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A practical, quantitative approach has been designed, which makes it 
possible to accurately estimate the saccharifying activities of crude 
cellulase preparations for insoluble cellulosics. The challenge in activity 
determination imposed by changes in hydrolysis time and concentration 
of cellulase and cellulosics on the assay could be overcome by selection 
of the specific conversion percentage of cellulose as a function of 
cellulase concentration, that is, the hydrolysis percentage of filter paper 
by unit cellulase per minute, as the objective function with respect to 
different concentrations of crude cellulase. A rational and governing 
equation for crude cellulase assay was derived, and reliable results for 
quantitatively estimating the saccharifying activities of crude cellulases 
during the progress of hydrolysis of several cellulosic substrates were 
obtained. 
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INTRODUCTION 
 
 Crude cellulases are composed of multi-component enzyme mixtures, which can 
be classified into three types: endoglucanase (1,4-β-D-glucan glucohydrolase EC 
3.2.1.4), exoglucanase (1,4-β-D-glucan cellobiohydrolase, EC 3.3.1.19), and β-glucosi-
dase (β-D-glucoside glucohydrolase EC 3.2.1.21). A synergistic action of these enzymes 
is necessary for the complete hydrolysis of crystalline cellulose (Beguin and Aubert 
1994). The hydrolysis rate is a compound function with reaction conditions that mainly 
depend on the ratio of the endo- to exo-glucanase, the concentrations of cellulase and 
cellulose, and the hydrolysis time. The reaction rate continuously declines as the 
conversion percentage of cellulose increases, and the specific rate at a given percentage 
of conversion also decreases with increasing cellulose concentration (Sharrock 1988). 
Because of the complexity of the cellulase-cellulose system, it is difficult to 
quantitatively describe the reaction rate and mechanism; thus, the kinetic characteristics 
in the initial reaction period and in the extended stages are significantly different, 
compared with the homogeneous enzyme catalytic reaction system, so that a Michaelis-
Menten type rate expression cannot be applied to those enzymatic hydrolysis reactions. 
As Sharrock suggested, “the measurement of cellulase activity must be approached using 
somewhat uncertain techniques” (Sharrock 1988). 

A variety of assays and substrates have been used for measurements of cellulase 
activities. These can be grouped into two basic approaches with respect to activity:  One 
is based on the determination of the individual activity of the cellulase component; 
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whereas the other is based on the evaluation of the total saccharifying capacity of a crude 
cellulase system for the hydrolysis of certain cellulosics (Sharrock 1988). Until now, 
accurately determining cellulase activities, however, has been limited to cases with a 
single cellulase component with a soluble substrate (Wood and Bhat 1998; Day and 
Workman 1984; Deshpande et al. 1984; Manning 1981; Hagerman et al.1985; Wu et al. 
2006). 

A series of assay procedures has been used for estimating crude cellulase 
activities on insoluble cellulose. The activities of cellulase are commonly evaluated by 
endpoint analysis of the products, using a reducing sugars assay, and therefore, results are 
expressed as the saccharifying capacity.  However, most of this work is not readily 
expressed in a quantitative manner, lacks a theoretical basis, and does not take into 
account all the effective factors, such as the concentration of cellulose and cellulase, the 
hydrolysis time, the ratio of crystalline and amorphous cellulose, and the proportion 
between different components in the enzyme preparation. These methods are neither 
rapid nor readily adaptable to kinetic measurements (Sharrock 1988). Thus, the 
applicability of those methods is sometimes limited to certain hydrolysis conditions; in 
fact, there is a considerable confusion inherent in the enzyme names, units and activities 
(Sharrock 1988; Deshpande et al. 1984; Manning 1981). Mandels and Webber proposed a 
filter paper assay (FPA) method for identifying the saccharifying activity of a cellulase 
preparation from cellulolytic fungi (Mandels and Webber 1969). Although this method 
has been recommended by the International Union of Pure and Applied Chemists 
(IUPAC) for evaluation of potential saccharifying capacity of a cellulase system (Ghose 
1987), it has been long recognized for its complexity and susceptibility to operator error, 
and has a reputation for not being reproducible. Since then, some improved FPA (filter 
paper assay) methods have been proposed to improve the reproducibility of the filter 
paper assay, most of which are limited to improvements in sugar estimation (Griffin 1973; 
Kelly et al. 2003; Gao 1987); thus, the problem of an accurate and reproducible 
saccharifying assay for cellulase still remains. 

In this study, a new approach to accurately estimating the potential capacity of a 
cellulase system for the hydrolysis of insoluble cellulosics is described. 

 
  
EXPERIMENTAL 
 
Materials and Methods 
 
Cellulolytic substrates  
 Filter paper (Whatman No.1), which was adopted for the present work, is 
composed of crystalline and amorphous cellulose. De-waxed cotton fibers, composed of 
95% cellulose, were used to represent highly crystalline native cellulose (DP about 1000). 
Crystalline cellulose (Avicel) PH101 was obtained from SERVA (DP about 200). 
Phosphate swelling cellulose, prepared by 85% phosphate acid swelling method (Wood 
and Bhat 1998), represented amorphous cellulose. 
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Production and purification of cellulase  
A cellulolytic fungus, Trichoderma pseudokoningii S-38, was isolated previously 

by our laboratory and used for production of cellulase (Ma 1990). Enzyme production, 
purification and determination of its activity were performed as described in previous 
reports (Yan and Sun 1997; Yan et al. 1997). 
 
Hydrolysis of cellulose samples by crude cellulase  

The hydrolysis assay procedure was performed in 25 mL flasks that contained 
different concentrations of cellulose substrate (w/v) suspended in 5 mL (final volume) pH 
4.8, 50 mM acetate buffer, to which was added the crude cellulase solutions. Hydrolysis 
was performed at 45ºC in a shaking bath at 15 rpm (adding 0.001% NaN3 w/v to prevent 
contamination). Every two hours, the mixture was centrifuged at 5,000 g for 10 min to 
separate the hydrolyzate. These samples were analyzed for reducing sugars content in the 
supernatant by the dinitrosalicylic acid (DNS) method (Ghose 1987).  
 
Effects of cellulase and cellulose concentration on the hydrolysis kinetics 

In general, the rate at which cellulase hydrolyzes cellulose can be defined in two 
ways.  One is based on the number of reducing end groups, usually expressed as an 
equivalent weight of glucose, produced per unit volume of cellulose suspension after 
application of a defined amount of cellulase after a prescribed incubation time.  This will 
be called the apparent hydrolysis rate.  The second way is as the equivalent weight of 
glucose reducing end groups produced in the cellulose suspension per unit of time and 
per unit of cellulose (weight or volume) at a selected enzyme level. 
 
 
RESULTS AND DISCUSSION 
 
Results of the Hydrolysis Process 

 Filter paper was chosen as a typical substrate for cellulase catalysis assays, 
because it has both crystalline and amorphous fractions, moderate susceptibility to 
hydrolysis, and availability as a convenient and reproducible substrate. 

Fig. 1 shows a typical time course for a fixed amount of filter paper (0.2 mg/mL) 
hydrolyzed by different concentrations of cellulase (0.25 mL to 1.25 mL added), while 
Fig. 2 shows a similar time course for different concentrations of filter paper (0.08 to 0.4 
mg/mL) hydrolyzed by a fixed amount of cellulase (0.25 mL). 

The results in Figs. 1 and 2 appear to be in good agreement with many published 
sets of data in this field (Beguin and Aubert 1994; Eriksson et al. 2002; Zhang et al. 1999; 
Valjamae et al. 1998; Ortega et al. 2001). All of the results led to the conclusion that as 
the more digestible material becomes consumed, the cellulose remaining was more and 
more difficult to be hydrolyzed.  The hydrolysis rate depended on the concentration of 
cellulase and cellulose. Both the condition of the cellulose and the concentration of 
cellulase change with time during the course of an experiment. This was indicated, since 
the objective variable (reducing sugars formed) was a compound function, which 
increased with the hydrolysis time and the concentration of cellulase and cellulose.  
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Fig. 1. Time course of hydrolysis curves for filter paper (0.2 mg/mL) by different concentrations of 
crude cellulase from Trichoderma pseudokoningii S-38 
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Fig. 2. Time courses of reducing sugars produced during hydrolysis of different concentration of 
filter paper by crude cellulase (0.25mL) 
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Under the conditions used, linear relationships between activities of enzyme and 
the cellulase added only appeared within a narrow range of the curves. Only the data in 
such ranges could be fitted to the linear equations. Significant effects on specific activity 
were observed only when considering relatively low concentrations of cellulase and 
relatively short hydrolysis times (Figs. 3 and 4). The specific activity was calculated as 
follows: 

 

]cellulose][[cellulaset
formedsugar  Reducingactivity Specific

×
=      (1) 

 
where, t is the hydrolysis time, [cellulase] is the concentration of cellulase added, and 
[cellulose] is the concentration of cellulose added.  Under these conditions, the majority 
of hydrolyzed cellulose is the amorphous fraction; thus, the intrinsic saccharifying 
capacity for cellulase cannot be accurately estimated based on those shorter hydrolysis 
times.   

In Figs. 3 and 4, the plotted points represent the observed data, and the lines are 
the fitting results obtained by application of the one-phase exponential decay equation. 
The parameter R2 is the coefficient of determination in the goodness of fit test.  
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Fig. 3. Changes of the specific activities of cellulase during hydrolysis of 0.2 mg/mL cellulose at 
different concentrations of crude cellulase (0.25-1.25 mL) (data derived from Fig. 1). 
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Fig. 4. Changes of the specific activities of cellulase during hydrolysis at different concentrations 
of filter paper (0.08-0.4 mg/mL) by 0.25mL of crude cellulase  (data derived from Fig. 2). 
 
 
Relationship of Hydrolysis Rate and Conversion Percent of Cellulosics 
during Hydrolysis Process 

As mentioned above, in order to accurately estimate the potential capacity of a 
crude cellulase sample in the hydrolysis of insoluble cellulosics, the substrates must be 
hydrolyzed to a certain extent to show the synergism of all the cellulase components. As 
reported in our previous study, quantitatively estimating the activity behavior of cellulase 
during cellulose hydrolysis can be elucidated by multiple regression analysis (Wang et al. 
2004). But this method is generally regarded as being applicable only for pure cellulase 
components, and is inadequate for crude cellulases. 

For the present estimation, a new parameter, substrate conversion percentage (SC), 
was introduced. It was defined as the ratio between the cellulosics hydrolyzed (S0-S, 
where “S” is the quantity of cellulosics remaining) and the original cellulosics (S0):  
 

100%
S

SSSC
0

0 ×
−

=         (2) 

 
When results of the present study are viewed in combination with other 

accumulated reports (Mandels and Webber 1969; Ghose 1987; Lynd 2002), the combined 
data suggest that SC always increases during the progress of hydrolysis (Fig. 5), and the 
experimental data also produced a hyperbolic shape curve.  
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Fig. 5. Time courses of SC in the hydrolysis by different concentrations of cellulase (Data derived 
from Fig. 1) 
 

The reaction rates all decreased continuously with hydrolysis time and increasing 
cellulase concentration. Based on these results, estimation of the cellulase activity is 
complex, because the accurate estimation of reactive value at each point required the 
combination of calculating the partial derivative of SC (Y) with respect to time (t) and 
cellulose concentration (C), respectively, as  

 

dt
t
YdC

C
YdY

∂
∂

+
∂
∂

=        (3) 

 
However, the calculation of the partial derivatives of Y with respect to C and t is very 
intricate.  

 We considered that two factors simultaneously caused the changes of SC during 
the progress of hydrolysis: first, the heterogeneous structure of cellulose, second, the 
cellulase reacting may be quantitatively responsible for the changes of Specific Substrate 
Conversion percentage (SSC). This parameter is calculated similarly to specific activity, 
and the only difference is that the SC replaces the value of reducing sugar formed. 

  

]cellulose][[cellulaset
SCSSC

×
=       (4) 

 
where t is the hydrolysis time, [cellulase] is the concentration of cellulase added, and 
[cellulose] is the concentration of cellulose added. Time courses of SSC are shown in 
Fig.6. 
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Fig. 6. Time courses of SSC (data derived from Fig. 5) 
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Fig. 7. Instantaneous rate curves of d[SSC]/dt for different cellulase concentrations and 
hydrolysis times 
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The critical index for evaluation in enzymatic capacity, according to the 
traditional approach, is its initial velocity; this can be solved by the instantaneous rates 
(Wu 2006). Figure 7 shows the instantaneous rates plot of d[SSC]/dt versus time under 
different cellulase concentrations. It appears as a bell-shaped curve, but with different 
kinetic characteristics and cannot be directly fit by a linear or non-linear equation that 
applies to the entire progress of reaction.  

As mentioned above, for an insoluble and heterogeneous substrate – the cellulose 
–  to expresses intrinsic catalytic capacity, the entire hydrolysis information is necessary. 
So we used the AUC method (the total area under the curve) for evaluation of cellulase 
capacity (Fig. 8). This is a common nonlinear method used in pharmacokinetics (Perrier 
1982). 
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Fig. 8. The relationship of cellulase concentration and its AUC calculated as d[SSC]/dt 

 
Reliable results were obtained, as the Specific·SC (SSC) varied in a wide range.  

The cellulose hydrolysis ranged from 1.5 to 12.5 % (W/V) for different concentrations of 
cellulase, according to which a rational and simple equation for crude cellulase assay was 
obtained: 

 
Y = intercept + slope * X         (5) 

 
in which Y is the AUC of d[SSC]/dt, and X is the concentration of cellulase. 

 As might be expected, the intrinsic saccharifying capacity for a crude cellulase 
can be obtained by this approach, because the effects of three factors – concentration of 
cellulase, cellulose, and hydrolysis time – are all considered in this equation. The slope of 
the linear equation could be represented as the total saccharifying capacity of a crude 
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cellulase sample under experimental conditions corresponding to the design of a practical 
hydrolysis process for insoluble cellulosics. 

Similar results were obtained when choosing other cellulosics such as cotton 
fibers, microcrystalline cellulose, and phosphate swelling cellulose as substrates (data not 
shown). 
 
Summary of Assay Procedure 
 The overall assay procedure, in summary, consists of the following steps: 
 
1. Hydrolysis of cellulose samples by crude cellulase 

Different concentrations of cellulose substrate are hydrolyzed by different 
concentrations of crude cellulase solutions. In general, five combinations for cellulose 
and cellulase with different concentrations would be enough, and the reducing sugars are 
determined every two hours.  The total hydrolysis time is varied based on the structure of 
cellulosics; for example, for filter paper 12 hours is enough and for cotton fibers it may 
be 24 hours. 

 
2. Calculation of the evaluation of cellulase capacity 

Calculate the value of SC (substrate conversion percentage) and SSC (specific 
substrate conversion percentage), and convert the data to obtain AUC (the total area 
under the curve) for evaluation of cellulase capacity. Data analysis can be easily 
performed by Microsoft Excel and the graphical software Prism 6.0 or other public 
software. 
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