Thus MCC particles are 

essentially aggregates of microcrystalline cellulose, the different particle sizes reflecting 

different size aggregates. The chemical and physical properties of the independent 

microcrystals are not expected to differ for MCC preparations of different particle sizes. 

This rational is in agreement with the data of Table 4.3. 

Table 4.3   Properties of microcrystalline cellulose 

Microcrystalline 

cellulose 

Particle 

size0 

(Mm) 

% Glucose 

equivalents 

% Xylose 

equivalents 

Degree of 

polymerization1. 

Crystallinity 

indexb 

Avicel PH101 50 94.1 2.2 219 89 

Avicel PHI02 90 94.6 2.0 218 88 

Avicel PH105 20 93.5 1.9 200 86 

a    Obtained from FMC corporation, Philadelphia, PA 
b    Obtained from Liaw, 1994 
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The percent glucose equivalents, which is a function of the percent cellulose is 

not significantly different for each of the MCC preparations. The relatively high values 

for percent glucose equivalents in each preparations indicates that the MCC substrates do 

not contain appreciable levels on noncellulosic materials. The crystallinity index, which 

is a measure of the relative amount of crystalline versus amorphous packing of cellulose 

molecules within microcrystals, is essentially equivalent for each of the MCC 

preparations. Similarly, the average degree of polymerization of cellulose chains making 

up the different MCC preparations are not significantly different. 

4.3.2 Enzymatic Hydrolysis of Microcrystalline Celluloses 

A prerequisite for the enzyme catalyzed hydrolysis of glycosidic linkage is the 

formation of an enzyme-substrate complex. In the case of cellulose, the initial event is 

presumed to be the adsorption of the enzyme to the enzyme accessible surface of the 

substrate. Hence, the amount of enzyme accessible surface area present in a reaction 

mixture of this type corresponds to the effective instantaneous substrate concentration of 

that reaction mixture. In the case of the MCC preparations, the three substrates appear to 

have equivalent specific surface area (Expressed in units of m" enzyme accessible surface 

area per gram of substrate, Table 4.2). This suggests that substrate-velocity profiles for 

the three substrates acting under identical reaction conditions would be equivalent. It is 

clear from the profiles present in Figure 4.3 and 4.4 that this is not the case. 
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Figure 4.3 
Effect of substrate concentration on rate of hydrolysis 

Experiments were performed in 50 mM sodium acetate (pH 5.0) at 50 0C for 1 hr, 
rpm agitation and enzyme concentration of (x) 0.008 lU/ml and (o) 0.004 lU/ml 

A AvicelPHlOl 
B Avicel PH 102 
C    Avicel PH 105 

160 
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Figure 4.4 
Effect of substrate concentration on rate of hydrolysis 

Experiments were performed in 50 mM sodium acetate (pH 5.0) at 50 "C for 2 hr, 160 
rpm agitation and enzyme concentration of (x) 0.008 lU/ml and (o) 0.004 lU/ml 

A Avicel PH 101 
B Avicel PH 102 
C    Avicel PH 105 
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Table 4.4  Kinetic constants 

Substrate Incubation time Enzyme Km y ' max 

(hr) concentration 

(lU/ml) 

(% wt./v) (mmole glucose/ml/hr) 

AvicelPHlOl 1 0.004 0.409 0.259 

1 0.008 0.288 0.401 

2 0.004 0.280 0.222 

2 0.008 0.225 0.392 

AvicelPH102 1 0.004 0.628 0.269 

1 0.008 0.426 0.423 

2 0.004 0.432 0.248 

2 0.008 0.316 0.410 

AvicelPH105 1 0.004 0.357 0.363 

1 0.008 0.306 0.608 

2 0.004 0.299 0.332 

2 0.008 0.252 0.515 

The kinetic parameters obtained from fitting the Michaelis-Menten equation to 

each of the curves of Figure 4.3 and 4.4 are presented in Table 4.4. Clearly the MCC 

preparation having the smallest particle size showed the highest rate of saccharification. 

The parameter of most interest is the Vmax values obtained for the three substrates. Vmax is 
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generally interpreted as the rate of the reaction when enzyme is saturated with substrate. 

Knax is not expected to be influenced by the specific surface area of the substrates since 

substrate concentration is extrapolated to infinite when calculating the Vmax parameter. 

The Vnax term is expected to be influenced by the chemical nature of the cellulose 

substrate. However, the data of Table 4.3 suggests that the chemical and physical 

properties of different MCCs are indistinguishable. Hence, one would not expect that the 

rate of breakdown of the enzyme-substrate complex to E + P would differ significantly 

for the different MCC preparations. The cumulative data of Table 4.2 and 4.3 suggests 

that the differences observed in the apparent maximum velocities for MCC PHlOl, MCC 

PH102 and MCC PH105 are most simply explained in terms of the physical size of the 

MCC particles. 

The Km values of Table 4.4 are not particularly sensitive to the curve fitting 

approach used in this study and, thus, it must be concluded that no significant differences 

could be detected in the Km values for the different substrates. This result may be 

expected for particulate substrates having equivalent specific surface area, chemical 

properties, and physical packing. 

4.4 DISCUSSION 

It is interest to consider the kinetic processes which may limit the rate of 

saccharification of the MCC substrates. For simplicity, consider three process: (1) 

resistance due to mass transfer at the liquid-solid interface (2) resistance due to the actual 

hydrolytic reaction at the substrate surface and (3) resistance due to diffusion within the 
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pores of the substrate. It is clear that resistance at the solid-liquid interface will be 

common to each of the MCC substrates. Furthermore, the physical and chemical data of 

Table 4.3 suggests that the cellulolytic enzymes are docking on essentially equivalent 

substrates when comparing the different MCC preparations. This suggests that the 

magnitude of resistance due to mass transfer at the solid-liquid interface will be 

equivalent for the different substrates and, thus, can not explain the observed differences 

is the maximum rates of saccharification of MCC PH101, PH102 and PH105. 

The data of Table 4.2 and 4.3 suggest that the process of the hydrolytic reaction 

itself should be similar for each of the MCC substrates. The rate of hydrolysis obviously 

depends on the chemical nature of the bond being hydrolyzed. In the case of these 

substrates it is always 1,4 linked P-D-glucopyranose. The physical nature of how 

individual cellulose chains are packed within the microcrystalline cellulose is also 

expected to influence the rate of hydrolysis. The x-ray diffraction measurements indicate 

that the substrates have the same cellulose 1 packing arrangement and that they have the 

same relative amount of amorphous and crystalline character. Furthermore, the substrates 

have the same degree of polymerization. The similarities in measured chemical and 

physical properties of the MCCs suggest that it is unlikely that the observed differences 

in the rates of saccharification are attributable to the process of the hydrolytic reaction at 

the solid surface. 

The MCC preparations used in this study are aggregates of microcrystalline 

cellulose which differ with respect to size (Wood, 1988). The microcrystalline cellulose 

making up the aggregates are essentially identical. The data of Figure 4.2 and Table 4.2 
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indicate that the specific surface areas of the different particle size MCC preparations are 

the same and, furthermore, the enzyme accessible surface area is located in the porous 

cavities of the aggregate particles. The increased rate of reaction observed for the smaller 

particle size substrates is consistent with the premise that diffusion within the substrate's 

pore structure is rate limiting for the saccharification of MCC substrates (Suga et al., 

1975; Levenspiel, 1972). The rate-limiting diffusion process may be related to the 

diffusion of enzyme into substrate capillaries or the diffusion of product out of substrate 

capillaries or both. We anticipate that product diffusion out of the aggregate pore is the 

overriding factor since enzyme diffusion into the capillaries would more probably result 

in an enzyme time course showing an apparent hysteretic behavior (Penner and Frieden, 

1985). To date we have not observed any hysteretic behavior for this enzyme system. 

Slow diffusion of product out of the substrate pores would be expected to slow the rate of 

saccharification due to increased product inhibition. Suga et al. (1975) mention that 

effect of particle size on degree of degradation is significant when the pore radius is 

small (0.320 x 10"6 cm). However, with a larger pore radii (0.56 x 10~6) particle there is 

no significantly effect. 

Further studies are necessary to unambiguously determine the mechanism the 

explains the observed differences in the rates of saccharification of MCC substrates of 

different particle size. 



62 

CHAPTER 5 

CONCLUSION 

The work summarized in this thesis has focused on aspects of the enzymatic 

degradation of insoluble cellulose. This enzyme/substrate system is a classical 

heterogeneous system; soluble enzyme acting on insoluble substrate. The first part of the 

study was the development of a technique for the measurement of the enzyme accessible 

surface area of insoluble substrates. It was assumed that the enzyme accessible surface 

area of an insoluble substrate is a measure of the effective substrate concentration. A 

batch solute exclusion technique was used to estimate the enzyme accessible surface area 

of microcrystalline cellulose (MCC) powders and a hydrated biomass sample (acid 

pretreated poplar). The surface area of the three MCC powders was approximately 5.8- 

fold less than that of the poplar. The three MCC powders, which ranged in particle size 

from 20 to 90 jam in diameter, were all found to have approximately the same internal 

enzyme accessible surface area, 17 m2/g. Theoretical calculations indicated that the 

external surface area associated with these substrates was negligible relative to the 

internal (within pores) surface area. 

In the second phase of this study the enzymatic susceptibility of the three MCC 

substrates was evaluated. These experiments employed Trichoderma reesei cellulases 

and MCC substrates in traditional saccharification assays. V„iea for Trichoderma reesei 

enzyme system was found to be dependent on the MCC powder used as substrate. Vmax. 
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was highest when the enzyme was acting on the MCC powder having the smallest 

particle size. The analytical data summarized in this thesis indicates that the differences 

observed in Vmax could not be accounted for by differences in available surface area, 

chemical composition, or degree of crystallinity for the three substrates. The only 

detectable difference in the three substrate preparations was their average particle size. A 

reasonable explanation for the observed differences in Vmax related to the potential for 

diffusion limited mass transfer when working with insoluble porous substrates. Mass 

transfer limitations of this type are expected to result in rates of saccharification due to 

changes in the average particle size of the substrate, as observed in this study. 
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