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ABSTRACT 

In this work, glucose isomerase (GI) activity was 

measured with several sugar substrates. Lactase was also 

used with several carbohydrate substrates to observe its 

hydrolytic action. In order to observe the enzymes' 

action, a small batch reactor was designed and used in the 

entire project. 

Paper partition chromatography, was the analytical 

method of choice to measure the reaction end products. 

It proved to be a valuable technique in combination with 

other analytical methods for determiantion of various 

carbohydrates. 

GI showed positive activity with glucose, fructose, 

xylose and L-sorbose but none with mannose, galactose, 

lactose, maltose, melibiose and cellobiose. Lactase was 

active on maltose, cellobiose, raffinose, lactose and 

sucrose but not with maltitol, melibiose or melezitose. 

Whey proteins were removed either by ultrafiltra

tion or heat precipitation. This deproteinized whey was 

treated with the two enzymes to produce a syrup composed 

mainly of galactose, glucose, fructose and small amounts 

of oligosaccharides. The syrup had a predominantly sweet 

taste with a slight salty attribute. 

xv 



xvi 

The proper utilization of whey lactose has 

potentially valuable features in the production of a 

sweetening ingredient for foods. This is especially true 

after the lactose has been hydrolyzed by lactase and then 

the glucose in the hydrolyzate isomerized to fructose with 
, 

glucose isomerase. 



INTRODUCTION 

Several food product industries are concerned about 

disposal or utilization of by-products from their operations. , 
In many cases, these by-products involve food components 

such as proteins, fats and carbohydrates which are of poten

tial importance because they either have dietary signifi

cance or because they may contribute important functional 

attributes to food formulations. 

One food by-product of special importance is cheese 

whey. It is the aqueous fraction which remains after the 

protein (casein) of milk has been coagulated to form the 

curd in cheese manufacture. Most of the fat in the original 

milk becomes a part of the coagulum (curd), with only small 

amounts remaining in the whey. 

Whey is mainly water, with an average of 6% solids. 

The solids include 4.7% lactose, 0.1% fat, 0.6% protein and 

0.7% minerals. 

This product may be described as either "sweet" or 

"acid." Acid whey is a by-product from cottage cheese manu-

facture and the sweet type is characteristic of Cheddar and 

other hard, ripened varieties. The former has a pH of 4.6 

while the latter product's pH ranges from 5.3 to 5.6. 

1 
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Whey protein has a high biological value when 

expressed as protein efficiency ratio (P.E.R.). Its P.E.R. 

is 3.2 as compared to 2.5 for casein and 1.7 for soy protein 

(Young et al., 1980). There have been many studies reporting 

possible utilizations of whey protein concentrates (WPC). , 
After the removal of proteins from whey, there re

mains a liquid fraction which is relatively high in the car

bohydrate, lactose which accounts for 70% of the component 

total solids. This fraction from WPC manufacture has a very 

high biological oxygen demand (BOD). In many cases, this 

creates a comparatively serious overall whey disposal prob

lem and contributes to the importance of the more efficient 

utilization of this carbohydrate fraction. 

Crystalline lactose is commercially made from whey 

after protein removal. It is noted as a material having 

low solubility, sweetening intensity and hygroscopicity. 

Cheese manufacturers frequently experience problems 

concerning waste disposal procedures which at one time con-

tributed to the contamination of lakes and streams due to 

the high BOD of whey. Expensive handling and storage prior 

to further use are also a common consideration in the uti-

lization/disposal matrix. 

Annual domestic (U.S.A.) whey production is about 

18.2 billion kilograms (wet basis). Only about 50% of this 



is utilized for animal feed or human food. The remainder 

becomes industrial waste (Jelen, 1983). 

This work was related to one possible approach to 

acid whey utilization which, because of its low pH, has 

several unique problems involved with its more extensive , 

3 

use. For example, one possible use of lactose in whey would 

be as a sweetener in food and beverage ingredient arrays. 

The usefulness of lactose as a sweetener can be enhanced by 

hydrolyzing it and then isomerizing the resulting glucose 

to fructose. Otherwise the 1:1 ratio of glucose and galac

tose has a relatively low sweetening intensity. Fructose 

has a sweetness intensity about 70% greater than sucrose. 

This study was also designed to measure the possible 

production of keto-sugars from other sugar substrates by the 

action of the enzyme glucose isomerase (GI). The 

S-ga1actosidase enzyme (lactase) was also observed for its 

action on other sugar substrates. The simultaneous action 

of GI and lactase was also measured using model carbohydrate 

solutions. Finally, the action of lactase and GI were eva1-

uated in an u1trafiltered, concentrated whey permeate which 

had been treated with ionic resins to remove calcium ion, a 

known inhibitor of Gr. 

Heat precipitation of the whey proteins was an al

ternative method for comparison to ultrafiltration. This 

was to compare a sophisticated method to one which was less 

complicated. 



REVIEW OF LITERATURE 

Whey 

Whey is defined as: the fluid obtained by 

separation of the coagulum from milk, cream, or defatted 

milk and from which a portion of the milk fat may have been 

removed (Blanc, 1977). 

Acid whey is from products in which the coagulum is 

formed principally by acidification. If a mineral acid is 

used, such as Re1, it is referred to as mineral acid whey. 

Sweet whey is from cheese products in which the principal 

coagulant is the enzyme rennet. In typical whey powder, 

there is 60 to 65% lactose (Table 1). 

Dairy wastes may be grouped into four major cate

gories: a) milk, from flushings, spills, and nonacceptable 

batches; b) dairy products, from packaging malfunctions and 

from retail returns; c) whey, from cheese and casein pro

duction; d) ultrafiltration permeate, from the production 

of cheese and whey protein (Jelen, 1983). 

Permeate is a relatively new dairy by-product waste 

but it also creates a disposal problem which can be even 

more severe than that of whey (Jelen, 1983). Lactose in 

either whey or its permeate is the major problem. Whey 

L~ 



Table 1. Average Composition of Dry Whey Powders. -
Modified from Annonimous, 1976. 

5 

Component Acid Whey Sweet Whey 

H2O 3.5% 3.2% 
Fat 0.5 1.1 
Ash 10.8 8.4 
Lactose 60.0 65.0 
Protein 11. 7 12.9 

pH 5.1 5.6 

Food Energy (cal) 339 353 



protein is a material which has economic significance for 

processing considerations. In the case of permeate, how

ever, lactose and minerals are the only solids (Table 2). 

In processing, water removal is the major limiting 

utilization consideration since either whey or permeates 

contain 93-94% water. Water is usually removed by combina

tions of energy intensive evaporation and spray drying. 

Other alternatives include reverse osmosis (RO) or ultra

filtration (UjF). These procedures are relatively less 

expensive from the standpoint of energy demands with 

0.454 kg of steam being required to evaporate 0.363 kg of 

water in a triple effect evaporator. By comparison (RO) is 

calculated to be equal to an evaporator of 10 effects 

(Stroeller, 1979). 

In RO and U/F, proteins are recovered, but lactose 

and minerals remain in the effluent (permeate/filtrate). 

6 

The lactose has been recovered by complexing with Ca, or by 

crystallizing from a concentrate of the permeate (MacCommins, 

Bernhard and Nickerson, 1980). Several alternatives have 

been considered for the processing of whey as described in 

the April 1979 Whey Products Conference and previously in 

1977. The most practical and economical operations can be 

grouped as follows: a) fractionation processes using U/F 

electrodialysis and ion exchange resins; b) evaporation 

processes involving the removal of water by vacuum 



Table 2. Average Composition of Milk, Whey and Permeate. 
( J e 1 en , 198 3) . 

7 

Product Protein Fat Lactose Minerals 

Milk 

Whey 
Permeate 

, 
3.3 

0.9 
<0.1 

3.8 
<0.05 
<0.01 

5.0 

4.8 
4.8 

0.6 
0.6 
0.6 
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evaporation or concentration of solids by reverse osmosis; 

c) dehydration by spray drying, freeze drying, filter mat 

drying or other forms; d) enzymatic treatment in which there 

is hydrolysis of the lactose mOiety by lactase 

(S-galactosid~se), which can be used in either free or im

mobile states. This appears to be one of the most promising 

operations to treat lactose fractions of whey permeate 

(Jelen, 1983). 

The production of approximately 14.1 billion kg of 

sweet whey and more than 1.8 billion kg of acid whey with 

an aggregate of more than 1.0 billion kg of solids per year 

in the U.S., has created a great disposal problem and gives 

considerable interest to the more efficient use of· it. Each 

pound of whey has a biological oxygen demand (BOD) of 

23,000 mgm. (Gray and Amer, 1980). 

Environmental controls are usually placed on food 

product effluent discharges with significant penalties as

sessed when quotas are exceeded. These controls have con

siderable economic impact on dairy and food industry 

processing operations. 

Whey contains nutrients which can potentially con

tribute to the vital needs of feeding world populations 

(Table 3) (Jelen, 1983). Only about 50% of the total whey 

product is used either for human food or animal feed. 



Table 3. Mean Values of Nutrients in Fluid Whey. -
(Gray and Amer, 1980). 

Compound Unit Sweet 
Whe~ 

Water % 93.50 
Protein g 0.90 
Fat g 0.30 
Lactose g 4.90 
Ash g o. 70 
Ca mg 36.00 
K mg 161. 00 
P mg 49.00 
Fe mg 0.10 
Mg mg 8.30 
Vitamin A IU 10.00 
Thiamin mg 0.03 
Riboflavin mg 0.14 
Niacin mg 0.10 
Citric Acid mg 157.00 
Energy Cal 26.00 
Lactic Acid g 0.25 
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Acia: 

94.80 
0.78 
trc. 
4.30 
0.60 

92.00 
143.00 

75.00 
0.10 
8.50 

10.00 
0.04 
0.15 
0.10 

133.00 
21.00 
1. 07 
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Whey proteins are composed of three major fractions: 

S-lactalbumin represents 66% of the total protein and has a 

pI (isoelectric point) of 5.3; a-lactoalbumin accounts for 

22% of the total and has a pI of 4.2-4.5; and immunoglobu

lins, which represent 10% of total whey proteins and has a , 
pI of 5.5-6.0. Small amounts of casein accounts for the 

residual. 

In the industrialized world, dairy products play an 

essential role in the human diet with milk proteins consti-

tuting 20 to 30% of total dietary proteins (Hambraeus, 1982) 

(Table 4). 

The nutritive value of dietary proteins is essen-

tially related to its amino acid composition as well as to 

the availability of these amino acids (Hambraeus, 1982) 

(Table 5). 

Casein has been used as a reference protein for many 

years in the evaluation of the nutritive value of proteins, 

determination of protein efficiency ratio (PER), net protein 

utilization (NPU) and biological value (BV). It is well 

known, however, that casein is by no means the optimum pro-

tein from the nutritional point of view, since several 

animal proteins such as egg protein and whey proteins have 

a higher nutritive value (Hambraeus, 1982). 

Some of the current uses for whey can be summarized 

as follows, as listed from the USDA Whey Products Conference. 
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Table 4. Composition of Milks from Various Animal Species. 
-- Expressed as grams per 100 grams whole milk. 

Total Casein (% 
Species Protein Total Protein) Fat Lactose Ash 

Man 0.9 30 3.8 7.0 0.2 
Cow 3.4 80 3.7 4.8 0.7 
Blue Whale 10.9 66 42.3 1.3 1.4 
Northern 

Fur Seal 8.9 42 43.3 0.1 0.5 

Table 5. Essential Amino Acids in Skim Milk, Whey Proteins 
and Casein as Compared to the Amino Acid FAO 
Pattern. * 

Amino Acid Skim Milk Casein Whey Protein FAO Egg 

Isoleucine 52 54 76 66 
Leucine 97 95 118 88 
Lysine 71 81 113 64 
Methionine + 

Cysteine 34 32 52 55 
Phenylalanine + 
Tyrosine 96 111 70 100 

Threonin 41 47 84 51 
Tryptophane 14 16 24 16 
Valine 63 75 72 73 

Total A-A 468 511 609 513 

"kThe values refer to mg of amino acids per gram of protein. 



1. Spreading of whey on agricultural lands without 

creating pollution problems. 

2. Production of lactosylurea for ruminant feed. 

3. Production of ethanol by yeast fermentation of 

lactose. 

4. Production of alcoholic beverages such as wine by 

yeast fermentation. 

5. Production of lactobionic acid which can be used 

as a chelating agent. 

12 

6. Production of lactulose by alkaline isomerization 

which can be used ad a humectant and has half of the 

sweetness of sucrose. 

7. Recovery of riboflavin (vitamin BZ). 

8. High protein beverages such as whey/soy drinks, and 

peanut/whey based products. 

9. Whey protein concentrates (WPC). 

10. Production of hydrolyzed lactose syrups, which can 

be used as sweeteners. 

The most common food producgs which utilize dried 

whey are baked goods, processed meats, candy, soft drinks, 

soups, shortening, margarine, fermented items, and materi

als for pharmaceutical and infant foods. 

The total yield of lactose in whey is 4.7 MMT per 

year and from this the amount of lactose actually produced 
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is 0.17 MMT (Jelen, 1983). Because of its low sweetness 

intensity lactose is not a significant sweetener competitor. 

If all the lactose available in the world (approximately 

20.6 million metric tons (MMT» were hydrolyzed into a 

sweetening syrup, it would not significantly affect sucrose 
t 

production (89 MMT per year). 

In recent years, there has been a strong interest in 

feeding farm animals fresh liquid whey as a partial replace-

ment for water and nutrients and to utilize some of the cur-

rent supply (Kosikowski, 1979). 

A unique potential use of whey is its use in fer

menting silage for livestock feeding. The lactose in whey 

provides an important substrate for fermentation by several 

microorganisms. In addition to the millions of metric tons 

of whey produced annually, cellulosic crop wastes,which are 

by-products of food, fiber, and crop production also have 

little if any, practical utilization and economic value. 

Straw, stover, hulls, shells, bagasse, and cotton gin trash 

have an estimated annual domestic production of over 

390,000 metric tons (Rook et al., 1983). 

The main reason for considering whey as a silage 

additive is to utilize its lactose as a source of readily 

available carbohydrate for lactic acid production (Dash 

et al., 1974). 
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It is possible that the use of hydrolyzed, 

isomerized whey lactase for silage production would provide 

available sugars for microorganisms to create a more suit

able fermentation. 

Lactose 

Lactose is a nutritive sweetener. Its sweetness is 

considerably lower than that of sucrose. A nutritive sub

stance can be considered to be a material that, when 

ingested normally by humans or animals, contributes signif

icantly to growth and to sustenance of life by normal diges

tive and metabolic processes (MacAllister, 1979). 

A sweetener can be considered as a material that is 

recognized by most humans to have a sweet taste attribute 

and may be used to sweeten foods. An operational definition 

of the "sweet taste" is to consider it as the perception 

from a stimulus sensed by human beings as having substan

tially the same sensory quality as that noted when sucrose

water solutions are tasted (MacAllister, 1979). 

Some examples of nutritive sweeteners are: 

D-fructose, D-g1ucose, D-ga1actose, sucrose, lactose, and 

maltose. As mentioned previously, lactose is found only in 

milk and milk products. Whole milk contains about 4.8% 

lactose. In whey, lactose accounts for about 70% of its 

solid contents. The commercial source of lactose is most 
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commonly from whey. Approximately 4.0 kg of sweet whey are 

produced from each 0.5 kg of cheese. In the case of cottage 

cheese manufacture, 2.7 kg of acid whey is recovered for 

every 0.5 kg of finished product (Thelwall, 1980). 

Lacto~e is a disaccharide composed of the monosac

charides galactose and glucose. It is a reducing sugar. 

Prior to the seventeenth century, milk was considered to be 

composed of fat, curd and whey. Whey was used in consider

able amounts by physicians during the time of Hippocrates 

and Galen (Whittier, 1944). In 1688, the first crude re

crystallization of lactose was made by Ettmliller, by a 

modification of the process of Barttolettus (Ettmliller, 1688; 

Barttolettus, 1619). In the eighteenth century, lactose 

became a commercial commodity with its main use in medicine. 

The most important investigations on lactose were made dur

ing the nineteenth century (Whittier, 1944). 

By far the greatest proportion of lactose is con

sumed as a normal component of milk. In the 1940's, lactose 

isolated from milk was used entirely in foods for infants or 

invalids, and in pharmaceutical preparations as an exipient 

(Whittier, 1944). The same uses are still important, but 

new and more practical, sophisticated methods to process and 

modify lactose are available. Lactose has been found in the 

milk of all mammal species in the range from 2.0 to 8.5% 

(Whittier, 1944). Milk from cows (the bovine) normally 
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contains about 4.8% lactose. No other sugar in significant 

amounts are in milk, and the only natural process in which 

lactose is formed is during lactation (Whittier, 1944). 

Lactose is the first carbohydrate available for developing 

mammals. In humans, lactose contributes 40% of the energy 
, 

requirements consumed prior to weaning. The utilization of 

lactose for energy is preceded by its hydrolysis to the 

hexoses glucose and galactose which can be readily absorbed. 

It is still not clear why lactose evolved as a highly bio-

logically unique carbohydrate source in view of the fact 

that most individuals can meet their galactose requirements 

by biosynthesis from glucose (Thelwall, 1980). 

In 1812, lactose was hydrolyzed (Vogel, 1812) and 

supposed to be composed of glucose only. In 1866, it was 

established that two hexoses were its components; namely 

glucose and galactose (Fudakowski, 1866). 

Lactose has the systematic name: 4-0-(S-D-

galactopyranosyl)-D-glucopyranoside, and has the structural 

formula: 

CU 20H CUt>" 

HO J... ~ H )1-\ ---60.\ OH 

V \~ H \1 /O/"/1( ~H' H \{ 

HI \H' \ I~-' H\v,1 "I \ 

~ i~ 
Lactose Structure 
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Lactose crystals may occur in either the alpha or 

beta forms. The alpha form is a monohydrate and the beta 

isomer is anhydrous (Pancoast and Junk, 1980). If either 

form is dissolved in water, mutarotation occurs until equi

librium is ac~ieved. The extent and rate of mutarotation 

is dependent on pH and temperature. At equilibrium there 

is a mixture of 34% alpha and 66% beta at 20°C (Isbell and 

Pigman, 1937). 

The Food and Drug Administration (FDA) defines lac

tose as the carbohydrate normally obtained from whey. It 

may be anhydrous, it may contain one molecule of water of 

crystallization, or be a mixture of both forms (F.D.A., 

1975). 

The commercial product is the alpha-hydrate and it 

is crystallized from solution below 93.S oC. S-lactose is 

crystallized from solution above 93.SoC. S-lactose is more 

expensive than a-lactose although it has greater solubility 

(Pancoast and Junk, 1980). Lactose solubility varies with 

temperature (Table 6). Crystalline lactose is essentially 

a non-hygroscopic sugar (Table 7). 

Lactose may contribute to a number of properties in 

foods including that of being a flavor enhancer. Its use 

as a tablet exipient in the pharmaceutical industry has been 

previously mentioned. Lactose has no characteristic flavor 

other than low intensity sweetness. This attribute makes 



Table 6. Solubility of Lactose 

Temperature 
(OC) 

o 
25 
64 

100 

18 

Final Solubility 
(g/100g H20) 

11. 9 
21. S 
65.8 

157.6 

Table 7. Hygroscopicity of Lactose. -- (Soko1ovsky, 1937). 

Relative Humidity 
(%) 

62.7 
81. 8 
98.8 

Moisture Absorption 
(%) 

0.08 
0.11 
0.33 
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it an ideal material that may be used to increase the solids 

content of many foods. Lactose has the ability to absorb 

flavors and aromas. This capacity is dependent on the crys

talline form with anhydrous a-lactose having the greater 

capacity (Nikerson and Dolby, 1971). Lactose also has the , 
ability to accentuate flavors in foods (Devero, 1973; 

Pangborn and Dunkley, 1966). As in the case of other. reduc-

ing sugars, lactose can react with proteins, peptides and 

amino acids by the Maillard reaction to form brown pigments 

(Guy, 1971). This potential browning agent property has 

been suggested as being of value in microwave cooking, where 

low surface temperatures limit browning as compared to that 

from conventional cooking methods (Tweedee, Macbean and 

Nickerson, 1978). 

The major single use of lactose is in infant food 

formulations (Pancoast and Junk, 1980). An increasing im-

portant aspect of lactose utilization is in its conversion 

to the monosaccharides glucose and galactose. This mixture 

has a higher relative sweetness and is more soluble than 

lactose (Table 8). 

Lactose hydrolysis can be achieved by the 

S-galactosidase enzyme (EC. 3.2.1.23) which is commonly 

named lactase. It can hydrolyze S-D-galactosidic linkages 

(Shukla, 1975). Other methods include acid hydrolysis with 

mineral acids such as HCl. Another potential lactose use 



Table 8. Properties of Lactose and Glucose-Galactose, as 
Compared to Sucrose 

20 

Sucrose Lactose Glu-Gal 

Solubility at 25°C (%) , 
Relative Sweetness 

ERH % (25°C)a 

Viscosity cp (20°C)b 

aEquilibrium Relative Humidity 

bC . 
ent~poses 

68 

100 

78 

481 

22 

15 

60 

70 

72 

380 
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is in the production of a syrup from whey where it is 

hydrolyzed and then the glucose moiety is isomerized to 

fructose by GI (Weethal and Yaverbaum, 1974). Lactose, 

therefore, has considerable potential for use in the food 

industry eith~r as an intact carbohydrate or in the form of 

its hydrolytic, isomerized products. 

A common ~'problem associated with lactose use con

cerns its low solubility. This causes its crystallization 

from solution in products such as condensed milk and frozen 

desserts and gives a "sandy" texture to the products. 

Another significant limitation of lactose in foods 

is the inability of some individuals to digest and metabo

lize it normally. It has been estimated that as many as 

70% of the world's population is lactose intolerant (Bayless, 

Paige and Ferry, 1971). Some infants and other individuals 

have difficulty in digesting lactose because they lack the 

enzyme lactase (B-ga1actosidase) which is responsible for 

the breakdown of lactose to glucose and galactose. This 

enzyme is found in the villi of the intestine. It is be

lieved that there are no physical or biochemical differences 

between the enzymes found in infants, lactose intolerant 

adults or in lactose tolerant adults. The only difference 

is in the amount produced (Shukla, 1975). Individuals which 

consume high amounts of lactose and are deficient in the 

enzyme encounter several problems: a) lactose may enter 
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the blood and the urine causing lactosuria, b) lactose may 

enter the large intestine and be fermented causing tissue 

dehydration. The resultant osmotic changes may cause poor 

Ca2+ absorption due to low acidity. Associated with osmotic 

changes is fermentative diarrhea, flatulence, cramps and a 

bloated feeling (Shukla, 1975). 

Infants and adults of several ethnic groups lack, 

to varying extents, the S-galactosidase enzyme and, in some 

cases, a fatally acute deficiency. 

Some authors, such as Pyke (Pyke, 1972), consider 

that foods may be toxic for those individuals when they in

gest high amounts of lactose. 

The enzyme is not present in the intestine of the 

embryo or fetus until the middle of the last stage of ges

tation. The activity reaches a maximum immediately after 

birth (Shukla, 1975). The lowest activity is usually at

tained within 1.5 to 3 years postpartum. The mechanism 

involved in the synthesis and production of the enzyme are 

not known. 

A majority of the people of the world are lactose 

intolerant (Shukla, 1975). The intolerance to lactose ap-

pears to be transmitted genetically and is a dominant 

character (Bayless et al., 1971; Shukla, 1975). A minimum, 

satisfactory ingestion of 2.2 g/kg of body weight per day 



is considered to be the tolerant level for the adult human 

(Shukla, 1975). 

Beta-Galactosidase 

Lactase (S-galactosidase) is a hydrolytic enzyme 

found in the 1ntestines of young mammals, and in some 

plants, fungi, yeasts and bacteria (Nijpeles, 1981). 

The industrial use of lactase for hydrolysis of 

lactose into its constituent monosaccharides, glucose and 

galactose has been a highly significant development in the 

dairy industry. It produces and creates new products or 

improves others (Nijpeles, 1981). 
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The first lactase derived from Escherichia coli, 

has only found applications in analytical chemistry. Other 

sources of lactase from Klyuveromices lactis or Aspergillus 

niger have commercial value in the dairy and other food 

industries (Nijpeles, 1981). One of the first descriptions 

of the!. lactis yeast organism was by Beyernick in 1889 

(Beyernick, 1889). Although the literature about 

S-galactosidase is rather voluminous it is felt there is 

still much basic information to be learned about the enzyme 

(Shukla, 1975; Wallenfels and Weil, 1972). 

The enzyme is easily harvested and isolated. Many 

reports have been made on the subject (Richmond, Gray and 

Strine, 1981). Recent emphasis has been placed on the 
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enzyme for use in the hydrolysis of lactose in by-products 

of the dairy industry or in foods containing lactose. The 

enzyme is known to be active in hydrolyzing B-D-galactosides 

and a-L-arabinosides (Richmond et al., 1981). The enzyme 

may catalyze ~he synthesis of some oligo saccharides through 

the galactosyl transfer reaction. The transfer preferen-

tially goes through the primary alcohol of d-glucose with 
. . 

formation of di- and oligosaccharides (Richmond et al., 

1981). Burvall (Burvall, 1978) discussed the significance 

of oligosaccharide formation and suggested a mechanism 

(Fig. 1). One of the best-defined enzymes in the literature 

is S-galactosidase, with most of the traditional work being 

done with the one isolated from~. coli (Richmond et al., 

1981). 

Isolation and purification of S-galactosidase is 

comparatively simple because of its relatively large molecu-

lar weight (520,000 to 850,000 Daltons) (Richmond et al., 

1981). Many methods have been reported for its isolation 

and purification (Shukla, 1975; Wallenfels and Weil, 1972; 

Mahoney and Whitaker, 1978). A mechanism of hydrolysis by 

S-galactosidase has been proposed (Fig. 2) (Shukla, 1975). 

S-galactosidase has found many applications in food 

technology including the production of low lactose milks 

for use in yogurt production (Engel, 1973), buttermilk and 

cottage cheese (Gyurincsek and Thompson, 1976). Using 
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Figure 1. Proposed Mechanism of Ga1actosy1 Transfer 
Reaction by Beta-Galactosidase. -- (Shukla, 
1975). 
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Figure 2. Proposed Mechanism of Lactose Hydrolysis by 
Beta-Galactosidase. -- (Shukla, 1975). 
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commercial S-ga1actosidase, Maxi1act, Young (Young et a1., 

1980), hydrolyzed whey lactose and then produced a frozen 

dairy dessert having a high acceptability. Maxi1act is 

produced from the yeast K. 1actis. There are many possible 

sources for Stga1actosidase production (Richmond et a1., 

1981). Oligosaccharide formation increases with lactose 

concentrations above 5% but the total formation is minimal 

(Richmond et a1., 1981). Maxi1act has the ability to form 

S-1-6 ga1actosidic linkages (Richmond et a1., 1981). The 

oligo saccharides formed during hydrolysis of lactose have 

been characterized by Asp et a1. (Asp et a1., 1980)(Tab1e 

9). 

Wierzbicki and Kosikowski (Wierzbiki and Kosikowski, 

1973) also studied the formation of oligosaccharides through 

transga1actosidation during lactose hydrolysis. In their 

study, the enzyme was from Aspergillus niger and it produced 

5 distinctive oligosaccharides. The amount was estimated 

to be from 1 to 2%, although, as the concentration of lac

tose increased above 4%. the amount of oligosaccharides also 

increased. The major significance of oligosaccharide forma

tion in lactose hydro1yzates to be used for food products 

concerns the fact that they are not digested by monogastrics 

such as humans (Wierzbicki and Kosikowski, 1973). The 

number of oligo saccharides can vary from 3 to 11 (Pazur et 

a1., 1958; Roberts and Pettinati, 1957). Oligosaccharide 



Table 9. Composition of Oligosaccharides Proposed by Asp. 
-- (Asp et al., 1980). 

Fraction Oligosaccharide 

Al S-D-Gal-(1-6)-S-D-Gal-(1-6)-S-D-Gal-(1-4)-D-Glu 

A2 

A3 

Cl . 

C2 

Dl . . 

. S-D-Gal-(1-6)-S-D-Gal-(1-6)-D-Gal 

S-D-Gal-(1-6)-S-D-Gal-(1-6)-D-Glu 

.. S-D-Gal-(1-6)-S-D-Gal-(1-4)-D-Glu 

. . S-D-Gal-(1-6)-D-Gal 

S-D-Gal-(1-6)-D-Glu 

28 

... S-d-Gal-(1-4)-D-Glu (Lactose) 
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formation depends on various parameters such as enzyme 

source, substrate concentration, pH, temperature, and in-

organic ions (Wierzbicki and Kosikowski, 1973). 

Lactose hydrolysis can be accomplished by several 

methods including the action of mineral acids or by ion ex-, 
change resins. The latter methods tend to destroy the func

tionality of the whey proteins by denaturing them (Knopf 

et a1., 1979). On the other hand, enzymes do not adversely 

affect the proteins. The optimum pH for the ~. 1actis ac

tion is from 6.6 to 6.8 which is near the pH of normal fresh 

milk. Whole milk and sweet whey can be treated directly 

with the enzyme, although the pH of acid whey must first be 

adjusted to that required for proper enzyme action. Since 

the enzyme is inhibited slightly by sodium and ammonium 

ions, the alkali of choice for pH adjustment is KOH 

(Nijpe1es, 1981). 

The optimum temperature for enzyme action is 35-40°C 

with some activity being found between 4-6°C (Nijpe1es, 

1981). Giec and Kosikowski (Giec and Kosikowski, 1983) 

reported hydrolysis in the order of 90% (4°C) in 48 hours 

and 70% hydrolysis at 4°C in 24 hours. The lowest hydrol-

ysis rate was in lactose concentrations of 25%. The opti

mum conversion rate of lactose to its monosaccharides for 

industrial purposes is 80% (Jelen, 1983). 



S-galactosidase action from!. fragilis has an 

optimum pH of 7 and a moderate stability to temperature. 

It is inactivated above 35°C. As with K. lactis, the ac

tivity is greater in the presence of K+ ions than in Na+. 

Heavy metal ions strongly inactivate the enzyme (Dhalqvist , 
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et al., 1977). The enzyme has been extensively studied for 

hydrolysis of high substrate concentrations. It acts at 

substrate concentrations as high as saturated solutions 

(approximately 30%) (Dahlqvist et al., 1977). Inhibition 

appears to be caused by galactose (Bouvary, 1975). The 

stability of Maxilact enzyme appears to be satisfactory 

after 2 years storage at 4°C with no apparent loss in ac-

tivity (Dahlqvist et al., 1977). 

Fructose 

Fructose is a naturally occurring hexose sugar 

constituent of many foods. It is a widely-known component 

of invert sugar. More recently, fructose has become more 

common as a part of high fructose corn syrups (HFCS). It 

is also commercially available as crystalline fructose from 

invert sugar or from other plant sources (Pancoast and Junk, 

1980), such as inulin polysaccharide (levan) from dahlia 

and artichoke tubers (Arnold, 1971). The production of 

crystalline fructose was largely developed in Finland with-

in this decade (Arnold, 1971). 
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The basic process for the production of crystalline 

frustose is by hydrolysis of sucrose and then separation of 

the fructose moiety by ion exchange resins or by complexing 

of the glucose moiety by metal salts or metal hydroxides 

(Pancoast and Junk, 1980). The enzyme used for hydrolysis , 
is invertase. 

Fructose is a monosaccharide that has a keto struc-

ture. ~t crystallizes from solution in the B-D

fructopyranose configuration as an anhydrous crystal which 

is the only form known (Schallenberger, 1982) (Table 10). 

The melting point (mp) of B-D-fructopyranose is 102-l04°C. 

In solution, fructose is in equilibrium with its anomeric 

forms (Fig. 3). 

B-D-fructopyranose is the most important of the 

anomers and it is also sweeter than the furanose form 

(Schallenberger, 1982). 

Fructose has the highest sweetness value of the 

naturally known sugars. Compared to sucrose, it has a 1.7 

to 1.8 times greater sweetening power. The sweetening in

tensity will depend on concentration, pH and temperature. 

Sweetness will decrease as concentration, temperature and 

acidity increases (Pancoast and Junk, 1980). 

Since fructose is very hygroscopic, it is an excel-

lent humectant. It is of interest to compare the solubil-

ities of various sugars at saturation and at various 

temperatures (Table 11). 



Table 10. Isomeric Forms of D-fructose after Mutarotation 
at 20°C 

Forms (%) 

S-pyranose 68-72 

S-furanose 28-32 

a-pyranose 4 
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H 

B-d-FRUCTOPVRANOSE B-d-FRUCTOFURANOSE OPEN CHAIN 

Figure 3. Anomeric Forms of a Fructose Solution 
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Table 11. Saturated Aqueous Solutions of Various Sugars 

(DC) (g/100g H2O) 

20 30 40 50 

Fructose 374.78 441. 70 538.63 665.58 

Glucose 87.67 120.46 162.38 243.76 

Sucrose 199.40 214.30 233.40 257.60 
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The viscosities of fructose solutions is less than 

those of sucrose (Doty and Vanninen, 1975). It should also 

be mentioned that fructose is an excellent masking agent for 

the bitter aftertaste of saccharin (Hyvonen et a1., 1978). 

In solution, fructose is most stable at pH 3.3. It , 
is one of the most reactive sugars known. It will react 

with some amino groups (Pancoast and Junk, 1980). Levulose 

is another name for fructose. The polymers of fructose are 

called 1evans. The average fructose content of common 

fruits ranges from 2.1 to 6.4% (Table 12). 

Prior to 1975, crystalline fructose had little prac-

tical commercial significance in the U.S. In 1970, it was 

marketed commercially in Europe, and established itself as 

a sugar with certain nutritional advantages (Doty and 

Vanninen, 1975). Older industrial methods for the produc-

tion of fructose were based on the hydrolysis of inulin as 

mentioned earlier. Another method was based on the princi-

p1e established by the discoverer of fructose, Dubrunfaut 

in 1847, wherein the fructose moiety of sucrose is comp1exed 

under alkaline conditions with Ca2+ and then acidified to 

release the fructose (Doty and Vanninen, 1975). More re-

cent1y fructose is produced from invert sugar, with sucrose 

from sugar beets being the common raw material. 

Since fructose is very soluble in water it is dif

ficult to crystallize it from aqueous solutions. Most 
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Table 12. Fructose Content of Common Fruits 

Fructose Total CRO 
Fruit (g/100 g) (%) 

Grape 6.4 16.0 

Banana 5.9 22.0 

Apple 5.9 15.0 

Pear 5.6 15.3 

Cherry 5.4 17.4 

Blackberry 2. 7 13.0 

Blueberry 2.3 15.3 

Grapefruit 2.3 11. 0 

Strawberry 2.1 8.4 



manufacturers, therefore, use water/alcohol solutions as 

the media of choice for crystallization. Much of the de

tailed chemistry of fructose is largely unexplored. Some 

interesting differences between glucose and fructose are 

that it readily forms inorganic addition compounds and is , 
a powerful stabilizer of iron and other hydroxide sols. 

The 1,6 and 1-6 phosphates are of great biological impor-
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tance. As compared to glucose, fructose, on heating with 

acids, more readily gives 5-hydroxy methyl furfural and 

then levulinic acid. Fructose tends to form cyclic com

pounds, such as anhydrides, and other derivatives (Fig. 4). 

Fructose will also react with amino acids to give compounds 

such as N-2-furoylmethyllysine from lysine, which can be 

used as a flavoring agent (Arnold, 1971). 

Metabolism of Fructose 

In the human diet, fructose comes mainly from su

crose, fruits and honey. After sucrose is hydrolyzed by 

intertase (ED. 3.2.1.26), the resulting monosaccharide 

moieties can be absorbed from the small intestine (Chern 

and Whistler, 1977). 

In the human intestine, invertase appears very 

early in fetal life as do other a-D-glucosidases. They 

appear earlier than lactase. Invertase is not secreted 

into the intestinal lumen, but rather it is localized in 
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Figure 4. The Anhydride Form of Fructose 
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the mucosal cells in the brush-border membrane of the 

mucosal epithelia. Fructose released by the hydrolysis of 

sucrose is absorbed relatively faster than that which enters 

the intestine as a monosaccharide mixture from invert sugar 

(Chern and Whistler, 1977). This may be due to the fact that 

sucrose is hydrolyzed at the brush-border near the transport 

site, whereas, fructose, as a monosaccharide, must diffuse 

throughout the lumen. 

Existence of an active transport system for 

D-g1ucose in mammalian intestine has been recognized for 

some time, but the exact mechanism of D-fructose transport 

is still controversial (Chern and Whistler, 1977). The rate 

of D-fructose uptake is slower than that observed for 

D-g1ucose and D-ga1actose. The latter two monosaccharides 

are thought to be transported by an active mechanism, al

though absorption is very efficient. Fructose is absorbed 

faster than L-sorbose or D-mannose which are believed to 

enter intestinal cells by passive diffusion (Chern and 

Whistler, 1977). 

It is not precisely known whether Na+ ion is in

volved in the transport mechanism of fructose. Fructose 

absorption is by facilitated diffusion. Fructose will 

usually not reach the colon (Y1ikahi and Pe1konen, 1980). 

Fructose produced by the hydrolysis of sucrose at 

the brush border membrane is actively transported by a 



highly specific energy dependent process, may be Na+ 

dependent, and is inhibited by amino acids (Chern and 

Whistler, 1977). 

Liver is the principal site of D-fructose metabo

lism. Fructose is transported from the intestine to the , 
liver by the portal blood vessels. The same pathways are 

followed for D-fructose metabolism in liver, intestine and 

kidney (Table 13). 

Liver metabolizes up to 85% of orally administered 

D-fructose. Fructokinase, aldolase, and triose kinase are 
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important control enzymes for hepatic D-fructose metabolism 

(Adelman, Spolter and Weinhouse, 1966). 

Fructose that has been ingested orally is taken up 

by the liver so that the concentration found in the periph

eral blood is very low (Ylikahri and Pelkonen, 1980). The 

pathway for fructose metabolism involves the phosphoryla

tion of fructose in the 1 position by ATP. It is then 

hydrolyzed to glyceraldehyde and dihydroxyacetone phosphate 

which in turn goes to glycolysis. The other triose can be 

phosphorylated and also go to glycolysis or to the citric 

acid cycle (Fig. 5). 

The carbon atoms of fructose are in the form of 

trioses that can be used in the glycolytic or glyconeoge

netic pathways. The enzymes required for fructose metabo

lism are present in appreciable activity in the liver and 
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Table 13. Comparisons of Fructose and Glucose Metabolism. 
-- (Y1ikahri and Pe1konen, 1980). 

Glucose Fructose 

Absorption Rapid Intermediate 

Site of All tissues Mainly liver 
Utilization 

Dependence of 
Insulin: 

First Steps ++++ 

Final Steps ++++ ++++ 
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Figure 5. Metabolic Pathway of Fructose. -- (Modified 
from Y1ikahri and Pe1konen, 1980). 
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kidney for the first steps of metabolism. Therefore, only 

these two tissues can metabolize fructose in high concen

trations. To some extent, adipose tissue and intestinal 

mucosa are able to metabolize fructose (Ylikahri and 

Pelkonen, 1980). , 
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Since insulin is absolutely required for the metab-

olism of glucose in most of the tissues, it cannot be trans-

ported to the cell without that hormone. Fructose, on the 

other hand, can enter cells without insulin (Ylikahri and 

Pelkonen, 1980). For this reason, fructose has been recom

mended for use as a possible energy source in cases where 

insulin is lacking (Brunzell, 1978). However fructose can 

only be used as such in the liver and kidney, other tissues 

can utilize it for energy only after conversion to glucose, 

which is insulin dependent. The final metabolic steps for 

fructose are therefore insulin dependent (Ylikahri and 

Pelkonen, 1980). 

Some studies have shown that replacement of a por-

tion of the carbohydrates in the diet of diabetic persons 

carl be made without disturbing the metabolic balance. It 

is clear, however, that fructose is a caloric substance 

which can contribute to the overall problem for obese dia-

betics (Ylikahri and Pelkonen, 1980). 

Another problem with the use of fructose would be 

for those people suffering from the disease called 



Hereditary Fructose Intolerance (HFI) which is a rare 

congenital error of metabolism, described by Chambers and 

Pratt (Chambers and Pratt, 1956). The primary defect is a 

deficiency in D-fructose I-phosphate aldolase (aldolase B) 

which splits D-fructose I-phosphate into D-glyceraldehyde 
I 

and dihydroxyacetone phosphate. Persons with this ailment 

also have only 10-20% of normal D-fructose 1,6-diphosphate 

aldolase activity (Nordman, Schapiro and Dreyfus, 1968). 

Glucose Isomerase 
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Expressed in terms of total world production, the 

greatest amount of enzymes produced are the extracellular 

types from microorganisms such as proteases and carbohy

drases. Other enzymes are the intracellular ones. They 

remain in the cell of the microorganism without passing in-

to the growth medium (Lilly, 1979). There are also ones 

that can be produced as either intra- or extracellular 

enzymes such as invertase and lipases. The production of 

these two will depend on the type of microorganism used 

(Lilly, 1979) (Table 14). 

Intracellular enzymes can be used in two ways. 

They may either remain in the cell or be removed and puri-

fied (Lilly, 1979). 

The Japanese scientist Takamine is considered to 

be the first to introduce enzymes to the Western world in 
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Table 14. Examples of Commercial Intracellular Microbial 
Enzymes 

Enzyme 

Catalase 

S-galactosidase 

Glucose Isomerase 

Catalog 
Number 

1. 11.1. 6 

3.2.1.23 

5.3.1.5 

Microorganism 

Aspergillus niger 

Kluyveromyces fragilis 

Bacillus coagulans 



1890 (Lilly, 1979). These were commercial microbial 

enzymes. He produc~d Takidiastase from Aspergillus orizae 

(Aunstrup, 1979). 
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The development of bacterial enzymes is believed to 

have originat~d in France. In 1913, Boidin and Effront pro

duced alpha-amylase from Bacillus subtillis (Aunstrup, 1979). 

Four different enzymes have borne the name glucose isomerase 

(GI) (Antrim, Colilla and Schnyder, 1979). One is D-xylose 

isomerase from Pseudomonas hydrophila (Marshall and Kooi, 

1957). For this enzyme to be produced, xylose must be pres

ent in the growth medium (Antrim et al., 1979). A second 

enzyme is glucose-phosphate isomerase from Escherichia 

intermedia (Natake and Yoshimura, 1964). This enzyme did 

not require xylose in the growth medium but required arse

nate to form a glucose-arsenate complex (Antrim et al., 

1979). The third was one from Bacillus megaterium (Takasaki 

and Tanabe, 1964) a NAD requiring enzyme. The fourth was 

from Paracolobacterium aerogenoides (Takasaki and Tanabe, 

1964) which would isomerize glucose and mannose to fructose 

with NAD and Mg 2+ cofactors (Antrim et al., 1979). 

Of all of the enzymes mentioned, the most important 

is xylose isomerase since it has a very good temperature 

activity range (45-65°C). It is also heat stable and does 

not require coenzymes. Because of its optimum temperature 

range, microbial contamination tends to be avoided (Antrim 
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et al., 1979). D-xylose isomerase requires divalent 

. h Mn2+ C 2+ M 2+ f .. (An· cat10ns suc as ,0 or g or act1v1ty tr1m et 

a1., 1979). A number of inhibitors have been identified 

. 1 d· C 2+ Z 2+ N· 2+ A + H 2+ d C 2+ S 1 1.r.tC_ u 1ng u , n , 1 , g, g an a . orne xy ose 

isomerases are inhibited by sugar alcohols such as xy1ito1. 

Xylose isomerase is an aldose-ketose isomerase which 

involves a cis-enedio1 intermediate. A metallic ion acts 

as a metal-ion bridge for the enzyme and substrate to form 

an active ternary complex. Metallic ion inhibitors are sug

gested in the competition for the required metal ion which 

in turn causes inactivation of the metal bridge. Inactiva

tion of the enzyme by Hg2+ suggests the presence of a thio1 

group although other agents such as iodoacetate and 

p-cho1oromercuribenzoate have been shown to be ineffective 

(Antrim et a1., 1979). 

For many years, the only relevant enzyme systems 

known were those which involved reactions of sugar phos

phates. No commercial applications could be made with 

these enzymes. The discovery of enzymes which could iso

merize glucose directly to fructose without the need of a 

coenzyme or a substituted sugar was a key factor in the 

development of commercial scale isomerization (MacAllister, 

1979). 

The significant finding about this enzyme was from 

fundamental studies of carbohydrate metabolism in which, 



for the first time, the isomerization of d-erythrose to 

d-g1ycero-tetru1ose was identified (MacAllister, 1979). 

Later an enzyme was found in Escherichia coli that could 

isomerize d-arabinose to d-erithro-pentu1ose. Still later 

many other enzymes were found in microorganisms that could , 
isomerize pentoses and hexoses. These studies pointed out 

the significance"of C-2 and C-4 configuration in an aldose 

for the specificity of isomerase action. Many microorga-
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nisms are known to produce d-xy1ose isomerase classified as 

internal oxido-reductase (EC. 5.3.1.5) and also known as 

GI. Enzyme production is usually induced by d-xy1ose in 

the growth medium. While microorganisms may produce 

d-g1ucose isomerase in the absence of xylose, they need 

glucose in the medium. Hochster and Watson (Hochster and 

Watson, 1954) studied xylose isomerase production from 

Pseudomonas hydrophyla and found that it involved an equi

librium reaction of xylose to xylulose. They found a 20% 

conversion in 3 hours.- Marshall and Kooi (Marshall and 

Kooi, 1957) also found that extracts from Pseudomonas 

hydrophy1a caused the isomerization of glucose to fructose. 

This enzyme activity also needed xylose in the growth 

medium of the organism. Two organisms Arthrobacter and 

Streptomyces can give good yields of GI using d-g1ucose in 

the nutritive medium instead of d-xy1ose (Armbruster, 

Heady and Cory, 1976). 
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GI activity may be expressed by the International 

Glucose Isomerase Unit (IGIU). It can be defined as the 

number of micromoles of d-fructose formed from d-glucose 

per minute under specific conditions (Mildvan, 1971). As 

an example th7 activity of the enzyme from Streptomyces ~ 

is 20,000 IGIU/g. 

In general, d-glucose isomerase requires divalent 

cations and, depending on the microorganism, can function 

in a wide range of temperatures such as from 40 to 80°C. 

The isomerization of glucose to fructose is reversible at 

58°C, with an equilibrium constant of about 1.0 and in

creases by approximately 0.08 units for each rise of 10°C 

(Mildvan, 1971). The rate of isomerization of glucose to 

fructose would be the same if free enzyme or the same amount 

of enzyme in an immobilized form. 

Mechanisms of the isomerization reaction suggests 

that metal ions participate in the binding of the substrate 

at the active site of the enzyme through a metal-bridge 

complex. With the enzyme being bound, the metal ion is 

believed to coordinate with one or two of the oxygens on 

the C-l of the substrate thereby facilitating the removal 

of a proton at C-2 by the basic group of the enzyme (B). 

This causes the production of a strained four-membered ring 

and is believed to be related to the elimination of a ring

oxygen atom with the subsequent formation of an enediol 
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intermediate, and transfer of the proton to C-l. The keto 

furanose is then released from the enzyme (Takasaki, Tanabe 

and Shuntaro, 1964) (Fig. 6). 

The fermentation process for GI production is rela

tively simple, The fermentation vats require a carbohydrate 

source (d-glucose or d-xylose), aeration, strong agitation 

and very good pH control (between 7 and 8). This will 

generally result in production of peak yields of the GI 

enzyme in 50 to 70 hours (MacAllister, 1979). The efficien

cy of the process can be affected by two factors: a) a cul

ture capable of producing high yields of enzyme and 

b) contamination of the culture. This latter event could 

ruin a complete fermentor or produce low yields. When the 

maximum concentration of enzyme has been achieved, the broth 

is filtered, the solids washed with water, and the cells 

which contain the enzyme can be used directly for isomeri

zation. An alternative step includes the heat treatment of 

the cells to fix the enzyme in the cell, this enzyme is then 

immobile (Takasaki and Tanabe, 1964b). 

Ultrafiltration 

Membrane filtration techniques were developed about 

1960 with industrial use following in 1970 (Wagner, 1980). 

The use of membrane filtration is expanding rapidly in unit 

operations involving food processing and water treatment. 
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Membrane filtration can be divided into two types: 

ultrafiltration (UF) and reverse osmosis (RO). The latter 

process can also be called hyperfiltration (HF). The dif

ference in these two processes is in the size of the filter 

pores. The filters are called membranes (Wagner, 1980). 

Both UF and RO have been used to separate true 

solutes from solutions although they can also be used to 

treat colloidal material or suspended solids. 

One main difference between ordinary filtration and 

membrane filtration is that the ordinary "filter cake" is 

not found in UF or RO. The formation of such a residue in 

these processes represents a malfunction (Wagner, 1980). 

In the case of RO, only water should theoretically 

pass through the membrane with the solids being retained by 

the membrane. It is the tightest operation of the two. 

Some salts will eventually pass through. In the case of UF, 

the membranes vary in pore size and are larger than those 

in RO. They, therefore, allow salts, sugars and low molec

cular weight compounds to pass through. High molecular 

weight compounds such as proteins and other colloidal or 

suspended materials are retained (Wagner, 1980). 

Membranes for UF and RO have various pore sizes with 

the former in the range of 0.02 microns and the latter about 

0.002 microns. It is not clear whether or not pores are a 

part of the RO membranes (Wagner, 1980). 
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Milk, whey or its permeates create disposal problems 

due to their high BOD. Their relatively low economical 

value is also a significant utilization/disposal considera

tion. While several prior efforts have been made for effec

tive, economi~al lactose use, one of the most promising may 

be the production of ethyl alcohol or the hydrolysis of lac

tose into glucose and galactose to produce a syrup that can 

be used as a partial substitute for sucrose. The partial 

isomerization of the glucose moiety to fructose would afford 

an additional advantage to this operation. 

In batch operation (Fig. 7), whey is supplied to the 

UF system from a supply tank and its continuously recircu

lated. The whey is progressively dewatered and returned to 

the batch tank. Since the production of permeate is contin

uous, the level of the supply tank gradually drops and the 

protein content of the recirculating stream increases. This 

operation continues usually from 4 to 10 hours depending on 

the specifications of the desired product (Breslau, 1977). 

The whey permeates would then be hydrolyzed by lac

tase followed by ultrafiltration (Fig. 8). The hydrolyzed, 

filtered solution would then be deionized, hyperfiltered 

and finally evaporated to give a clear syrup of glucose and 

galactose. 

A typical batch operation would operate at about 

68 l/hour (Wagner, 1980). 



I PERMEATE I 
." 

IIICTASE 
[HZYftE 

I EUAPORATI OH r 

...-

R I. 
E 
II 
C 
r 

IIICTO 0 ~E 
R 

~,---

U L r R A r I L T R A rIO N 
P L A H r 

REVERSE 

OSMOSIS 

HYDROLYSED 
IIICTOSE 

SVJWP 

Figure 7. Flow Diagram of a Typical Lactose Hydrolysis 
Process 

54 



SUPPLY TAtoC. 

ULTRAFI LTRATI ON. 

Figure 8. Typical Flow Diagram of Ultrafiltration Used 
in Whey Processing 

55 



56 

Immobile Enzymes 

Enzymology has been involved in many important, 

practical applications such as brewing, industrial fermenta

tions, pest control, chemical warfare, dry cleaning, medi-

cine, detergents and analytical techniques. , 
The most significant developments in enzymology have 

been made in the last 40 years. Although enzymes have been 

used since ancient times, the exact nature of their action 

has not been well known. Biochemistry has clarified the 

mechanisms by which enzymes act and has created new and use

ful sources of enzymes. 

Enzymes function by speeding up the attainment of 

equilibrium by increasing the rate constants (kl and k - 1). 

The Ratio of the two constants (kl/k - 1 = k eq ), however, 

does not change (Whitaker, 1972). 

kl--r 
A+B ( ) C+D 

+--k - 1 

The efficiency of an enzyme is measured by the 

turnover number which is defined as the number of moles of 

substrate converted to product by one mole of active enzyme 

site in one second (or one minute) under conditions where 

the enzyme is saturated with substrate (\~itaker, 1972). 

Enzymes have several remarkable features which are not 

available in most non-biological catalysts specifically: 



a) extremely high catalytical activity, b) unique 

specificity of action, c) ability to function under mild 

conditions. Some of their drawbacks are: a) most enzymes 

are not sufficient stable under operational conditions, 

b) enzymes are water soluble and are difficult to separate , 
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from substrate and products and to use repeatedly (Dixon and 

Weeb, 1979). Another disadvantage of enzymes is that they 

cannot be used in organic solvents (Chibata, 1980). At

tempts to overcome these problems led about 20 years ago to 

a major breakthrough in applied enzymology, namely enzyme 

immobilization (Dixon and Weeb, 1979). Another approach is 

the more recent development of organic and polymer synthe

sis to produce catalysts that resemble enzyme activity. 

These synthetic compounds are called "SYNZYMES" (Chibata, 

1980) . 

An immobile enzyme is defined as an enzyme which 

is physically confined or localized in a certain defined 

region of space with retention of their catalytic activity, 

and which can be used repeatedly and continuously (Chibata, 

1980). Immobilized enzymes constitute a new class of heter

ogenous catalysts with a high degree of specificity (Smiley 

and Strandberg, 1972). 

The greatest amount of enzymes are produced extra

cellularly by microorganisms as revealed in the total world 

sales production (Lilly, 1979). The other type of enzymes 
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are those which remain in the cell without passing into the 

growth medium. Some enzymes can be produced intracellular

ly or extracellularly such as invertase and lipase. Their 

production will depend on the type of microorganism used 

(Lilly, 1979). , 
It has been known since 1916 that enzymes in a water 

insoluble form have activity. Nelson and Griffin (1916) im-

mobilized yeast invertase into charcoal and showed that it 

had the same activity as the free enzyme. In 1960, exten-

sive studies were made on techniques to immobilize enzymes 

for practical use. Many methods of immobilization have been 

reported but these methods can be classified into three 

categories (Chibata, 1980). 

1. Carrier-Binding Method: binding of enzyme to a 

water-insoluble carrier with physical, ionic and 

covalent bonding. 

2. Cross-Linking Method: linking of enzymes by means 

of bi-functional or multi-functional reagents such 

as glutaraldehyde. 

3. Entrapment Method: incorporation of the enzyme 

into the lattice of a gel matrix or enclosing the 

enzyme in a semipermeable polymer membrane (Fig. 9). 

The most important factor is the interaction be

tween the enzyme and the carrier (Pitcher, 1980). 
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Enzymes are adsorbed differently to carriers 

(Table 15). 
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Reusability of the carrier is a very attractive 

feature, but this can only be done with inorganic carriers, 

since the enzyme is removed by washing with strong mineral 

acids or by burning (Pitcher, 1980). 

Cova1ent"bonding is the most commonly reported 

method in the literature. The problem with covalent bonding 

concerns the fact that the reagents used during the coupling 

process are not food grade. Also covalent bonding is com

plicated and expensive (Pitcher, 1980). 

Variations in pH, ionic strength and temperature 

will not normally cause the enzyme to elute in covalent 

bonding, problems that are frequent in the adsorption tech

nique (Pitcher, 1980). 

Entrapment covers a wide range of immobilization 

techniques. Gels are used to surround the enzyme or by a 

membrane by polymerization or the enzyme can be retained in 

a preformed polymer by cross-linking. Microencapsulation 

and use of hollow fibers are examples of this type of im

mobilization technique. Entrapment has several advantages 

allowing high levels of enzyme to be loaded, the enzyme can 

be contained with no previous chemical modification, mul

tiple enzymes can be handled and whole cells can be immob

ilized. One problem is the loss of enzyme by leakage 

(Pitcher, 1980). 



Table 15. Differences in Activity of Adsorbed 
B-Galactosidase to Different Carriers 

Activitya 
Carrier (%) 

Si02 35 

Si02 24 

A1 203 53 

A1 203 32· 

Ti02 117 

Ti02 127 
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Adsorption 
pH 

3 

7 

3 

7 

3 

7 

aAt pH 4.5, relative to lactose chemically bound to silica. 



Most immobilized enzymes exhibit altered kinetic 

behavior when compared with the corresponding soluble en

zyme (Pitcher, 1975). 
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Activity of enzymes almost always decreases as a 

result of i~bilization. This can occur because of a 

conformational change in the enzyme structure during im

mobilization or because the enzyme is in a different envi

ronment after immobilization. In order for an enzyme 

catalyzed reaction to occur, the substrate must first 

diffuse from solution to the support surface and in the 

case of an entrapped enzyme, diffuse within the support to 

reach the enzyme. After reaction, the product must then 

diffuse back into solution. The removal of product is 

especially important if the reaction is reversible or 

inhibited by product. In both cases, enzyme activity is 

reduced by increased diffusion resistance (Olson and Korus, 

1977). 

In general, immobilization is not a method for 

enzyme stabilization. Statistical analyses indicate that 

immobilization is as likely as any other random treatment 

to increase, decrease or have no effect on enzyme stability 

(Klibanov, 1983). 

By far the most important factor in enzyme inacti

vation in industrial reactors is heat (K1ibanov, 1983). 



Thermal inactivation involves considerable conformational 

changes in the protein molecules represented by partial 

unfolding (Fig. 10). If the enzyme molecule is linked to 

a solid support by several chemical bonds (Fig. 11), the 

structure is more rigid than that of its free counterpart. , 
The attached molecule is therefore less subject to unfo1d-

ing and inactivation. 

Immobilized biocata1ysts have a particular impor

tance in the food industry. Enzymes have been widely used 

in the food area but the introduction of the immobilized 

forms to the food industry has created several innovative 

products and applications (Brode1ius, 1978). The greatest 

commercial success of immobilized enzymes has been in the 
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production of High Fructose Corn Syrups (HFCS) catalyzed by 

GI (Antrium et a1., 1979). In 1980, more than one million 

metric tons of HFCS (dry weight) was produced in the u.S. 

By 1985, the figure is expected to double (K1ibanov, 1983). 

High Fructose Corn Syrups 

Sucrose has been replaced in many food formulations 

recently by high fructose corn syrup (HFCS). Because of GI 

availability HFCS is produced from glucose syrups after an 

initial starch hydrolysis (Bucke, 1981). 

The production of fructose from glucose syrups is 

predominantly enzymatic. The non-enzymatic processes 
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ACTIUE SITES. 

Figure 10. Unfolding of Enzyme Due to Heat Action 



65 

ACTIUI SITES. 

Figure 11. Immobile Enzyme Subjected to Heat 



result in products having one or more of the following 

defects: too much ash, off color, acid off-flavors, a 

content of d-mannose or d-psicose and high ratios of 

d-glucose to d-fructose. 
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Some of the non-enzymatic processes for the isomeri, 
zation of d-glucose are: 

1. Use of C&OH at pH 9.0 to 10.5, during 5-8 hours, 

at a 40-60°C temperature. The resulting product 

would have an average composition of 70% glucose, 

25% fructose and 5% other saccharides (MacAllister, 

1979). 

2. Use of strong base ion exchange resins during 

17 to 40 hours at 35 to 52°C. The product would 

be composed of 32% fructose, 4% mannose, 62% glucose. 

3. Use of Na and K-alurninates at 25-30°C for 14 to 56 

hours. Typically the yield would be 67% fructose 

and 10% glucose and the remainder composed of other 

sugars like psicose, mannose, etc. 

4. Use of other alkalis at pH 8.5-9.1 at 60 to 68°C 

for 4 to 5 hours and the yield would be 15-36% 

fructose and 45% glucose (MacAllister, 1979). 

In 1978, shipments in the U.S. of HFCS reached 1.4 

billion kilograms dry weight. All of the HFCS produced in 

the U.S. has been by the use of GI in the immobile form 

(Antrim et al., 1979). 



The starting point to produce HFCS is a starch 

slurry obtained from wet-milling operations. The starch 
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is first pasted and pH adjusted to be in the range required 

for the action of a bacterial amylase. The result is a 

10 DE (dextro~e equivalent) syrup. 

This syrup is then treated with another enzyme 

(amyloglucosidase). In this step, the starch is broken down 

to dextrose until a minimum of 96 DE syrup is obtained. 

This syrup is then filtered to remove proteinaceous materi

als. After the filtrate is passed through a charcoal column 

to decolorize it, the syrup is filtered again to obtain a 

crystal-clear product. The syrup is then passed through a 

series of ion exchange resins. At this point, the syrup 

can be isomerized by pumping it through GI columns. The 

syrup is then passed through charcoal columns, filters and 

ion exchange resins, and finally is evaporated in a mUltiple 

effect evaporator to 71% solids concentration. On a dry 

basis, the composition of this syrup is 42% fructose and 

52% dextrose (Russo, 1976). 

HFCS is functionally equivalent to liquid invert 

sugar and in most foods and beverages can be substituted 

for it with little or no change in formulation, processing 

or final product (Fruin and Scallet, 1975). 

Invert sugar is a liquid sugar produced from the 

hydrolysis of sucrose by the enzyme invertase, the 



resulting sugar is a 50/50 mixture of glucose and fructose 

plus a small amount of unhydro1yzed sucrose (Table 16). 

Some typical characteristics of HFCS can be sum

marized in the following way: 
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Humectancy: Has the ability to retain moisture, or , 
preventing drying-out of a food product. 

Crystallization: Because of the high dextrose con-

tent there may be undesirable crystal formation in 

some food systems. 

Osmotic Pressure: Due to the low MW of the monosac-

charides its osmotic pressure is high. This retards 

microbial growth. 

Fermentable Sugars: Readily fermentable sugars by 

yeasts. 

Color and Flavor: Clear in color, bland in taste, 

and can be easily blended with other food components. 

Sweetness: HFCS and invert sugar impart essentia1-

1y the same degree of sweetness. 

Color Changes: HFCS is subjected to darkening or 

browning by the Maillard reaction (Fruin and Sca11et, 

1975). 

Some specifications for HFCS containing 42% fructose are 

shown (Table 17). 



Table 16. Sugar Distribution in Invert Sugar and High 
Fructose Corn Syrup 

Invert Sugar 
Sugars (%) 

Monosaccharid«rs 
Glucose 49 
Fructose 49 

Disaccharides 
Sucrose 2 
Maltose 
Isomaltose 

Higher Sugars 

69 

HFCS 
(%) 

50 
42 

2.5 
1.8 

3.7 
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Table 17. Specifications for HFCS Containing 42% Fructose 

Degree Baume 36.7 

Moisture (%) 28.7 

Sweetener SoH.ds (%) 7l. 0 

pH 4.3 

Color Clear 

Taste Bland 

Viscosity (cp) 160 

Weight/liter (kg) l. 44 kg 

Solids/liter (kg) l. 00 kg 
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The typical HFCS products available are ones with 

either 42%, 55-60%, or 90% fructose. The first two are most 

common whereas the last one is currently produced in limited 

quantities (Crocco, 1976). 



MATERIALS AND METHODS 

All the experiments were carried out at the 

University o~ Arizona Food Products Processing Plant. 

While the materials and procedures used were on a small 

batch principle; larger scale production facilities could 

be readily adapted. 

Preliminary Studies 

Several preliminary studies were made to establish 

the best reactor conditions to be used during the entire 

investigation. Several procedures were tried with varying 

success. Also, at the same time, analytical procedures for 

sugars were being investigated in order to be certain that 

the desired accuracy and precision would be available. 

From these preliminary studies the final equipment array 

was defined and analytical procedures adopted. 

Enzymes 

Enzymes were chosen on the basis of those available 

commercially for whey lactose hydrolysis and in the produc

tion of high fructose corn syrups (HFCS). They included 

S-galactosidase (lactase) from Klyuveromices lactis pur

chased from Enzyme Development Corporation; 2 Penn Plaza, 

New York, NY), having the commercial name Maxilact. For 
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the insomerization phases in this study glucose isomerase 

(GI) from the mi~roorganism Streptomyces olivaceus var. 

manufactured by Miles Laboratories, Inc., Enzyme Products, 

Elkhart, IN), commercial name TAKA-SWEET. 

Duri~ the study, the conditions chosen were those 

that were suggested by the enzyme manufacturer as being 

optimum. Since an immobilized enzyme system reduces cost, 

and has many other practical advantages, this ~as the form 

used. Lactase was used in the free state because it was 

the form available at the time of the investigation. 
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The ~-galactosidase was a fine powder intended for 

use in hydrolyzing lactose in aqueous solutions as well in 

whey. According to the technical bulletin (Enzyme Develop

ment Corporation), Maxilact is a highly purified enzyme 

free of zymase and protease. 

The conditions for use of the enzyme as described 

by Young (Young, et al., 1980) were used and modified for 

higher lactose concentration (10-25%). The activity of 

lactase is given in ortho nitro phenyl S-galactoside (ONPG 

units/g), The activity of S-galactosidases can be mea

sured by various methods. One process is to use lactose 

as a substrate and measure the resulting glucose and galac

tose produced during reaction. Because of transfer reac

tions, however, ONPG can be used as substrate followed by 

measuring the chromogen o-nitrophenol (Richmond, et al., 

1981). 



In the case of Maxilact, it has an activity of 

40,000 ONPG units/g. 

74 

The optimum pH for enzyme activity is 6.5-7.0 at a 

temperature of 33°C, with a range of 4°C to 35°C. The 

Enzyme is inactivated at 40°C. Potassium and ammonium ions 

increase the activity of lactase, while sodium and heavy 

metals inhibit it (Young, et al., 1980). 

In the case of GI, the immobile enzyme was used. 

It had an activity of 115 MIGIC units (Modified Immobilized 

Glucose Isomerase Column) which is defined as the activity 

which will produce one micromole of fructose per minute 

from a glucose substrate. The technique used to immobilize 

the enzyme involves the use of whole cells of the micro

organism cross-linked with glutaraldehyde. 

Sugars 

Since S-galactosidase is well known as a hydrolytic 

enzyme for the disaccharide lac:ose, much of the current 

attention was placed on GI activity involving several sub

strates including the following sugars: xylose, arabinose, 

glucose, galactose, fructose, mannose, L-sorbose, sucrose, 

maltose, lactose, cellobiose, melibiose. All sugars were 

purchased from Sigma (Sigma Chemical Co., St. Louis, MO) 

and all were chromatographically pure sugars. 

The concentration of substrate for the enzyme was 

chosen on the basis of the suggested concentrations by the 
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GI manufacturer (25 to 40% solutions). By working at the 

lower sugar concentrations analyses were facilitated, solu

tions viscosities were less and saturated solutions of 

some low solubility sugars were avoided. 

Ion Exchange Resins 

Two types of resins were used to deionize the sugar 

solutions or whey to be treated with the GI enzyme. 

1. Strongly Acid Resin. 

DOWEX HCR-W2, Nuclear Grade, Hydrogen, Form, 8% 

Cross Linked, Dry Mesh 20-50. 

2. Strongly Basic Resin. 

DOWEX-SBR, Nuclear Grade, Hydroxyde Form, 8% Cross 

Linked, Dry Mesh 20-50. 

Whey 

The whey used was acid from the manufacturer of 

cottage cheese. It was provided as a gift from the Sham

rock Foods milk processing plant (Phoenix, Arizona). In 

the case of lactose hydrolysis, 10 and 25% solutions were 

prepared from pure lactose. These solutions were used as 

models. Whey was used to aupply lactose as determined by 

the Teles method (Teles, et al., 1978). This was classi

fied as raw whey involving no treatment and used as re

ceived directly from the dairy plant. Whey then was 

treated by two separate procedures both designed to remove 



protein (Fig. 12). The first method was by heating the 

whey with constant stirring until it reached the boiling 

point, this was maintained for one minute after which it 
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was allowed to cool to room temperature. It was filtered 

and centrifu&ed. This whey was called "boiled raw whey," 

which was a yellowish, clear solution. 

The other method was ultrafiltration (UF). This 

was accomplished by the use of a Amicron 10,000 MW cut-off 

membrane (Amicon Corporation, Danvers, MA 01923) and a 

ultrafiltration device. This was accomplished in 200 m1. 

batches (Fig. 13). 

This method was relatively slow, producing about 

3.5 m1. permeate per minute, but less drastic than the for

mer treatment. The latter whey was called "u1trafi1tered 

whey." The deproteinized wheys were treated with strongly 

acid ion exchange resin in the hydrogen form Dowex HCR-W2 

(Sigma Chemical Co., St. Louis, MO). This was accomplished 

in a batch process, since several hours of treatment were 

required. The resin was used to remove the Ca2+ ion, be-

cause this ion strongly inhibits the GI enzyme activity. 

Buffer 

The buffer system chosen was a KOH/KH 2P04 solution 

at 0.01 M and pH 7.8 for the GI experiments and pH 7.0 for 

the 3-ga1actosidase reaction. The pH's are in the optimum 

or workable range for both enzymes. All reactions were 
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carried out in buffer, except in the cases of whey, wherein 

the pH was adjusted with 0.1 N KOH. 

Temperature 

A temperature of 60°C was chosen as optimum for GI 
, 

as recommended by Miles Laboratories, and confirmed by our 

observations. The effective temperature range is from 55 

to 65°C for this enzyme. 

In the case of S-galactosidase, the temperature "was 

33°C as suggested by Young (Young, et al., 1980). 

Equipment for Hydrolysis and Isomerization 

The temperature for the reactions was controlled by 

an oil bath heated by a Corning Hot Plate Stirrer (Model 

PC-35l). In this way, the temperature could be kept con

stant with variations of only +/- 1°C over a period of 10 

hours. The reactions were carried out in 50 mI., 3 neck 

flasks (Bantamware, ~19/ll, ~14/20), equipped with a gas 

outlet, condenser and a magnetic stirring bar. They were 

kept under a nitrogen atmosphe~e to retard enzyme deactiva-

tion by oxygen. Nitrogen flow rate was adjusted to main-

tain a light positive pressure. In an early experiment, 

it was noticed that some water was entrained in the nitro-

gen stream which in turn carried out small amounts of sugar 

when flash #7, (Fig. 14) was tested by the phenol/sulfuric 

acid reaction (Dubois, et al., 1956). For this reason, a 
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condenser was placed at the outlet of the reactor nitrogen 

flow. It also had a plug made of glass wool to contain the 

droplets of water at the end of the condenser. Later the 

plug was rinsed with water to recover the sugar. 

A small magnetic bar was used to agitate the reac-, 
tion mixture. All experiments were conducted at the same 

agitation speed in order to avoid possible differences in 

the rate of reaction due to variable speeds of agitation in 

the two phase reaction misture. 

Analysis 

All methods were spectrophotometric methods for 

sugar analysis, using a Spectronic, with variable wave 

length, using 10 m1. cuvetts (Bausch & Lomb, Analytical 

Systems Division). 

Lactose 

Lactose concentration was determined by the Te1es 

method (Te1es, et al., 1978). 

Reagents. For the various procedures, the fo110w

reagents were prepared: 4.5% barium hydroxide and 5.0% 

zinc sulfate. Te1es' reagent prepared by mixing the fol

lowing volumes of: 1% phenol in water, 1 volume; 5% sodium 

hydroxide, 2 volumes; 1% picsic acide, 2 volumes; this was 

kept in an amber bottle. 
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A standard curve for lactose was also constructed 

(Fig. 15). 

Procedure. 2.0 m1 of whey was diluted to 100 ml. 

with distilled water. 2.5 m1 of the diluted sample were 

transferred t~ a centrifuge tube and 0.2 m1 of the 5.0% 

ZnS04 was added plus 0.2 m1 of the 4.5% BaOH. This was to 

deproteinize the sample. This was centrigued, 1.0 m1 a1i

quote of the supernatant was transferred to a Fo1in tube 

and 2.5 m1 of the Te1es' reagent was added, and the tube 

stoppered. 

This tube was immersed in violent boiling water for 

6 minutes, then taken out and cooled under running tap wa

ter. The solution was then diluted to 24 m1 with distilled 

water. This was shekn thoroughly and then read at 520 nm 

against a reagent blank. 

Glucose 

Glucose concentration was determined by a kit from 

Sigma Chemical Co. (Sigma Chemical Co., Saint Louis, MO). 

It was determined by the enzyme glucose oxidase (GO) and 

peroxidase (PO), which is based on the method of Raabo and 

Terki1dsen (1960). The procedure is based on the following 

coupled reaction: 
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GO 
GLUCONIC ACID + 2H202 

PO 
H202 + o-DIANISIDINE ------ OXIDIXED o-DIANISIDINE 

(colorless) (brown) 
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The reaction was allowed to proceed to completion in 

approximately 30 minutes at 37°C or in 45 minutes at room 

temperature. The final color is proprotional to the glucose 

concentration. The color is read between 425 and 475 nm. 

Procedure. First a standard curve was constructed 

for glucose, (Fig. 16) using a stock solut'f6n of glucose at 

500 mg/dl (Sigma Chemical Co.). 

Glucose can be determine directly or the sample can 

be first deproteinized. 

Direct. 0.5 ml of a 20-fold dilution of the sample 

to be used was put in a test tube, 5.0 ml of the combined 

enzyme color reagent was added, and allowed to stand for 

45 minutes at room temperature in the dark. This was mea

sured against a reagent blank. 

The color was read at 460 nm, where the maximum 

absorption was found. 

Deproteinized. If deproteinization was needed, 

0.2 ml of sample was mixed with 1.8 ml of water, 1.0 ml of 

BaOH and 1.0 ml of ZnS04 . This was then filtered or centri

fuged, and a 0.5 ml aliquot used as in the above procedures. 
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Figure 16. Standard Curve for Glucose 



Fructose 

Fructose concentration was determined by the 

cysteine carbozole reaction (Dische and Borenfreund, 1952). 

A standard curve was first constructed (Fig. 17). 
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Reagents. For this test the following reagents were 

prepared: 1.5% cysteine.HCl in water, 75%.H2S04' 0.12% al

coholic solution of carbazole. 

Procedures. To 1.0 ml of a solution containing from 

1 to 50 micrograms of the ketose to be investigated, 0.2 ml 

of the 1.5% cysteine solution and 6 ml of the acid were 

added followed by shaking. Then 0.2 ml of the carbazole 

solution was added and the mixtures shaked again. This was 

allowed to stand for 24 hours and then it was read at 560 nm. 

Total Carbohydrates 

For the determina·tion of the total amount of sugar 

present, without differentiating which sugar, the phenol/ 

H2S0 4 test was used (Dubois et al., 1956). 

Reagents. For this test only two reagents were used. 

a 5% phenol in water solution and concentrated H2S04 . A 

standard curve was also constructed, for glucose, galactose, 

fructose and lactose, all read at 490 nm, (Fig. 18). 
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Figure 18. Standard Curves for Fructose, Glucose, 
Galactose and Lactose 
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Procedure. From a diluted solution of sugar to be 

tested, in the range of 10 to 100 micrograms/m1, Z.O ml 

aliquots were taken and transferred to a test tube, 1.0 m1 
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of phenol was added, the tube shaken and then with a 5.0 m1 

pipette with the tip broken to allow for a fast delivery, 
, 

5.0 ml of the acid was added. The tube was shaken after-

wards and let stand to cool to room temperature. The color 

was read at 480 nm for pentoses and at 490 nm for hexoses. 

Protein 

Protein was determined in whey (raw, boiled and 

u1trafi1tered) by micro-Kje1dahl procedure. In order to do 

this, an aliquot of the whey was first lyophilized and then 

tested for moisture at 50°C for Z4 hours under vaccum. All 

samples were run by triplicate. 

Reagents. Digestion Solution: A mixture of 3 to 1 

concentrated HZS0 4 and concentrated H3P0 4 , by volume. 

Catalyst: A mixture of 

.05 g Henger's Selenium 

.15 g CuS04 

.05 g NaZS04 

For distillation and titration the following solutions were 

employed: 

Boric acid Z%, NaOH 40%, HCI .01 N. 



Indicator: A modified methyl red indicator was used as 

follows 

0.125 g Methyl red 

0.0825 g Methyl blue 

100.000 ml ~thanol. 
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Procedure. Samples were weighed onto tared nitrogen

free paper in amounts ranging from 100 to 300 mg. The paper 

plus sample were placed inside a 50 ml Kheldahl flask and 

then 5 ml of the digestion acid were added plus a small 

scoop of catalyst. The flask was placed on the hot plate 

at low heat to avoid foaming. After foaming had stopped, 

the heat was increased two or three points on the rheostat, 

and left for several hours (average 4), until a clear green

ish color had appeared. The flasks were then removed from 

the hot plate, stoppered and left to cool to room tempera

ture. After cooling, the solution was transferred quanti

tatively to a 25 ml volumetric flask, using distilled water. 

Since the reaction is exothermic, care was taken not to make 

the dilution up to volume until the solution had cooled to 

room temperature. The solution was then ready to be dis

tilled. To a 50 ml Erlenmayer flask, 10 ml of 2% boric 

acid were transferred and 3 drops of the indicator added, 

turning the solution to a purple color. This flask was 

then placed under the tip of the condenser from the 
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destillation apparatus making certain the tip was under the 

liquid. 

A 5 ml portion of the diluted, digested solution was 

transferred into the heating chamber and 10 ml of 40% NaOH 

were added. The heating element was turned on, and in a , 
few minutes the distillation started. As the first drop of 

distillate came in contact with the boric acid, it turned 

the color green, and a timer was started. Distillation pro-

ceeded for the next 3.5 minutes then the tip of the distil-

lator was taken out of the solution and for an additional 

30 seconds distillation continued. The solution was then 

ready for titration. 

Crude protein (CP) could then be calculated by the 

following formula. 

%CP = (ml of sample) (ml of titrant) (correction factor) 
(mg of sample) 

Calcium 

Calcium was determined by the use of ARSENAZO-l 

(2-[4,5-dihidroxy-2,7-disulfo-3-naphtylazo]-benzenearsonic 

acid) (Lamkin and Williams, 1965). 

A buffer solution of pH 9.6 was made by dissolving 

37.534 grams of glycine in water, plus 250 ml of 1 N NaOH 

diluted to 1 liter, and also a solution of 0.001 M of 

arsenazo-l was prepared. A standard curve for Ca was con-

structed (Fig. 19), using CaC0 3 previously oven dried at 
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110°C. It was first dissolved by adding a small amount of 

HCl, and then the addition of more water to volume. 

A solution of 0.001 M EGTA (ethylene bis (oxyethy-

lenenitrilo) tetraacetic acid), was also prepared. 
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Proce~ure. To one ml of sample, 10 ml of the buffer 

was added and 15 ml of the arsenazo-l solution. This was 

then diluted to 100 ml and read at 580 nm, against a re

agent blank (1 ml of H20). This gave the concentration of 

Ca 2+ and Ml+ . 
To a 50 ml aliquot of the above solution, 5 ml of 

EGTA solution was added. This was then diluted to 100 ml 

and read at 580 nm as the value for Mg2+ alone. Calcium 

was determined by difference as mg/ml of Ca2+. 

Moisture 

Moisture determination of whey and sugar solutions, 

were performed by vacuum overn at 50°C at 680 mm of Hg, 

overnight. 

pH 

Readings of pH were made by the use of a FISHER 

Accumet Model 220 pH Meter (Fisher Scientific Co.). 

Paper Chromatography 

Paper partition chromatography (PPC) was the analy-

tical tool of choice, since it is invaluable in 



94 

carbohydrate research. It is also an inexpensive analytical 

tool even though it is time consuming. Results are repro

ducible and not much experience is needed to learn the tech

nique. Descending chromatography was used throughout the 

study. 
, 

PPC was used as a qualitative method and also as a 

quantitative technique for some studies. 

For the qualitative analysis, the sample to·be test

ed was loaded with a Nicrom wire loop against known, stan

dard sugars (5% concentration). 

Two solvent systems used; namely 8:2:1 (ethy1acet-

ate, pyridine, water) and 9:2:2 (ethy1acetate, acetic acid, 

water). Most of the runs were for 24 hours. Where oligo-

saccharides were suspected or present a 36 hour run was 

made. The paper used was Whatman #1 (36 x 57 cm). This 

was cut in half along the machine direction. Then each 

piece was arranged to load the needed samples (Fig. 20). 

For the quantitative method, the following proce-

dure was used: The sugar sample was streaked across a 

previously marked area, which is called the loading line. 

Two perpendicular lines to the loading line were drawn, 

2.5 cm from the edges, and a spot of the same solution 

was loaded at the loading line (Fig. 21). 

The paper was developed for 24 hours, thereafter 

the side strips were cut off and the spots localized by 
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the use of ammoniacal silver nitrate. Then the strips with 

the sugar spots already located were pasted back to the 

original paper, to see the fractions locations. The frac

tions were then cut off, made into small pieces, placed 

into alSO ml beaker, a known amount of distilled water 

added and this slurry was agitated with a stirring bar for 

1 hour. Then this was filtered through a glass wool plugged 

funnel. From the eluate, an aliquot was taken and diluted 

to the appropriate concentration for the phenol/H2S0 4 test. 

Also a blank strip was eluted of the same size as the sugar 

fractions. 

A diagram of a typical developed chromatogram with 

three fractions is shown (Fig. 22). 

If this procedure is done carefully, it will give 

very accurate, reproducible results. Its only possible 

drawback is the fact that it requires considerable time to 

obtain final results. 

Isomerization Reactions 

From preliminary experiments, it was determined how 

sampling could be done from the reaction mixture in an ef

fective and reproducible way. 

From the 30 ml reaction batch, 0.5 ml were removed 

by an automatic micropipetor (Gilson, Pipetman; France), 

and then transferred to a 250 ml volumetric flask to give 
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a 500-fold dilution, needed for the cysteine/carbazole 

reaction. From the total volume, a 10 ml aliquot was taken 

and placed in the refrigerator (4°C) for further analysis. 

For the phosphoglucose oxidase reaction (glucose 

determination), the same procedure was followed and dilu-, 
tions were determined at the moment of carrying out the re-

action. 

At approximately hourly intervals, a small amount of 

the reaction mixture ( 1 microliter) was placed on a strip 

of paper (Whatman #1 filter paper) for PPC. By this simple, 

inexpensive qualitative technique, it could be easily deter

mined whether the reaction had occurred or not. Since the 

average paper size was 57 cm x 25 cm and samples were loaded 

every 2.5 cm, 9 samples could be analyzed simultaneously. 

For both hydrolysis and isomerization the solvent 

systems previously mentioned were used. 

Sugar spots were devloped by treatment of the paper 

with 2% amoniacal AgN03 in acetone and then after drying, 

the paper was dipped in a 2% alcoholic solution of NaOH 

followed by a final dip into a 10% sodium thiosulfate solu-

tion. By this method concentrations of sugars in the 1 

microgram range could be detected. 



RESULTS 

Before completing quantitative experiments, several 

preliminary studies were conducted to observe the behavior 

of the GI enzyme. The purpose of this was to establish the 

experimental conditions which would be reliable for the en

tire project. 

During these preliminary trials several problems 

were encountered which were overcome by modifications of 

the procedures or equipment. As outlined in materials and 

methods, the parameters were chosen on the basis of those 

for optimum conditions needed for GI action on the glucose 

substrate. 

Experiment 1 

For this experiment, 1 gram of enzyme (immobile) 

was used in a volume of 25 m1 of 25% glucose solution. 

This was incubated at 60°C in a water bath, the solution 

was stirred with a magnetic stirring bar for 12 hours. 

The analytical tool was PPC (paper partition chro

matography). At the end of each hour, a sample was loaded 

onto the paper and the paper then developed using the sol

vent system 8:2:1 (ethy1acetate,pyridine, water) for 24 

hours. After that, the spots were developed by AgN03. The 
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paper did show the presence of fructose which indicated 

that the enzyme was active (Fig. 23). 

One of the problems noted during this experiment 

was that there were temperature fluctuations of +/-6°C. 

Experiment 2 
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This experiment was similar to #1. In this case, 

the equilibrium solution was analysed after 12 hrs. incuba

tion for the ratio of sugars formed. This was designed to 

first estimate the percent conversion to fructose, and then 

to compare the results to that reported in the literature. 

In this experiment, the sugar solution remaining after 12 

hours was diluted 100-fold and then 300 microliters were 

loaded together with standards on the filter paper (23 

x 57 em) (Whatman #1) and then developed overnight. Only 

the standards were localized with AgN03 to give the pre

cise localization of each sugar fraction (Fig. 24). The 

fractions were then cut from the paper and eluted with a 

known volume of water. An aliquot of this eluate was di

luted and the sugar concentration was tested by the phenol/ 

H2S04 reagent for total sugars (Table 18). 

The percent conversion to fructose conforms to the 

literature values (Ryu et al., 1977). The higher conver

sion value was probably due to the partial evaporation of 

the reaction solution. The method also involves some 
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Figure 23. Diagram of PPC of First Reaction of GI ina 
Glucose Solution 
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Table 18. Recovery by Quantitative PPC 

MG 

GLU+FRU GLU FRU Total 

Total sugar , 
loaded 15 ? ? 15.00 

Eluted 8.25 7.62 15.87 

Recovery (%) 106.00 

Conversion (%) 53.00 
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error due to contamination with other sugars due to an 

inadequate separation even though the Rf for glucose and 

fructose are different, next the cysteine carbazole method 

was used to observe if equilibrium was obtained and at what 

time (Fig. 2S~. 

Experiment 3 

In this experiment, the equipment was modified by 

use of condensers at the nitrogen outlets of each reactor 

vessel; also the water bath was replaced for an oil bath. 

Three reactions were carried out using substrates of: 

a) 25% glucose 

b) 25% fructose 

e) a mixture of 1:1 glucose and fructose at 25% total 

sugar concentration. 

In the first two reactions, equilibrium was obtained at 7 

hours (49.1% and 50.1%, respectively) and in the third no 

drastic change was noticed even after 12 hours (Fig. 26, 

Table 19). 

Experiment 4 

Two additional trials were made to check the per

cent conversion at equi1ibirum in order to recheck experi

ments 2 and 3. In this case, however, quantitative PPC 

was used to check the results in Experiment 2. The 
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Figure 25. Equilibrium Curve of Isomerization of 
Glucose to Fructose (Time vs. Optical 
Density) 
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Figure 26. Equilibrium Curves for Glucose Fructose and 
1:1 Glucose Fructose Mixture 
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Table 19. Data for Isomerization of Glucose, Fructose 
and 1:1 Glucose Fructose 

G + F F + G FG + FG 
Time 
(Hr. ) % Fructose 

0 0 100 50 

1 4.7 6S.2 49.1 

2 lS.7 63.6 50.6 

3 23.3 59.2 4S.7 

4 2S.0 56.9 50.5 

5 42.1 54.7 51. 0 

6 42.1 54.5 50.0 

7 49.1 50.1 49.7 

lOS 



substrates were glucose to fructose, with a 25% solution 

and fructose to glucose also with a 25% solution. 
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Results showed a 51% conversion with glucose and a 

53% change when fructose was the substrate. 

Experiment 5 

This was essentially a repetition of the previous 

trials using glucose and fructose substrates at the same 

concentration. It was noted that equilibrium is reached 

at between 7 and 8 hours. Even after 36 hours of incuba

tion, the equilibrium value did not change drastically 

(49 to 50%). 

After these results, it was felt that the incuba

tion time required in our experimental equipment corres

ponded to the previously reported conditions (Bucke, 1981), 

at this point, the behavior of the enzyme with other sub

strates was checked. 

Experiment 6 

The first two sugars tested were the hexoses 

d-ga1actose and d-mannose (Fig. 27). The same parameters 

were used as in the previous experiments. The results 

from this experiment confirmed the fact that no reaction 

was to be expected. Paper chromatography gave no spots 

from galactose or mannose but by thin layer chromatography 

(TLC) , a spot was located that had the same Rf as tagatose 
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Figure 27. TLC Diagram of Galactose and Mannose 
Isomerization 
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(Fig. 28), the keto-form of galactose (Fig. 27). The 

solvent that was used was a 4:4:2 mixture of iso-propanol, 

acetone and 0.1 M lactic acid. The silica gel G TLC plate 

that was used was first impregnated with a solution of 

.05 M NaH2PO~, dried and then activated at 110°C for 1 hour, 

The color developer was a mixture of 4 ml aniline, 4g. 

diphenylamine, 200 ml acetone and 30 ml 80% H3P04 . Fruc

tose or any keto-sugar will give a distinctive red spot 

(Hansen, 1975). Tagatose was prepared from galactose, using 

the method proposed by Reichstein and Bosshard (1934). 

Since the buffer is alkaline (pH 7.8), another experiment 

was designed to remove the possibility of alkaline isomer

ization (Speck, 1958). 

Galactose was subjected to 7 hours of incubation 

at 60°C in buffer without the presence of the enzyme. After 

incubation, TLC showed the same spot and the cysteine/car

bazole method gave the same ketose concentration. In this 

way, it was concluded that the tagatose formed was by the 

action of the alkaline buffer. Mannose gave no reaction 

with the cysteine/carbazole reagent. 

Experiment 7 

The pentose d-arabinose and d-xylose were tested 

(Fig. 29). It is important to note, that all the sugars 

used were chromatographically pure. The same parameters 
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Figure 28. Structures of Galactose, Mannose and 
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Figure 29. Structures of d(-)Arabinose and d(+)Xylose 



~vere followed with the only difference being that the 

reaction ran for 55 hours (Table 20). 

The results of this experiment agree with 'those 

obtained by Bock et al., (1983) for xylose in which a 20% 

conversion was achieved. Arabinose gave no reaction 

(Fig. 30). 
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Also by PPC, xylose showed a spot below xylose 

which should be xylulose, the ketose form of xylose. Be

low arabinose two small faint spots show, which are not 

known (Fig. 31). 

Experiment 8 

Lactose andmaltose (Fig. 32) were chosen as the 

first disaccharides. The same parameters were used in 

which the reaction time was 54 hours. After incubation, 

paper chromatography of both sugars showed two faint spots 

(Figs. 33, 34). This could be isomerization of the glu

cose or partial hydrolysis. The latter possibility was 

not certain since 3 spots should have appeared; namely 

glucose, fructose, and galactose. The spots could also be 

productsof enzyme decomposition due to the long period of 

incubation. In the latter experiment, even after 55 hours 

however, these spots were not found. 

Cysteine carbazole gave some positive results for 

both sugars, although, the degree of conversion is not 
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Table 20. Isomerization of Arabinose and Xylose 

Arabinose Xylose 
Time 
(Hrs. ) % Conversion 

0 0 0 

1 0 4.84 

2 0 11.76 

5 0 20.05 

6 0 21.44 

8 0 21.44 

55 0 21.44 
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Figure 30. Isomerization Curves of Arabinose and Xylose 
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Figure 31. PPC Diagram of Arabinose and Xylose 
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LACTOSE. 

MALTOSE. 

Figure 32. Structure of Lactose and Maltose 
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Figure 33. PPC Diagram of Lactose Isomerization 
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Figure 34. PPC Diagram of Maltose Isomerization 
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very high being 7.16% for lactose and 8.95% for maltose 

(Table 21). 
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The results indicate that maltose has a slightly 

higher reaction rate. It is not certain, however, whether 

the results ale actually due to GI action (Fig. 35). 

This experiment also was designed to further eluci

date the possibility of alkaline isomerization. Lactose 

was' incubated in buffer both with and without enzyme. In 

order to stress the conditions for possible alkaline iso

merization the incubation was 72 hours. 

Paper chromatography of the materials showed some 

unusual spots below the lactose in the enzyme treated mix

ture. In the case of lactose only, no spots were detected 

pther than the expected lactose (Fig. 36). It is con

cluded that alkaline isomerization is not a contributing 

factor in the reaction under the conditions specified. 

An additional chromatogram was made in which a 

more concentrated sample was used. This was allowed to 

develop for 3 consecutive days on 8:2:1. The results show 

a faint spot immediately below lactose in both mixtures 

but the most apparent difference is in the case of lactose 

with enzyme (Fig. 37). In this chromatogram, there are 

3 spots: one with the same Rf as galactose, one with the 

same Rf as glucose and one with that of fructose. One in

teresting point is that the galactose spot is increasing 
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Table 21. Isomerization of Lactose and Maltose 

Lactose Maltose 
Time 
(Hrs.) % Conversion 

0 0 0 

1 0.20 0 

2 0.20 0.39 

3 0.39 0.99 

4 1.19 0.99 

5 2.58 2.19 

7 3.18 2.59 

8 3.38 3.38 

9 2.19 1.59 

25 4.57 8.36 

31 6.47 5.37 

50 6.37 7.76 

54 7.16 8.95 
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Figure 35. Isomerization Curves of Lactose and Maltose 
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Figure 36. PPC Diagram of Isomerization of Lactose in 
the Presence and Absence of Glucose Isomerase 
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Figure 37. PPC Diagram of 3 Day Run of Isomerization 
of Lactose with and without Enzyme 

125 



126 

in size with a longer developing time. This indicates 

that there is probably a small hydrolytic effect of GI. 

There is evidence of very little alkaline isomerization. 

The samples taken during this experiment were also 

tested for ketose formation by the cysteine/carbazole reac

tion, and gave the following results (Table 22, Fig. 38). 

In order to further clarify the possible effect of 

alkaline isomerization another trial experiment was de

signed to investigate the possibility that some decomposi

tion products may be produced from the enzyme only. In 

this case, the enzyme only was incubated in buffer under 

the previously mentioned conditions for 72 hours. Paper 

chromatography of samples taken at various intervals, show 

only two faint spots at completely different Rfs than ones 

for the carbohydrates investigated. Two samples were 

tested with the cysteine/carbazole reaction with a com

pletely negative reaction. This indicates that the enzyme 

does not interfere with the cysteine/carbazole reaction 

(Fig. 39). 

Experiment 9 

In this experiment, two disaccharides, cellobiose 

and melibiose (Fig. 40) (25%), were examined with all the 

parameters being the same as for the other experiments. 

Mellibiose is very soluble in water. Cellobiose, on the 
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Table 22. Isomerization Results for Lactose + Enzyme and 
Lactose-Enzyme 

Lactose Lactose 
with GI without GI 

Time 
(Hrs .) % Conversion 

0 0 0 

6 2.67 1. 09 

29 4.46 2.87 

54 5.25 2.87 
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Figure 38. Alkaline Isomerization Test for Lactose 
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other hand, is not readily soluble and so heating was 

required to get it into solution. 
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Samples of original solutions were loaded on the 

paper and analysed for the cysteine/carbazole reaction. 

Testing the original solutions gave negative results. , 
Samples were taken at 40 hours and at 65 hours (Table 23, 

Fig. 41). Paper chromatography was run for 5 days in 

order to get movement of the disaccharides (8:2:1 solvent). 

Results show spots below the two original sugars, with the 

one below melibiose being larger. That spot corresponds 

to galactose. In the case of cellobiose, a spot appeared 

in the glucose area. This suggests that some hydrolytic 

action of the GI enzyme (Fig. 42). Since the spots did 

not appear in the original solution, contamination was not 

a factor. It appears that some isomerization and hydrol-

isys occurred after a long incubation. The reaction is 

Table 23. Isomerization of Cellobiose and Melibiose 

Cellobiose Mellibiose 
Time 
(Hrs.) % Conversion 

0 0 0 

40 5.75 8.57 

65 12.41 19.57 
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not efficient, requires a long time and no equilibrium was 

reached after 65 hours even after this time the concentra-

tion of ketose was increasing. 

Experiment 10 
, 

In this experiment, I-sorbose was tested (Fig. 43). 

This carbohydrate gave a strong cysteine/carbazole reac

tion in the original solution. As the reaction proceeded 

there was a decrease in the optical density in the analyt-

ical results. 

In this case, the reaction was allowed to run for 

110 hours (Table 24). Paper chromatography showed that, 

as the reaction progressed, two spots were detected below 

the sorbose spot; one immediately below sorbose and the 

other at the Rf of glucose. With increased incubation 

time the spots became more prominent indicating an increase 

in concentration. Also two other spots showed above sor-

bose at the end of the reaction (Fig. 44). 

The sugars which may be formed during this reac-

tion are: 

SORBOSE ------------~ GULOSE 
I 
I 

, I 
I 
I 
I 

~ 

IDOSE 



CH 20H 
I 
C =0 
I 

H O-C-H 
I 

H-~-OH 

HO-C-H 
I 
CHaOH 

L - SORBOSE I 

Figure 43. Structure of L-Sorbose 
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Table 24. Isomerization of L-Sorbose 

Time % Sorbose 
(Hrs.) Remaining 

0 100 , 
23 97.6 

63 89.3 

86 81. 7 

110 72.4 
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Figure 44. PPC Diagram of L-Sorbose Isomerization 
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Even though there were no standards available for 

these sugars, it is proposed that gulose would have an Rf 

similar to glucose. A standard curve was prepared for 

1-sorbose because it has a lower on value than fructose at 

the same concentration (Fig. 45). 

The decrease in sorbose concentration indicates 

some transformation from the ketose to an a1dehydo struc

ture. After 110 hours incubation, no equilibrium had been 

achieved. The incubation conditions were not probable for 

optimal for sorbose isomerization but GI is active on this 

substrate (Fig. 46). 

Experiment 11 

This experiment was designed to observe possible 

differences in the conversion of glucose to fructose in 

the presence of galactose. This is important because these 

carbohydrates occur in the lactose hydrolysis. The sub

strates were arranged as follows (Table 25). 

The conditions were the same as in the preceeding 

experiments: namely 60°C, 1.0 gr. of GI, 0.004 M MgS0 4 , 

as cofactor, 8 hours reaction time, sampling every hour 

and PPC analysis (Tables 26 and 27). 

Paper chromatography of the substrate from VI shows 

no unusual spots. No mannose is present. In the first 

hour, only fructose is detected. PPC of I gives similar 
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Figure 46. Isomerization Curve of L-Sorbose 
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Table 25. Substrate Arrangement in Experiment 11 

% 

Substrate Glucose Galactose Fructose 

I 25 0 0 

II 17 0 0 

III 8 0 0 

IV 17 8 0 

V 8 17 0 

VI 0 0 25 

Table 26. Conversion of 25% Glucose (Substrate I) 

Elapsed Time (Hours) % Conversion 

0 0 

1 10.5 

2 23.9 

3 38.3 

4 38.3 

5 46.5 

6 43.8 

7 43.8 

8 44.6 
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Table 27. Conversion of 25% Fructose (Substrate VI) 

Elapsed Time (Hours) % Cor, ver s ion 

0 96.5 

1 85.7 

2 62.1 

3 58.6 

4 56.8 

5 47.8 

6 42.4 

7 43.8 

8 43.8 
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results to VI the only difference being that, in this case, 

the starting material was glucose (I) (Figs. 47, 48). 

Paper chromatography of Substrate II shows an ac

tual increase in fructose concentration with time (Tables 

28, 29). In~tially only glucose is present but at the end 

of 2 hours a faint spot is seen and its intensity increases 

up to the 8th hour. There is no evidence of mannose. The 

PPC pattern for Substrate III has the same appearane as 

that for Substrate II (Figs. 49, 50). 

Paper chromatography of these experiments show no 

unusual spots with only glucose and galactose being present. 

The intensity of the glucose spot decreased with time 

whereas the fructose spot increased (Tables 30, 31, 

Figs. 51, 52). 

Another way of expressing the results of this ex

periment would be in terms of the total amount (in grams) 

of fructose produced. This will give an indication of 

the reaction rate (Table 32, Fig. 53). 

Experiment 12 

This experiment involved the treatment of a 10% 

lactose solution, for hydrolysis and isomerization. The 

same parameters were involved: namely, hydrolysis at pH 

7.0 with a 0.01 M KOH/K2P04 buffer, 36 mg/30 ml of lac

tase and incubation at 33°C for 4 hours. Isomerization 
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Figure 47. PPC Diagram of 25% Glucose Substrate 
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Table 28. Conversion of 8% Glucose (Substrate III) 

Elapsed Time (Hours) % Conversion 

0 0 
1 14.8 
2 40.2 
3 41.6 
4 40.2 
5 43.0 
6 44.4 
7 44.4 
8 5l.4 

Table 29. Conversion of 17% Glucose (Substrate II) 

Elapsed Time (Hours) % Conversion 

0 0 
1 13.9 
2 32.5 
3 37.8 

4 39.1 
5 44.4 
6 47.1 

7 43.1 
8 47.1 
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Figure 49. PPC Diagram of 17% Glucose Substrate 
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Table 30. Conversion of 17% Glucose, 8% Galactose Mixture 
(Substrate IV) 

Elapsed Time (Hours) % Conversion 

0 0 , 
1 7.5 
2 17.6 
3 20.3 
4 27.5 
5 32.0 
6 34.7 
7 32.0 
8 34.7 

Table 31. Conversion of 8% Glucose, 17% Galactose Mixture 
(Substrate V) 

Elapsed Time (Hours) '70 Conversion 

0 0 
1 7.6 
2 14.0 

3 22.1 

4 28.4 

5 27.5 

6 28.4 

7 26.6 

8 33.8 
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Figure 51. PPC Diagram of 17% Glucose, 8% Galactose 
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Table 32. Grams of Fructose in the Entire Series of Experiments 11 

Substrate 

I II III IV V 
Time 
Hours Grams 

0 0 0 0 0 0 

1 0.8 0.7 0.4 0.6 0.3 

2 l.8 1.7 l.0 1.3 0.5 

3 2.9 l.9 1.0 l.5 0.8 

4 2.9 2.0 l.0 2.1 l.1 

5 3.5 2.3 1.0 2.4 l.0 

6 3.3 2.4 l.1 2.6 1.1 

7 3.3 2.2 l.1 2.4 1.0 

8 3.4 2.4 l.2 2.6 l.3 

VI 

7.2 

6.4 

4.7 

4.4 

4.3 

3.6 

3.2 

3.3 

3.3 

........ 
V1 
N 
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Figure 53. Grams of Fructose Produced with Different 
Substrate Composition and Concentrations 
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pH was 7.8 with 1 g of GI, temperature 60°C and incubation 

for 8 hours. 

The experiment was in two parts as follows: first 

a 10% lactose solution in buffer with added lactase was in

cubated for 4.hours. At the end of this time, pH was 

increased to 7.8, by the use of O.OlN KOH, the enzyme GI 

was added, the t~mperature was increased to 60°C, cofactor 

added and incubated for 8 additional hours. Second, a 10% 

lactose solution with both enzymes added at the start of the 

experiment was incubated for 4 hours at 33°C at pH 7 with no 

cofactor. After 4 hours, the pH was increased to 7.8, co

factor added, temperature increased to 60°C and incubated 

for 8 additional hours. 

The advantage of the arrangement in the second trial 

is that it is easier to perform since the two enzymes are 

present at the start. This gives an example of how a mixed 

enzyme column could be made for a continuous process. The 

first trial could be considered as a prototype for a column 

with both enzymes in sequential arrangement. 

After 4 hours, 93% hydrolysis was achieved, and 

there was 53% isomerization conversion after the subsequent 

8 hours incubation. PPC of the hydrolysate shows that lac

tose is disappearing rapidly with almost complete disappear

ance after 2 hours. The high Rf spots which appear are 

believed to be oligo saccharides formed by 
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transgalactosidation. After 4 hours, almost no lactose is 

present but 2 definite spots appear above lactose (Fig. 54). 

PPC of the isomerization mixture shows the formation of 

fructose as time increases, up to 8 hours. Spot intensity 

is increased as time progresses. The glucose spot uecreases 

in intensity and the galactose spot remains the same 

(Fig. 55). 

After isomerization, the mixture was stirred in 

activated charcoal overnight, filtered through Wathman #50 

paper and evaporated to a small volume under reduced pres

sure. This gave a clear, yellowish syrup without a charac

teristic odor but sweet in taste. PPC of the concentrated 

solution gave 4 spots namely; galactose, glucose, fructose 

and the high Rf oligosaccharides. No lactose appeared 

(Fig. 56). The hydrolysate from the second trial, when 

analyzed by the glucose oxidase method, gave 66% hydrolysis. 

The cysteine carbazole reaction showed 53.6% conversion to 

fructose. Although the glucose oxidase ana~ysis gave a low 

hydrolysis degree (66% vs. 93%), the conversion rate was 

the same in both methods. This shows that the GI enzyme 

activity was not affected. The glucose produced from the 

reduced hydrolysis was isomerized to fructose to the same 

degree (50 to 53%), as seen throughout these experiments. 

The absolute amount of fructose produced was definitely 
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Figure 56. PPC Diagram of Hydrolysed Isomerized Syrup 



less in this later case because the amount of glucose 

produced was less than in the former case. 

PPC of this reaction shows that after I hour of 
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incubation, a faint spot began to appear at the fructose 

Rf. This indicates that small amounts of fructose are be-, 
ing formed even at 33°C and with no cofactor. It is also 

clear, that lactose is being hydrolysed although after 4 

hours there is still some lactose detected. In the other 

case (Trial 1), lactose was not detected after 4 hours. 

This is in agreement with the low hydrolysis value. Also 

in the later case, more definite oligosaccharides are formed 

with 3 or 4 distinct spots having a higher Rf than lactose 

(Fig. 57). 

After increasing the temper~ture to 60°C and adding 

the cofactor, fructose began to appear, the intensity of 

the glucose spot decreased as time progresses, and the 

fructose spot intensity increased. There were no changes 

in the lactose and oligosaccharides spots (Fig. 58). 

A third trial followed the results of the two pre-

vious ones. Since the addition of the two enzymes in some 

way seemed to interfere with hydrolysis, this trial was 

made by first using lactase and then, after 4 hours of 

incubation, GI was added. Since the conversion of glucose 

to fructose was essentially the same in both cases, it was 

assumed that lactase had no effect on GI action. In this 
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trial, however, a 25% lactose solution was used instead 

of 10%. At the end of the reaction, the results were: 

86.4% hydrolysis and 40.7% conversion to fructose. PPC of 

the hydrolysate showed a gradual decrease in lactose with 

the formation of galactose, glucose, and 2 oligosaccharides , 
with one having very strong intensity (Fig. 59). In this 

case with a higher lactose concentration, greater oligo

saccharide formation occurred. PPC of the isomerization 

mixture showed a gradual increase in fructose and a decrease 

in the glucose spot intensity (Fig. 60). Oligosaccharides 

were seen as in the previous case. From the equilibrium 

mixture of this reaction, 100 microliters were loaded onto 

a paper for quantitative PPC. The paper was developed on 

8:2:1 solvent system (pyridine, ethylacetate, water). From 

this PPC, 5 distinctive fractions were eluted (Table 33). 

Since the original amount of sugar was 7.5 g, this 

represents a very good recovery value. From these values, 

there is 84.7% hydrolysis and 47.7% isomerization (Table 34). 

Experiment 13 

This experiment was designed to observe the effect 

of lactase on different oligosaccharides and disaccharides. 

The conditions for this experiment were arbitrarily chosen 

to include 5% solutions in distilled water. The incubation 

temperature was 25°C in a closed container on an agitator 
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Table 33. Fractions Eluted from Quantitative PPC 

Fraction Gram of Sugar 

Oligosaccharide 1 
Oligosaccharide 2 
Galactose 
Glucose 
Lactose 
Fructose 

Total 

0.74 
0.93 
2.28 
1. 83 
0.06 
1. 67 

7.51 

Table 34. Comparison of Results by Two Analytical 
Techniques 
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Technique 
Hydrolysis 

(%) 
Isomerization 

(%) 

PGO 
Cysteine/Carb 

Quantitative PPC 

86.4 

84. 7 

40.7 

47.7 
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for 4 consecutive days. The original solutions were 

analysed by PPC (Fig. 61), then after 4 days the solutions 

were tested again to be compared with the original (Table 

35). The degree of hydrolysis was based on intensity of 

the spot, and on the amount of original sugar left at the 

end of the reaction. Recognizable spots were determined by 

the use of known standards. It is of interest to see the 

hydrolysis of sucrose, which is supposedly not hydrolysed 

by a beta-galactosidase (Fig. 62). It is also of interest 

to show the structures of the di- and trisaccharides used 

(Fig. 63). 

Experiment 14 

This experiment was a complement to the previous 

one in which the interest was in the formation of oligo

saccharides by the lactase enzyme. In this experiment, 

monosaccharides were exposed to lactase action for 4 days 

at 25°C with gentle agitation in a closed system. The 

sugars were prepared in 5% solutions in distilled water. 

They were arranged in the following combinations: glucose, 

galactose, arabinose only then in 1:1 mixtures of glucose: 

galactose, glucose:fructose, and glucose:arabinose. PPC 

shows no formation of any oligo saccharides in any of the 

mixtures or in the pure sugar solutions. 
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Table 35. Results of Beta-galactosidase Action on 
Prolonged Exposure to Di- and Trisaccharides 

Degree of 
Sugar Hydrolysis Sugars Detected 

Melibiose (- ) None 
Maltitol (-) None 

Melezitose (- ) None 

Maltose (+) Gluc, Oligos 
Cellobiose (+/-) Gluc, Oligos 
Raffinose (++) Gluc, Fruc, Gal, 

Sucrose, Oligos 

Trehalose (++) Gluc, Oligos 

Lactose (++++) Gluc, Gal, Oligos 
Sucrose (++++) Gluc, Fruc, Oligos 
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Final Experiment-A 

This experiment was designed to test lactase and GI 

action on wheys, that had been treated in various ways. 

This included raw whey, ultrafiltered whey and boiled whey 

both before and after deionizing (Table 36). , 
From these products, 4 were chosen to be used for 

hydrolysis and isomerization; namely UFW, RWD, UFWD, BRWD. 

The use of heat to remove proteins gave a good, clear prod-

uct that appeared practical for isomerization. Protein re-

moval based on crude protein analysis is shown (Table 37). 

This experiment was in two parts; first, RWD and 

UFW were hydrolysed and isomerized by adding the enzymes 

separately, second the use of BRWD and UFWD and treated as 

in the first part. 

Results from the hydrolysis step are shown (Fig. 

64) and from the isomerization (Fig. 65). It is seen that 

hydrolysis was almost identical in both the deionized and 

in the regular whey. In isomerization, where a small or no 

isomerization was expected, the results were almost the 

same with a slight higher value in the RWD sample 

(Table 38). 

Results for this experiment were checked by 

cysteine/carbazole and glucose oxidase and also by quanti-

tative paper chromatography (Table 39). 



Table 36. Whey Treatment and Identification for 
Experiment A 
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Product Treatment Identification 

Raw Whey Ultrafiltration UFW 

Raw Whey Boiling BRW 

Raw Whey No Treatment RW 

UFW Deionized UFWD 

RW Deionized RWD 

BRW Deionized BRWD 

Table 37. Crude Protein Analysis of Raw Whey, Boiled Raw 
and Ultrafiltered Raw Whey 

Product % Crude Proteina 

Raw Whey 13.35 

Boiled Raw Whey 

Ultrafiltered Whey 

aDry basis 

7.31 

5.29 
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Figure 64. hydrolysis Curves of Raw Whey Deionized and 
Ultrafiltered Whey Not Deionized 

173 



z o ... 
~ 
IIC 
iii 
) 
Z o 
U 

lC 

6~--------------------------------------------------, 
D U r Ii 

TIME [HOURS] 

Figure 65. Isomerization Curves of Raw Whey Deionized 
and U1trafi1tered Whey Not Deionized 

174 



Table 38. Results from Hydrolysis and Isomerization of 
RWD and UFW 

Product Process % 

RWD Hydrolysis 98.04 
I 

UFW Hydrolysis 97.32 

RWD Isomerization 57.64 

UFW Isomerization 52.72 
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Table 39. Results from Quantitative PPC of the Equilibrium 
Solution of Hydrolysis and Isomerization of 

Product 

RWD 

UFW 

RWD 

UFW 

RWD and UFW 

Process 

Hydrolysis 

Hydrolysis 

Isomerization 

Isomerization 

% 

92.19 

92.15 

55.76 

52.11 
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In both products 8% of the sugars were accounted 

for by oligosaccharides. This was easily determined since 

these compounds have a very high Rf and separate very easily 

from the other sugars and elution of the fractions from the 

paper is very accurate without mixing with other sugar frac-, 
tions. 

In the second portion of this experiment, were UFWD 

and BRWD were used as substrates for lactase and glucose 

isomerase. This was to observe the difference with the pre-

vious parts of this experiment. 

The results do not show an appreciable difference 

with the first part. In this case only glucose oxidase and 

cysteine carbazole analysis were done to determine extent 

of hydrolysis and isomerization (Table 40). 

Paper partition chromatography of the hydrolysis 

step gives the typical result (Fig. 66). The paper for 

isomerization also shows the same results as for the pre-

vious experiment (Fig. 67). 

The reaction in both substrates gave the typical 

results, not as for the first case where RWD and UFW were 

used, the values are in the high side. Figure 68 depicts 

the reaction curves for hydrolysis and Figure 69 shows the 

curves for isomerization. 



Table 40. Results of Hydrolysis and Isomerization of 
UFWD and BRWD 

Product 

UFWD 

BRWD 

UFWD 

BRWD 

, 

Process 

-Hydrolysis 

Hydrolysis 

Isomerization 

Isomerization 

96.8 

97.3 

52.4 

50.3 
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1~--------------------------------·------------------~ 
A UFWD • BRWD 

TIME [HOURS] 

Figure 68. Hydrolysis Curve 
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s~--------------------------------------------------~ 
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Figure 69. Isomerization Curve 
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Final Batch Experiment 

In this experiment, the objective was to scale up 

the process, wherein one liter of raw whey was the starting 

material. 

First, the pH of the whey was adjusted to 7.0, , 
using IN KOH. After this, the whey was heated at a slow 

rate on a hot plate to boiling. When protein precipitated 

the boiling was held for several minutes. After this, the 

whey was cooled in a refrigerator to 25°C. The floculated 

protein was then filtrated through a Whatman #1 filter and 

a glass wool plugged funnel. The filtrate was a yellowish 

liquid with a bland whey odor. The pH was readjusted to 

7.0 and then it was treated with activated charcoal using 

a magnetic stirrer, for 30 minutes. The charcoal was 

filtered off giving a lighter yellow solution. Then the 

solution was treated with strongly acid ion exchange resin 

for 30 minutes, pH was readjusted to 7.0 and at this time 

the liquid was a clear, colorless solution. Samples were 

collected during the process for later analysis. 

This solution then was hydrolysed with lactase 

under the same conditions as for the other experiments. 

Samples for PPC and lactose determination were taken every 

hour for 4 hours. After this, the pH was adjusted to 7.8 

and MgS04 and GI were added in the same ratios as in the 

other experiments. 



183 

PPC diagrams show almost complete hydrolysis. No 

lactose can be detected and no oligosaccharides are seen. 

As the concentration of lactose decreases, the trangalac

tosidation reaction is less active so that smaller amounts 

of oligosaccharides are formed (Fig. 70). 

PPC of the isomerization reaction shows that the 

reaction was positive, and the intensity of the spot clear

ly shows an increase in concentration with time, but it 

appears to be less than 50% conversion (Fig. 71). 

Sugar analysis from the beginning of the process 

gives a clear idea of the extent of hydrolysis and isomer

ization (Table 41). 

From these results the percent conversion in each 

case could be calculated. In the case of hydrolysis, 84.3% 

was obtained and for isomerization, 47.9% (Figs. 72, 73). 

After isomerization, the solution had a dark yel

low color. This solution was then treated with activated 

charcoal and filtered. This gave a greyish solution, 

which was again filtered. This filtrate was treated with 

acid ion exchange resin and the resultant solution evapo

rated to 400 mI. It was then treated with basic ion ex

change resin and finally evaporated to 200 mI. 

After this, the pH was 2.4. The pH was then ad

justed to 7.0 with KOH IN and further evaporated to a 
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Figure 71. PPC Diagram of Isomerization Step 
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Table 41. Sugar Analysis of Raw Whey Syrup 

% 

Lactose Glucose Fructose 

Raw Whey 4.15 0 0 

Hydrolysed Whey 1. 75 0 

Isomerized Whey 0.91 0.84 



9~----------------------------------------------~ 
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Figure 72. Hydrolysis Curve of the Large Batch 
Experiment 
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Figure 73. Isomerization Curve of the Large Batch 
Experiment 
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small volume, until a viscous solution formed. The taste 

of this solution was sweet but with a slightly salty attri

bute. 

This solution can be further treated to obtain a 

better quality product. Another approach would be the , 
liophylization or spray drying of this product. 

The main problem encountered was the purification 

of the syrup. The production of a hydrolyzed and isomer

ized solution of lactose directly in whey is efficient, 

however, as the results have indicated. 

The lower hydrolysis and isomerization can be 

attributed to a slight change in the reactor setup. In 

this case, a 2 liter Erelnmayer containing 800 ml of whey 

was used. Otherwise all other conditions were the same. 

The heating source was a hot water bath. Also a positive 

nitrogen flow was used during the isomerization step. 



CONCLUSIONS 

1. Paper partition chromatography, a common, 

inexp~nsive technique, gave good results for analys

ing hydrolysates or isomerization products. It is 

very simple and reliable and can be used either 

qualitatively or quantitatively. 

2. The simple reactor system gave good, reproducible 

results in the entire study. 

3. Of the substrates tested with GI, the ones that gave 

positive reactions were: glucose, fructose~ xylose 

and l-sorbose. The ones that gave negative results 

were: mannose, galactose and arabinose. Some reac

tion was obtained from cellobiose but none from lac

tose or maltose. A slight hydrolytic effect of the 

GI enzyme was found when using disaccharides. 

4. Lactase activity on sucrose is of interest because 

it has an alpha 1-2 linkage. It also was found ac

tive in the substrates raffinose, maltose and cel

lobiose. No activity was found in melibiose, 

maltitol or melezitose. 

5. No oligosaccharide formation was detected in glu

cose, galactose, arabinose or fructose substrates 

with the enzyme lactase. It appears that the 
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enzyme may need lactose or other disaccharides 

before the glycosyl transfer reaction can proceed. 

6. Whey lactose hydrolysis and isomerization can be 

accomplished but the enzymes must be used separate

ly. ~f both are present in the mixture, there ap

pears to be an inhibitory effect on hydrolysis. 

In this concept, a continuous process using im

mobile enzymes can be designed. One column would 

use an immobile lactase and a subsequent one a simi

lar isomerase. The reaction can be also carried in 

a batch reactor if a sequential use of hydrolase and 

isomerase is made. 

7. Treating whey to deproteinize by ultrafiltration or 

by heat precipitation gave comparable results. The 

final syrup was a clear yellow product sweet in 

taste but also with a slight salty attribute. This 

was due to an incomplete demineralization process 

and the use of KOH for pH adjustment. A readily 

available deionization procedure would prevent this 

condition. 

8. Calcium removal is of great importance, since this 

ion has an inhibitory effect on isomerase action. 

In these experiments, however, a minimum decrease 

in activity was noted. It is proposed that the use 



of an excess enzyme may decrease the effect of 

calcium ion. 
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9. It is evident that whey is a suitable substrate for 

the production of an hydrolysed, isomerized syrup. 

It will be composed mainly of galactose, glucose and 

fructose plus small amounts of oligosaccharides and 

unhydrolysed lactose. This product would have im

portant uses in foods or feeds. The monosaccharides 

are very readily fermentable and could be used in 

the production of alcohol or other fermentation 

products. 
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