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Linear oligosacchardies of 1,4 linked P-D-glucopyranose are commonly 

referred to as cellodextrins (CD) or cellooligosaccharides (CO). They are of interest 

to those working in disciplines involving cellulose chemistry because they are often 

used as model substrates for cellulose itself. They are of interest to food scientists 

and nutritionists because they are easily incorporated into foods as non-digestible 

oligosaccharides, a category of food ingredients that is thought to be beneficial lo 

human health. The intent of the research presented in this thesis was to evaluate the 

potential of using cellulose supports for the chromatographic separation of soluble 

CDs differing in their degree of polymerization (DP; a numerical value indicating 

the number of glucose substituents per molecule). Soluble CDs range in DlMrom 2 

to 8.   Thin layer chromatography (TLC), using cellulose-coated TLC plates, was 

used as a model chromatographic system. 



Mixed CD preparations, containing CDs ranging in DP from 2 to X. were 

prepared by incomplete acid-catalyzed hydrolysis of cellulose.  The DP profiles of 

the different CD preparations were qualitatively demonstrated by TLC using silica- 

coated plates, an organic solvent-based mobUe phase, and a standard carbohydrate 

visualizing reagent (/;-anisaldehye in sulfuric acid). CD-preparations were then 

chromatographed on cellulose-coated TLC plates.  Visualization of the 

chromatographed CDs was accomplished using a silver nitrate-sodium hydroxide 

reagent system, a reducing-sugar visualizing reagent. The silver nilratc-sodium 

hydroxide system was found to be the most appropriate, based on detection limits, 

simplicity and safety, of the several visualization reagents tested. 

Eight different mobile phases, all aqueous-based, were tested as potential 

solvents for the resolution of CDs, differing in DP, on cellulose-coated tic plates at 

room temperature. The optimum solvent was found to be 6()'#- ethanol/4()% water. 

This solvent clearly resolved CDs of DP 3, 4 and 5. CD preparations 

chromatographed with the same mobile phase, but with silica-coated TLC plates, 

were not resolved. These combined results suggest that the TLC system with the 

cellulose stationary phase behaves similar to an affinity system, since silica and 

cellulose are both relatively hydrophilic stationary phases (i.e. both systems are 

typically considered examples of normal phase adsorption chromatography).  The 

results further illustrate that cellulose supports have potential for use in the 

preparation of CDs of defined DP. 
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SEPARATION AND DETECTION OF CELLOOLIGOSACCHARIDES ON 

CELLULOSE THIN-LAYER CHROMATOGRAPHY 

CHAPTER 1 

INTRODUCTION 

Cellulose is found in plants, usually in the form of fibers. It is the most 

abundant organic molecule on earth. This polymer is continually replenished by 

photosynthetic reduction of carbon dioxide catalyzed by sunlight. The estimated 

volume of existing cellulosic resources is 324 billion cubic meters. In addition, the 

approximate annual yield of photosynthesis is 1.8 trillion tons of biodegradable 

substances, about 40% of which is cellulose (Fan et al, 1987). Yet, only a small 

amount of cellulosic resources are currently utilized to manufacture products such 

as lumber, fuel, textiles, paper, plastics, films, foil and thickener. Furthermore, vast 

amounts of cellulose exist in cellulosic wastes, such as municipal waste, agricultural 

wastes and animal manure. 

In order to utilize cellulose as a feedstock for production of energy, foods 

and chemicals, the understanding of its degradation is essential. In general, 

cellulose can be hydrolyzed into soluble sugars using either chemical or enzyme 

catalysts. The main product of cellulose hydrolysis is glucose, which is an 

important starting material for many potential products such as ethanol, single cell 

protein and other chemicals. Due to the crystalline structure and the interaction of 



cellulose with other cell wall components, its hydrolysis is not easy. This is why 

cellulose, the most abundant renewable resource, is industrially underutilized. 

Because of increasing demands for environmentally friendly processes, the 

enzymatic hydrolysis of cellulose has become the process of choice. The enzymatic 

process does not use corrosive chemicals, does not produce hazardous waste, and 

neutralization of the product is not required. In addition, the process can be 

operated at mild conditions, and the enzymatic action is very specific. 

Cellooligosaccharides (COs), also called cellodextrins, are highly desirable 

model substrates used to investigate the modes of action and kinetic parameters of 

cellulolytic enzymes. COs are relatively small "pieces" of cellulose. They are most 

often prepared by incomplete hydrolytic saccharification of purified cellulose i.e. 

wood, cotton, or other cellulose sources. Thus, they are composed of 1,4 linked (3- 

D-glucopyranose units. Soluble COs have degree of polymerization up to 

approximately eight, while native cellulose have a degree of polymerization in the 

thousands. Besides, being wildly used as model substrates for the study of 

cellulolytic enzymes, they have potential for use as "functional food" ingredients. 

The study presented in this thesis was designed to provide information on 

the feasibility of using cellulose supports for chromatographic fractionation of 

cellooligosaccharides. The work is of practical interest because commonly used 

supports (stationary phase) for this application are far more expensive than 

cellulose. The study is of theoretical interest because cellulose is tested as an 

"affinity" support for COs. The successful completion of this study required the 

implementation of an appropriate cellulose hydrolysis protocol, the development of 



a cellooligosaccharides-on-cellulose detection system, and the testing of a range of 

potential mobile phases. The entire study is based on the behavior of COs on 

ceUulose-coated thin layer plates using traditional thin layer chromatography 

protocols. 



CHAPTER 2 

LITERATURE REVIEW 

Cellulose 

Cellulose is the major carbohydrate synthesized by plants. It is a long linear 

chain of glucopyranose residues connected by P-1,4 glycosidic linkages. The chains 

are oriented in parallel to form highly order structures, called crystalline regions, 

and less ordered structures, called amorphous regions. Cellulose molecules 

associate together to form fibers in the plant cell wall. In the cell wall cellulose is 

mixed with variable quantities of other biomolecules, such as other polysaccharides, 

lignin, fat resins, proteins, and mineral substances. Removal of the non-cellulose 

material is not possible without some modification of the cellulose. 

Cellulose is a macromolecule in which the D-glucopyranose moieties are 

united P-glucosidically in positions 1 and 4 by oxygen atoms. Each consecutive 

glucose residue is rotated by 180° with respect to its adjacent glucose molecule. 

The identity period along the fiber length is 10.3 A0, which corresponds to a 

cellobiose unit, taking into account the chair form of the rings in the glucose 

moieties. Therefore, cellobiose is the repeating unit of a cellulose polymer, as 

shown in Figure 2.1 



J     L 
Cellobiose Glucose 

Figure 2.1 Chemical structure of cellulose with ceUobiose as a smallest repeating 
unit. 



Cellulose from widely different plants have identical x-ray spectra, 

indicating a common structure of cellulose. However, the molecular weight and 

degree of polymerization of various celluloses differs depending on its source, as 

shown in table 2.1. In native cellulose; 3,500- 10,000 glucose residues are Linked in 

a long chain molecule (Fan et al, 1980 and Grinberg, 1990). Cellulose is also 

produced by non-plant organisms, including bacteria, algae {Valonia ventricosa and 

Boergesenia forbesii), and animals (tunicin). Acetohacter xylinum is an example of 

a prokaryote that synthesizes cellulose, known as bacteria microcrystalline cellulose 

(BMCC); which is used in the food industry (Reinikainen, 1994). 

Table 2.1 Molecular weight and degree of polymerization of various cellulosic 
materials. 

Source Molecular Weight Degree of Polymerization 

Native cellulose 600,000-1,500,000 3,500 - 10,000 

Chemical cottons 80,000 - 500,000 500 - 3000 

Wood pulps 80,000 - 340,000 500 - 2100 

From Fan ef a/., 1980. 



Most glucose residues in a cellulose chain are in the chair conformation with 

the hydroxyl groups in equatorial and the hydrogen atom in axial positions. The 

hydroxyl groups in a glucose unit can form hydrogen bonds with adjacent sugar 

rings resulting in intramolecular hydrogen-bonding, as shown in figure 2.2. These 

intramolecular interactions cause the linear cellulose to adopt a ribbon conformation 

(Rees, 1977). The linear extension of the ribbon conformation allows many 

cellulose molecules to align and pack with favorable hydrogen bonding and other 

non-covalent interactions, i.e Van der Waal's interaction between the chains. A 

cellulose fiber, which is composed of multiple cellulose chains, is held together by 

both inter- chain and intersheet hydrogen bonding. These interactions cause the 

fully extended chains to fit closely together over much of their lengths, and arrange 

into highly ordered crystalline structure. The compact and tightly bonded 

aggregates of cellulose chains account for their insoluble and rigid fibrous character. 

The crystalline regions of cellulose can be interrupted by less ordered structures, 

paracrystalline or amorphous regions, as show in Figure 2.3. The proportion of 

crystalline versus amorphous structure in cellulose fiber varies in different ceUulosic 

materials; in general, native cellulose is approximately 70% crystalline (Fan et ai, 

1980). 



Garrett & Grisham: Biochemistry, 2/e 
Figure 7.27 

.IntracliaiJCL 
taydrogcti 
bond . 

Saunders College Publishing 

Figure 2.2. Interchain, intrachain and intersheet hydrogen bonding in cellulose 
molecules. 
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Figure 2.3 The structure of cellulose molecule containing highly order structure 
(crystalline region) and less ordered (paracrystaUine or amorphous 
region) (Cowling, 1975). 
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Enzymatic degradation of cellulose 

Due to the availability of cellulose in large quantities, it has received 

considerable attention as a potential renewable source for the production of liquid 

fuels. The hydrolysis of cellulose to glucose is important for several industrial 

processes. The product of enzymatic cellulose scarification is glucose, which can be 

converted to ethanol by yeast fermentation. The glucose resulting from cellulose 

degradation can also be used for the production of other substance, including single 

cell protein and industrial chemicals. 

Increasing demands for environmental friendly processes dictate that the 

enzymatic hydrolysis of cellulose is the process of choice. The enzymatic process is 

very specific, it does not produce hazardous waste, and neutralization of the product 

is not required. In addition, the capital and operating cost are substantially lower 

since enzymatic hydrolysis takes place at mild temperatures and expensive 

corrosion-proof equipment is not required. 

The efficient hydrolysis of cellulose requires cooperative action between 

several enzymes, each of which has a distinct function. Current applications tend to 

use small amounts of crude cellulase due to the high cost of enzyme production and 

purification. Therefore, high specificity and unique mode of action of individual 

cellulolytic enzymes is not often exploited in the industry. A detailed understanding 

of the modes of action of individual enzymes is a pre-requisite for the systematic 
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development of new products and processes based on the utilization of cellulolytic 

enzymes. 

The detailed characterization of the mode of action of ceUulolytic 

components has proven to be difficult and inconsistent from different laboratories 

due to the complexity and diversity of both the enzymes and natural substrates. 

Cellulolytic enzyme systems normally contain several distinct enzyme components, 

including multiple exocellulases and multiple endocellulases. Some of these 

enzymes are closely related and difficult to separate. This problem has been 

partially overcome by advances in enzyme purification. Affinity chromatography 

has been shown to be particularly effective in this application (Van Tillbeurgh et al, 

1984; Piyachomkwan et al, 1997). The analysis of cellulolytic enzymes requires a 

highly purified preparation due to the high degree of synergistic effects between 

different cellulolytic enzymes, which means that a small amount of contamination 

could lead to a wrong conclusion. 

Cellooligosacchariodes 

Model substrates; Cellodextrin base substrate and ligands: 

Cellulose, the natural substrate for cellulases, is poorly characterized and too 

complicated to be useful for detailed enzymatic studies. Cellulose is insoluble and 

heterogeneous, containing both crystalline and amorphous regions. Many physical 

properties of cellulose, such as extent of crystallinity, porosity, degree of 
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polymerization, particle size, and surface area, can influence the experimental 

results (Cowling, 1975 and Fan et al., 1980). In order to overcome these problems, 

many well-defined soluble cellooligosaccharides based substrates have been 

developed over the years. 

Cellooligosaccharides, also called cellodextrins, are the reaction 

intermediates in the production of glucose from cellulose. They are probably the 

best soluble model substrates to be used to investigate the modes of action and 

kinetic parameters of cellulolytic enzymes (Cole and King, 1964; Hsu et al., 1980; 

Nidetzky et al, 1994b). They have the same chemical structure as native cellulose, 

but they are shorter. They are water-soluble (3-1,4 oligomers of glucose with degree 

of polymerization (DP) between 2 and 10. Inexpensive, commercially available, 

relatively pure cellulose preparations, such as cotton, filter paper and 

microcrystalline cellulose (Avicel), are commonly used as substrate for the 

production of cellooligosaccharides. 

Potential uses as functional foods: 

Non-Digestible Oligoasccharides (NDOs) are a class of carbohydrates that 

are not absorbed or digested in the small intestine of human. NDOs occur in nature 

in most edible plants, as well as in mother's milk and honey. There are different 

kinds of NDOs, such as fructooligosaccharides, galactooligosaccharides, 

glucooligosaccharids, cellooligosaccharides and other ohgosaccharides derived 

from plant. Some oligosaccharides are produced commercially and are used as 

functional foods, or also called prebiotics. Oligosaccharides are used in many 
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countries to add fiber to foods. But conformation of their classification in the 

United States is still pending. 

When NDOs are consumed, they travel through the gastrointestinal tract and 

enter the large intestine intact. These oligosaccharides have a degree of 

polymerization of 2-10. Since they are not broken down, they do not increase 

glucose (blood sugar) levels in the blood steam, making them ideal for diabetics. In 

the colon, NDOs are readily fermented by the intestinal microflora. This may result 

in increasing the number of potential beneficial microorganism, while repressing the 

number of potential harmful bacteria. This possible change in the intestinal flora 

may be beneficial to the health of humans and animals 

(http://www.wau.nl/vlag/ndossymp.htlm). 

In addition, increased consumption of oligosaccharides can inpact cancer 

risk by inhibiting tumor growth. Oligosaccharides that alter the microflora in the 

gut tend to decrease carcinogenic that activated tumor production. Based on 

provocative scientific research in humans, it is evident that oligosaccharides are 

interesting new health-promoting components. However, there needs to be 

additional research (http://ificinfo.health.org). 

Preparation of cellooligosaccharides 

The major methods for obtaining cellooligosaccharides are (1) chemical 

synthesis, (2) enzymatic synthesis and (3) fragmentation of cellulose.   It has been 



14 

shown that by using the Koenigs-Knorr reaction, cellobiose, cellotriose, and 

cellotetraose can be synthesized chemically (Takeo et. al, 1983). Also very 

recently, a new approach based on enzymatic synthesis of P (l-4)-oUgo-and 

polysaccharides has been developed by Fort and co-worker (2000). The synthesis 

methods have distinct advantages. They have been reported to be specific and 

highly effective for oligo and polysaccharides synthesis. However, in both 

synthesis methods, a number of drawbacks are also presented. The methods are 

quite tedious, difficult and require special expertise. In chemical synthesis, the 

method is not practical for the production of longer ceUooUgosaccharides. For the 

enzymatic synthesis, the process requires specific expertise in purification and 

mutation of enzymes. Moreover, the enzymatic synthesis technique is quite new 

and additional studies are required. As a result, ceUooUgosaccharides are more 

commonly obtained from fragmentation of ceUulose molecules. Enzymes and acids 

are the catalysts most commonly used for ceUulose fermentation. 

In contrast to the production of maltodextrins from starch, enzyme based 

methods for the production of ceUooUgosaccharides are not weU developed. 

Enzyme extracts having predominately endoceUulolytic activity are required and 

fractionation of a large quantity of enzyme complex is difficult (Pereira et. al., 

1988). CeUulose degradation is carried out more readUy by chemical means. 

Productions of ceUooUgosaccharides from ceUulose using either acetolysis 

foUowed by deacetylation (Dickey and Wolfrom, 1949; Miller et al., 1960) or by 

direct acid hydrolysis (Miller et al, 1960, Pereira et. al, 1988) are quite common. 

Acid produces a considerable reduction in the degree of polymerization of ceUulose 



15 

by randomly hydrolyzing the glycosidic bonds joining adjacent anhydroglucose 

units. Under controlled conditions, products with various degree of polymerization 

can be obtained. In acetolysis, cellulose is treated with glacial acetic acid, acetic 

anhydride, and concentrated sulfuric acid (1:1:0.1). The crude oligomer peracetates 

obtained are then deacetylated to yield the mixture of cellooligosaccharides. 

Acid hydrolysis takes place when cellulose is immersed in acid for a period 

of time. Acid hydrolysis can be done using different acids such as HCl, HzSQ*, 

trifluoroacetic acid, or the combination of different acids. Either concentrated HCl 

or H2SO4 is among the most commonly used acids (Pereira et ai, 1988). The 

overall yields of cellooligosaccharide obtained with H2SO4 are lower than those 

reported for HCl (Voloch et ai, 1983). After acid hydrolysis, the mixture is then 

neutralized. If neutralization step was not carried out, the oligosaccharides will be 

unstable, due to continued acid-catalyzed hydrolysis. 

The neutralization process often includes the addition of NaHCOa into the 

mixture (Huebner et ai, 1978). The sodium chloride salt formed, assuming 

hydrolyses with HCl, is then removed by ion-exchange resin, Dowex-3 (OH") and 

Dowex W- X8 (H+) (Streamer et ai, 1975). In some applications, the cellulose- 

cellooligosaccharides-acid mixture is simultaneously neutralized and deionized 

using Amberlite IRA-93 macroreticular weak-base anion-exchange resin in the free 

base form. The resin is quite effective in desalting and neutralizing the 

cellooligosaccharides in short time. However, the use of high HCl concentrations in 

the hydrolysis process produces localized heating in the resin bed during ion 
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exchange. The heat, in combination with the basic environment of the resin, 

promotes partial degradation of the sugars as indicated by Ladisch and Tsao (1978). 

To avoid the formation of neutralization products such as sodium chloride, 

the crude cellooligosaccharides can be neutralized by consecutive washing with 1- 

propanol and ethanol (Hamacher et al, 1985). The mixture of cellooligosaccharides 

can then be fractionated by several techniques of liquid chromatography (for review 

see Pereira et al, 1988). 

Thin Layer Chromatography (TLC) 

Thin-layer chromatography (TLC) is a useful tool for the rapid separation of 

compounds of biological interest. It was first described in 1938, and has largely 

replaced paper chromatography; it is faster, more sensitive, and more reproducible. 

It is a subdivision of liquid chromatography in which the mobile phase is liquid and 

the stationary phase is situated as a thin layer on an inert sheet of glass, plastic, or 

metal. The developing solvent, or the mobile phase, is the transport medium for the 

solute to be separated as it migrates through the stationary phase by capillary force. 

The movement of substances during TLC is the result of two opposing forces: the 

driving force of the mobile phase and the resistive or retarding action of the sorbent 

(stationary phase). The driving force tends to move the substances from the origin 

in the direction of the mobile phase flow. The restrictive action impedes the 

movement of substances by dragging them out of the flowing phase back onto the 
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sorbent. Each molecule alternates between a sorbed and unsorbed condition, 

following a stop-and-go path through the sorbent (Vomhof and Tucker, 1964). 

The distance traveled by the center of each solute zone in a given time is the 

result of a balance between the driving and resistive forces. Substances that move 

slowly are attracted more strongly to the stationary phase, while those that move 

quickly spend a smaller fraction of time in the stationary layer and more time in the 

mobile phase. 

The ability to achieve differential migration for a mixture of components is 

the result of the selectivity, efficiency, and capacity of the chromato graphic system. 

The flow of the mobile phase is nonselective in that it affects all unsorbed solutes 

equally. However, the mobile phase is selective because it helps determine the 

relative sorbability of the solutes. The restrictive action of the layer is also a 

selective force. 

The degree of attraction of a solute for the stationary phase is described by 

the equation 

K = Cj/Cm 

where K is called the distribution or partition coefficient. Cs is the equilibrium 

concentration of the solute in stationary phase. Cm is the equilibrium concentration 

of the solute in mobile phase. A solute with large K value has great affinity for the 

stationary phase and will travel slowly through the layer. 

Similar to paper chromatography, the extent of migration of the analyte on 

the TLC plate can be recorded in term of the degree of retention of a component. 

The retardation factor, Rp, are calculated by 
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RF  = Distance traveled by the center of the zone 
Distance traveled by the mobile phase 

RF values can be fairly reproducible. However, a number of factors cause 

variations such as temperature, the geometry of the plate, the distance of the solute 

spot from the solvent reservoir, and the duration and direction of development 

(Rounds and Nielsen, 1994). 

Classification of TLC 

Depending on its nature, the stationary phase layer promotes separation of 

molecules by (1) adsorption: physical sorption of solutes from solution onto the 

surface active groups of the layer particles, (2) partition: dissolving of solute into a 

stationary liquid held on the layer, (3) ion exchange: attraction of ions to sites of 

opposite charge on the layer, or (4) size exclusion or gel permeation TLC: retention 

or rejection of solutes on the basis of molecular size and/or shape. The distinction 

between adsorption and partition is quite obscure because both can involve the same 

types of physical forces, those being dipole-dipole interactions and dispersion or 

London forces. 
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Adsorption (Solid/liquid) Chromatography: 

Adsorption chromatography is the oldest form of chromatography. In this 

chromatographic mode, the stationary phase is a finely divided solid, on which the 

sample components are adsorbed. The mobile phase may be either a gas or a liquid. 

The components distribute between two phases through a combination of sorption 

and desorption processes. The stationary phase is chosen to permit different 

interaction with the components of the sample to be resolved. The intermolecular 

forces thought to be primarily for chromatographic adsorption include: 

1) Van der Waal's forces 

2) Electrostatic force 

3) Hydrogen bonds 

4) Hydrophobic interactions 

Sites available for the interaction with any given substance are 

heterogeneous. Binding sites with greater affinities, the most active sites, tend to be 

populated first, so that additional solutes are less firmly bound. Adsorption is a 

concentration dependent process. Sample loads exceeding the adsorptive capacity 

of the stationary phase will result in relatively poor separation. 

Classical adsorption chromatography utilized for example silica, aluminum, 

and charcoal as the stationary phase. Both silica and aluminum posses surface 

hydroxyl groups, and Lewis acid-type interactions determine their adsorption 

characteristic. The elution order of compounds from these adsorptive stationary 

phases can often be predicted on the basis of their relative polarities. Compounds 

with the most polar functional groups are retained most strongly on polar adsorbents 
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and, therefore, are eluted last. 

One model proposed to explain the mechanism of liquid/solid 

chromatography is that solute and solvent molecules are completing for active sites 

on the adsorbents. Thus as the relative adsorption of the mobile phase increases, 

adsorption of the solute must decrease. Solvents can be rated in order of their 

strength of adsorption on a particular adsorbent, such as silica. Such a solvent 

strength scale is called an eluotropic series (Johnson and Stevenson, 1978). 

Eluotropic series provided the chromatographer with a way to modulate 

interactions between solutes and the stationary phase. Mobile phase polarity can be 

increased, often by admixture of more polar solvents, until elution of the interested 

compound has been achieved (Rounds and Nielsen, 1994). Thin-layer 

chromatography (tic) could be used a special example of sorption chromatography 

in which the stationary phase is a plane, in the form of a solid support on an inert 

plate. 

Partition (Liquid/Liquid) Chromatography: 

A partition system is manipulated by the different nature of the two liquid 

phases. The stationary phase of partition chromatography is a liquid supported on a 

finely divided inert material, which will allow the second, immiscible solvent 

(mobile phase) to flow over it. Solute partition between the two liquid phases 

according to their partition coefficients; hence the name partition chromatography. 

During normal-phase chromatography the more polar of the two liquids is 

usually held stationary on the inert support and the less polar solvent is used to elute 
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the sample component. Reversal of this arrangement, using a non-polar stationary 

phase and a polar mobile phase, is known as reverse-phase chromatography. 

Polar hydrophilic substances, such as amino acids, carbohydrates, and water- 

soluble plant pigments, are separated by normal-phase partition chromatography. 

Silica, starch, cellulose powder, and glass beads are some examples of solid 

supports that have been used. All are capable of holding a thin film of water, which 

serves as stationary phase. It is important to note that material prepared for 

adsorption chromatography must be activated by drying them to remove surface 

water. Conversely, some of these materials, such as silica gel, may be used for 

partition chromatography if they are deactivated by impregnation with water or the 

desired stationary phase. Therefore, depending on the amount of water held, silica 

may act as adsorption or a partition support; usually both properties contribute in 

varying degrees to the separation achieved. 

Liquid/liquid stationary partition chromatography has been invaluable to 

carbohydrate chemistry. Paper chromatography is a type of partition 

chromatography in which the stationary phase is a layer of water adsorbent on a 

sheet of paper. It is still the simplest method to distinguish between various forms 

of sugars or phenolic compounds present in foods (Rounds and Nielsen, 1994). 

Affinity Chromatography: 

Affinity chromatography is the newest and most selective kind of 

chromatography. It could be viewed as the ultimate extension of adsorption 

chromatography. Affinity chromatography is a very powerful technique in the 
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separation of biological compounds due to their exceptional abilities to bind 

specifically and reversibly to a complementary compound, called a ligand. It is a 

type of adsorption chromatography in which the compounds to be separated are 

adsorbed on the ligands with specific interactions, based on their biological 

functions or individual chemical structures. These specific interactions result in 

Mgand-substrate complex formations (Turkova, 1978). Only the target compound 

having specific interactions with the complementary ligand binds, whereas other 

compounds cannot. These affinities between the desired compounds and Ugands 

can subsequently be weakened by changing the elution conditions such that they no 

longer facilitate the formation of target compound-ligand complex. 

The effectiveness and selectivity of affinity ligands are affected by some 

nonspecific interactions, especially hydrophobic and ionic interactions. These 

nonspecific interactions can influence either absorption or desorption of the isolated 

compounds. All of the interactions between the desired substance and their 

complementary ligands depend on many factors including steric accessibility, 

concentrations of Ugands and the isolated compounds, equilibration time, 

temperature, pH and ionic strength. 

Separation of oligosaccharides by thin layer chromatography 

Paper chromatography has been used to separate ohgosaccharides and their 

derivatives for many years. However the chromatographic procedure has several 
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disadvantages. The technique is time consuming (15-20 hr) with the associated 

problems of temperature fluctuations. It requires relatively large amounts of sample 

and results in poor resolution. In addition, the location of the bands by the use of 

marker strips may be inaccurate (Pridham, 1956). To achieve better separation of 

cellooligosaccharides, Saif-ur-Rahman et al. (1968) decided to make use of thin 

layer chromatography. 

Thin-layer chromatography does not play an important role in the 

quantitative separation of polysaccharides. However, it is a useful tool for rapid 

separation and can be used as an analytical technique to detect sugars resulting from 

the hydrolysis of polysaccharides. Various sorbents are used in the TLC of sugars, 

the most popular ones being silica gel, cellulose, and kieselguhr (Ghebregzabher et. 

al., 1976). Personal choice, based on the purpose of the study, will dictate which 

sorbent is used. The majority of the studies have used silica gel with a binder for 

the sorbent layer. Separations on silica gel are faster than on cellulose and usually 

provide more compact spots, which can be important if quantitative TLC is to be 

used. In addition, a greater number of sugar-detection reagents can be used with 

silica gel than with cellulose (Fried and Sherma, 1994). However, one group of 

compounds for which silica gel has not been a particularly successful is the 

naturally occurring free sugars. Poor separation of some of the more common 

sugars and the low capacity of the plate are two disadvantages in this application 

(Vomhof and Tucher, 1964). 

Before being used in TLC, the native cellulose normally first be purified 

and reduced into smaller sizes. This process yield "microcrystalline" cellulose, 
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which can be used in thin-layer chromatography and offer a number of advantages 

with respect to running time and separation performance (linger, 1990). The 

conditions for the separation of sugar on cellulose TLC are often based on 

procedures developed for paper chromatographic (PC). When cellulose thin layers 

are used, the advantages of the partitioning properties of cellulose and the increased 

loading of sample are coupled with the separation which are characteristic of thin- 

layer chromatography (Vomhof and Tucher, 1964). For example, Randerath (1963) 

has found cellulose thin layer chromatography superior to paper chromatography in 

the separation of nucleotides. 

Numerous solvent systems have been described for TLC of carbohydrates. 

Because sugars are polar compounds, most solvent systems employ water and other 

polar solvents. Hence, carbohydrate separations by TLC are relatively slow. Most 

TLC procedures for sugars use single-dimensional chromatography. 

Structure and properties of coating materials 

Silica gel: 

Silica gel can be considered as a polycondensation product of orthosilicic 

acid. It is widely used for the stationary phase. The key to popularity of this 

adsorbent is its versatility. It is an active stationary phase for adsorption 

chromatography, or by appropriate selection of solvents, it can serve as a support for 

water in partition chromatography. Silica gel has also been used as a support for 
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non-polar liquid in reversed phase chromatography (Scott, 1969).   Grinberg (1990) 

suggested that the active surface of the silica was covered by OH groups bonded to 

the Si02 skeleton. The SiOH groups are the points at which water and many 

organic molecules with polar groups are adsorbed and held through hydrogen 

bonding. 

Finely divided silica gel preparations may be applied to plates without 

binder, though binders are commonly employed. When the product is to be eluted 

during quantitative assay, it is wise to clean the silica gel prior to use. With pre- 

coated plates, this can be accomplished by developing the blank plate with solvent, 

then re-dying it to removed solvent. When preparing plates with spreader the 

adsorbent can be solvent washed before application to the plate. 

Cellulose: 

Cellulose is a linear polysaccharide that is widely used for the separation of 

hydrophilic analytes, such as carbohydrates and amino acids. The mechanism of 

separation is normal-phase partition chromatography. Preparation of cellulose 

sorbent in the laboratory involves making 15-35% aqueous slurry of a commercially 

available cellulose powder, followed by brief homogenization. The slurry was then 

spread on the plate. The coated plate should be air dried rather than oven heat. 

Because of the nature of cellulose powder, a binder is not necessary. However, 

impurities and additives may be present in cellulose powder and could affect 

separation. Corrosive visualization agents must be avoided in cellulose TLC (Fried 

and Sherma 1994). 
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Carbohydrate detection 

Quantitative evaluation of the separation of sugars can be achieved by 

autoradiography or fluorography (Randerath, 1963). Alternatively, the sugars can 

be visualized directly with spray reagents. Carbohydrate reagents range in 

specificity from as broad as the detection of any organic substance to as narrow as a 

single compound. Many reagents are specific for such groups as reducing sugars, 

ketose, or glycols. Reagents have also been developed for amino sugars, uronic 

acids, sugar alcohols, and other derivatives. 

Reducing sugar reagents 

A variety of reagents contain oxidizing agents which undergo a color change 

when they react with the relatively easily oxidized aldehyde groups. This reaction is 

restricted to hemiacetal structures, since full acetal (non-reducing) sugars are far less 

readily oxidized. However, the more effective agents do cause more extensive 

oxidation and so detect non-reducing sugars to some degree. 

Vomhof (1964) used 2-aminodiphenyl-oxalic acid dissolved in 85% ethanol 

to detect sugars on cellulose thin layer plates. This reagent reacts with disaccharides 

as well as hexoses and pentoses. However, 2-aminodiphenyl is no longer 

commercially available because of its suspected carcinogenic properties. 

Anisidine phthalate can be used to detect simple sugars on cellulose thin-layer plates 
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(Metraux, 1982). Pridham (1956) used p-anisidine hydrochloride to detect sugars 

on paper chromatograms. He reported that this method has been successfully used 

for the detection of aldohexoses, aldopentoses, hexuronic acid and was particularly 

useful for the analysis of wood pulps and hemicelluloses. 

The most used method for detecting sugar on paper chromatography is the 

silver nitrate reagent. This reagent detects sugars in the nanogram range of substance 

per chromatogram zones on silica plates (Jork et al., 1990; Ham and Robyt, 1998). 

The ionic silver in the silver nitrate reagent is reduced to metallic silver by reducing 

carbohydrate. This oxidizing reagent is strong enough to give a positive test for "non- 

reducing" sugars. A modification of the reagent was developed which replaces as 

much of water as possible with organic solvent. Saturated aqueous silver nitrate (0.1 

ml) is diluted to 20 ml with acetone, then enough water is added to re-dissolve the 

precipitated AgNOa. The chromatogram is first sprayed or dipped with silver nitrate 

solution, then with sodium hydroxide solution. Immersion is 6N NH3 for a few 

minutes followed by rinsing in water removes the excess ionic silver (Scott, 1969). 

Jork et al. (1990) suggested washing the developed plate in 5-10% sodium thiosulfate 

to remove the ionic silver. 
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CHAPTER 3 

MATERIALS AND METHODS 

Chemicals 

Cellulose powder (CF11), D(+)-glucose, D(+)-cellobiose, silver nitrate, Blue 

Tetrazolium spray reagent, 3,4-Dinitrosalicyclic acid, sodium potassium tartrate 

tetrahydrate (Rochelle salts), sodium tartrate dihydrate, copper sulfate pentahydrate, 

4,4' dicarboxy-2,2'-biquinoline (Disodium salt of Bicinchonic acid) and L-serine 

were obtained from Sigma Chemical Company, St Louis, Missouri.  1 -Butanol, 

glacial acetic acid and sulfuric acid (certified ACS) were obtained from Fisher 

Scientific, Fair Lawn, New Jersey. Methanol, ethyl acetate and ethanol (HPLC 

grade) were obtained from Mallinckrodt Baker Inc., Paris, Kentucky. And 

p-anisaldehyde was obtained form Aldrich Chemical Company, Inc., Milwaukee, 

WI. 

Cellooligosaccharides were prepared fron a commercially available 

cellulose powder (Whatman CF11). The major steps comprised acid hydrolysis 

using HC1, precipitation and neutralization of cellooligosacchariedes with 

1-propanol and ethanol (Hamacher et al, 1985), and freeze-drying. 
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Chromatographic Supplies 

The LK5D (5 x 20-cm and 20 x 20-cm) silica gel TLC plates and Whatman 

3MM paper (used to line TLC tank) were obtained from Whatman Chemical 

Division, Clifton, New Jersey. Cellulose 23163 (20 x 20-cm) Flexible TLC plates 

were purchases from Selecto Scientific, Inc., Suwanee, GA. 

Preparation and purification of water soluble dextrins 

Soluble celloligosaccharides were prepared from cellulose according to a 

procedure adapted from Miller (1963), using solid CO2 (dry ice) and concentrated 

HCl to replace fuming HCl. The procedure consisted of dissolving 10 g of cellulose 

powder in 100 ml concentrate HCl, pre-cooled at -30° C. The reaction mixture was 

constantly stirred at this temperature for 15-20 min to obtain a homogeneous, 

viscous, and slightly yellowish solution. The homogeneous solution was brought up 

to 22° C and stirred continuously for 2-3 h. During this time the cellulose was 

hydrolyzed to cellooligosaccharides. 

The mixture, which had become much less viscous and had turned yellow, 

was slowly added to 725 ml of 4° C 1-propanol and stirred at 22° C for 15 min. The 

precipitate was collected by centrifugation at 5000g for 5 min. The pellet was then 
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resuspended in 250 ml technical grade ethanol which was previously cooled to 40C. 

This washing step was repeated, using ethanol, until the suspension reached pH 5-6. 

After the final centrifugation the precipitate was extracted twice with 400 ml of 4° C 

double-distilled water and stirred overnight at room temperature. The insoluble 

material was removed by centrifugation and the soluble cellooligomers were 

concentrated by rotary evaporation and then freeze dried. 

Relative solubility of cellooligosaccharides in ethanol/aqueous solution 

The aqueous solubility of the combined cellooligosaccharides at 220C was 

determined by weighting 180 ± 5 mg of cellooligosaccharide preparation in glass 

tube and adding distilled water until a clear solution was obtained. The solution was 

centrifuged at 5000g for 5 min to assure the complete dissolution of 

celloorigoasccharides. Additional water was added if any precipitation occurred. 

The solubility of cellooligosaccharides in ethanol/aqueous solutions was 

determined as follows: stock solution of CO in aqueous solution was made to 

concentration of 9 mg/ml. 0.1 ml of stock solution was added to 0.9 ml of ethanol 

mixture to make the final concentration of 0.9 mg/ml of celloligosaccharides in 0, 

20, 40, 60, 80 and 90% ethanol solution. The solutions were mixed thoroughly and 

allowed to reach equilibrium at room temperature. The solutions were then 

centrifuged at 5000 g for 5 min. Composition of the soluble components was 

evaluated using silica gel thin-layer chromatography. 
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The solubility of cellooligosaccharides in ethanol solutions in the presence 

of cellulose were determined by adding 55 ± 5 mg of cellulose powder (CF11) into 

the cellooligosaccharide solutions. The quantity and profile of the 

cellooligosaccharides in solution was then determined as described above. 

Separation into pure component celloligosaccharides using TLC 

Silica plates: 

The separation of soluble cellooligosaccharides (COs) on silica tic plates 

was performed as described by Chirico and Brown (1984). Cellooligosaccharide 

samples, 10 to 15 (j,g, containing a mixture of cellobiose, cellotriose, cellotetraose, 

cellopentose, cellohexose and celloheptose were applied to preadsorbent zones of 

Whatman LK5D silica plates. Spotted samples were left to dry at room temperature 

for 30 min in an efficient hood. Samples were then developed in glass "tanks": (7 x 

27 x 25-cm commercial TLC tanks or 1 quart Mason jars), lined with Whatman 

3MM paper, containing 30-100 ml of the appropriate solvent/mobile phase. The 

mobile phase was allowed to ascend until the solvent front was approximately 0.5 

cm from the top of the plate. Typically, the plates were removed from the TLC 

tank, dried in the fume hood at room temperature and then the plate was 

redeveloped. Following the chromatography step, plates were dried at 100oC for 5 

min. The presence of carbohydrates was detected by spraying the plate with p- 
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anisaldehyde reagent (see "detecting reagents" section) and heated at 1150C for 20 

min. (Waldi, 1965). Aqueous solution of 1 mg/ml of glucose and cellobiose were 

used as standards on the plate. 

Four different solvent systems were used for developing the chromatogram 

on silica plates. Plates were developed with solvent A (ethyl acetate:water: 

methanol; 40:15:20; v:v), B (ethanol:water; 60:40; v:v), C (ethanol:water; 40:60; 

v:v), or F (100% water). 

Cellulose plates: 

The separation of soluble cellooligosaccharides (COs) on cellulose tic plates 

was performed by procedure adapted from Vomhof and Tucker (1964). 

Cellooligosaccharides samples, 20-30 (J.g, were applied at 1 cm intervals using a 

micropipette onto 5 x 20 cm 100 micron cellulose plate. The origin line was 2.5 cm 

above the bottom edge of the plate. Spotted samples were dried at room 

temperature for 30 min in an efficient hood. Samples were then developed in glass 

'tanks' as described for the silica plate procedure. The mobile phase was allowed to 

ascend until the solvent front was approximately 0.5 cm from the top of the plate. 

Typically, the plates were removed from the TLC tank, dried in the fume hood at 

room temperature and then developed a second time. Following the 

chromatography step, plates were dried at 100oC for 5 min and the CO were 

visualized by dipping the plate into silver nitrate- sodium hydroxide reagent (see 

"detecting reagents" section). Glucose and cellobiose standards were prepared at 
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concentrations of l-^g/^l in 10% ethanol. CO solution was prepared in 

concentration of 5-[ig/\il inl0% ethanol. 

Eight different solvent systems were used for developing the chromatogram 

on cellulose plates. Plates were developed with solvent B (ethanol: water; 60:40; 

v:v), solvent C (ethanol: water; 40:60; v:v), solvent D (ethanol: water; 20:80; v:v), 

solvent E (ethanol: water; 10:90; v:v), solvent F (100% water), solvent G (ethanol: 

water: methanol; 50:40:10; v:v), solvent H (ethanol: water: butanol; 50:40:10; v:v), 

and solvent I (ethanol: water: isopropanol; 50:40:10; v:v). 

The effect of temperature was also studied by developing plates with solvent 

B at 4, 22 and 40oC. After the plates were developed and dried, visualization of the 

spots was achieved by spraying the plates with the detecting reagents. The 

preparation of the detecting reagents used in this study is described below. 

Detecting reagent for silica TLC 

Anisaldehyde-sulfuric acid reagent: The reagent was prepared by mixing 

1 ml of p-anisaldehyde, 1 ml of cone, sulfuric acid, 0.2 ml of glacial acetic acid in 

18 ml of 95% ethanol at room temperature. The reagent was always freshly 

prepared just prior to its application. The solution could be used as dipping or 

spraying reagent to visualize carbohydrates and their derivatives. Silica plates were 
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sprayed uniformly with the reagent, allowed to air-dry for 5 min in the fume hood, 

and then heated to 105oC for 15-20 min to observe the color development. 

Detecting reagents for cellulose TLC 

Silver-nitrate: A sequential dipping procedure, using solutions of silver 

nitrate in acetone (dipping solution I) and sodium hydroxide in methanol (dipping 

solution II), was used to visualize reducing sugars on cellulose plates (Jork et at., 

1990).   The dipping solution I was prepared by first bringing 1 ml of a saturated 

silver nitrate-in-water solution to 200 ml with acetone at .room temperature. The 

resulting precipitate was dissolved by adding water (~5 ml) and shaking. Dipping 

solution I is Ught sensitive so it is prepared just prior to its apphcation while 

avoiding light. Dipping solution II was prepared by dissolving 2g NaOH pellets in 

2 ml water (heating to speed dissolution) and then brought to 100 ml with methanol. 

Apphcation of dipping solution I and II was done under red light in the 

dark room. TLC plates were dipped slowly, and uniformly in each of the reagent 

solution. The plate was submerged in dipping solution I for ~3 second and allowed 

to air-dried for 15-20 min, then dipped in dipping solution II until color 

development was observed. It was difficult to avoid all traces of streaking with this 

reagent, but the sugars were nevertheless readily located (Rebers and Wessman, 

1986). This procedure gives a light background and deep dark chromatogram 

zones. 
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Benedict's reagent: The solution was prepared by dissolving 17.3 g copper 

(II) sulfate pentahydrate, 173 g tri-sodium citrate dihydrate and 270 g sodium 

carbonate decahydrate in 1L of water at room temperature. The solution could be 

used as dipping or spraying reagent. TLC plates were sprayed uniformly with the 

reagent, allowed to air-dry for 15 min, and then heated to 105oC for 10 min. 

/?-Anisidine Hydro chloride: The dipping solution was prepared by dissolving 

1 g of the crystalline reagent in 10 ml of absolute methanol and brought to 100 ml 

with 1 -butanol at room temperature. Sodium hydrosulfite (0.1 g) was added to the 

solution. The solution could be stored for a long period of time in refrigerator. TLC 

plates were dipped slowly and uniformly in the reagent solution at room 

temperature. Plates were submerged in sipping solution for ~3 sec, allowed to air- 

dry for 15 min, and then heated to 100-120oC for 5-10 min to observe the color 

development. 

3,5-Dinitrosalicylate alkaline reagent: The solution was prepared by 

dissolving 0.5 g of 3,5-dinitrosalicyclic acid and 4 g NaOH in 100 ml water. The 

reagent could be used as dipping or spraying reagent to visualize the reducing sugar, 

tic plates were sprayed slowly and uniformly with the reagent solution, allowed to 

air-dry for 15 min, and then heated to 100oC for 5 min to observe the color 

development. Reducing sugars give brown spots on a light brown-yellow 

background (Churms, 1982). 

Triphenyl Tetrazolium Chloride (TTC): The spray reagent is commercially 

available (Sigma chemical company). TLC plates were sprayed slowly and 
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uniformly with the reagent solution, allowed to air-dry for 15 min, and then heated 

to 100oC for 5 min to observe the color development. 

Reduction of cellulose TLC plate 

The assay for the reduction of cellulose TLC plates with NaBFLt was 

modified from that described by Sakamoto et al. (1989). Two sets of cellulose 

plates were suspended in 500 ml of 0.5 and 1% w/v of NaBFLt solution (pH -11) 

for 2, 4, 8, 24, 32, 48, and 53 h at room temperature. The plates are then dipped in 

acetic acid solution adjusted to pH 3, and washed four times in 100 ml distilled 

water and dried overnight in the hood. Tettrazolium Chloride (TTC) spray reagents 

were applied to the plates to determine the reducing power of each reduced cellulose 

plate. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

Yields of crude cellooligosaccharides, resulting from hydrolysis of 

powdered cellulose, followed by precipitation in 1-propanol, then ethanol- and 

water-washings, and freeze-drying, as described in the "Methods" section (Schmid 

et al, 1988), averaged 3.5% (w/w). The freeze-dried crude CO-preparations were 

pH neutral, fluffy, white powders. Thin layer chromatography of the CO- 

preparations, using silica plates, indicated the preparations contained COs ranging in 

DP from 2 to >6. Glucose (DP=1) is expected to be the predominant soluble 

product resulting from acid-catalyzed hydrolysis of powdered cellulose (Wood and 

Bhat, 1988). I expect that the absence of most of the glucose in the my CO- 

preparations is due to the repeated ethanol washings, since glucose, but not the 

cellooligosaccharides, is quite soluble in ethanol. 

The solubility of the cellooligosaccharies in ethanol/water mixtures was 

studied qualitatively by suspending a known amount of CO-preparation in the given 

solvent, allowing it to equilibrate, centrifuging at 5,000g, and analyzing the CO 

profile of the resulting supernatant by silica-based TLC. The solubility of the CO- 

preparations in 0, 20, 40, 60, 80, and 90% ethanol was studied. The CO- 

preparations were soluble up to 0.9 mg/ml at room temperature in 100% water.  As 

expected, the solubility decreased as the ethanol content of the solvent increased. 

The COs that appeared to be readily soluble in 100% water included glucose 
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through ceUopentose (based on observed density of colored spots resulting from tic- 

analysis of soluble phase). The higher DP COs were progressively less soluble as 

the amount of ethanol was increased. At 80% ethanol, glucose (Gl), cellobiose 

(G2) and small amounts of cellotriose (G3) and cellotetraose (G4) could be 

detected. At 90% ethanol, only glucose and cellobiose appeared to be in solution. 

A further set of experiments tested whether or not the presence of cellulose 

had an affect on CO solubility. The addition of cellulose powder to CO-containing 

solutions appeared to have little effect on solubility. Addition of cellulose seemed 

to decrease the concentration of COs only slightly; the corresponding chromatogram 

zones being only slightly smaller and less intense in color than the corresponding 

zones from solutions containing no cellulose. 

Detection of cellooligosaccharides on cellulose plates 

TLC using silica-plate and Kleselguhr G-plate stationary phases for the 

separation and identification of cellooligosaccharides is relatively common (Saif-ur- 

Rahman et a/., 1968). However, there is essentially nothing in the literature on the 

use of cellulose stationary phases for the chromatographic separation 

oligosaccharides. This is undoubtedly because it is relatively difficult to detect COs 

on cellulose plates - since COs are themselves small pieces of cellulose. A major 

task of this work was, therefore, to find a suitable visualizing reagent to follow COs 

on cellulose plates. Vomhof and Tucker (1964) used cellulose plates to separate 
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simple sugars; they detected the separated sugars using 2-aminodiphyl- oxalic acid 

in 85% ethanol as their visualizing reagent. This reagent was not used in my work 

because it is no longer commercially available due to its potential carcinogenic 

properties. However, five other reducing sugar-visualizing reagents, all of which 

are still commercially available, were tested in this study. The visualizing reagents 

were evaluated with respect to their detection limit and ease of use. Table 4.1 gives 

information on the colors generated by the different reagents and estimates of their 

detection limits. 

The data indicates that the silver nitrate reagent is the most suitable for the 

visualization of COs on cellulose plates. The detection limit with this reagent, in the 

nanogram range, was several orders of magnitude lower than that of the other reagents 

tested. However, this value is approximately 10-fold higher than that reported for the 

same silver nitrate reagent used with silica plates (Jork et at., 1990). The higher 

detection limit found in this work is most likely due to the obscuring effect of the 

reducing sugars inherent in the cellulose stationary phase. 

The working reagent (silver nitrate - sodium hydroxide) was composed of 2 

different dipping or spraying solutions. The main reaction occurred in dipping solution 

I. When cellulose plates are immersed in solution I, the ionic silver in the silver nitrate 

reagent is reduced to black metallic silver by the reducing carbohydrates. 

Theoretically, the reaction could be carried out only in dipping solution I, however the 

rate of reaction is very slow. 
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Table 4.1. The color of detecting reagents for sugars on cellulose thin-layer 
chromatography. 

Rl R2 R3 R4 R5 
Color Color Color Color Color 

Compound Spot   Back Spot    Back Spot    Back Spot    Back Spot    Back 
D-Glucose B        L-b g-b    L-g-b b         L-b v         L-p g-b      L-be 
Cellobiose B        L-b g-b    L-g-b b         L-b v         L-p g-b      L-be 

CeUodextrins B        L-b g-b    L-g-b b        L-b v         L-p g-b      L-be 
Detect. Limit 10-50ng ~10|ag >15^g >8ng ~10^g 

Colors: b = blue, g = green, p = pink, v = violet 

L = light 

Reagent: Rl = alkaline AgNOs 

R2 = /?-anisidine Hydrochloride 

R3 = 3,5-dinitrosalicylate 

R4 = tetrazole blue 

R5 = Benedict's reagent 

Detection limit: the minimum amount required for observation. 
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The redox reaction between silver and the reducing sugar was accelerated by 

immersion of the plate in alkaline solution, dipping solution II. The redox potentials of 

all organic developing agents are influenced by pH. For most of the organic agents, 

the reduction becomes thermodynamically feasible when the pH is above 7(Mason, 

1975). This is a direct consequence of the necessary involvement of hydrogen ion in 

their oxidation/ reduction equilibria, and so a change in pH results in a change in the 

difference between the redox potentials of the two reacting systems. As the pH 

increases (hydrogen ion concentration is reduced) the difference in redox potential 

favors the reduction of silver nitrate to metallic silver. Therefore, the important effect 

of pH is that as the pH increases the developing sample become more powerful 

reducing agent with respect to the silver ion. This will result in a higher rate of 

development. Other factors can also influence the rate of development. The result was 

that black chromatogram zones were produced on lighter background. Black metallic 

silver appears faster and more intense where higher concentration of reducing sugars 

are deposited; for example spots on the chromatogram where glucose is deposited 

would appear the fastest with the most intense black color followed by cellobiose, 

cellotriose, cellotetraose and higher oligosaccharises respectively. 

The background can be decolorized by dipping or spraying the plate with 5- 

10% sodium thiosulfate in 50% aqueous ethanol (solution III). The use of this solution 

was to chemically dissolve the excess ionic silver (nonmetallic) that was not reduced 

by sugars. If ionic silver is left on the plate, these sensitive crystals would, from the 

action of light alone, slowly reduced to metallic silver and eventually blacken the 

entire plate. 
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Bicinconic acid (BCA) and p-hydroxybenzoic acid hydrazide (PAHBAH) 

reagents were also tested for the use as dipping/spraying reagent on tic. Both methods 

are reported to be excellent reducing sugars assays with high sensitivity in solution 

(GiU and Hippel, 1989 and Garcia et al, 1993). As in Benedict's reagent, reducing 

sugars convert copper (II) in the BCA reagent to copper (I). Yet, copper (I) in the 

BCA assay is cheated with BCA resulting in higher sensitivity compared to Benedict's 

reagent. However, in this work the BCA and PHABAH reagents were found to be 

difficult and unsuitable for use as the dip or spray reagent on cellulose TLC plate. 

Reduction of cellulose TLC plate 

The reductions of cellulose TLC plates are compared and results are shown in 

Table 4.2. Triphenyl Tettrazolium Chloride (TTC) spray reagent, commercially 

available, was used to detect the reducing power of the cellulose TLC plates. 

Tettrazolium is transformed into a colored compound by reducing compounds. Two 

different concentrations of NaBI-L were used to treat (reduce) the reducing end groups 

of cellulose to a polyalcohol (alditol). The amount of reducing sugars was related to 

the intensity of the red color appeared on cellulose plate. The most intense red color 

appears on the untreated plate, indicating the highest amount of reducing end groups 

on that cellulose plate. The reduction occurs during chain opening of the sugar at the 

reducing end group. Although, only small amount of the open chain of the reducing 
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end group is present at any one time, that small amount is reduced and so on until the 

majority, depend on the site accessible, of the sample has undergone reaction. 

The reducing sugar assays are the methods of choice to detect 

cellooligosaccharides on cellulose plates. Therefore, reducing the cellulose stationary 

phase would be useful to improve the sensitivity of the detecting reagents because it 

would eliminate the reducing power of the stationary phase. The decrease of reducmg 

end groups of cellulose on the plate would result in less production of interfering 

background color. The experimental results show that the longer the time the cellulose 

plates were immersed in the NaBH4 solution, the less reducing power could be 

detected. The reduction approached the maximum, in this experiment, when cellulose 

plate was immersed in 1% NaBH, for 24 hrs (table 4.2). 

Table 4.2. The characteristic colors of reduced cellulose thin-layer plates sprayed 
with Triphenyl Tettrazolium Chloride (TTC). Intense red color appeared in the 
presence of reducing sugars. 

Cone. 

(w/v) 

Time (h) 

2 4 8 24 32 48 53 

0.50% 

1.00% 

Red 

Red 

Red 

L-red 

L-red 

Pink 

Pink 

L-pink 

L-pink 

L-pink 

Pink 

Pink 

Pink 

Pink 
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Sample solutions of glucose, cellobiose, and cellooligoasccharides were applied 

on the NaBFL, reduced cellulose plates. The plates were uniformly sprayed with TTC 

reagent. The result shows that the amount of sample required pre chromatogram zone 

was decreased 50% when using reduced cellulose, treated in 1% NaBI-Li for 24 hrs, 

compared to the untreated cellulose plate. 

The reduced cellulose plate was tested against the untreated plate using silver 

nitrate-sodium hydroxide dipping solution as visualizing agent. Sample solutions of 

glucose, cellobiose, and cellooligoasccharides were applied on the reduced cellulose 

plates. The plates were then treated with the visualizing reagent as described 

previously. Results show that there is no significantly decreasing in the amount of 

sample required pre chromatogram zone (detection limit) on treated compared to 

untreated plates. This may be because silver nitrate is a strong enough oxidizing 

agent that it can react with non-reducing sugars (Scott, 1969). It may be that the 

reagent reacts with the alditol ends of the sodium borohydride reduced cellulose 

Separation of Cellooligosaccharides on thin-layer chromatography 

Silica gel (LK5D) and cellulose plates were evaluated for their ability to 

separate cellooligosaccharides using a variety of solvents. The cellooligosaccarides 

were visualized by p-anisaldehyde or silver nitrate/NaOH reagents on the silica and 

cellulose plates, respectively. In general the solvents associated with the silica plate 
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ascended faster than those used with the cellulose plates. The development time 

ranged from 0.5 to 2 h. The more volatile the solvent, the faster the plate developed. 

Glucose through cellohexose were separated well on silica gel with solvent 

A (ethyl acetate:water:methanol; 40:15:20; v:v), indicating that the method 

developed by Chirico and Brown (1984) to separate oligosaccharides by silica gel 

was adapted successfully. The higher the molecular weight of the CO, the lower the 

Rf values in this system. 

Solvent A can be used to effectively separate COs on silica plates. 

However, this solvent should be used in a hood, since acetone is highly flammable 

and pungent. Methanol is also flammable with a pungent odor and it is poisonous in 

large amounts. To develop a safe and economic method for the separation of CO, 

friendly solvents such as ethanol and water were considered. Therefore, solvent A 

was replaced by solvent B (60% ethanol), C (40%thanol), and F (100% water). 

However, the results showed that there were no separation of cellooligosaccharides 

on silica gel plate using mobile phases with combination of water and ethanol. 

Mixtures of water and ethanol, ranging from 0 to 60% ethanol, were also 

tested for their resolving power with CO on cellulose plates (Table 4.3). It was 

found that the best separation of cellooligosaccharides on cellulose plates was 

obtained using solvent B, as shown in figure 4.1. It gave superior separation of 

cellooligosaccharides on cellulose plates over the lower ethanol concentration used 

at room temperature. This method allowed a clear separation of cellobiose through 

cellopentose; however, the migration of cellohexose was negligible. The RF values 

of CO are listed in Table 4.4. 
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The fact that we can successfully resolve cellooligosaccharides on cellulose, 

but not on silica, using 60% ethanol indicates that cellulose is the stationary phase 

of choice. In addition, this information also helped identifying the separation 

process (adsorption, liquid-liquid partition or affinity). Cellulose is a linear 

polysaccharide. It is widely described as a prefect supporting material for normal 

phase partition chromatography. Silica gel, on the other hand, is an active stationary 

phase for adsorption chromatography, or by appropriate selection of solvent it can 

serve as a support for water in partition chromatography. The active surface of 

silica gel was covered by OH group boned to the Si02 skeleton. These are the 

points at which water and many organic molecules with polar groups are adsorbed 

and held to the SiOH groups through hydrogen bonding. 

In liquid-liquid partition chromatography, the separation is dictated by the 

partition coefficient of the solute between the two liquid phases. The stationary 

liquid phase is coated on a finely divided inert material, which in this study was 

either silica or cellulose. Therefore, the separation should occur regardless of the 

kind of the supporting material. However, the cellulose plates showed positive 

results where the silica plates did not. This indicated 

that the separation of CO on cellulose plates does not depend only on their partition 

coefficients between mobile and stationary-liquid phases. 

Affinity chromatography is the most selective kind of chromatography. It is 

a very powerful technique in the separation if biological compounds due to their 

exceptional ability to bind specifically and reversibly to their complementary 



Table 4.3 Resolution of cellooligosaccharides with different adsorbents 
and solvents 
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Develop 
Adsorbent Solvent ments 

Silica A 2 
Silica B 2 
Silica C 2 
Silica F 2 

Cellulose B 
Cellulose C 
Cellulose D 
Cellulose E 
Cellulose F 
Cellulose G 
Cellulose H 
Cellulose I 

Resolution b 

Approximate 
time (hr) for 

solvent to travel 
per 1 

development at 
230C 

G1-G6 exceUent 1 
G-G6 very poor-no separation 1.5 
G-G6 very poor-no separation 1.5 
G-G6 very poor-no separation 2 
G1-G2 poor; G2-G5 good; G5-G6 poor 2.5 
G1-G2 poor; G2-G4 fair; G4-G6 very poor 3 
G1-G2 poor; G2-G3 fair; G3-G6 very poor 3.5 
G-G6 very poor-no separation 4 
G-G6 very poor-no separation 4.2 
G1-G2 poor; G2-G5 fair; G5-G6 poor 2.5 
G1-G2 poor; G2-G5 good; G5-G6 very poor 2.5 
G1-G5 fair; G5-G6 very poor 2^ 

a Solvent compositions are; 
A: ethyl acetate:watenmethanol (40:15:20;v:v) 
B: ethanol: water (60:40; v:v) 
C: ethanol: water (40:60; v:v) 
D: ethanol: water (20:80; v:v) 
E: ethanol: water (10:90; v:v) 
F: 100% water 
G: ethanol: water: methanol (50:40:10; v:v) 
H: ethanol: water: butanol (50:40:10; v:v) 
I: ethanol: water: isopropanol (50:40:10; v:v) 

bGl, G2, 03, 04, G5 and 06 refer to glucose, cellobiose, cellotriose, cellotetraose, cellopentose and 
Cellohexaose respectively 
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compound. In this study, CO appeared to have been adsorbed to the cellulose with 

specific interactions as a result of their chemical structure. Because the structure of 

cellulose and cellooligosaccharides are similar, it allows the perfect fit between CO 

and the cellulose surface, forming the specific interaction or as called ligand- 

substrate complex. It appears that the longer CO bind tighter to the cellulose 

support. The different affinities of the CO resulted in the separation of CO on 

cellulose TLC with the 60% ethanol mobile phase. The affinity between CO and 

cellulose can be weakened by changing the elution conditions. The experimental 

results (Table 4.3) show that increases in water resulted in less separation of CO on 

cellulose at room temperature. 

More experiments were attempted to improve that separation of CO on 

cellulose TLC. Mobile phases were altered by replacing 10 parts of ethanol with 

isopropanol, methanol or butanol (figure 4.2).   Isopropanol, methanol and butanol 

have been reported to characteristically influence the migration of 

cellooligosaccharides on silica plates (Chirico and Brown, 1985 and Salf-ur- 

Rahman, 1968). On cellulose plates, isopropanol and butanol containing solvents 

separated glucose through cellotetraose with good resolution, whereas longer 

cellooligosaccharides were poorly separated. Methanol also separated lower 

molecular weight sugars with good resolution but poorly separated higher molecular 

weight CO. Methanol also increased the spreading of bands. When comparing the 

effect of isopropanol, methanol and butanol to ethanol at the same alcohol 

concentration, we observed similar resolution between cellobiose thorough 

cellotetraose using 60% ethanol. The 60% ethanol mobile phase resulted in better 
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resolution of the longer cellooligosaccharides than the corresponding mobile phases 

with isopropanol or methanol. However, the butanol containing mobile phase 

resulted in slightly better separation of longer CO than the 60% ethanol mobile 

phase. There are a number of disadvantages to including butanol in the mobile 

phase. It is a highly refractive liquid with strong odor similar to that of fuel oil. Its 

vapor may cause irritation of mucous membrane, headache, dizziness, drowsiness 

and cough. It also leaves a transitory greasy spot on cellulose plate. Thus, ethanol 

is a more favorable solvent to use in the system. The best mobile phase for the 

separation of cellooligosaccharides on cellulose plates was, therefore, solvent B 

(60% ethanol). 

The effect of temperature on the separation of cellooligosaccharides on 

cellulose plates was evaluated using solvent B at 3 different temperatures. The 

results show no difference in the separation between room temperature (210C) and 

30C. Considering the convenience of temperature and working environment and 

also the energy saving, working at room temperature was preferred.  At 40oC, this 

condition separated glucose through cellotriose with fair resolution, whereas longer 

cellooligosaccharide were poorly separated. In addition, the band spreading and 

diffuse sports were observed by increasing the temperature to 40oC during 

chromatography. Since our goal is to separate higher molecular weight 

cellodextrins, the separation at room temperature was deemed more suitable. Figure 

4.23 shows the separation of cellooligosaccharides on cellulose plates with solvent 

B at 30C (top), 20oC (middle) and 40oC (bottom) respectively. 
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Table 4.4. The Rp values of glucose and other cellooligosaccharides. In this 
experiment the plates were developed twice in the same direction. The result shows 
the effect of ethanol on the separation of cellooligosaccharides on cellulose TLC 
plates where silver nitrate is used to detect the reducing substance. 

RF value (xlOO) of glucose and cellooligosaccharides 

Solvent system: Ethanol: water (6:4^^) 

Solvent system 

60% ethanol 

Glucose 88 

Cellobiose 82 

Cello trio se 72 

Cellotetraose 44 

Cellopentose 15 
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G3 

} 

G4 

G5 

G6 & higher 

Figure 4.1 Separation of cellooligosaccharides on cellulose plates with solvent B 
(60% ethanol). 
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a) 
Separation of cellodextrins on TLC using 4 different 

solvent composition (solvent B,G,H,I) 

-60%EtOH 

-50/10BOH 

-50/10IPOH 

-50/10MeOH 

2 3 4 

Cellodextrins (G1-G6) 

b) 
Separation of cellodextrins on TLC using 4 different 

solvent composition (solvents B,G,H,I) 

■D 
0) 
N 

E E 
O 
c 
Ul 
a 
3 

-60%EtOH 

-50/10BOH 

-50/10IPOH 

-50/10MeOH 

12 3 4 

Cellodextrins (G1-G6) 

Figure 4.2 Separation of cellooligosacchaides on cellulose plate using 4 different 
mobile phase; solvent B (60% ethanol), solvent G (ethanol :butanol: water; 
50:10;40;v/v/v), solvent H (ethanohisopropanol:water; 50:10:40;v/v/v), solvent I 
(ethanol:methanol:water; 50:10:40;v/v/v) 
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TLC of Ceilodextrins at 3, 20, and 40oC 
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+■ 

2 3 4 
Celidextrins (G1-G6) 

Figure 4.3 Separation of cellooligosacchaides on cellulose plate at 3, 22, and 40oC. 
Figure a (top) shows the data with normalization. Figure b (bottom) shows the 
actual data from the experiment. 
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CHAPTER 5 

CONCLUSION 

Cellooligosaccharides are of interest to the food and biochemical sciences. 

They are often used as model substrates for the study of cellulose degrading 

enzymes. Soluble cellooligosaccharides range in degree of polymerization from 

two to eight. To be of maximum usefulness in mechanistic studies, it is important to 

have access to purified CO preparations of defined DP. This requires the 

implementation of a practical separation method for the routine preparation of 

cellotriose (DP=3), cellotetraose (DP=4), cellopentaose (DP=5), etc. The emphasis 

of the work reported in this thesis was to develop such a simple, economical and 

environmental friendly method for the separation of CO based on DP. 

This study addressed the potential of using cellulose as a stationary phase for 

the chromatographic separation of CO. Thin-layer-chromatography was used as the 

model chromatographic system due to the ease with which multiple experiments 

could be conducted. Initial experiments were directed at finding an appropriate 

visualization-reagent system for the detection of CO-zones on cellulose TLC plates. 

It was demonstrated that a silver nitrate-sodium hydroxide visualization system is 

appropriate for this purpose. 

Several solvent systems were tested as potential mobile phases. The most 

promising solvent system was 60% ethanol / 40% water. With this solvent, 
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cellobiose (G2), ceUotriose (G3) and cellotetraose (G4) were well resolved on 

cellulose plates at room temperature. Unfortunately, CO of higher DP could not be 

resolved with this same solvent due to the Rp values of the higher DP CO being 

quite low. The results indicate that CO of lower DP (2 through 4) could likely be 

resolved using an isocratic system (60% ethanol) in column chromatography with 

cellulose as the stationary phase. The preparation of higher DP CO appears to 

require the use of solvents of lower percent ethanol. This suggests that a declining 

gradient mobile phase, starting at 60% ethanol, is the likely choice for applications 

aiming to separate the complete range of CO (DP two through eight). 

These findings are of practical interest because they demonstrate the 

potential use of relatively inexpensive and safe materials, cellulose and ethanol, for 

the preparation of DP-defmed CO preparations. The study is of theoretical interest 

because cellulose is shown to behave as an "affinity"-type stationary phase when 

used for the separation of CO. 



56 

BIBLIOGRAPHY 

Chirico, W.J. and Brown R.D. 1987. (3-glucosidase from Tricoderma reesei 
substrate-binding region and mode of action on [1-3H] cello- 
oligosaccharides. Eur. J. Biochem. 165:343-351. 

Churms, S.C. 1982. Carbohydrates Volume I. CRC Handbook of Chromatogmphy. 
CRC Press, Inc. Boca Raton, Florida, pp 187-230. 

Cole, F.E. and King, K.W. 1964. Site of hydrolysis of cellulodextrins and reduced 
cellulodextrins by purified cellulase components. Biochem. Biophys. Acta 
81: 122-129. 

Cowling, E.B. 1975. Physical and chemical constrains in the hydrolysis of 
cellulose and lingo cellulosic material. Biotech. Bioeng. Symposium. 
5: 163-181. 

Dickey, E.E. and Wolfrom, M.L. 1949. A polymer-homologous series of sugar 
Acetates from acetolysis of cellulose. /. Am. Chem. Soc. 71:825-828. 

Fan, L.T., Gharpuray, M.M. and Lee, Y.H. 1987. Cellulose Hydrolysis. Springer- 
Verlag. Berlin Heidelberg. 

Fan, L.T., Lee, Y., and Beardmore, D.H. 1980. Major chemical and physical 
features of cellulosic materials as substrates for enzymatic hydrolysis. 
Advances in Biochemical Engerneering. Springer-Verlag. New York, 
pp 101-117. 

Fort, S., Boyer, V., Greffe, L., Davies, G. J., Moroz, O., Christiansen, L, 
Schulein, M, Cottaz, S. and Driguez, H. 2000. Highly efficient synthesis of 
P(l—> 4)-oligo and - polysaccharides using a mutant cellulase. /. Am. 
Chem. Soc. 122: 5429-5437. 

Fried, B. and Sherma, J. 1994. Thin-Layer Chromatography-Techniques and 
Applications. Third Edition. Marcel Dekker. New York. pp303-320. 

Garcia, E., Johnston, D., Whitaker, J. and Shoemaker, S. 1993. Assessment of endo- 
1,4-beta-d-glucanase activity by a rapid colorimetric assay using disodium 
2,2'-bicinchoninate. J. Food Biochem. 17: 135-145. 

Ghebregzabher, M., Rufini, S., Monalde, B., and Lato, M. 1976. Thin-layer 
chromatography of carbohydrates. /. Chromatogr. 127: 133-162. 



57 

Gill, S.C. and Hippel, P.H. 1989. Calculation of protein extraction coefficients from 
amino acid sequence data. Anal. Biochem. 182: 319-332. 

Grinberg, N. 1990. d, Modern Thin-Layer Chromatography.  Marcel Dekker. 
New York, pp 41-44. 

Hamacher, K., Schmid, G., Sahm, H., and Wandrey, Ch. 1985. Structural 
heterogeneity of cellooligomers homogeneous according to high-resolution 
size-exclusion chromatography. J. Chromatogr. 319:311-318. 

Han, N.S., and Robyt, J.F. 1998. Separation and detection of sugars and alditols 
on thin layer chromatograms. Carbohyd. Res. 313:135-137. 

Hsu, T.A., Gong, C.S., and Tsao, G.T. 1980. Kinetic studies of ceDodextrins 
hydrolysis be exocellulase from Trichoderma reesei. Biotechnol. Bioeng. 22: 
2305-2320. 

Huebner, A., Ladisch, M.R., and Tsao, G.T. 1978. Preparation of cellodextrins: 
An Engineering approach, Biotechnol. Bioeng. 20: 1669-1677. 

Ladisch, M.R. and Tsao, G.T. 1978. High-speed liquid chromatography of 
cellodextrins and other saccharide mixtures using water as the eluent. 
/. Chromatogr. 166: 85. 

Johnson, E.L., and Stevenson, R. 1978. Basic Liquid Chromatography. Varian 
Associated, Palo Alto, CA. 

Jork, H., Funk, W., Fischer, W., and Wimmer, H. 1990. Thin Layer 
Chromatography. Reagents and Detection Methods, VCH Publishers, New 
York, Vol. la, pp 408-410. 

Mason, L.A. 1975. Photographic Processing Chemistry, Focal Press. New York, 2rcl 

edition, ppl5-41. 

Metraux, J.P. 1982. Thin-layer chromatography of neutral and acidic sugars from 
plant cell wall polysaccharides. J. Chromatogr. 231:525-521. 

Miller, G.L., Dean, J., and Blum, R. 1960. A study of methods for preparing 
oligosaccharides from cellulose, Arch Biochem. Biophys. 91:21-26. 

Nidetzky, B., Zachariae, W., Gercken, G., Hayn, M., and Steiner, W. 1994b. 
Hydrolysis of cellooligosaccharides by Trichoderma reesei 
cellobiohydrolases: experimental data and kinetic modeling. Enzyme 
Microb. Technol. 16: 43-52. 



58 

Pereira, A.N., Mobedshahi, M., and Ladisch, M.R. 1988. Preparation of 
cellodextrins, Methods Enzymol. 160:26-38. 

Piyachomkawan, K., Gable, K.P., and Permer, M.H. 1997. p-Aminophenyl l-thio-(3- 
D-cellobioside: synthesis and application in affinity chromatography of exo- 
type cellulase. Carbohydr. Res. 303:255-259. 

Pridham, B.J. 1956. Determination of sugars on paper chromatograms with 
p-anisidine hydrochloride, Anal. Chem. 28:1967-1968. 

Randerath, K. 1963. Thin-Layer Chromatography. Academic Press. New York, 
pp. 185-199. 

Rees, D.A. 1977. Simple Carbohydrate Chains of the Periodic Type in 
Polysaccharides Shapes. Chapman and Hall Ltd. London, pp 41-60. 

Rebers, P. A, and Wessman, G.E. 1986. A thin-layer-chromato graphic method for 
Analysis of amino sugars in polysaccharide hydrolyzates. Carbohyd. Res. 
153:132-135. 

Reinikainen, T. 1994. The cellulose-binding domain of cello bio hydrolase I from 
Trichoderma reesei. Interaction with cellulose and appHcation in protein 
immobilization. Academic dissertation. VTT Biotechnology and Food 
research. Finland. 

Rounds, M.A., and Nielsen, S.S. 1994. Basic Principles of Chromatography. 
Introduction to the Chemical Analysis of Foods. Jones and Bartlett 
Publishers, Boston, pp 403-424. 

Saif-ur-Rahman, S., Krishnamurti, C.R., and Kitts, W.D. 1968. Separation of 
Cellooligosaccharides by thin-layer chromatography. J. Chromatogr. 
38:400-402. 

Schmid, G., BiseUi, M., and Wandrey, C. 1988. Preparation of cellodextrins and 
isolation of oligomeric side components and their characterization. Anal. 
Chem. 175: 573-583. 

Scott, R.M. 1969. Clinical Analysis by Thin-Layer Chromatography Techniques. 
Ann Arbor-Humphrey Science Publishers, London, pp 1-78. 



59 

Streamer, M., Eriksson, K., and Pettersson, B. 1975. Extracellular enzyme system 
uilized by the fungus Sporotrichum pulverulentum (Chrysosporium 
lignorum) for the breakdown of cellulose. Functional characterization of 
five endo-l,4-P-glucanases and one exo-l,4-P-glucanases, Eur. J. 
Biochem. 59:607-613. 

Takeo, K., Okushio, K., Fukuyama, K, and Kuge, T. 1983. Synthesis of 
cellobiose, cellotriose, cellotetraose, and lactose. Carbohyd. Res. 121:163- 
173. 

Turkova, J. 1978. Affinity Chromatography. Journal of Chromatography Library. 
vol.12. Elsevier Scientific Publishing Company. New York. 

Unger, K.K. 1990. Packings and Stationary Phases in Chromatographic 
Techniques. Marcel Dekker, New York, pp. 290-299. 

Van Tilbeurgh, H., Bhikhabhai, R., Pettersson, L.G., and Claeyssens, M. 1984. 
Separation of endo-and exo-type cellulase using a new affinity 
chromatography method. FEES Lett. 149:152-156. 

Voloch, M., Ladisch, M.R., Cantarella, M., and Tsao, G.T. 1983. Preparation of 
cellodextrins using sulfuric acid. Biotechnol. Bioeng. 26: 557-559. 

Vomhof, D.W., and Tucker, T.C. 1964. The separation of simple sugars by 
cellulose thin-layer chromatography. 7. Chromatogr. 17:300-306. 

Waldi, D. Spray Reagents for Thin -Layer Chromatography in E. Stahl (Ed.), 
Thin Layer Chromatography. A Laboratory Handbook, Academic Press 
Inc., New York, 1965, pp 485-502. 

Wood, T.M., McCrae, S.I., Wilson, C.A., Bhat, K.M. and Gow, L.A. 1988. In 
Biochemistry and Genetics of Cellulose Drgradation, (J.P. Aubert, P. 
Beguin, and J. Millet eds.), pp. 31, Academic Press, Orlando, FL. 


