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LACTOSE
Introduction

~ Over the past ten years, there has been considerable interest in the
preparation, reactions, properties, and analysis of lactose. Much of this
interest has been stimulated by the worldwide need to utilize an abun-
dant by-product, cheese whey, of which lactose is the major component,
Several excellent reviews have been compiled on various aspects of
lactose research, to which the reader will be referred in the appropriate
section. The present review covers the most recent and significant
research on the preparation and properties of lactose, its reactions to

yield potential food carbohydrates, and the analytical methods useful in
these research areas.

'USDA-SEA-AR, Eastern Regional Research Center, Philadelphia, PA 19118.

Methods for Isolation of Lactose

Lactose, 4-O-f-p-galactopyranosyl-p-glucopyranose (Fig. 7.1), com.
monly called milk sugar, is the major carbohydrate.present in the
milk of most mammals. Excellent reviews are available on the mam.
mary biosynthesis of lactose (Nickerson 1974; Hansen and Gitzelmanr
1975) and the occurrence and levels of this sugar in milks from various
species (Nickerson 1974).

The major commercial raw material from which lactose is isolated i:
whey, a by-product of cheese manufacture. For every pound of cheese
produced, approximately 9 lb of whey are obtained (Thelwall 1980)
Whey contains about 6% solids, of which approximately 4.7% is lactose
0.7% protein, and 0.5% minerals (Harju and Kreula 1980). On a world
wide basis, it has been estimated that three to five million tons of lactose
are available yearly, in the form of cheese whey. Due to low marke
prices and high manufacturing costs, much of this potential has not
been realized. As recently as 1976 (Clark 1979), only about one-half o
the whey in the United States was processed, with the other half dis
posed of by any available method. Increased restrictions on disposal o
wastes with high biological and chemical oxygen demand now force
cheese manufacturers to find new outlets for whey and the lactose i
contains. Stimulated by these economic realities, researchers have de
veloped new and more efficient methods for isolating lactose from whey
Traditional methods for lactose isolation have been reviewed by Nicker
son (1974). These require energy intensive heating, filtration, and evap
oration to remove residual protein and salts before the lactose is crystal
lized from concentrated solutions. Recently, however, methods have
been developed for removal of the protein from whey by ultrafiltratior
(Matthews 1979). These largely deproteinated whey permeates make
ideal sources from which lactose may be isolated. Delbeke (1979
showed that treatment of an ultrafiltration permeate with adsorption

. strong acid, and weak base ion exchange resins yields an effluent con

taining 99.74% lactose on a total solids basis. This process effectively

CH,0H CH,0H
0 0

HO /n H OH
OH HA - 0 H H

FIG.7.1. STRUCTURAL FORMULA OF LAC- H H H

TOSE (4-0-B-b-GALACTOPYRANOSYL-D- .
GLUCOPYRANOSE) H OH H OH



" removed minerals and residual protein from the permeate, but an obvi-
ous disadvantage is the need for constant regeneration of these ion
exchange resins with acid or base. This problem can be eliminated by
using types of ion exchange resins that are regenerated with hot water
(Parrish et al. 1979A). This process is less expensive, nonpolluting, and
yields lactose of analytical purity. Deionization of whey permeates by
these methods results in pure lactose solution that must still be evap-
orated—an energy intensive step. Methods have been developed to
recover lactose from dilute solutions by low energy methods, including
precipitation with Ca(OH), + NH,CI (Olano et al. 1977A) or CaCl,
+ NaOH (Olano et al. 1977B). Using these methods in model systems,
nearly 90% of lactose could be precipitated from dilute (5%) lactose
solutions, especially when organic solvents (acetone and alcohols) were
added to the solution (Madj and Nickerson 1976; Olano et al. 1977B;
Nickerson 1979). The precipitation has been reported to result from the
formation of an insoluble czilcium-lact()se complex (McCommins et al.
1980). V-~

Properties and Uses of Lactose

Chemical and Physical Properties. Crystalline Forms. The most
commonly prepared form of lactose is the alpha monohydrate (a-
lactose-H,0), which readily crystallizes from supersaturated lactose
solutions at any temperature below 93.5°C (Nickerson 1974). Two less
common and less easily prepared forms are the anhydrous alpha and
beta anomeric forms. Various anhydrous alpha forms such as stable
anhydrous a-lactose (a,) are known. These alpha and beta forms differ
in physical and chemical properties. The low initial solubiljty of a-
lactose-H,0 precludes its use in many “instant” food products. p-
Lactose, on the other hand, is initially more soluble and sweeter than
a-lactose-H0. a, is nonhygroscopic and more easily stored than other
forms. Because of the aiseful properties of these less common forms,
several recent methods have been developed for their preparation.

Anhydrous Forms of a-Lactose. Two forms of anhydrous a-lactose
can be prepared by heating a-lactose-H,0 (Nickerson 1974). An unsta-
ble hygroscopic anhydrous o-lactose (designated aw) is produced by
heating a-lactose-H,0 at 130°C in vacuo. A stable anhydrous form of
a-lactose is prepared by heating a-lactose-H,0 at 130°C in air. Lim
and Nickerson (1973) prepared another stable anhydrous form of a-lac-
tose by refluxing a-lactose-H,0 in methanol. Other alcohols, such as
ethanol, n-propanol, n-butanol, and isobutanol, have also been effec-

tively used for this process (Nickerson and Lim 1974). Originally, it w
assumed that the stable anhydrous a-lactose formed under these al
holic treatments was identical to the a, produced by heating a-l:
tose-H,0 in air. Ross (1978) however, using differential scanning ca
rimetry, compared a, with the stable anhydrous a-lactose formed

methanol treatment of a-lactose-H,0 (designated a,,) and found the t
to differ in melting point, heat capacity, and heat of fusion. Parrish et
(1979B) showed that the anhydrous a-lactoses prepared by treatmen!
a-lactose:H,0 with methanol (a,,), ethanol (), n-propanol (ay),

n-butanol (a,,) were all distinct species (agpoy)—each contained sm
but measurable amounts of alcohol. This contamination can be sign
cant if this process is to be used to produce a food grade stable a-lacto:

B-Lactose. Several methods have been developed for preparatior
the sweeter and more soluble form of lactose, the beta anomer. Ol
and Rios (1978) converted a-lactose-H,0 into B-lactose in nearly quar
tative yield by refluxing the alpha form in methanol containi_ng sm
amounts of sodium hydroxide. The reaction also was effective wl
ethanol, n-propanol, or n-butanol was used as the solvent (Olano 197
Parrish etal. (1979D) converted a-lactose-H,0 into B-lactose in a simi
fashion using potassium methoxide or potassium hydroxide as base. 'l
anhydrous forms of a-lactose (apon, o,) could also be converted i
B-lactose (Parrish et al. 1980A) if small amounts of B-lactose were
cluded in the reaction. A summary of the effect of neutral and alkal
methanol treatments on the various forms of lactose are summarizec
Fig. 7.2.
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Biochemical and Physiological Properties. Tu.'2. Because rela-
tive sweetness of sugars is concentration dependent, lactose can be
anywhere from 15-30% as sweet as sucrose (Nickerson 1974). B-Lac-
tose is significantly sweeter than a-lactose (Nickerson 1974; Parrish
1981), but since solutions of either anomeric form mutarotate to the
same equilibrium composition of a- and B-anomers, there is no advan-
tage in using either form except in the case of “instant”-type quick-
dissolving applications.

Nutritional Significance. The reasons for lactose being the carbo-
hydrate source for developing mammals is unclear, but several possibil-
ities have been discussed (Hansen and Gitzelmann 1975). It is interest-
ing that lactose is not always an acceptable carbohydrate source for
adult mammals, particularly humans. It is estimated that nearly 70% of
the world adult population is lactose intolerant (Paige et al. 1975). This
is due to insufficient levels of the intestinal B-galactosidase (lactase)
necessary for hydrolysis of lactose into its readily absorbable component
monosaccharides, glucose and galactose. When lactose is not hydrolyzed
and absorbed from the small intestine, it enters the colon, usually
resulting in osmotic diarrhea, intestinal cramps, and microbially medi-
ated gas and acid production.

Current Food Uses for Lactose. Several of the current food uses of
lactose have recently been reviewed by Thelwall (1980). These include
increasing the solids content of dairy products, fortifying infant formu-
las, and partially replacing sucrose in bakery products. Recent research
(Nickerson 1979; Marvin et al. 1979; Parrish et al. 1979B) indicates that
lactose may be an ideal adsorbant and carrier for natural and synthetic
flavors, as several forms of the sugar efficiently adsorb and slowly
release alcohols, esters, ketones, and aromatic hydrocarbons. However,
due to the low solubility and low sweetness of lactose and widespread
lactose intolerance, its food uses are always limited. For these reasons
current research has been directed toward the conversion of lactose into
more useful potential food carbohydrates.

Reactions of Lactose to Yield Potential Food
Carbohydrates

Several enzymatic and chemical reactions of lactose lead to potential
food carbohydrates. The reactions covered in this review (Fig. 7.3) will
be reduction, hydrolysis, and isomerization, which yield lactitol, glucose
and galactose, and lactulose, respectively.
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* FIG. 7.3. REACTIONS OF LACTOSE THAT YIELD POTENTIAL FOOD CARBOH

DRATES

Reduction to Lactitol. Methods. Lactitol (Fig. 7.4) is a disacch:
ride sugar alcohol prepared by chemical reduction of the glucose residu
of lactose to a sorbitol group. Two recent papers (van Velthuijsen 197
Saijonmaa et al. 1978) and one review (Linko et al.) describe methods fi
this reduction. Hydrogenation of lactose with sodium amalgam or ca
cium amalgam catalysts, and reduction with sodium borohydride hav
been successfully performed. Hydrogenation with Raney nickel cat:
lyst, however, is the most commonly used method today. Hydrogenatic
at 100°C for 6 hr and 8825 kPa gives lactitol in nearly quantitati
yields.

Chemical and Physical Properties. Lactitol may be crystallized :
a monohydrate with a melting range of 94°—97°C. This monohydrate
extremely soluble. At 25°C, 206 g will dissolve in 100 g water. At 75°
915 g will dissolve in 100 g of water (van Velthuijsen 1979). Becau:
lactitol is not a reducing sugar, it will not mutarotate in solution to le
soluble or less desirable forms. The absence of a potential carbon
group results in exceptional stability toward acid, base, heat, and no
enzymatic browning reactions. van Velthuijsen (1979) reported th
heating lactitol for 1 hr at 100°C at pH 13 causes no discoloratio
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whereas lactose under these conditions showed strong discoloration and
degradation. Reports of the hygroscopic properties of crystalline lactitol
monohydrate have been contradictory (van Velthuijsen 1979; Saijon-
maa et al. 1978) but it appears to be less hygroscopic than sorbitol, and
more hygroscopic than mannitol. Lactitol solutions were reported to be
much less hygroscopic than those of glycerol, sorbitol, or xylitol. Other
-physical properties of lactitol (solution densities and viscosities) have
been reported by these authors.

- Tasle. Lactitol is reported to have a mild pleasant taste. It is slight-
ly sweeter than lactose and about 30—35% as sweet as sucrose, depend-
ing on concentration.

Cariogenicity. Linko et al. (1980) reviewed early studies that
showed lactitol was not readily fermented by oral bacteria. van Velthuij-
sen (1979) reviewed in vivo studies of reduction of pH in dental plaque
after consumption of foods containing lactitol or other sugars. Lactitol
had a minor effect on tooth pH and was said to be “tooth-protective.”

Bioavailability. Knowledge of the ability of human intestinal en-
zymes to hydrolyze and absorb lactitol is incomplete. In a patent (Haya-
shibara and Sugimoto 1976), it was claimed that lactitol is noncaloric
‘because it is neither digested nor absorbed from the intestines of rab-
bits. van Velthuijsen (1979) reviewed studies on the caloric potential of
this sugar alcohol. After adult males consumed 24 g lactitol, none of the
sugar was detected in urine, blood or feces. Blood glucose rise was also
minimal. Blood galactose was not reported. It was assumed that the
sugar alcohol was not digested, but fermented in the large intestine.

‘More research is needed to determine the actual caloric significance of
dietary lactitol.

Toxicity and Side Effects. van Velthuijsen (1979) reviewed toxicity
data on lactitol. The maximum level causing no toxicity in rats was 2.5
g’kg of body wt per day. Consumption of 5% dietary lactitol by rats led to
diarrhea, but less than that caused by 5% xylitol or sorbitol. Humans
reportedly adapt to regular consumption of lactitol and can consume up
to 20 g in a single dose without unpleasant side effects.

Potential Food Uses. Lactitol is not currently approved by the FDA
as a food additive, but its potential uses are numerous. Because of its

limited sweetness and high solubility, it would function well as a bulk-

ing agent in various food products. The excellent chemical stability
would allow its use in foods that undergo severe processing or storage
conditions. Because of its possible noncaloric nature, lactitol may find
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use in dietetic products. The maximum amounts allowed in foods woul
have to be regulated, due to possible laxative effects.

Hydrolysis of Lactose. Methods. The products from the hydrolys
of lactose are p-glucose and n-galactose (Fig. 7.5), two common monosa
charides. Two reviews describe many of the recent developments i
lactose hydrolysis (Harju and Kreula 1980; Anon. 1979A). Processes fq
lactose hydrolysis can be divided into two groups, those that require aci
catalyzed hydrolysis and those that utilize enzymatic methods.

Acid Catalyzed Hydrolysis. Vujicic et al. (1977) and Lin and Nicl
erson (1977) effectively hydrolyzed pure lactose solutions (5—-40% w
wt) with 1-3 N HCI or H,SO,. By using relatively low temperatu
(60°C) and long reaction times (up to 36 hr), they were able to hydroly:
90% of the lactose into monosaccharides. This process was not adaptab
to hydrolysis of lactose in concentrated whey because residual prote;
and salts led to degradative side reactions, discoloration, and off-flavo
that were not easily removed. Guy and Edmondson (1978) efficient
hydrolyzed lactose at a higher temperature (121°C), using 0.1 N H(
and short reaction times.

Strong acid (sulfonic acid-type) ion-exchange resins have also bee
used to catalyze lactose hydrolysis. The advantages of this catalyst a
ease of purification of the hydrolyzate (no mineral acid to be removec
short reaction times, and continuous operation. Recently, MacBean
al. (1979) studied the hydrolysis of lactose in whey permeate and pu
solution by a number of commercially available cation-exchange resin
Excellent hydrolysis was achieved with strong acid, gelular-type catio
exchange resins, with low degrees of crosslinking.

Enzymatic Hydrolysis. Lactose can be hydrolyzed by B-galacto:
dase (lactase) enzymes and the literature on hydrolysis with this class

- enzymes is voluminous. Recent reviews (Harju and Kreula 1980; Ano

1979A; Shukla 1976) discuss specific aspects of this method. Sing]
batch hydrolysis processes have been developed, but are generally t
expensive for commercial use. Continuous processes have now be:
developed in which the B-galactosidase is covalently immobilized on
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solid support. Like continuous hydrolysis on cation-exchange resins,
~ this process requires no post-removal of added reagents, and the stabil-
ity of these immobilized enzyme columns has been impressive. One
“process developed by Corning Glass? (Moore 1980) involves a lactase
bonded to porous, high surface area silica beads. The process is entirely
automatic and achieves 80% hydrolysis of the lactose in demineralized
whey ultrafiltrates. The percent hydrolysis remained constant for 100
production runs, each 16—20 hr in duration, and a 1- to 5-year system
life was estimated.

Chemical and Physical Properties. Guy and Edmondson (1978)
studied the solubility of hydrolyzed lactose syrups. Hydrolysis of 1actose
to the correct degree can lead to a large increase in solubility. Syrups
with 76% hydrolysis and 63—-66% solids showed maximal resistance
toward crystal formation and microbial growth. Increasing the hydroly-
sis percentage above 75, however, supersaturates the solution with
respect to galactose, whicH subsequently crystallizes. Below 756% hy-
drolysis, lactose is not totally soluble and will eventually crystallize
from solution. :

Taste. The sweetness of hydrolyzed lactose syrups varies with both

the degree of hydrolysis and the sugar concentration (Guy and Edmond- .

son 1978). Above 50% solids, hydrolyzed lactose syrups (756% hydro-
lyzed) are as sweet as sucrose syrups. Increasing lactose hydrolysis from
75 to 95% only slightly increases sweetness, so complete hydrolysis is
not necessary. In addition, the three sugars present in these syrups,
galactose, glucose and lactose, appear to behave synergistically. Their
combined sweetness was higher than would be calculated from the sum
of their individual sweetness values.

Bioavailability. Because much of the adult world population is un-
able to adequately digest lactose due to B-galactosidase deficiency,
prehydrolysis of this disaccharide can increase bioavailability of the
carbohydrate. Both glucose and galactose are actively transported from
the small intestine. Research on the transport and the metabolism of
these sugars has been reviewed (Hansen and Gitzelmann 1976).

Toxicity and Side Effects. Lactose is a common ingredient in many
human foods and is often added to processed food in the form of regular
or modified whey solids. In the United States, lactase-treated milks and

?Reference to a brand or firm name does not constitute endorsement by the U.S.
Department of Agriculture over others of a similar nature not mentioned.

dairy products are commercially available. The use of hydrolyzed lac
tose syrups as food additives, however, is not currently approved by the
Food and Drug Administration. Early research indicated that higt
levels of free galactose in the diet led to high serum galactose levels anc
eventually to cataract formation in experimental animals (Kinoshit:
1974). A recent review (Anon. 1979A) indicated that when galactos:
and glucose are fed together in equal concentrations, blood galactos
was significantly lower than when galactose was fed alone. A consump
tion of 40 g of galactose produced a blood galactose of 0.61 g/lite
whereas 40 g galactose and 40 g glucose together gave a blood galactos
of only 0.14 g/liter. When massive amounts of hydrolyzed lactose syrup
were fed to baboons for ten weeks, no adverse physical or metaboli
effects were noted. A study with lactose intolerant people in Londo
revealed that hydrolyzed lactose was digested without side effects.

Potential Food Uses. Hydrolyzed lactose syrups have a variety o
potential food applications. Besides being used as specialty sweetener
for lactose intolerant people, their high sweetness and solubility wouls
permit use as replacements for corn derived sweeteners and sucrose
This is especially important in Europe where corn derived sugars ar
not as readily available as in the United States (Anon. 1979B). Specifi
applications as reviewed by Harju and Kreula (1980) include uses in ic
cream, caramels, bakery products, canned fruits, and wine and bee

production.

Isomerization of Lactose to Lactulose. Methods. Lactulose (Fig
7.6) was first prepared by Montgomery and Hudson (1930) by isomeriza
tion of lactose in saturated lime water. Isomerization of aldoses int
ketoses is a well-known reaction in carbohydrate chemistry and i
catalyzed by acid or base (Speck 1958). Preparation of ketoses by thi

. method is tedious, as the yields are low (<20%) and the ketose must b

isolated from unreacted starting material, alkaline degradation pro«
ucts, and metal salts. More recent methods for producing lactulose hav
involved the use of complexation reagents such as aluminate (Guth an
Tummerman 1970) and borate (Mendicino 1960). These compound

CH,O0H CH,OH
H
oH Ho 9
FIG. 7.6. STRUCTURAL FORMULA OF
LACTULOSE (4-O-B-0-GALACTOPYRA-
NOSYL-p-FRUCTOSE) H o CHyC



shift the pseudoequilibrium established during bas. -atalyzed isomeri-
zation in favor of the ketose and prevent degradative side reactions.
These reagents permit formation of lactulose in high yield, but both are
impractical since a large excess of borate is necessary for optimum yield
(Mendicino 1960), and aluminate is removed from the product only with
great difficulty. Attempts to use immobilized borate (Carubelli 1966) or
aluminate (Rendleman and Hodge 1979) on ion exchange resins as
isomerization catalysts are promising from an analytical standpoint but
are not practical for preparative purposes. Recently, a method was
developed (Hicks and Parrish 1980) to prepare lactulose in nearly 90%
yields by treatment of lactose with boric acid in an aqueous solution
made basic by tertiary amines. The reaction rate is proportional to pH
(Table 7.1) and temperature (Table 7.2). All tertiary amines tested
(Table 7.3), were capable of catalyzing the reaction but not all were basic

- .
TABLE 7.1, INFLUENCE OF pH ON

REACTION YIECD
Yield of:
Lactulose - Monosaccharides

pH (%) (%)

9.0 6 <1
10.0 32 b

10.5 4 3

11.0 83 3

Source: Hicks and Parrish (1980).
1 Reaction temperature was 40°C; Reaction
time was 96 hr. Yield measured ‘)y quanti-

tative HPLC.
TABLE 7.2, EFFECT OF TEMPERATURE ON YIELD OF
LACTULOSE

Temperature/ Lactulose Monosaccharides
pH ime . (%) (%)
11.0 40°C/96 hr 83 5°
11.0 70°C/4 hr 817 3

Source: Hicks and Parrish (1980).

TABLE 7.3. EFFECT OF TERTIARY AMINE ON YIELD OF LAC'i'ULOSE

Lactulose Monosaccharides
Amine pH (%) (%)
1,4-Dimethylpiperazine 9.5 21 <1
N-methylpiperidine 108 81 <1
N,N,N’,N’-tetramethyl _ 9.7 33 5
ethylenediamine
Triethylamine 11.0 87 3

Source: Hicks and Parrish (1980).

and water soluble enough to titrate the reaction solution to the optimun
level (pH 11) and, hence, required longer reaction times for maximun
yields. Alkaline degradation reactions at pH 11 were minimal, as the

“solutions were colorless, high yields of lactulose were produced, anc

only low levels of monosaccharides were present. The combination of
triethylamine and boric acid was uniquely useful in that they could be
recycled for subsequent reactions (Fig. 7.7), adding to the efficiency of
the process.

Chemical and Physical Properties. Lactulose isan extremely solu-
ble sugar in water and polar organic solvents such as methanol. A
saturated aqueous solution at 30°C contains about 77% w/w lactulose
(Oosten 1967A). Unlike lactose, this ketose disaccharide does not crys-
tallize from concentrated solutions after long storage. In fact, lactulose
is a difficult sugar to crystallize, especially when trace quantities of
other sugars are present. Difficulty in preparing pure crystalline lactu-
lose led to conflicting reports about the structure in the solid state.
Montgomery and Hudson (1930) crystallized lactulose from 50% meth-
anol (mp 150°C) and suggested a 4-B-p-galactosido-a-p-fructose struc-
ture. Isbell and Pigman (1938) suggested, based on polarimetric data,
that the fructose was in a furanose form. Qosten (1967B) crystallized
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lactulose from boiling methanol. The snow-white, transparent crystals
melted between 168.5°C and 169°C and were said to be in the “a-form.”
Perlin et al. (1973) examined the anomeric composition of lactulose
(freshly dissolved in DMSO0-dg) by proton nuclear magnetic resonance
spectroscopy. They concluded that this crystalline form was mostly the
B-p-fructofuranose anomer with trace amounts of B-p-fructopyranose
and a-fructofuranose forms. Pfeffer and Hicks (1980) examined lactu-
lose that had been crystallized from refluxing methanol (mp 169°-
171°C) by solid state, magic angle spinning cross polarization!® C NMR
spectroscopy. The reducing moiety in the crystalline solid consisted of a
mixture of B-fructofuranose : B-fructopyranose : a-fructofuranose forms
in a ratio of about 15 : 3 : 2. Despite varied crystallization methods, no
anomerically pure crystalline form could be obtained.

By virtue of the ketose functionality and 4-O-glycosyl substitution,
lactulose is extremely unstable in alkaline solution. The compound
degrades by alkaline-peeling and B-elimination reactions to give galac-
tose, isosaccharinic acills and other acidic products (Corbett and Kenner
1954). It is also susceptible to amine-assisted dehydration and degrada-
tion reactions (Hough et al. 1953). The humectant properties of lactulose
were the subject of several studies. Preliminary studies on impure
lactulose preparations (Ross et al. 1979) suggested lactulose was approx-

- imately twice as effective as sucrose in lowering solution water activity.
Later studies (Chirife and Ferro-Fontan 1980; Huhtanen et al. 1980)
showed lactulose was very similar to sucrose in humectant properties.

Taste. The sweetness of lactulose solutions was studied over a con-
centration range of 5—35% (w/w) (Parrish et al. 1979C). Under these
conditions, the sweetness was 48—62% that of sucrose.

Cariogenicily. Lactulose caused the pH of a suspended salivary
system to decrease much less than did sucrose (Mikinen and Rekola
1975). The oral microorganisms produced more lactic acid in the system
when grown on sucrese as compared to lactulose. Mayo (1981) concluded
that oral microorganisms growing on lactulose produced acid at a slower
rate than those growing on a sucrose solution. With microelectrodes
implanted in situ, it was demonstrated that oral bacteria can ferment
lactulose in dental plaque, but lactulose was significantly less acido-
genic than sucrose.

Bioavailability. Itiscurrenlty believed that lactulose is not metabo-
lized by human alimentary enzymes. Dahlqvist and Gryboski (1965)
were first to demonstrate the inability of human intestinal enzymes to

hydrolyze lactulose into absorbable monosaccharides. Thus, even indi-

viduals who are lactose tolerant can not digest lactulose. Presum
lactulose is fermented in the large intestine to a mixture of organic
and other unknown compounds.

Toxicology and Side Effects. Few studies have reported toxicc
cal data on lactulose, but it is consumed in large quantities (up tc
g/day) by individuals undergoing specific medical treatments. F
lence and diarrhea can appear in these cases, but these effects
usually be avoided by carefully reducing the intake. No other
effects have been noted (Mendez and Olano 1979).

Uses. Lactulose has several important uses in the food and
industry. It is claimed that the presence of lactulose in infant f

~ encourages the development of Bifidobacterium bifidum in the int

nal flora, mimicking the flora found in healthy breast-fed infants (1
dez and Olano 1979). The two major uses for the sugar are in
treatment of portal systemic encephalopathy and chronic constipa
Portal systemic encephalopathy is a hepatic coma condition whicl
curs in individuals with impaired, cirrhotic livers. The cause is lar
unknown, but is believed to result from high levels of nitrogen-cont
ing compounds in the blood. It has been suggested that the col
acidosis produced by lactulose lowers the level of these toxic cor
nents, but further research is needed to completely understand
mechanism involved (Conn 1978). When taken in large doses, lactu
has been shown to be an effective laxative, especially for those suffe
from chronic constipation. Lactulose is an advantageous laxativ
these cases because the body does not develop an increasing toleranc
the drug as in the case of many other common laxatives (Anon. 197
It has been suggested (Parrish et al. 1979C) that lactulose could |
partial replacement for sucrose and corn sweeteners in intermed
moisture foods. The high solubility, intermediate sweetness, and 1

_ caloric qualities of this unique disaccharide would appear to make i

ideal candidate for food use. Because of its laxative properties, howe
only limited amounts could be tolerated in most food products. It is
currently approved for food use by the FDA.

Analytical Methods for Lactose and Its Derivatives

~ An excellent review (Harper 1979) recently appeared describing
various methods for the analysis of lactose and its derivatives.
review will only briefly outline those methods and comment on t}
general usefulness for specific application. Recent developmentsinh
performance liquid chromatography will be covered in more detaj



Methods for the quantitative analysis of lactose and its derivatives
can be grouped into the categories in Table 7.4. Polarimetry is ex-
tremely useful for determining the anomeric form of crystalline lactose
or related compounds. Quantitation of lactose by polarimetric analysis
is limited, however, to samples that are free of other unknown optically
active compounds. Colorimetric methods are often used for the analysis
of these carbohydrates. Samples that contain one major sugar can be
easily analyzed by these techniques, but samples with three or four
sugars may require several different colorimetric analyses to accurately
determine the composition (Parrish et al. 1980B). Enzymatic methods
are generally accurate and extremely specific, but, as in the case of
colorimetric analyses, some complex samples may require multiple
analysis.

Several simple but accurate cryoscopic methods have been developed
to measure the percentage hydrolysis of lactose in whey and lactose
solutions (Baer et al. 1980) and the amount of lactose in milk products

(Zarb and Hourigan 1978), Gas-liquid chromatographic (GLC) (Harper

1979) and high performance liquid chromatographic (HPLC) methods
have been developed for analysis of these sugars. Both methods offer
advantages over the previously mentioned techniques, in that several
sugars can be quantitated in the same chromatographic analysis. Sug-
ars must be converted into volatile derivatives before analysis by GLC,
adding to analysis time and complexity. Sugars may be directly ana-
lyzed by HPLC without formation of derivatives and usually without
extensive sample cleanup. HPLC methods have been developed to quan-
titate lactose in fluid milk, ice cream, yogurt, dry milk (Hurst et al. 1979;
Warthesen and Kramer 1979; Euber and Brunner 1979) and chocolates
(DeVriesetal.; Hurst and Martin 1980). These methods require commer-
cially available columns pre-packed with high-performance silica parti-
cles that have been modified with a polar amino or cyano-type bonded
phase. Mobile phases in the systems consist of simple acetonitrile/water
mixtures and when flow rates of 1—2 ml/min are used, the retention
time for lactose is generally 10—20 min. Recently, Parrish et al, (1980B)
developed an HPLC method for the analysis of lactulose syrups. The
four sugars present, lactose, lactulose, galactose and tagatose were all

TABLE 7.4. MAJOR METHODS FOR QUANTITATION
OF LACTOSE AND ITS DERIVATIVES

Polarimetry

Colorimetry -

Enzymatic

Cryoscopy

Gas- llquld chromatography
High-performance liquid chromntography

separated on a Waters p bondapak/carbohydrate column (Fig. 7.8). "
column was eluted at 2 ml/min with a mobile phase consisting of 77
(wt/wt) acetonitrile/water. Sugars were detected with a differen
refractometer. The retention times, capacity factors, and relative det
tor responses for the four sugars are listed in Table 7.5. Sugars carn
conveniently quantitated by this method, by comparison of peak heig
with those of corresponding sugars in standard solutions. A commer
lactose syrup, Cephulac, was analyzed by this technique, and its su
composition is shown in Table 7.6.

Summary and Future Research Needs

- A summary of the properties of lactose and its derivatives is giver
~ Tables 7.7 and 7.8.If, and when, FDA approval is granted for the us

RECORDER RESPONSE

4
From Parrish et al. (1980) 2
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EG%IAEH;S. LIQUID-CHROMATOGRAPHIC EVALUATION OF STANDARD

Retention time, Capacity factor
Sugar ¢, (min) k' Relative response

Tagatose 4.50 1.40 3.88

Galactose 6.72 . 254 1.38

Lactulose 13.40 6.07 1.563

Lactose 15.50 7.30 1.00

Source: Parrish et al. (1980). k
TABLE 7.6. ANALYSIS OF SUGARS IN CEPHULAC! )

Trial Statistic

" Sugar 1 2 3 4 b X SD - CV(%)
Tagatose 1.12 0.98 1.08 1.10 0.94 1.04 0.08 7.60

Galactose 1258 1232 1235 1263 1231 1244 0.16 1.24
Lactulose  79.45 .80.03 7995 79.10 80.03 7971 042 0.52
Lactose 6.86 6.66 6.61 117 6.72 6.80 0.22 3.31

Source: Parrish et al. (1980).
~ Vn relative weight percent.

TABLE 7.7. PHYSICAL AND CHEMICAL PROPERTIES OF LACTOSE
AND LACTOSE DERIVATIVES

Compound Water eolubility Chemical stability
Lactose Low Moderately stable in
, weak acid. Unstable in base.
Lactitol High : Moderately stable in weak acid.

Stable to thermal and base
catalyzed degradative pro-
cesses.

Lactulose High ‘ Moderately stable in weak acid.

Very unstable in base.
Lactose Moderately Stable in weak acid. Unstable in
hydrolysates high basic solution.

TABLE 7.8. PHYSIOLOGICAL EFFECTS OF LACTOSE AND LACTOSE

DERIVATIVES
Physiological Effects
. Compound Sweetness Nutritive value Side effects
Lactose Low Completely . Few
metabolized
Lactitol Low Probably not Laxative
metabolized
Lactulose Moderate Not metabolized Laxative
Lactose Moderate Completely Few
hydrolysates to high metabolized

these derivatives in foods, they will find many applications. More
search is needed to determine the nutritional safety and significanc
these potential food carbohydrates. ‘

HONEY

Introduction

Honey is the only sweetener that can be stored and used as il
naturally produced and is essentially a highly concentrated aque:
solution of the two sugars, glucose and fructose. Mention of honey car

_found throughout recorded history. It was man’s first sweetener ¢

remained so until being largely supplanted over the past 100 years

- cane, beet, and corn-derived sugars. Research has resulted in the ide

fication of many components in honey other than glucose and fructc
including higher sugars, enzymes, organic acids, and minerals. Ho:
is quite variable in most respects, but particularly with regard to co
flavor, moisture, and sugar content. These characteristics depend
marily on floral source, climate, and beekeeping practices. Volur
have been written describing beekeeping practices and the processes
which the honeybee converts the relatively simple raw materials, r
tar and honeydew, into honey. This review will emphasize the sugar
honey; how they have been identified, quantitated, and produced by
honeybee.

The Precursors—Nectar and Honeydew

There are two general types of honey: floral and honeydew. The s
ars in floral honey originate in the nectar of various flowers. Hundr
of different plants provide the honeybees with nectar, and whil
contains traces of minerals, organic acids, amino acids, vitamins, |
ments, proteins, and aromatic compounds, the solids of nectar con
mainly of the sugars sucrose, fructose, and glucose. A wide natt
variation in both the ratio of these sugars and in their total concen
tion (normally 20—40%) occurs in nectar. There have been report
small quantities of maltose, raffinose, and melezitose being founc
nectar. Honeydew is obtained by the honeybee indirectly, from sw
syrups excreted by various hemipterous insects feeding on tree phlc
sap. The essential difference between the composition of nectar :
honeydew is that the latter usually contains significant quantitie
the trisaccharides melezitose and erlose. These are produced {rom
crose in plant phloem by plant-sucking insects. A detailed discussio
nectar and honeydew appears elsewhere (Maurizio 1975).



The Nectar to Honey Transformation. It was long thought that
honey was little more than an inverted and concentrated nectar syrup,
consisting only of the sugars fructose, glucose, sucrose, maltose, and an
ill-defined material termed “honey dextrin.” Now it is apparent that

many complex physical and chemical processes occur during the conver-.

sion of nectar and honeydew to honey. Ripening is the term applied to
the sum of all these processes.

The primary physical change that occurs during the nectar to honey
conversion involves reducing the water content of nectar toless than
20%. Foraging honeybees return to the hive and pass their load (about
50 mg) of material to the house bees. These bees alternately expel and
ingest small droplets of the nectar with their mouthparts while collec-
tively fanning their wings to increase air movement and evaporation.
This reduces moisture from about 80 to 40%. The rest of this moisture is
removed after placing the*half-ripened honey in the comb cells—again
by rapidly moving the airin the hive. When the moisture level is below
20%, the cells are capped with wax. Some consequences of this low water
level, such as crystallization and unsuitability for microbial growth and
fermentation, will be discussed later.

A number of chemical changes occur during and after the water
removal period. These changes affect the nectar sugars and result pri-
marily from the hypopharyngeal gland secretions by the honeybee into
nectar. The primary change is the inversion of nectar sucrose by honey-
bee invertase. The nectar itself may, in some cases, contain invertase,
and its different catalytic properties may explain why some honeys are
much higher in fructose than most (Robinia and Tupelo), and why
others are higher in glucose (dandelion, rapeseed and blue curls). The
role of other enzymes, including amylases, glucose oxidase, and catalase
" in the ripening process, will be described later. Overall, the honey-
making process is very efficient. To produce 454 g of honey, a bee colony
uses approximately one-fifth of the honey to maintain the colony, and
the bees fly some 75,000 miles. A comprehensive review of the nectar
to honey transformation has been published (Maurizio 1975).

Honey—Gross Composition : .

The variability in composition of both floral and honeydew honey is
shown in Table 7.9, which summarizes the results of the most compre-
hensive survey (504 samples) of United States honeys (White et al.
1962). Honey is above all a very complex carbohydrate material, with
95—99.9% of the solids being sugars. Fructose and glucose are the major

_sugars, accounting for about 85% of these solids. It is very important for
the moisture level in honey to be close to the mean value of 17.2%, so

that it will not granulate and ferment. Standards of the U.S. Depar!
ment of Agriculture require that less than 18.6% water be present fc
grading, and retail honey is usually blended to 18.0% or less water.

Many sugars, some quite rare, have been identified in honey over th
past 30 years. So the early ill-defined “honey dextrin” fraction is in fa
an exceedingly complex mixture that includes not only sucrose an
maltose, but also eight other disaccharides, ten trisaccharides, and tw
higher saccharides. All of these sugars consist only of glucose an
fructose, linked in various fashions. The material listed as maltose i
Table 7.9 actually includes all other reducing disaccharides in hone

TABLE 7.9. COMPOSITION OF UNITED STATES FLORAL (490
SAMPLES) AND HONEYDEW (14 SAMPLES) HONEY

Composition Average (%) Range (%) S.D.(%)
Floral honey
Moisture 17.20 134 -229 1.46
Fructose . 38.19 22.25-44.26 2.07
Glucose 31.28 22.03-40.75 3.03
Sucrose 1.31 0.25— 17.57 0.95
“Maltose” 7.31 2.74-15.98 2.09
Higher sugars 1.50 0.13- 8.49 1.03
Undetermined 3.10 0.0 —-13.2 1.97
Honeydew honey
Moisture - 16.30 122 -18.2 1.74
Fructose 31.80 23.91-38.12 4.16
Glucose 26.08 . 19.23-31.86 3.04
Sucrose 0.80 0.44- 1.14 0.22
“Maltose” 8.80 65.11-12.48 2.61
Higher sugars 4.70 1.28-11.50 1.01
Undetermined 10.10 2.70-22.4 491

Source: White et al. (1962).

Small quantities of proteins, amino acids, organic acids, vitamir
minerals, and plant derived organic compounds are present in hone

- These are responsible for the variations in color, flavor, and aror

among honeys. The protein fraction includes of course, the enzym
which are added by the honeybee for ripening. Honey is a dynan
gystem, continuing to undergo changes well after harvesting a
throughout storage. The mineral content of honey, as reflected in t
ash content, is low and quite variable, and potassium predominates.

with the vitamins, amino acids, and proteins, their level is too low to
of any nutritional significance. The composition of honey has been
scribed in detail (White 1978) and further references are found there

Fructose and Glucose—The Honey
Monosaccharides

Fructose is, with few exceptions, the predominant sugar in hon
averaging 38.19%. Glucose is normally present in lesser amounts, av



" aging 31.28%. These two monosaccharides account for a much greater
percentage of the total solids in honey than they do in nectar and arise
from the inversion of nectar sucrose by honeybee invertase. Fig. 7.9
shows, the values for the levulose (fructose) : dextrose (glucose) ratio
found in the comprehensive survey of 457 United States honey samples
(White et al. 1962). Only three of the samples had a ratio of less than 1.0.
The primary determinant of this ratio is floral source; geographical
origin and seasonal influences are minor.

All surveys of honey composition prior to 1950 were conducted under
the assumption that the only reducing sugars present were glucose and
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fructose. The methods used, reducing sugar and polarimetric analy
did not truly reflect the monosaccharide levels in honey, since there
several higher sugars present, with different optical rotations and
grees of reducing power. In these early surveys, variance due to met}
were as great as that due to differences among various types of fl
honey.

The new categories of honey sugars (White and Maher 1954),
reducing di-, tri-, and higher saccharides, were discovered by employ
a new method which fractionates the honey sugars according to s

. This method, termed the selective adsorption procedure, utilized cl

coal—celite column chromatography (Whistler and Durso 1950). It

- lowed the fractionation of honey into monosaccharides, disacchari

and higher saccharides before analysis. In the selective adsorp!
procedure, the honey sugars are separated into classes by eluting tt
from charcoal—celite columns with aqueous solutions of increas
ethanol content. Monosaccharides are eluted with 1% ethanol, di:
charides with 7%, and the higher oligosaccharides with 50% aque
ethanol.

The selective adsorption procedure was used in the 1962 sur
(White et al. 1962), so that fructose and glucose could be determi
without interference from other sugars. Glucose was determined
hypoiodite oxidation and fructose then determined by copper reduct
A correction was included for hypoiodite oxidation of fructose. The se
tive adsorption procedure can be quite time-consuming if many an
ses are required. High performance liquid chromatographic (HP
(Thean and Funderburk 1977) and gas liquid chromatographic (G]
(Wood et al. 1975; Doner et al. 1979) methods have been applied to ho:
sugar analysis. GLC appears to be adequate for the determinatio
fructose, glucose, and some of the higher sugars, but requires convert
these sugars to volatile derivatives. HPLC has been used to gr
advantage, and the monosaccharides can be precisely determined w
out the need for preliminary class fractionation. Glucose, fructose, :
sucrose are baseline resolved, using normal phase HPLC on ami
propyl silica columns. Peaks are quantified by comparing the respon
to refractive index detection of the honey sugars with responses
standard mixture of sugars. A typical ;chror'}):q;pg};am of honey is sho
in Fig. 7.10. o o

The most important enzyme in hotley, inyertgge, is responsible
converting nectar sucrose into fructosd and glucose. Since the discov
of invertase in honey, much effort has been devoted to ascertain
whether honey invertase originates in the honeybee or in the necta
pollen. It is now accepted that most is added by the honeybee during
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- collection of nectar and the ripening process. It has not been established
that any plant invertase is present in honey.
Honeybee invertase continues its activity in extracted honey unless

destroyed by heating. This invertase is an a-glucosidase, and possesses

transglucosylase activity, in contrast with yeast invertase, which pos-
sesses transfructosylase activity. Being a transglucosylase, honeybee
invertase, in addition to hydrolyzing sucrose, can transfer a-glucosyl
units from sucrose to suitable acceptors. In its reaction with sucrose,
six oligosaccharides are formed, which are all eventually hydrolyzed to
glucose and fructose. The major intermediate is erlose (a-maltosyl-B-b-
fructofuranoside), formed by the transfer of a glucose moiety from
sucrose to the 4-hydroxyl of glucose in an intact sucrose molecule. In
concentrated sucrose solutions, erlose can accumulate to levels of 11%.

The additional oligosaccharides from sucrose—invertase interaction
produced by stepwise addition of a-p-glucosyl units to the 4-hydroxy
previously added glucose units.

The transference of glucose to acceptors accounts, in part, for the re
of fructose to glucose in honey being greater than one. Another enzy
is added to nectar by the honeybee which also effects the fructose : g
cose ratio. This is glucose oxidase, which produces gluconic acid
hydrogen peroxide from glucose. Gluconic acid is the principal acic
honey, and the production of this acid and hydrogen peroxide is thou
to assist in preserving nectar from spoilage during ripening. A comy

.hensive discussion of the honey enzymes appears elsewhere (W1

1978).

‘The Honey Di-, Tri-, and Higher Saccharides

Detailed reviews describing the identification of the higher sugar:
honey have been published elsewhere (Siddiqui 1970; Doner 1977
they will be summarized here. It can be seen in Table 7.9 that there
wide variability in the total levels of the reducing disaccharides (lis
as maltose) and higher sugars in honey. The sugars which have b,
unequivocally identified in honey, are listed jn Table 7.10, along w
the three research groups responsible for their identification. In ac
tion to glucose and fructose, ten disaccharides, ten trisaccharides, ¢
two higher sugars are present, including most of the known sug
which contain glucose and/or fructose. It was necessary to isolate
characterize each, a considerable task when one considers the min
levels at which most are present. Sucrose and maltose were identif
early, and all others since 1959. Each of the three groups used charco:
celite chromatography to fractionate the honey sugars according tos
Isomaltose, maltulose, nigerose, and turanose were identified in

. disaccharide fraction after further separations by preparative pa

chromatography and stearic acid-treated charcoal column chromat
raphy. This latter column method had earlier been shown to resc
some disaccharides not separable by paper chromatography. The se

-rated disaccharides were converfed to their’ -pctaacetates and ide

fied by comparing their infrared spectr wq;h]; ose'of standards. Con
mation was achieved by paper eJectr ho ¢§ of the free sugars w
standards. Kojibiose was characterized as- “crf'stallme octaacet
after isolating it from honey by gradient elution from a charcoal —ce
column, followed by re-chromatography on a charcoal —celite colu
with pH 10 borate buffer. The remaining di- and trisaccharides w
resolved by various methods after first obtaining, by charcoal —ce
chromatography, 67 g of the oligosaccharide fraction from 2 kg of hor



" TABLE 7.10. THE SUGARS OF HONEY

Trivial name

Systematic name

Glucose
Fructose
Sucrose
Maltose
Isomaltose
Maltulose
Nigerose
Turanose
Kojibiose
Laminaribiose
a,B-Trehalose
Gentiobiose
Melezitose

3-a-Isomalto-
sylglucose
Maltotriose
1-Keslose
Panose
Isomaltotriose

Erlose

Theanderose -

Centose
Isopanose

Isomalto-
tetraose

Isomalto-
pentaose

a-D-glucopyranosyl-B-p-fructofuranoside
0-a-p-glucopyranosyl-(1—4)-p-glucopyranose
0-a-p-glucopyranosyl-(1—6)-p-glucopyranose*
-a-D-glucopyranosyl-(1—4)-p-fructose’
0-a-p-glucopyranosyl-(1—3)-p-glucopyranose®
0-a-p-glucopyranosyl-(1-3)-p-fructose!
0-a-p-glucopyranosyl-(1-2)-p-glucopyranose?
O-B-p-glucopyranosyl-(1—3)-p-glucopyranose®
a-D-glucopyranosyl-B-p-glucopyranoside®
O-B-p-glucopyranosyl-(1—6)-p-glucopyranose®
O-a-p-glucopyranosyl-(1—3)-0-B-p-fructofuranosyl-(2—1)-
a-D-glucopyranoside*
O-a-p-glucopyranosyl-(1-»6)-0-a-p-glucopyranosyl-(1—-3)-
p-glucopyranose*
O-a-p-glucopyranosyl-(1-+4)-O-a-p-glucopyranosyl-(1—4)-
p-glucopyranose
O-a-p-gldtopyranosyl-(1—2)-p-p-fructofuranosyl-(1-2)-p-
p-fructgfuranoside*
O-a-p-glucopyranosyl-(1-6)-0O-a-p-glucopyranosyl-(1—4)-
p-glucopyranose* :
O-a-p-glucopyranosyl-(1->6)-0-a-p-glucopyranosyl-(1—6)-
. D-glucopyranose
O-a-D-glucop¥ranosyl-(1—»4)-a-D-glucopyranosyl-B-D—fructo-
furanoside
O-u-b-glucopxranosyb(1—»6)-a-o-glucopyranosyl-B-n-fructo-
furanoside
0-a-p-glucopyranosyl-(1—4)-0-a-p-glucopyranosyl-(1-2)-
p-glucopyranose*
0-a-p-glucopyranosyl-(1—4)-0-a-p-glucopyranosyl-(1—6)-
p-glucopyranose*
O-a-p-glucopyranosyl-(1-6)-[0-a-p-glucopyranosyl-(1-6)],-
__p-glucopyranose*
O-a-p-glucopyranosyl-(1-6)-{0-a-b-glucopyranosyl-(1-+6)),-
p-glucopyranose*

! Source: White and Hoban (1959).

2 Source: Watanabe and Aso (1959).

3 Source: Siddiqui and Furgala (1967).
* Source: Siddiqui and Furgala (1968).

This material was further separated into 15 portions from a charcoal -
celite column, using aqueous ethanol (0—-30%) in a stepwise elution.
These 15 fractions were subjected to paper chromatography and paper’
electrophoresis, allowing each sugar to be obtained pure. A variety of
physical and chemical methods were used to characterize these sugars :
partial acid and enzyme hydrolysis, comparison of specific rotation of
the sugar and its acetate with standards, and comparison of the chro-
matographic mobilities of the sugars and their acetates with standards.
The total yield of these sugars from honey amounted to just 3.65%, and
the yield of each is given in Table 7.11. Recent advances in.separating
sugar mixtures, such as HPLC and GLC, are not adequate for resolving

the complex mixture found in honey.

TABLE 7.11.  YIELDS OF THE PRINCIPAL SUGARS IN THE OLIGOSACCHARIDE

FRACTION (3.65%) OF HONEY Ly )
: Higher
Disaccharides % Trisaccharides % saccharides ¢
Maltose 29.4 Erlose .45 Isomaltotetraose 0.
Kojibiose 8.2 Theanderose 2.7 Isomaltopentacse 0.
Turanose 4.7 Panose 2.5
Isomaltose 44 Maltotriose 1.9
ucrose 3.9 1-Kestose 0.9
Maltulose (and 3.1 Isomaltotriose 0.6
two unidentified Melezitose 0.6
ketoses) Isopanose 0.24
Nigerose 1.7 Centose _ 0.05
a,B-Trehalose 1.1 3-a-Isomaltosyl- trace .
Gentiobiose 0.4 Glucose _
Laminaribiose 0.09 o
“Total : 56.99

. 13.69 - 0.

Source: Siddiqui (1970).

Crystallization of Honey

Nearly all honeys are supersaturated with respect to glucose; tl
exceptions are noncrystallizing honey types which are low in glucos
such as tupelo. Glucose crystallizes from honey as its monohydrate, ar
while this happens only rarely while the honey is in the comb,
commonly occurs after extraction. This is due to a considerable extent
the lower storage temperature to which honey is exposed after extra
tion. By heating and filtering honey to remove seed crystals of glucos
monohydrate, crystallization can be delayed m'any months.

The major problem which results from crystallization is that tk
resulting increased moisture content of the liquid phase above th
crystals allows osmophilic yeasts to ferment the honey. Such yeasts ar
present in bees and nectar, and therefore, are nearly ubiquitous i
honeys. Considerable efforts have been directed toward preventing cry:
tallization of honey, and indices have been evaluated so that one ma

" predict whether a given honey will tend to crystallize. To this end, th

glucose : water ratio in a particular honey is useful, since it gives

highly significant relationship to crystallizing tendency. Glucose
water ratios of 1.70 and lower are generally associated with noncrystal
lizing honey and values of 2.10 and higher predict rapid crystallizatior

Problems associated with the crystallization of honey have been de
tailed (White 1978).

Nutritive Value of Honey

Folklore regarding honey dates back 5000 years, Theremaybenoare
in which scientific opinion clashes with iolqui‘é' more than in the nutri
tive and medical aspects of honey. Over 2000 ayticles have been puh
lished on the subject since the Seét’)’ii’d’Worw W ar. A chapter (Anor



~ 1975) on the biological properties of honey appeared in a book on honey,
which provided a consensus of six authorities on the subject.

Honey is a nutritive sweetener, because of its high levels of glucose
and fructose and its variable content of trace minerals. The vitamin
content has no nutritional significance, since in most honeys their level
isorders of magnitude less than the recommended daily intake. Because
of its high levels of glucose and fructose, honey is an excellent source of
energy, as these sugars are completely absorbed in the small intestine.
Honey therefore is first and foremost to be valued as a natural sweetener
with an infinite variety of flavors and aromas, which cannot be found
elsewhere. It is primarily a food for bees, not man, and even the bees
must supplement it with quantities of proteinaceous pollen.

Quality Assurance of Honey

The qualities of honey which are normally monitored by food manu-
facturers include moistute; flavor, color, cleanliness, and authenticity.
Moisture is determined b}r—ref’ractometry, and color is evaluated using a
Pfund Honey Color Grader. )

The relatively high prices, limited supply, and complexity of honey
combine to offer incentives for adulteration with inexpensive, highly
refined sweeteners. Early adulterants included corn syrup and inverted
sucrose syrups derived from sugar cane and sugar beets. Suitable meth-
ods are available for the detection of these syrups in honey (Horwitz
1980). Corn syrup is mainly glucose, so when it is mixed with honey, the
level of this sugar will exceed that normally found in honey. Acid-
inverted sucrose syrups contain higher levels of hydroxymethylfurfural
(HMF) than are normally found to occur naturally in honey. Sam-
ples with HMF values over 20 mg/100 g can be suspected of being
adulterated.

Since the advent of high fructose corn syrup (HFCS), there has been
concern that it is being used to adulterate honey. HFCS is produced by
isomerizing a portion of the glucose in conventional corn syrup with the
enzyme glucose isomerase. These syrups are relatively inexpensive and
contain fructose and glucose in proportions within the range found in
honeys. HFCS is highly refined and contains only small quantities of
higher saccharides. A thin-layer chromatographic method has been

developed (Kushnir 1979) in which adulteration can be indicated by the

measure of low R¢spots corresponding to the trace HFCS higher saccha-
rides, probably glucans.

A definitive test for HFCS adulteration of honey has been developed
(White and Doner 1978) based on mass spectrometric determination of
YIC/'2C ratios. This method is noncircumventible and will detect the
presence of any corn or cane derived syrup. The method takes advantage

of the fact that the isotopes of carbon in carbon dioxide are fractionz
to different degrees during photosynthesis via the two main pathws
the Calvin cycle and the Hatch—Slack cycle. Hatch—Slack plants, s
as sugar cane and corn, discriminate to a lesser degree against 13(
atmospheric carbon dioxide than do Calvin plants, and as a result,
organic compounds in sugar cane and corn are “heavier” in 'C than
the carbon compounds from Calvin plants. :
United States honey samples (84), representing all commerci:
significant floral sources, were analyzed for 1>C/'2C ratios. Also, ratio
35 imported samples from 15 countries and 4 HFCS samples w

. determined. It was found (Doner and White 1977) that values for all

honey samples were in the range associated with Calvin plant:

~ statistical analysis of the 8'°C data appears in Table 7.12 and

distribution of values in Fig. 7.11. The '3C/*?C ratios of a sample
reported as per mil (%o) deviations from a limestone standard and
defined as

13C12C sample
13C*2Cstandard

813C (%) =’[ ~1] x 103

" There appears to be no correlation between 5!3C value and source of

honey; results for samples from 17 plant families are in Table 7.1.
The coefficient of variation for all honey samples was 3.86%,
smallest yet encountered for any constituent: or physical propert;
honey. Mixtures of HFCS and honey have §'3C values equal to the s
of the fractional contribution of each. The §'3C values of a sam
provide the basis for a method to detect mixtures. This method
sanctioned Official Final Action by the Association of Official Ans
tical Chemists and is widely used by regulatory agencies and by

honey industry for self policing.

TABLE 7.12. $'°C VALUES OF HONEYS AND HIGH FRUCTOSE CORN SYRI

(HFCS) _
vy i :.R.a‘pi g iy C
No. of : .l: by “: g of
Source samples  Mean (%) ' ! High! 1V Lay S.D. (%0) (
United States honey 84 ~25.2 Uk _goldfRddely 094 3
Imported honey 35 -25.8 -239 Y-274 0.97 3
All honey 119 -2564 -225 -274 0.98 3
HFCS 4 -9.7 -95 - 98 0.14 1

Source: White and Doner (1978).

Future Research Needs

A fundamental question which remains to be answered concerns |
mechanism of formation of many of the di- and trisaccharides in hon
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FIG. 7.11. DISTRIBUTION OF §'°C VALUES AMONG 119 SAMPL
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"

TABLE 7.13. 8'°C VALUES FOR HONEY SAMPLES FROM ALL SIGNIFICANT FLO
SOURCES ‘

. Number of 8!

Family . * Floral type samples - (per
Anacardiaceae Schinum molle (pepper tree) 1 -2
Aquifoliaceae Hlex glabra (gallberry) 1 -2
Compositae Centauria solstitialis (star thistle) 1 -2
Cornaceae Nyssa ogeche (tupelo) : 1 '
Cyrillaceae Cyrilla parui/olia (Liti) 1 -2
Euphorbiaceae Sasn'um sebiferum (tallow tree) 1 -2
Labiatae Salvia spp. (sage) . A 1 -2
Legvminosae Glycine soja (soybean) . R 2 -9
Leguminosae Medicago sativa (alfalfa) | 10 -9
- Leguminosae Melilotus spp. (sweet clover) el 2 -
Leguminosae Trifolium spp. (clover) ! v 11 -
Magnoliaceae Liriodendron tulipifera (tulip tree) { ! 1 -
Malvaceae Gossypium hisutum (cotton). ! 1 -
Onagraceae Epilobium angustifolium (fireweed) 1 -
Palmae - Sabal spp. (palmetto) : 1 -
Polygonaceae Fagopyrum esculentum (buckwheat) : 1 -
Rosaceae Rubus spp. (blackberry) ' 1 -
Rutaceae Citrus spp. (orange, grapefruit) 3 ~!
Tamaricaceae Tamarix gallica ﬁamansk) 1 -
Tiliaceae Tilia americana (basswood) a -1 ~!
Unclassified natural season blend 15 —

Honeydew honey 4 ~

Source: Doner and White (1977).

Enzyme activities have not yet been identified to account for the
mation of most of these sugars, and it has not been demonstrated
they can be produced by reversion from the simple sugars glucose
fructose.

It is essential for the integrity of honey markets that when
commercial syrups become available, methods be developed to di
them in admixture with honey, so that falsification is discourage

Finally, to maintain and strengthen markets for honey, unique af
butes of this natural sweetener which cannot be duplicated by
expensive refined sweetening agents myst he identified. A strongh

 market is essential, since it not onlyprovidgd adarge portion o

beekeepers income, but billions of dollars worth of crops depend o
honeybee for pollination.

MAPLE SUGAR

Introduction _

Of the 13 species of maple (Acer) native to North America, only
the sugar maple (Acer saccharum Marsh.) and the black maple
nigrum Michx F.) are important in maple syrup production. ‘]
species are favored primarily because their sap is sweeter than



from other species found in our hardwood forests, including the red
maple (Acer rubrum L.) and the silver maple (Acer saccharinum L.) The
region of maple syrup production extends from Maine west to Minnesota
and from Quebec south to Indiana and West Virginia.

It is likely that the Indians living in the area of the Great Lakes and
the St. Lawrence River were the first to produce maple syrup and sugar,
as these products were found to be well established items of barter
among the Indians by the first settlers. The settlers quickly recognized
the value of maple sugar and, with cane sugar being expensive and
difficult to obtain, learned how to make it themselves.

In early 18th Century colonial America, with tea and coffee being
consumed in greater amounts, maple sugar was increasingly relied
upon as a sweetener. The total production of maple products (listed as
syrup equlvalent) in the United States and Canada from 1850 until
recently is givenin Table 7. 14. Because of increased supplies of cane and
beet sugars, the United Statgs production has steadily declined. Produc-
tion in Quebec alone now more than doubles United States production,
and sizable quantities are imported from Canada.’

TABLE 7.14. PRODUCTION OF MAPLE SYRUP IN
THE UNITED STATES AND CANADA (IN THOUSAND

GALLONS)
Year United States Canada
1870 4471 2160
1890 6377 3136
1909 65859 3476
1929 2509 2385
1949 1480 © 2608
1959 1049 3092
1971 962 1676
1972 1099 2470
1973 857 2988
1974 1087 2182

Source: Raymond and Winch (1969); Agrlcultural

Statistics (1978).

Composition of Maple Sap

Maple sap as it comes from the tree, contains about 2% solids, of which
sucrose constitutes about 97% (Willits and Hills 1976). The remainder
of the solids includes organic acids (1.5%), ash (0.7%), nitrogenous
material (0.4%), quebrachitol (Stinson et al. 1967), polysaccharide, and
trace amounts of lignin and related compounds (Filipic and Underwood
1964). Malic acid accounts for about 90% of the organic acid fraction,
with citric, succinic, fumaric, and several unidentified acids also pres-
ent (Porter et al. 1951). The nitrogenous fraction has been shown (Pol-

lard and Sproston 1954) to contain ammonia and protein, but no free
amino acids are present until the tree breaks dormancy. The ligneou:
fraction contains coumarin, vanillin, syringaldehyde, coniferylalde
hyde, 2,6-dimethoxybenzoquinone, and a higher molecular welghl
lignin. Even though these latter compounds are present in sap in Jus
trace amounts, they contribute to the flavor of maple syrup.

Early reports suggested that small quantities of invert sugar are

- present in fresh maple sap, but when precautions are taken to preven

bacterial contamination, no glucose for fructose are found (Willits anc
Hills 1976; Haq and Adams 1961).

Two groups have examined maple sap for the presence of oligosaccha
rides, using a preliminary fractionation by charcoal-celite chromatog
raphy. In 1954 (Porter et al. ), a deionized sap concentrate was fraction
ated by this method, to yield an oligosaccharide fraction essentially fre.
from sucrose. Preparative paper chromatography of this fraction re
vealed the presence of five bands, one of which was eluted from the pape
and shown by paper electrophoresis to consist of two components. Char
acterization of the fragments produced by acid hydrolysis and by incu
bation with invertase and melibiase suggested that one of the sugar
was raffinose and the other a “glucosylsucrose.”

In a later study (Haq and Adams 1961), raffinose was not found
butneokestose[O-B-p-fructofuranosyl-(2— 6)-a-p-glucopyranosyl-(1—2)
B-p- fructofuranoside] was confirmed to be present. Charcoal—celit
chromatography followed by preparative paper chromatography accom
plished the isolation of this sugar in a pure state, and it was char
acterized by enzymatic hydrolysis, partial and total acid hydrolysis, an
methylation analysis. A small quantity of another sugar was isolated
and similar methods of analysis suggested it was also a fructosy]
sucrose, either 1-kestose [O-a-p-glucopyranosyl-(1—2)-B-p-fructofurs
nosyl-(1— 2)-B-b-fructofuranoside] or [O-a-p-glucopyranosyl-(1—2)-f
p-fructofuranosyl-(1—6)-B-b-fructofuranoside]. Earlier, cellobiose ha
been reported to be present in maple sap, but it was found in neither
these detailed analyses. toek

Composition of Maple Syrup

An analysis of two samples of J apanese'!maple erup by paper chrome
tography after a preliminary charcoal - celite coljimn fractionation wa
conducted (Watanabe and Aso 1962). On the basis of Ry values an
reaction to spray reagents, the following sugars were reported to b

" present : sucrose (80—83% of total sugars), glucose (4%), fructose (3%

xylose, arabinose, galactose, melezitose, and eight or nine oligosacchs
rides containing a ketose, none of which was isolated and characterizec



It is possible that arabinose and galactose had their origin in the ara-
bino galactan that had been isolated earlier from maple sap (Adams and
Bishop 1960).

There exists a need for a survey of additional samples of maple sap

and syrup to determine whether there is a variability in the oligosac-

charide content and to establish if the trisaccharides raffinose and
" neokestose are always present in sterile sap. There are obviously many
chemical changes that occur during the transformation from sap into
syrup, notably the formation of glucose and fructose from sap in which
these sugars were absent. The acidic pH early in the evaporation process

will cause some sucrose inversion, and the alkaline pH (eight to nine)

later could bring about further changes in the sugar content. If sucrose
hydrolysis occurs, it is likely that sap trisaccharides would also be
effected. Alkaline degradation reactions of sugars occur during the
syrup-making process, since glyceraldehyde, methyl glyoxal, a reduc-
tone, and acetol have beejx found in the steam distillate of maple syrup
(Underwood et al. 1956).” - "~

Quality Assurance of Maple Syrup

Most consumers of maple products purchase syrup that has low
levels of maple syrup and greater levels of cane or beet syrup. Such
products must be appropriately labeled as to their composition. As with
honey, maple syrup has traditionally been a target for adulteration.
Since pure maple syrup is largely sucrose, inexpensive syrups of this
sugar are sometimes mixed with maple and labeled as pure.

The stable carbon isotope ratio analysis (SCIRA) method, described
earlier for honey adulteration, has been demonstrated (Hillaire-Marcel
et al. 1977; Carro et al. 1980) to be effective in detecting adulteration of
maple products with cane sucrose. Whereas sucrose averages about
—11.3%0in 8'3C, pure maple syrups average about —23.8%o, allowing the
distinction between pure and adulterated syrups.
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'Sugar Dehydration
Reactions

' ‘Milton S. Feather!

INTRODUCTION

The purpose of this chapter is to present some information on carbo-
hydrate dehydration reactions as they relate to, and overlap with, the
issue of food quality. Almost all foods contain measurable quantities of
carbohydrates, and, during processing, undergo at least limited heat-
ing. As a result, the carbohydrates undergo a certain amount of degra-
dation. Probably the best known reaction in this area is the Maillard
reaction, or “nonenzymatic browning.” This reaction, although known

~ for more than 100 years, is a complex of many reactions, most of which

are poorly understood. ..' C

The most significant reactions involye ammgs (protem and amino
acids) interacting with sugars to produce brown, polymenc plgments
low-molecular-weight ultraviolet absorbing compounds including vari-
ous food flavor and aroma constituents. It is clear that sugars play an
important role in the reaction, undergoing dehydration, fragmentation,
and, perhaps many other as yet unknown, reactions. Again, the details
of these reactions are poorly understood and we have little information
concerning the role of sugar type, pH, water concentration, and amine



