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DETERMINATION OF CARBOHYDRATES (7) 

G. RAY NOGGLE* 

1. QUALITATIVE IDENTIFICATION 

A. SEPARATION OF SUGAR MIXTURES 

Many methods have been employed for the identification of sugars. 
When only a single sugar is present in the material undergoing examination, 
the methods customary to organic chemistry may be used. Thus, deriva-
tives may be prepared, and the properties can be compared with those of 
known materials. The optical rotation of the unknown or of its derivative 
provides one of the best properties for the identification. Mixtures are 
much more difficult to analyze. Distillation as a means of fractionation is 
limited because of the ease of decomposition and of the low volatility of 
sugars and derivatives. However, the methyl ethers and the propionic esters 
can be distilled without decomposition, and they are sometimes used for 
the separation of sugar mixtures (la). Another method of separation is the 
fractional crystallization of the sugar mixture or of a derivative of the 
mixture. 

Ketoses may be separated from contaminating aldoses by oxidation of 
the latter with bromine and removal of the aldonic acids with an ion-ex-
change resin (#). Ion-exchange resins are also useful in the recovery of 
sugar acids and of some nitrogen-containing derivatives of sugars. 

* The section on histochemistry was prepared by Robert W. Mowry. 
1. General references: C. A. Browne and F. W. Zerban, "Sugar Analysis." 

Wiley, New York, 1941; F. J. Bates and Associates, Natl. Bur. Standards Cire. C440, 
(1942); Z. Dische, in "Methods of Biochemical Analysis" (D. Glick, ed.), Vol. II, 
p. 313. Interscience, New York, 1955. 

la. C. D. Hurd, R. W. Ligett, and K. M. Gordon, J. Am. Chem. Soc. 63, 2656, 2657, 
2659 (1941); C. D. Hurd, D. T. Englis, W. A. Bonner, and M. A. Rogers, ibid. 66, 
2015 (1944) ; for the application of the methyl ethers to the analytical separation of 
sugars see C. D. Hurd and S. M. Cantor, ibid. 60, 2677 (1938); see also Chapters IX 
and XII for products obtained by the hydrolysis of polysaccharides and oligosac-
charides. 

2. J. C. Sowden and R. Schaffer, J. Am. Chem. Soc. 74, 499 (1952). 
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The introduction of Chromatographie techniques (8) to the carbohydrate 
field has made available powerful new tools for separating and identifying 
the compounds in sugar mixtures. Several rather distinct types of chro-
matography are now recognized: column chromatography, partition chro-
matography, adsorption chromatography, paper chromatography, ion-
exchange chromatography, ionography, and others. All of these techniques 
have been applied to carbohydrate analysis. 

In general two types of problems are encountered in regard to the appli-
cation of chromatography to carbohydrate analysis. If only a small amount 
of material (milligrams or even micrograms) is available, the paper-chro-
matographic technique is used to separate the sugars present in a mixture. 
If more material is available or if larger amounts of sugars are to be sepa-
rated for preparative purposes, column chromatography is used. Column 
chromatography has been used for the separation of sugar derivatives as 
well as directly for free sugars. The free sugars are colorless, but the pas-
sage of adsorption bands out of the column may be detected by measure-
ments of the density or refractive index of the eluate. The column technique 
is considerably improved by employing a fraction collector to collect 
consecutive samples of the eluate from the column. Various analytical and 
Chromatographie procedures can be used to analyze separate aliquots of 
efHuent. Streak reagents may be used to indicate the positions of bands of 
adsorbed material on extruded columns. Charcoal (4), cellulose (5), starch, 
silicates {5a), and other materials are widely used as adsorbents (6). 

Ion-exchange chromatography has also been used to separate components 
of sugar mixtures (7). The carbohydrates form complexes with borate ions 
(8) which behave as anions and can be separated on an anion-exchange 

S. H. H. Strain, "Chromatographie Adsorption Analysis," Interscience, New 
York, 1942; T. I. Williams, "An Introduction to Chromatography." Chemical Pub-
lishing, New York, 1947; L. Zechmeister and L. Cholnoky, "Principles and Practice 
of Chromatography" (translated by A. L. Bacharach and F. A. Robinson). Wiley, 
New York, 1948; "Chromatographie Analysis," Discussions Faraday Soc. No. 7 (1949); 
E. Lederer and M. Lederer, "Chromatography." Elsevier, New York, 1953; for a re-
view of column chromatography as applied to sugar separations see W. W. Binkley 
and M. L. Wolfrom, Sugar Research Foundation Sei. Rept. 10, (1948). 

4. R. L. Whistler and D. F. Durso, / . Am. Chem. Soc. 72, 677 (1950). 
5. L. Hough, J. K. N. Jones, and W. H. Wadman, J. Chem. Soc. p. 2511 (1949); 

ibid. p. 1702 (1950). 
δα. B. W. Lew, M. L. Wolfrom, and R. M. Goepp, Jr., J. Am. Chem. Soc. 68, 1449 

(1946) ; W. H. McNeely, W. W. Binkley, and M. L. Wolfrom, ibid. 67,527 (1945) ; L. W. 
Georges, R. S. Bower, and M. L. Wolfrom, ibid. 68, 2169 (1946). 

6. For a detailed discussion see D. J. Bell, in "Modern Methods of Plant Analysis" 
(K. Paech and M. V. Tracey, eds.), Vol. II , p. 1. Springer, Berlin, 1955. 

7. J. X. Khym and L. P. Zill, J. Am. Chem. Soc. 74, 2090 (1952). 
8. J. Böeseken, Advances in Carbohydrate Chem. 4, 189 (1949); H. S. Isbell, J. F. 

Brewster, N . B . Holt, and H. L. Frush, / . Research Nail. Bur. Standards 40,129 (1948). 
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resin. The method has been used to separate the sugars in plant extracts 
(9) and phosphorylated sugars {10). The borate complexes have also been 
separated by a modified form of electrophoresis (11). 

By far the most widely used Chromatographie technique in the carbohy-
drate field is paper chromatography (12,18). This method, first used for the 
analysis of amino acids (14), was used in 1946 by Partridge (16) to separate 
a mixture of sugars. The method enables the rapid separation of the com-
ponents of some complex mixtures. Very small amounts of material can be 
used, and relatively simple equipment is needed. In addition the technique 
can be used as an aid in establishing the homogeneity of a sample and the 
identification of an unknown substance. 

The method involves the following steps. A small drop of the material in 
solution is placed at one end of a strip of filter paper. After drying, the paper 
is treated with a suitable solvent so that the solvent moves gradually over 
the sugar spot and along the paper; this process is called * 'development." 
After a time the paper is removed from contact with the solvent and dried; 
the spots on the paper are identified by appropriate methods. 

Whatman No. 1 filter paper has been generally used for sugar chromatog-
raphy, but other grades of Whatman paper as well as other types of filter 
paper may be useful for some particular problem. Both ascending and 
descending developments have been used. Temperature control is useful 
during the development of the chromatogram, but if adequate internal 
standards are used this is not a prerequisite for successful chromatography. 
A simple one-demensional chromatogram usually will not separate all of 
the components in a complex mixture. Frequently the separation can be 
improved by multiple development of the chromatogram in the same 
direction with the same or different solvents. Alternatively, the chro-
matogram can be developed two-dimensionally with two different solvents 
run at right angles to each other. 

9. G. R. Noggle and L. P. Zill, Arch. Biochem. and Biophys. 41, 21 (1952). 
10. J. X. Khym and W. E. Cohn, J. Am. Chem. Soc. 75, 1153 (1953). 
11. H. J. MacDonald, "Ionography." Yearbook Publishing, Chicago, 1955. 
12. J. N. Balston and B. E. Talbot, "A Guide to Filter Paper and Cellulose Powder 

Chromatography." Reeve Angel, London, 1952; F. Cramer, "Papierchromatog-
raphie." Verlag Chemie, Weinheim, 1953 (also translated in English by L. Richards, 
Macmillan, London, 1954) ; R. J. Block, E. L. Durrum, and G. Zweig, "A Manual of 
Paper Chromatography and Paper Electrophoresis." Academic Press, New York, 
1955. 

IS. L. Hough, in Methods of Biochemical Analysis (D. Glick, ed.), Vol. I, p. 205. 
Interscience, New York, 1954; G. N. Kowkabany, Advances in Carbohydrate Chem. 
9, 303 (1954); C. L. Comar, "Radioisotopes in Biology and Agriculture," p. 360. Mc-
Graw-Hill, New York, 1955; also see reference 6. 

14. R. Consden, A. H. Gordon, and A. J. P. Martin., Biochem. J. 38, 224 (1944). 
15. S. M. Partridge, Nature 158, 270 (1946). 
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TABLE I 
SOME SOLVENTS FOR PAPER CHROMATOGRAPHY OF CARBOHYDRATES 

(From Bell(0)) 

Solvent components" Reference 

Phenol, water-saturated (lower layer used) 
n-Butanol, water-saturated 
Ethyl methyl ketone, water-saturated 
Ethyl acetate(2) - pyridine(l) - water(2) 
Ethyl acetate(3) - acetic acid(l) - water (3) 
n-Butanol(5) - ethanol(l) - water(4) 
Amyl alcohol mixture (fusel oil) (3) - acetic acid(l) - water(l). 
n-Butanol(3) - pyridine(l) - water(1.5) 
n-Butanol(5) - pyridine(3) - water (3) - benzene (1) 
n-Propanol(7) - ethyl acetate (1) - water (2) 

(16) 
(16) 
(16) 
(17) 
(17) 
(18) 
(19) 
(19) 
(20) 
CM) 

β When the solvent mixture forms two layers, the upper one is employed for de-
velopment. The figures following the components indicate the volume ratios taken 
for the mixture. 

A large number of different solvent systems have been used for paper 
chromatography of carbohydrates. Some of the most useful are listed in 
Table I. The system n-butanol(40)-ethanol(ll)-water(19) is also good (δ). 

Mixtures of methylated sugars are most often encountered in the hydrol-
yzates of methylated polysaccharides prepared for structural studies. Their 
separation is discussed in this connection in Chapter XII . 

Of particular interest to the biochemist has been the separation and 
identification of the phosphorylated sugars. These components have been 
examined with the aid of paper chromatography, and Table II shows some 
of the solvent systems that have been used. The general topic of the sepa-
ration of sugar phosphates is adequately covered by Benson {22). 

After the separation of the sugars on the filter paper by the different 
solvents, the sugars are identified by their relative position and by specific 
color tests. The position of the sugar spot is generally given in terms of a 
constant, Rf, which is defined as the ratio of the distance moved by the 
spot to the distance moved by the solvent front. Often it is impossible to 
determine the distance moved by the solvent front (it may be permitted to 

16. S. M. Partridge, Biochem. J. 42, 238 (1948). 
17. M. A. Jermyn and F. A. Isherwood, Biochem. J. 44, 402 (1949). 
18. E. L. Hirst and J. K. N. Jones, Discussions Faraday Soc. No. 7, 268 (1949). 
19. A. Jeanes, C. S. Wise, and R. J. Dimler, Anal. Chem. 23, 415 (1951). 
20. H. C. S. deWhalley, N. Albon, and D. Gross, Analyst 76, 293 (1951). 
21. N. Albon and D. Gross, Analyst 77, 410 (1952). 
22. A. A. Benson, in "Modern Methods of Plant Analysis" (K, Paech and M, V. 

Tracey, eds.), Vol. II, p. 113. Springer, Berlin, 1955. 
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T A B L E I I 

SOME SOLVENTS FOB P A P E R CHROMATOGRAPH Y OF SUGAR PHOSPHATES (22) 

Solvent components'» 

E thy l acetate (3) - acetic acid (3) - water (1) 
Methyl cellosolve(7) - methyl ethyl ketone(2) - ZN NH4OH(3) 
Ethyl acetate (1) - formamide(2) - pyr idine( l ) 
£-Butanol(80) - picric acid(2 g.) - water(20) 
Isopropyl ether (90) - 90% formic acid (60) 
Phenol(72 g.) - water(28 g.) 
Butanol (100) - propionic acid (50) - water (70) 
Methanol (80) - 88% formic acid (15) - water (5) 
Methanol (60) - 28% NH4OH(10) - water (30) 

Reference 

22 

a The figures following the components indicate ratios of volumes taken for the 
mixture. 

drip off the end of serrated paper), and under these conditions an Rx value 
is determined. This is the ratio of the distance moved by the sugar spot to 
the distance moved by some internal standard. The Rf or Rx values are 
not absolute constants but depend on a number of variables, all of which 
may not be controlled during a separation. The Rf values are useful for 
comparing separations within a single run under similar conditions of 
development {27). A number of tables of Rf or Rx values for various carbo-
hydrates {28) and sugar phosphates {22) have been compiled. 

The use of color reagents to detect sugars on paper chromatograms has 
several functions. The color reveals the position of the sugar so that Rf 

values can be determined, and in certain cases the color will indicate the 
nature of the sugar, e.g., as a ketose or aldose. Many different spray rea-
gents have been devised, but they fall into four general types {28): (1) 
reagents that depend on the reducing power of the sugar; (2) acids that 
act on the sugar to produce a derivative which reacts with aromatic amines 
or phenols; (3) reagents that cleave the sugar to fragments which are 
detected; (4) reagents that are specific for certain structural features. 

Kowkabany {28) suggests that for identification of the spots the follow-
ing color reagents have the greatest general usefulness: silver nitrate - am-
monia, aniline hydrogen phthalate, p-anisidine hydrochloride, o-pheny-
lenediamine dihydrochloride, benzidine - acetic acid, 3,5-dinitrosalicylic 

28. D . C. Mortimer, Can. J. Chem. 30, 653 (1952). 
24. A. T . Wilson, Doctoral Thesis, University of California (1954). 
26. C. S. Hanes and F . A. Isherwood, Nature 164, 1107 (1949). 

S. Bandurski and B . Axelrod, J. Biol. Chem. 193, 405 (1951). 
C. Bate-Smith and R. G. Westall, Biochim. et Biophys. Ada 4, 427 (1950). 27 

R. 
E . 

28, G. N. Kowkabany, Advances in Carbohydrate Chem. 9, 303, (1954). 
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acid and sodium hydroxide, and 3,4-dinitrobenzoic acid with sodium 
carbonate. Under prescribed conditions, the naphthoresorcinol - trichloro-
acetic acid reagent is useful for detecting ketoses. Nonreducing sugars can 
be detected by potassium permanganate and sodium carbonate, sodium 
metaperiodate, and lead tetraacetate. 

Unequivocal identification of unknown compounds cannot be made on 
the basis of chromatography alone. Even if the Rf values of all sugars were 
available, many have about the same Rf values, even with different sol-
vents. Moreover, new sugars are still being discovered. Material sufficient 
for the necessary confirmatory tests may be obtained from the use of large 
heavy sheets of paper or from the use of column chromatography. Infor-
mation from paper chromatograms is an aid in the calculations needed for 
the operation of celulose columns. Adsorption chromatography is also to be 
recommended. Activated carbon (4) is particularly good for the separation 
of sugars differing in degree of polymerization. Magnesol {6a) (a hydrated 
magnesium silicate) has proved very versatile in the separation of acety-
lated sugars. 

B. COLOR REACTIONS (1) 

The presence of "carbohydrates" is indicated by the development of 
colors when the unknown is treated with strong sulfuric acid and an ap-
propriate phenol, iV-base, or related compound, such as: a-naphthol, 
resorcinol, orcinol, phloroglucinol, anthrone, and carbazole. The test 
employing a-naphthol is known as the Molisch test for carbohydrates, but 
is instead a test for saccharides. Functional derivatives, such as acids and 
amino compounds, do not give the typical colors. The colored substances 
probably are condensation products between the phenols (or other com-
pound) and furfural, hydroxymethylfurfural, and similar products formed 
from the sugars by the action of the acids (Chapter I). This type of reaction 
can be used for the quantitative estimation of carbohydrates (see below). 
The reaction is given by the simple sugars, the oligosaccharides, and by 
many polysaccharides. Many of the reagents used in paper chromatography 
operate through similar reactions. 

Strong sulfuric and hydrochloric acids convert carbohydrates to dark-
colored substances which probably are condensation products of furfural, 
hydroxymethylfurfural, etc. (Chapter I). 

The colors produced from ketoses, pentoses, and uronic acids in the 
presence of phenols and acids as well as other reagents often are enough 
different from those formed from aldohexoses so that they may be used for 
the classification of unknown materials. The ketoses, pentoses, and uronic 
acids usually form colored products under conditions milder than those 
required for the aldohexoses. Tauber's benzidine test for pentoses and 
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uronic acids involves the heating of benzidine in glacial acetic acid with 
the sugar. A cherry-red color forms in the presence of pentoses and glu-
curonic acid, whereas hexoses give a yellow to brown color. Phloroglucinol 
gives a violet-red color with pentoses and uronic acids in the presence of 
hydrochloric acid. Orcinol may be used to distinguish between pentoses 
and uronic acids. The Seliwanoff test for ketoses is carried out by heating 
the unknown with hydrochloric acid and resorcinol. A fiery-red color 
develops if a ketose is present. 

A particularly important color reaction is the Raybin diazouracil test 
for sucrose (see under Sucrose). An alkaline solution of diazouracil turns 
green in the presence of sucrose. The only known interfering substances 
are raffinose, gentianose, and stachyose. 

The reduction of metallic salts provides a convenient test for "reducing" 
sugars. In alkaline solution, the sugars reduce the salts of copper, silver, 
mercury, and other metals to the metal or to a suboxide. The well-known 
Fehling and Tollens solutions are of this character. The sugar and some of 
the products resulting from isomerization in alkaline solution (see Chapter 
I) are oxidized to the corresponding acids. The formation of the metal or 

HCO HOCO 
I 

2Cu(OH)2 + —C > —C— + Cu20 + H20 
I I 

oxide is taken as evidence for the presence of reducing sugars. Similar 
reactions are given by many substances other than carbohydrates. The 
application of this test to the quantitative determination of sugars is de-
scribed in the next section. 

Strong alkalies cause solutions of reducing sugars to turn dark brown, 
particularly when the solutions are hot. The nature of the products is 
unknown. 

Reducing sugars reduce nitrophenols to deeply colored derivatives. 
Picric acid, C6H2OH(N02)3, is transformed to the deep-red salt of picramic 
acid, CeH2(N02)2(NH2)OH. For o-dinitrobenzene, the test is so sensitive 
that 6 parts per 1,000,000 of reducing sugars may be detected. 

Méthylène blue solutions are decolorized by alkaline solutions of reduc-
ing sugars. Safranine changes from red to a yellow color under similar 
conditions. 

C. DERIVATIVES 

The reaction products of the reducing sugars and aromatic hydrazines 
are very useful derivatives for identification purposes. One mole of hydra-
zine may react to give the sugar hydrazone, or two residues may be intro-
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duced to give the osazones. Phenylhydrazine is the most common hydrazine 
used for this purpose, but other hydrazines are used (Chapter II , Table I) . 
The choice of hydrazine depends upon the sugar present since the products 
differ greatly in their ease of isolation. For example, mannose phenylhydra-
zone is difficultly soluble, whereas the glucose phenylhydrazone is quite 
soluble. 

HCO H C = N N H R H C = N N H R 

HCOH R N H N H i > HCOH - * C = N N H R 

I I I 
—c— —c— —c— 

I I I 
The osazones are much less soluble than the hydrazones. However, it 

should be noted that three sugars (e.g., glucose, mannose, and fructose) 
give the same osazone because of the loss of asymmetry at carbon atom 2. 
(For further details of this reaction, the reader is referred to the discussion 
of nitrogenous derivatives, Chapter VIII.) 

The 2,4-dichlorophenylhydrazones of a great many sugars were isolated 
and characterized by Mandl and Neuberg {29), The hydrazones were easy 
to crystallize and gave good melting points. The same authors were able 
to differentiate between L-arabinose and D-ribose by means of their di-
phenylhydrazones. Reactions with p-bromophenylhydrazine or 1-benzyl-l-
phenylhydrazine also often lead to crystalline derivatives. 

The hydrazones and osazones rarely have sharp melting points, and 
disparities in reported values are often encountered. Moreover, optical 
rotations are frequently difficult to determine because of slow, complex 
mutarotations. Confirmation of the identity through a comparison of X-ray 
patterns or through other derivatives is desirable. The osotriazoles (Chapter 
VIII) prepared from the osazones by the reaction of copper sulfate gen-
erally have properties quite suitable for qualitative analyses. Isolation of 
the more-soluble osotriazoles is facilitated by adsorption on and elution 
from activated carbon (29a). 

The benzimidazole derivatives prepared from the aldonic acids have 
been suggested for the identification of sugars and acids {SO). The ben-
zimidazoles are made by oxidation of the sugars to the aldonic acids, and 
subsequent condensation of the aldonic acids with o-phenylenediamine. 

29. I. Mandl and C. Neuberg, Arch. Biochem. and Biophys. 35, 320 (1952). 
29a. M. G. Blair and J. C. Sowden, / . Am. Chem. Soc. 77, 3323 (1955). 
80. See S. Moore and K. P. Link, J. Biol. Chem. 133,293 (1940) ; R. J. Dimler and K. 

P. Link, ibid. 150 (1943); see also N. K. Richtmyer, Advances in Carbohydrate Chem. 
6,175 (1951). 
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HCO OCOH 

I I 
(HCOH)n - » (HCOH)n 

I I 
H2COH H2COH 

(HO)H2C-[CH(OH)]n-C<° + ξ^ΥΊ 
OH « 2 N ~ ^ ^ 

Aldonic acid \ 

(HO)H2C-[CH(OH)]n-cf ^ ζ ) 

H 
Aldoben zimidazole 

The separation of small quantities of the aldobenzimidazoles is facilitated 
by the formation of the insoluble copper salt from which the copper may 
be removed by exposure to hydrogen sulfide. The melting points and optical 
rotations of the benzimidazoles and of the corresponding hydrochlorides 
differ sufficiently for the different sugars so that the identification usually 
is assured. Fructose under the conditions outlined above is likely to be 
oxidized with the production of small quantities of D-arabobenzimidazole. 
Characteristic derivatives of hexuronic and saccharic acids also are obtained 
by condensation with o-phenylenediamine. 

Derivatives of particular value for the identification of many important 
sugars are mentioned in Chapters II, VIII, and IX under the description 
of the individual sugars and for Polyols in Chapter V. 

2. QUANTITATIVE DETERMINATION 

Many of the qualitative tests may be applied to the quantitative deter-
mination of sugars. The color developed in the presence of acids and phenols 
or the amount of metal or metallic oxide formed by the reduction of the 
salts of heavy metals by the sugars can be measured. Some of these methods 
can also be used on a micro-scale to determine quantitatively the sugar 
eluted from paper chromatograms. In some cases, difficultly soluble deriva-
tions such as the osazones or hydrazones can be weighed directly. Because 
of the absence of a stoichiometric relation for the methods, they are not 
completely satisfactory. Complete descriptions of many of the methods 
described will be found in the article by Bell (6). 

A. OPTICAL ROTATION (1) 

When sugars or their derivatives are reasonably pure, and in particular 
are free of optically active impurities, the measurement of the optical 
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rotation provides the most convenient method for their identification and 
analysis. This method of "direct polarization" finds wide application in the 
analysis of raw and purified cane and beet sugar. The specific rotation [a] 
of a sugar in solution at 20°C. and measured with the D line of the sodium 
lamp is given by: 

, l20 _ 100« 
[otl° - Γχ-c 

(a = observed optical rotation; I = length of tube in decimeters; c = 
weight of sugar (grams) in 100 ml. of solution at 20°C). When the specific 
rotation is known, the concentration, c, may be calculated from: 

_ 100« 
C " 1 X lag 

Usually the specific rotation varies somewhat with the concentration (c), 
and this effect must receive consideration. 

The method is very easily applied when a saccharimeter is used for the 
measurement of the rotation. In this procedure, the weight of impure 
sugar which is taken for the analysis is the same as the amount of pure 
sugar which will read 100°S. under the same conditions. The observed 
optical rotation gives directly the percentage of sugar in the sample. Thus, 
a reading of 90°S. would mean that the original material contained 90% of 
the sugar. The weight of a sugar which will read 100°S. on a saccharimeter 
when made up to 100 ml. at 20°C. and read in a 2-dm. tube is known as 
the normal weight. For sucrose, the normal weight is 26.00 g. 

Mixtures of several sugars are more difficult to analyze by optical rotation 
methods, but sometimes the analysis is possible if the rotations of the com-
ponents vary in a different manner when the solvent, the acidity, or the 
temperature is changed. The change in solvent may be brought about by 
the addition of salts (Chapter V) which markedly affect the rotations. 
If the specific rotations of the two components are known under two sets 
of conditions, the solution of two simultaneous equations will give the 
relative percentages of components x and y: 

Condition 1: x[ax) + y[ay] = 100[aObe]. 

Condition 2: χ[<χ'χ] + y[a'y] = 100[a'obel. 

One of the most important sugar mixtures which can be analyzed by the 
optical rotatory method is the mixture of sucrose and its hydrolysis prod-
ucts, glucose and fructose. The process of hydrolysis of sucrose into glucose 
and fructose is known as inversion because of the change of the sign of 
rotation which takes place during the hydrolysis. Mixtures of this type are 
found in invert sirups, honey, etc. The polarimetric method for this purpose 
is based on the optical rotatory power of the original material and of the 
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completely hydrolyzed product. From the known rotations of sucrose and 
of its hydrolysis products, the quantity of sucrose in the original mixture 

C12H22O11 -f- H2O ► CeH^Oe -h CeH^Oe 

Sucrose Glucose + Fructose 

Invert sugar 

may be calculated. This method originally was devised by Biot (1842), but 
it was greatly improved by Clerget and bears the name of the Clerget 
method. Acids have been employed as the catalysts for the hydrolysis 
reaction. However, the instability of fructose under acid conditions, and 
the marked influence of acids and salts on its optical rotation are likely to 
lead to erroneous results unless the conditions are carefully controlled. The 
inversion by yeast invertase gives more accurate results. 

The results are calculated from the formula: 

100(P - P') 
133 - 0.5(* - 20) 

where P and Pf are the observed optical rotations before and after acid 
hydrolysis and t is the temperature (°C.) at which the rotations are meas-
ured. The constant 133 is the Clerget constant. The percentage of sucrose 
is given by S. The method must be carried out under carefully standardized 
conditions (1). 

B. REDUCING SUGAR METHODS (1) 

a. Oxidation by Metallic Salts in Alkaline Solution 

The principal chemical methods for quantitatively determining the 
sugars make use of the reducing action of sugars on alkaline solutions of 
the salts of certain metals. Although many metallic salts, including those 
of copper, silver, mercury, and bismuth, undergo this type of reaction, 
copper has been employed by far the most extensively in sugar analysis. 
The reaction might be visualized as the case of an aldehyde or ketone being 
oxidized by withdrawal of oxygen from the base formed by the action of 
the alkali upon the salt. The reduced base is precipitated either as the 
free metal or as the suboxide: 

RCHO + Ag20 -► 2 Ag + RCOOH 

RCHO + 2 CuO -► Cu20 + RCOOH 

However, the reaction does not proceed stoichiometrically. I t has been 
shown previously (see Chapter I) that sugars with free aldehyde and ketone 
groups quickly undergo change even in weakly alkaline solution. Glucose, 
fructose, and mannose undergo a mutual interconversion until equilibrium 
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is established. This interconversion is explained by the formation of an 
enol form. Upon prolonged action the double bond may descend farther 
along the chain, and cleavages of the carbon chain may occur. Strong 
alkalinity produces more deeply seated changes forming saccharinic acids 
and their lactones. In the presence of cupric salts in alkaline solution, the 
enediols are oxidized at the expense of the cupric ions which are reduced and 
precipitated as insoluble cuprous oxide. The carbon chain of the sugar is 
ruptured with the formation of acids with shorter chains. Since the enediol 
bond of a hexose at the time the molecule is ruptured may be either at the 
1,2- or 2,3-position and since the hydroxyls may have altered their posi-
tions, numerous acids are produced. 

Under such circumstances it is amazing that the reaction has quantitative 
value. But it has been found that, although the products are many and 
variable, it is possible to standardize the conditions so that the amount of 
cuprous oxide may be used as a measure of the quantity of sugar. 

Copper solutions became important for the purpose of sugar analysis 
after Trommer (1841) used alkaline copper sulfate to distinguish between 
grape sugar (glucose) and cane sugar (sucrose). In 1844, Barreswil reported 
the important discovery that the addition of potassium tartrate to alkaline 
copper sulfate solution greatly increases the stability. The reaction of the 
tartrate with the copper salt is still not clearly understood, but it is gen-
erally assumed that complex salts are formed. Cupric tartrate is pre-
cipitated when a solution of copper sulfate is added to a chemically equiv-
alent amount of sodium tartrate in solution. If a second equivalent of 
sodium hydroxide is added, the precipitated cupric tartrate dissolves. 
Since the resulting solution is neutral to litmus, the whole cupric tartrate 
residue acts as an ion to neutralize the alkali. That the copper is a con-
stituent of the anion is shown by electrolysis of the solution; under these 
conditions the copper migrates to the anode. The reagent used for sugar 
analysis must contain additional alkali because the sugar enol is formed 
only in alkaline solution. 

Citrates, oxalates, salicylates, glycerol, and cane sugar also stabilize 
alkaline solution of cupric salts. Some of these, citrates in particular, have 
been used in the preparation of copper solutions for sugar analysis. 

The copper method was further improved in 1848 by Fehling, who 
worked out analytical details of the alkaline copper method essentially as 
they now are used. Fehling gave as stoichiometrical equivalents: 5 molecules 
of copper to 1 molecule of glucose. But apparently he did not realize that 
the amount of copper which is reduced varies with experimental conditions 
and is quantitative only within a narrow range of concentrations and of 
reaction times. The ratio 1:5 was employed subsequently until Soxhlet in 
1878 showed that the ratio varies with the degree of excess of copper 
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present during the reaction. Soxhlet's method was also an improvement in 
that he kept the copper solution and the alkaline tartrate solution in 
separate containers; the solutions were mixed at the time of analysis. The 
composition of the Fehling (Soxhlet) reagents is as follows: 
Fehling solution A: 34.639 g. crystalline copper sulfate (CuS04-5H20) 

made up to 500 ml. with water. 
Fehling solution B: 173 g. Rochelle salt and 50 g. NaOH made up to 500 

ml. with water. 
Since the copper reduction method has become used so generally for 

sugar analysis, numerous modifications have been described which are 
based on the same fundamental principles but which differ in analytical 
details. Fehling solution is rather unstable. Hence, efforts have been made 
to improve its stability. Many organic products other than sugars cause 
either a precipitation of cuprous oxide or prevent its precipitation even if 
sugars are present. Consequently, other copper solutions are frequently 
employed, especially in biological analysis. Copper sulfate or acetate 
usually is used as the source of the cupric ion. Potassium hydroxide has been 
substituted for sodium hydroxide in the method of Allihn and in its modi-
fications. Citrates or carbonates have been used instead of sodium or 
potassium hydroxide to. produce reagents having less alkalinity as for the 
solutions of Benedict and of Soldaini. Among other copper solutions recom-
mended for testing sugars, copper ammonium tartrate and ammoniacal 
copper sulfate may be mentioned. But with all the numerous modifications 
the Fehling-Soxhlet solution is the most widely used of the copper solutions. 
No other has been found to equal it for general usefulness in sugar analysis 
although others may be more suitable under specific circumstances. 

The amount of copper which is reduced by various sugars has been found 
to vary according to the alkalinity, the temperature, the time of heating, 
the sugar concentration, the nature of the sugar, the type of the tartrate 
(D, L, or meso), the amount of contact with air, etc. Fehling solution ap-
proximates the degree of alkalinity which has been found to give the largest 
deposit of cuprous oxide. Two of the most important variables are the 
temperature and the time of heating. Initially, the reduction is very rapid as 
the temperature is raised to 75°C. The rapid phase is followed by a slow 
secondary reduction which continues for a long time. However, the rate of 
reduction is very slow at the later time periods. In most methods the solu-
tion is allowed to boil until a point is reached at which a small variation in 
the time will exert only a negligible influence on the results. Because of the 
arbitrary establishment of the conditions and the absence of a stoichio-
metric relation between the quantity of sugar and the cuprous oxide formed, 
close adherence to the conditions described for the various methods is re-
quired. Under standardized conditions, the amount of cuprous oxide is 
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proportional to the initial quantity of sugar. For many methods, tables 
have been published which relate the quantity of sugaf and the amount of 
cuprous oxide or copper. The multiplicity of tables arises from the fact 
that many investigators have confined their work to one single sugar for 
one individual set of conditions. The early tendency was to devise a par-
ticular method for each sugar under examination. This procedure requires 
different reagents and procedures for each sugar and renders impossible 
the interpretation of copper equivalents for mixtures of sugars. This 
difficulty led to the establishment of unified procedures for which the same 
reagents and procedure are used regardless of the nature of the sugar. 
Empirical copper equivalents have been determined for the sugars of com-
mon occurrence and for the most frequently occurring sugar mixtures. 
Among the unified methods are those of Munson and Walker (the most 
common method in the United States), of Quisumbing and Thomas, of 
Bertrand, of Brown, Morris, and Millar, of Lane and Eynon, and of Scales 
(modified). 

After the establishment of standard conditions for the reduction, con-
siderable variation is possible in the method for determining the cuprous 
oxide. I t may be weighed directly or ignited to cupric oxide. I t may be 
further reduced to metallic copper by hydrogen, by alcohol vapor, or by 
electrolysis in nitric acid solution. In other procedures, the cuprous oxide 
is dissolved after filtration and is determined volumetrically by use of ferric 
salts and permanganate, iodine and thiosulfate, thiocyanate and silver 
salts, dichromate and ferrous salts, or the cyanide method. In the cyanide 
method, the excess of cupric ion is determined. Several processes have also 
been worked out for the determination of the extent of the reduction with-
out filtration of the cuprous oxide. Titration may be made of the cuprous 
ion or of the excess cupric ion. Ferric-ion oxidation of the dissolved cuprous 
oxide is employed in the Bertrand method. The Scales, the Shaffer-Hart-
mann, and the Shaffer-Somogyi methods employ iodometric determination 
of the cuprous ion in the presence of citrates which form complex ions with 
cupric ions. The Folin-Wu method and its modification according to 
Benedict require measurement of the color produced by cuprous salts and 
a tungstic acid reagent. 

Instead of measuring the copper reduced by a given amount of sugar, the 
copper solution may be titrated directly by the addition of sugar to the 
boiling copper solution. The end-point is distinguished by the discharge of 
the blue color (methods of Violette and of Pavy), by spot tests with fer-
rocyanide (Soxhlet), or by the internal indicator méthylène blue (Lane and 
Eynon). Other indicators have been suggested; in the case of very dark 
molasses, the end-point preferably is determined electrometrically. Main's 
"pot method" was devised because it is difficult to standardize the time of 
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heating and the rate of ebullition. The temperature is regulated by a boiling 
water-bath, and the reduction is carried out in test tubes provided with 
floats, variable amounts of sugar being added to constant amounts of cop-
per reagent. The same principle is used, but constant amounts of sugar 
solution are added to variable quantities of copper reagent in the method 
of Reischauer and Kruis. 

Although the reduction of cupric salts in alkaline solution is common to 
all aldoses and ketoses (as well as aldehydes and hydroxyketones), condi-
tions may be established for which a preferential oxidation of monosac-
charides occurs. In the Barfoed method, copper acetate in neutral or slightly 
acid solution oxidizes monosaccharides but affects disaccharides such as 
maltose only to a minor degree. The Steinhoff method for the selective de-
termination of glucose, maltose, and dextrins in mixtures depends on the 
determination of glucose by the Barfoed reagent, the sum of dextrose and 
disaccharides (maltose) by use of Fehling solution, and the total sugar 
after complete acid hydrolysis. 

Descriptions of the procedures followed in the various methods and 
tables relating the sugar quantity to the amount of cuprous oxide or cop-
per are given in the standard works on analysis (1), 

b. Oxidation with Potassium Ferricyanide 

A number of important methods are based on the oxidation of sugars by 
ferricyanide ion in alkaline solution. The method is open to the same ob-
jections as the copper reduction methods, namely, the lack of a stoichio-
metric reaction and the dependence of the method on arbitrarily chosen 
conditions. The ferricyanide may be used to titrate the sugar solution 
directly by the use of picric acid or of méthylène blue as an indicator. 
Or, the reduced ferrocyanide may be precipitated as the zinc salt, and the 
excess ferricyanide determined iodometrically. The Hagedorn-Jensen 
method and the Hanes modification utilize the latter procedure. In the 
Folin-Malmros micro method, Prussian blue is formed and determined 
colorimetrically. Extensive application of the ferricyanide method has been 
made in the determination of the diastatic power of amylase preparations 
and in blood analysis. 

4 K3Fe(CN)e + 4 KOH -> 4 K4Fe(CN)e + 2 H20 + 2 O (consumed) 

2 H3Fe(CN)e + 2 HI — 2 H4Fe(CNe) + I2 

2 K4Fe(CN)e + 3 ZnS04 -* K2Zn3[Fe(CN)e]2 + 3 K2S04 

C. COLORIMETRIC PROCEDURES 

A great many reactions are known which will give colored products with 
sugars. By the use of a colorimeter or spectrophotometer very sensitive 
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methods of quantitative analysis of sugars have been developed. A number 
of these procedures have been used to estimate the sugars separated and 
eluted from paper chromatograms. 

The formation of colored products by the reaction of sugars and phenols 
in the presence of strong acids has been mentioned previously as a qualita-
tive test for carbohydrates. Carbazole or anthrone may be used instead of 
a phenol. Methods employing orcinol (3,5-dihydroxy toluene) and carbazole 
have been described in detail (81). Dische (82) described a modified carba-
zole reaction for determining ketohexoses, ketopentoses, trioses, and 
glycolic aldehyde as well as a method for determining heptoses. 

Because of a difference in ease of reaction and of the colors produced by 
carbazole, conditions may be selected also for the determination of uronic 
acids with little or no interference from the sugars (82). 

The absorption curves for the different sugars after treatment with 
orcinol or carbazole and strong acid differ considerably. Hence, the shape 
of the absorption curve frequently is of value in the identification of an 
unknown sugar even in the presence of amino acids and other materials. 

Anthrone has been used extensively for the colorimetric determination of 
saccharides, reducing and nonreducing (88). The sugar is converted to a 
furfural derivative with sulfuric acid which then reacts with the anthrone 
to form a colored solution. The method will determine sugars in the range 
of 0 to 80 micrograms. 

The colorless triphenyltetrazolium ion is reduced by sugars to insoluble, 
red triphenylformazan. The red formazan is then dissolved in isopropanol 
and determined colorimetrically (84). 

Additional discussion of such methods is given in Chapter XII , Part II . 

D. SPECIAL METHODS 

a. Determination of Aldoses by Hypoiodite 

Romijn (1897) first showed that aldoses are quantitatively oxidized by 
iodine in weakly alkaline solution under carefully controlled conditions. 
Ketoses and nonreducing sugars are only slightly attacked. Equations 
illustrating the reaction are given below (see also Chapter VI). 

The iodine and alkali form hypoiodite and iodide: 

I2 + 2 NaOH -* NalO + Nal + H20 

81. M. S0rensen and G. Haugaard, Biochem. Z. 260, 247 (1933); S. Gurin and D. B. 
Hood, J. Biol. Chem. 139, 775 (1941); 131, 211 (1939). 

82. Z. Dische and E. Borenfrend, J. Biol. Chem. 192, 583 (1951); Z. Dische, ibid. 
204, 983 (1953); 167, 189 (1947); 183, 489 (1950). 

88. D. L. Morris, Science 107, 254 (1948); A. Loewus, Anal. Chem. 24, 219 (1952). 
84. K. Wallenfels, Naturwissenschaften 37, 976 (1950) ; R. A. Fairbridge, K. J. Wil-

lis, and R. G. Booth, Biochem. J. 49, 423 (1951). 
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Part of the hypoiodite is converted into iodate and iodide, the amount 
depending on the concentration, the time, and the temperature: 

3 NalO -> NalOa + 2 Nal 

The hypoiodite reacts with the aldose: 

RCHO + NalO + NaOH -► RCOONa + Nal + H20 

Since sodium iodate cannot oxidize the sugar in alkaline solution, some 
active iodine is lost as far as the sugar oxidation is concerned. If the entire 
quantities of alkali and iodine are admitted simultaneously, much iodine is 
transformed to iodate and a deficiency may result for the sugar oxidation. 
If iodine is present in too great an excess, over-oxidation can occur, and the 
alcoholic groups are slowly oxidized to carboxyl or carbonyl groups. 

Although some iodine may be lost by the side reaction, this iodine is 
measured along with the excess when the solution is acidified and titrated 
with thiosulfate: 

NalO + Nal + H2S04 -* I2 + Na2S04 + H20 

NaI03 + 5 Nal + 3 H2S04 -> 3 l2 + 3 Na2S04 + 3 H20 

I2 + 2 Na2S203 -» 2 Nal + Na2S406 

Slater and Acree found that the iodine consumption can be confirmed by 
titrating with alkali the free acid left after the completion of the thiosulfate 
titration: 

HC1 + NaOH -* NaCl + H20 

Aldonic lactone + H20 <=± RCOOH 

RCOOH + NaOH -> RCOONa + H20 

Although the stoichiometric nature of this reaction is an advantage over 
the empirical nature of the copper reductions, this procedure does not have 
as great a versatility of application, and it also must be used under carefully 
controlled conditions. Alcohol, glycerol, mannitol, formic acid, lactic acid, 
dextrin, amino acids, and many other substances take up iodine. Hence, 
the method cannot be applied directly to impure sugar products of unknown 
composition. Under well-defined conditions and in the absence of interfer-
ing materials, the method is stoichiometric. This method has been used for 
micro-determination of sugars on paper chromatograms (35),. 

b. Determination of Reducing Aldose Sugars by the Kiliani Reaction 

This reaction has been made the basis of a stoichiometric method for 
determining reducing aldose sugars (86). The sugar is reacted with cyanide. 

85. J. R. Hawthorne, Nature 160,714 (1947) ; O. G. Ingles and G. C. Israel, J. Chem. 
Soc. p. 810 (1948); p. 1213 (1949). 
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Ammonia from the hydrolysis of the nitrile is steam-distilled into alkali. 
One ammonia is equal to one aldose reducing group. (See also Chapter 
XII.) 

c. Determination of v-Glucose with Ώ-Glucose Oxidase 

D-Glucose is quantitatively oxidized to D-gluco-ô-lactone by D-glucose 
oxidase in the presence of molecular oxygen. The lactone is converted to 
D-gluconic acid, which is titrated with standard alkali (87). 

d. Determination of Pentoses and Pentosans 

Pentose sugars and pentosans may be quantitatively estimated by 
conversion into furfural by distillation with hydrochloric acid. The amount 
of furfural is determined gravimetrically after precipitation with phloroglu-
cinol, barbituric acid, or thiobarbituric acid, or volumetrically by titration 
with bromine or phenylhydrazine. Approximately theoretical yields of 
furfural are obtained if the furfural is removed rapidly from the reaction 
mixture by steam distillation: 

C6Hio06 -> C5H4O2 + 3 H 2 0 

Pentose Furfural 

Hexoses yield hydroxymethylfurfural, and methyloses yield methylfurfural. 
These substances are not produced in quantitative yields, and they inter-
fere with the furfural determination. (See Chapters I and VI.) 

e. Determination of Sugars as Hydrazones and Osazones (See also Chapter 
VIII) 

The solubility of the different hydrazones and osazones or of similar 
derivatives in the presence of impurities has prevented their general em-
ployment for the quantitative separation of the sugars. In certain cases, 
however, where they are characterized by great insolubility, they may be 
used for fairly accurate quantitative determinations. Arabinose may be 
determined by precipitating it with diphenylhydrazine, mannose with 
phenylhydrazine, and fructose with methylphenylhydrazine. Some osazones 
may be determined volumetrically. Glucosazone, for example, is reported 
to be reduced stoichiometrically by titanium trichloride to isoglucosamine. 

/ . Fermentation Methods 

The selective fermentation of sugars by microorganisms is utilized for 
the qualitative and quantitative determination of sugar mixtures. Ordinary 

86. V. L. Frampton, L. P. Foley, L. L. Smith, and J. G. Malone, Anal. Chem. 23, 
1244 (1951); A. P. Yundt, Tappi 34, 95 (1951). 

87. R. L. Whistler, L. Hough, and J. W. Hylin, Anal. Chem. 25, 1215 (1953). 
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TABLE II I 
FERMENTATIVE CHARACTERISTICS OF SOME MICROORGANISMS (89) 

Organism 

Bacillus megather-
ium 

Serratia marcescens. 
Escherichia coli 
Aerobacter aerogenes 
Bacterium friedlän-

deri 
Proteus vulgaris 
Salmonella aertrycke 
S. enteritidis 
S. choleraesuis 
S. paratyphi 
S. schottmûlleri 
Eberthella typhi 
E. dysenteriae Flex-
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E. dysenteriae Sonne. 
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Staphylococcus au-
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A, acid formation observed. 
G, gas formation observed. 
0, no reaction. 

yeasts ferment glucose at alkalinities up to pH 8, although maltose is only 
slowly fermented above pH 7.2. This difference has been made the basis of 
the Somogyi method for the determination of glucose, maltose, and dextrins 
in products such as are obtained by the hydrolysis of starch (87a). The de-
termination of the reducing power of a sample before fermentation, after 
fermentation at pH 7.5, and after fermentation at pH 5.0, provides a 
method for the selective determination of maltose, glucose, and unfer-
mentable (dextrin) material. Instead of reducing sugar determinations, 
measurements of the alcohol concentration may be used to measure the 
degree of fermentation (37b). Mixtures such as are obtained by the hy-
drolysis of starch also may be analyzed by the use of a yeast which will 
not ferment maltose, and one which will act on this sugar (88). 
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TABLE IV 

FERMENTATIVE CHARACTERISTICS OF SOME MICROORGANISMS (89) 

Organism 

3 O 

Bacillus megatherium 
Serratia marcescens 
Escherichia coli 
Aerobacter aerogenes 
Bacterium friedländeri. . 
Proteus vulgaris 
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S. enteritidis 
S. choleraesuis 
S. paratyphi 
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A, acid formation observed. 
G, gas formation observed. 
0, no reaction. 

Wise and Appling (40) determine D-galactose in the presence of D-man-
nose, D-glucose, D-fructose, D-xylose, L-arabinose, and D-glucuronic acid 
by use of a yeast (Saccharomyces carlsbergensis) which ferments D-galactose 
and one (S. bayanus) which does not. Both yeasts ferment the mannose, 
glucose, and fructose but have no action on the xylose, arabinose, and 

87a. I .E . Stark and M. Somogyi,/. JSioZ. Chem. 142, 579 (1942); I. E. Stark, ibid. 
142, 569 (1942). 

87b. W. W. Pigman, J. Research Natl. Bur. Standards 33, 105 (1944); M. G. Blair 
and W. Pigman, Arch. Biochem and Biophys. 42, 278 (1953) ; 48, 17 (1954). 

88. See for example A. S. Schultz, R. A. Fisher, L. Atkin, and C. N.Frey, Ind. 
Eng. Chem. Anal. Ed. 15, 496 (1943). 

89. L. Sternfeld and F. Saunders, J. Am. Chem. Soc. 59, 2653 (1937) ; see also C. M. 
McCloskey and J. R. Porter, Proc. Soc. Exptl. Biol. Med. 60, 269 (1945). 

40. L. E. Wise and J. W. Appling, Ind. Eng. Chem. Anal. Ed. 16, 28 (1944). 
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glucuronic acid. Mixtures of this type are obtained by the hydrolysis of 
plant gums. 

The accompanying Tables III and IV illustrate the marked specific 
action of bacteria and yeasts on sugars and derivatives. By the proper 
application of microorganisms, it is possible to provide evidence for the 
presence of a given sugar in an unknown mixture. Thus as shown in the 
accompanying tables, an evidence of fermentation by Torula cremoris 
combined with an absence of fermentation by ordinary yeasts {S. cerevisiae) 
would be indicative of the presence of glucosamine. In turn, the fermenta-
tion characteristics of a microorganism is used for its identification. The 
latter use provides the main application for many of the rarer sugars. 

3. ISOTOPE PROCEDURES 

A. SYNTHESIS OF LABELED SUGARS 

C14-labeled sugars have been prepared both by biosynthetic and synthetic 
methods (Chapter II) . P32-labeled sugar phosphates have also been pro-
duced biosynthetically {22). Biosynthetically produced C14-labeled sugars 
are of limited value because of the distribution of label between the various 
carbon atoms. The 3,4-C14-labeled glucose isolated from liver glycogen 
{41) is an exception. 

B. DEGRADATION OF LABELED SUGARS 

The usefulness of isotopically labeled sugars depends upon having ade-
quate methods of accurately determining the position of the label in the 
sugar molecule. A number of methods are available for degrading sugars. 
Wood, Lifson, and Lorber {41) used a combination of microbiological and 
chemical techniques to degrade labeled glucose isolated from rat liver 
glycogen. The glucose was fermented to lactic acid with Lactobacillus casei. 
The lactate was then oxidized wdth KMnOé to acetaldehyde and C 0 2 , 
and the acetaldehyde then was degraded to iodoform and formic acid. 
I t is not possible by this method to distinguish between carbon atoms 1 
and 6, 2 and 5, and 3 and 4. 

A chemical method {41) of degrading glucose was developed to distin-
guish between carbon atoms 3 and 6. D-Glucose was converted to the methyl 
D-glucopyranoside which was then oxidized with periodic acid at room 
temperature to convert carbon atom 3 to formic acid. A second periodic 
acid oxidation of the hydrolyzed dialdehyde, which was also produced, gave 
carbon atom 6 as formaldehyde. 

Aronoff and Vernon {42) converted glucose to the glucosazone which 
was then degraded with periodate. This oxidation gave the bis(phenyl-

41. H. G. Wood, N. Lifson, and V. Lorber, J. Biol. Chem. 159, 475 (1945). 
J#. S. Aronoff and L. P. Vernon, Arch. Biochem. 28, 424 (1950). 
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bis(phenylhydrazone) of mesoxaldehyde was further degraded with alco-
holic KOH. Vittorio, Krotkov, and Reed (43) had difficulty with this latter 
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Various other chemical methods of degrading glucose have been devised 
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tion. A combination biological and chemical method of degrading glucose 
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finding that Leuconostoc mesenteroides ferments D-glucose to form one mole 
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43. P. V. Vittorio, G. Krotkov, and G. B. Reed, Science 115, 567 (1952). 
U. Y. J. Topper, A. B. Hastings, / . Biol. Chem. 176, 1255 (1949) ; S. Abraham, I. L. 

Chaikoff and W. Z. Hassid, ibid. 195, 567 (1952); J. C. Bevington, E. J. Bourne, and 
C. N. Turton, Chemistry & Industry, p. 1390 (1953); C. T. Bishop, Science 117, 715 
(1953); F. W. Minor, G. A. Greathouse, H. G. Shirk, A. M. Schwartz, and M. Harris, 
J. Am. Chem. Soc. 76, 1658 (1954); J. C. Sowden, J. Am. Chem. Soc. 71, 3568 (1949). 

45. I. C. Gunsalus and M. Gibbs, / . Biol. Chem. 194, 871 (1952). 
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The ethanol and lactic acid can be degraded by conventional chemical 
methods to give the distribution of label in each of the carbon atoms of 
D-glucose. 

Methods for degrading ribulose (D-er^Aro-pentulose) and sedoheptulose 
(D-aZiro-heptulose) have been devised by Bassham and associates (46). 
Biological methods of degradation depending on the action of bacteria to 
produce small fragments such as ethanol, acetic acid, formic acid, lactic 
acid, etc., are of rather wide use in the sugar field. 

The distribution of radioactive carbon in D-fructose-l,6-C14 has been 
determined by its oxidation in alkaline solution to D-arabonic acid with 
the loss of C-1 (46a). Degradations of the phenylosotriazoles are also useful 
for separating the activities at these two positions and for the determina-
tion of C-3 (44)-

Degradation of the benzimidazole derivatives of saccharinic (46b) or 
aldonic acids (46c) leads to an easy determination of the specific activi-
ties of C-1, C-2, and the terminal carbon. Since the aldoses can be read-
ily converted to aldonic acids in high yield (Chapter VI), the method of 
degradation is also applicable to these sugars. The terminal carbon can 
be isolated by periodate oxidation to formaldehyde. The original C-1 and 
C-2 appear in 2-benzimidazolecarboxylic acid, which is obtained by per-
manganate oxidation. Decarboxylation produces benzimidazole which con-
tains only the original C-1. Acetic acid (46d), sometimes encountered in the 
degradation of deoxysugars, can also be degraded through the benzimida-
zole derivative. The resulting 2-methylbenzimidazole is condensed with 
benzaldehyde to form a more easily oxidized derivative, 2-styrylbenzimida-
zole. 

4. HISTOCHEMISTRY OF CARBOHYDRATES* (47-50) 

A. PURPOSES AND PRINCIPLES 

In its broadest sense, histochemistry is the chemical study of morpholog-
ically defined plant or animal material. The methodology varies. The form 

* Prepared by Robert W. Mo wry. 
46. J. A. Bassham, A. A. Benson, L. D. Kay, A. Z. Harris, A. T. Wilson, and M. 

Calvin, J. Am. Chem. Soc. 76, 1760 (1954). 
46a. H. L. Frush and H. S. Isbell, J. Research Natl. Bur. Standards 51, 167 (1953). 
46b. J. C. Sowden and D. J. Kuenne, J. Am. Chem. Soc. 75, 2788 (1953). 
46c. I. A. Bernstein, K. Lentz, M. Malm, P. Schambye, and H. G. Wood, / . 

Biol. Chem. 215, 137 (1955). 
46d. S. Roseman, J. Am. Chem. Soc. 75, 3854 (1953). 
47. D. Glick, "Techniques of Histo- and Cytochemistry." Interscience, New York, 

949. 
48. G. Gomori, "Microscopic Histochemistry.,, U. of Chicago Press, Chicago, 1952. 
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of the tissue sample may vary from thin microtome slices to fractions 
obtained by ultracentrifugation. Historically, histochemistry has developed 
as the more limited application of microchemical reactions to thin slices 
of tissue under conditions that preserve tissue detail; at the same time 
the reactions must yield in situ products that can be seen or localized in 
their proper position within the tissues and cells. Methods of this kind have 
demonstrated the location of many important chemical substances inside 
the tissues and cells of healthy and diseased animals and plants. Animal 
tissues, particularly, have been studied by these methods. 

The technical advantages include the multiplicity of individual objects 
in a single tissue section that can be separately evaluated and the ease with 
which multiple specimens can be tested simultaneously. As the average 
tissue section is extremely thin, numerous determinations are possible on 
a single small sample of tissue. The disadvantages include the difficulties 
of quantitation, the limitations imposed by solubility, and a current in-
sufficiency of dependable methods. 

Tissue carbohydrates must be kept undissolved and preferably un-
changed during the processes of histologie fixation, section-cutting, and 
chemical treatment. Any solution of the original, intermediary, or final 
products of tissue carbohydrates defeats their accurate localization in 
tissues and cells. The reaction products of microchemical methods must be 
highly colored or black in order to be seen with the microscope. Reproduci-
bility and confirmation by alternative methods are the usual tests for 
satisfactory localization. 

B. FIXATION AND PREPARATION OF SECTIONS 

To preserve dead tissue with a minimal disturbance of cellular detail 
from autolysis, the histologist commonly uses chemical solutions known as 
"fixatives." Most fixatives "harden" tissues by denaturation or precipita-
tion of proteins. They retard autolysis and polysaccharide degradation by 
the inactivation of most enzymes. 

Many different fixatives are in use, each with special advantages or 
purposes and limitations. The solution and diffusion of carbohydrates must 
be minimized. Fixation may induce undesirable changes in the chemical 
structure. The Altmann-Gersh procedure (51) of freezing and vacuum-
drying in the cold immobilizes even ordinarily diffusible substances and 
probably causes minimal chemical and tissue changes (50, 52a). But, the 

49. R.D.Lillie,"Histopathologic Technic and Practical Histochemistry." Blakis-
ton, New York, 1954. 

50. A. G. E. Pearse, "Histochemistry." Little, Brown, Boston, 1953. 
61. I. Gersh, Anat. Record 53, 309 (1932). 
52a. L. G. E. Bell, Intern. Rev. Cytol. 1, 35 (1952). 
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apparatus required is quite expensive, bothersome, and subject to frequent 
technical failures. Refinements of apparatus may overcome some of these 
objections {52b, 52c). 

Few intact tissues are sufficiently thin that enough light is transmitted 
to reveal cellular details at high magnifications of the microscope. Although 
some tissues are easily studied in smears, spreads, and squash preparations, 
most of them require sectioning. Even after fixation, the tissue block must 
be hardened before thin sections can be cut. The simplest method of harden-
ing fresh or fixed tissue for the cutting of sections is by freezing. Such 
"frozen-sections" are used by many workers (53). For the study of tissue 
carbohydrates, most workers prefer the thinner sections, greater per-
manency, and convenience of sections cut after paraffin infiltration. 

In preparation for paraffin infiltration water and fats are removed after 
fixation from the small blocks of tissue by consecutive extractions with 
alcohol and fat solvents, such as xylene. The tissue blocks are then placed 
in several changes of molten paraffin. After the displacement of xylene by 
paraffin is complete, the tissue blocks in paraffin are removed from the oven 
and hardened by cooling. Sections can be cut easily by a rotary microtome 
at a thickness of 5 to 7 microns (0.005 to 0.007mm.). When water-sol-
uble carbohydrates are to be studied, it is important to cut and mount the 
paraffin sections on slides without exposure to water. In ordinary work, 
the paraffin ribbons are floated on water and lifted on slides for mount-
ing. Paraffin is removed from the tissue sections prior to microchemical 
tests by consecutive baths in several changes of xylene and alcohols. 

C. METHODS FOR THE HISTOCHEMICAL DEMONSTRATION 

OF CARBOHYDRATES 

Oldest of all the histochemical tests is the iodine reaction (50) with starch, 
applied to plant histology in the early nineteenth century by Caventon and 
Raspail. For almost all purposes, it has been replaced by methods that 
give better color and contrast, and more permanent preparations. Still, 
the iodine reaction is used in a modern histochemical method for phos-
phorylase (54). 

More than seventy-five years ago, it was discovered that "amyloid" 
was colored red by a basic dye that is normally blue. Soon, it was learned 
that metachromasia, or the property of causing a change in the color of a 
pure dye when bound, is shown by many but not all mucinous substances 
when stained with any one of a number of thiazine dyes. Metachromatic 

52b. M. S. Burstone, J. Natl. Cancer Inst. 17, 49 (1956). 
62c. E. W. Emmart and L. R. Crisp, Rev, Sei. Instr. 27, 315 (1956). 
68. A. H. Coons, E. H. Leduc, and M. H. Kaplan, J. Exptl. Med. 93, 173 (1951). 
54. T. Takeuchi and H. Kuriaki, J. Histochem. Cytochem. 3, 153 (1955). 
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dyes, Best's carmine stain (55) for glycogen, and various empirical mucin 
stains have been widely used for over fifty years without much knowledge 
of their theoretical basis. 

A more critical approach to histochemical problems was heralded by the 
publication of Lison's "Histochemie Animale" in 1936 (56). Some of 
Lison's original studies dealt with the meaning of metachromasia, the 
effects of fixatives on glycogen, and other topics of carbohydrate histo-
chemistry. Other milestones in histochemistry were the alkaline phos-
phatase method of Gomori (57) and the periodic acid - Schiff method for 
carbohydrates developed by McManus (58), Lillie (59), and Hotchkiss 
(60). The technical performance and fruitful results of these two methods 
did much to show the possibilities of histochemistry in histology and 
pathology. 

Histochemical methods for carbohydrates are best applied to the poorly 
soluble polysaccharides of high molecular weight. Because of diffusion and 
solution, monosaccharides and disaccharides are not shown by the present 
methods. Methods that lead to the selective or nearly selective coloration 
of broad classes of carbohydrates are the most frequently used. As the 
coloring methods are not specific, they are often used together with other 
procedures for the presumptive identification of particular linkages or 
chemical groupings. Examples of discriminatory procedures are the ex-
traction of glycogen by diastase (61) or the acetylation (62) of glycols 
before the periodic acid - Schiff reaction. 

a. Oxidation Reactions 

The formation of insoluble aldehydes from vicinal glycols or their amino 
derivatives by oxidants that include periodic acid, chromic acid (63), lead 
tetraacetate, (49) and many others is well known and widely used in 
histologie studies. (See Chapter VI for further information about these 
oxidants.) Although SchifPs leucofuchsin (49) is almost always used for the 
coloration of the insoluble aldehydes produced by oxidation, other indica-
tors can be used (50). The requisite vicinal glycol groupings are usually 
plentiful in carbohydrates but are not always present and are not limited 
to carbohydrates. 

55. C. M. Bensley, Stain TechnoL 14, 47 (1939). 
56. L. Lison, "Histochemie animale," Gauthier-Villars, Paris, 1936. 
57. G. Gomori, Proc. Soc. Exptl. Biol. Med. 42, 23 (1939). 
58. J. F. A. McManus, Nature 158, 202 (1946). 
59. R. D. Lillie, J. Lab. Clin. Med. 32, 910 (1947). 
60. R. D. Hotchkiss, Arch. Biochem. 16, 131 (1948). 
61. R. D. Lillie and J. Greco, Stain TechnoL 22, 67 (1947). 
62. J. F. A. McManus and J. E. Cason, J. Exptl. Med. 91, 651 (1950). 
68. H. Bauer, Z. Mikroscop. anat. Forsch. 33, 143 (1933). 
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Periodic acid (see Chapter VI) has been the most widely used oxidant, 
following its introduction to histochemistry by McManus (58) and Lillie 
(59). The work of Hotchkiss was important in clarifying the chemical basis 
and limitations of the histochemical reaction (60). Further studies by 
McManus (64) and others soon led to the widespread, almost routine use 
of the periodic acid-Schiff reaction in histology and pathology. Some 
histologie features are not as well shown by any other method. Lillie showed 
the similarity of the various oxidant-Schiff methods used in histochemistry 
and proved the superiority of periodic acid over chromic acid and potassium 
permanganate (65). He showed that both chromic acid and permanganate 
tend to destroy whatever aldehydes are produced, probably by oxidation 
to carboxyl groups and carbon dioxide. With periodic acid, secondary 
oxidation is small even after the lapse of many hours at room temperature. 

In McManus' or Lillie's procedures, periodic acid is used in water and 
allowed to act on tissue sections for only five or ten minutes, respectively. 
Hotchkiss prescribed periodic acid in either water or 70 % alcohol for ten 
minutes. The sulfurous acid rinse that Hotchkiss interposed between the 
periodic acid and Schiff's reagent was shown by McManus to be not only 
unnecessary but deleterious as some aldehydes undergo sulfite-blockade 
(64)- In histochemical studies on partly hydrolyzed dextran and other 
water-soluble carbohydrates, Mowry has found periodic acid to work well 
in 90% alcohol (66) and in other solvents that include glacial acetic, 
methanol, and diethyl ether. He showed that the time of oxidation for the 
optimal demonstration varies considerably for different substances in these 
solvents (67a). Cartilage ground substance is unusual in giving a much 
stronger periodic acid-Schiff reaction when the oxidation is performed in 
glacial acetic acid instead of water. The vast literature on the histochemical 
uses of periodic acid was reviewed recently by McManus (67b). 

After oxidation, the tissue slides are washed and tested for aldehydes. 
SchifPs reagent is almost always used. Insoluble aldehydes are colored red. 
The intensity of color is generally assumed to indicate the amounts of 
aldehyde produced and of the presumed vicinal glycols initially present. 
Other aldehyde reactions, such as the formation of some colored Schiff 
bases (49), or the reduction of alkaline silver nitrate (48), have sometimes 
been used. The relative intensity of reaction at particular tissue sites will 
differ somewhat with various aldehyde reagents. After oxidation by periodic 
acid, glycogen is difficult to color by certain organic amines (Schiff-base 

64. J. F. A. McManus, Stain Technol. 23, 99 (1948). 
66. R. D. Lillie, Anat. Record 108, 239 (1950). 
66. R. W. Mowry, Am. J. Pathol. 29, 523 (1953). 
67a. R. W. Mowry, J. Natl. Cancer Inst. 13, 230 (1952). 
67b. J. F. A. McManus, Intern. Rev. Cytol. 6, in press (1957). 
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formation) but is always deeply colored by the ordinary SchifPs leucofuch-
sin reagent. 

As so many substances and structures are colored by the periodic acid -
Schiff reaction, there is great need for further procedures to distinguish 
between them. Intense reactions in tissue sections are strong presumptive 
evidence of carbohydrates although some lipides and amino acid groupings 
may interfere. In animal tissues, the strongest reactions are seen for 
glycogen, ingested starch, injected dextran, epithelial mucins, cell walls of 
fungi, and other sites known to contain carbohydrates. Duplicate sections 
can be treated with diastase, pectinases (68), lipid solvents, or various 
chemical reagents prior to periodic oxidation as confirmatory or partially 
discriminatory procedures. 

Other demonstration methods may offer a clue to the degree of esteri-
fication of a carbohydrate. Whereas dextran is intensely periodic-Schiff 
positive and nonmetachromatic, highly sulfated dextran is periodic-Schiff 
negative but intensely metachromatic (69a). 

Differences in the degree of reaction that follow changes in histochemical 
conditions may eventually offer clues to the spatial relations of the adjacent 
hydroxyls, the positions of the 1,2-glycols in the carbon chains, and the 
position of glycosidic linkages. Boric acid added to lead tetraacetate in 
glacial acetic is said to selectively inhibit the oxidation of eis hydroxyls 
under histochemical conditions (69b). 

b. Reactions of Acidic Groups 

The most familiar examples of the identification of acidic groups are the 
use of Toluidine Blue 0 for metachromasia and various other basic dyes. 
Naturally occurring acidic carbohydrates include components of the ground 
substance of cartilage, the connective tissue mucins, mast cell granules, and 
most of the epithelial mucins (70). (see Chapter XII) . Sulfate esters and 
some other acidic groups in carbohydrates confer an acid charge and the 
property of basophilia or the capacity of binding basic dyes from relatively 
dilute solutions. Metachromasia is a special category of basophilia and is 
discussed later. 

When acyl groups are introduced into carbohydrates by the esterification 
of hydroxyl groups, some degree of reciprocal relation should exist between 
the extent of esterification and the intensity of the periodic acid - Schiff 
reaction. Whenever the hydroxyl groups are sufficiently numerous, partial 
esterification may take place without any great decrease in the relative 

68. J. F. A. McManus and J. E. Cason, Arch. Biochem. and Biophys. 34, 293 (1951). 
69a. R. W. Mowry, J. Histochem. Cytochem. 2, 470 (1954). 
69b. P. H. Staple, Nature 176,1125 (1955). 
70. G. B. Wislocki, H. Bunting, and E. W. Dempsey, Am. J. Anat. 81, 1 (1947). 
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number of vicinal glycols available for periodic acid cleavage. Complete 
esterification, whether with sulfate or acetyl groups, precludes a positive 
periodic acid - Schiff reaction. For example, partially hydrolyzed dextran 
in tissue sections gives an intensely positive periodic acid - Schiff reaction 
but is uncolored by toluidine blue and other basic dyes. Fully sulfated 
dextran of similar molecular weight gives a negative test for vicinal glycols 
but is strongly basophilic and metachromatic (69a). A comparable range of 
histochemical properties is seen in the ground substance of cartilage (71) 
and may possibly reflect varying degrees of sulfation of chondroitin (72). 
Sufficiently prolonged sulfation abolishes the periodic acid - Schiff reaction 
in tissue sections. 

Similarly, desulfation should lead to a decrease in the acidic properties 
and the appearance of more hydroxyl groups. If the new hydroxyl groups 
are in the correct position, an enhanced periodic acid - Schiff reaction may 
result. Although sulfation methods have been applied to histochemical 
studies with the resulting induction of metachromasia (73) and baso-
philia (74), attempts at desulfation by saponification have not been satis-
factory (75), probably because of anhydro ring formation. 

Some acidic polysaccharides and glycoproteins contain no sulfate esters 
but contain carboxyl groups, typically in their uronic (usually glucuronic) 
acid moieties. Hyaluronic acid is an example (see Chapter XII) . Carboxyl 
groups are more weakly acid and probably are never as numerous per 
molecule as sulfate groups may be when hydroxyl groups are extensively 
esterified. Although such carbohydrates with carboxyl groups are probably 
plentiful in animal tissues, satisfactory methods for their unequivocal 
identification have not been developed. 

The degree of basophilia possessed by various acidic carbohydrates will 
depend on their degree of acidity relative to the staining environment. The 
degree of basophilia has been determined for various substances in staining 
solutions of different pH values in the hope of distinguishing sulfated from 
nonsulfated acid carbohydrates in tissue sections (76). The pH below which 
staining does not occur, the "extinction-point," is a convenient index for 
comparing various acidic substances (50). Variables such as the dye con-
centration and the ionic strength must be rigidly controlled. 

Perhaps the most important source of difficulty in the identification of 

71. G. Loewi, / . Pathol. Bacteriol. 65, 381 (1953). 
72. E. A. Davidson and K. Meyer, J. Biol. Chem. 211, 605 (1954). 
78. H. Kramer and G. M. Windrum, J. Histochem. Cytochem. 2, 196 (1954). 
74. J. F. A. McManus and R. W. Mowry, Lab. Invest. 1, 208 (1952). 
75. R. W. Mowry, unpublished work. 
76. E. W. Dempsey, H. Bunting, M. Singer and G. B. Wislocki, Anat. Record 98, 

417 (1947). 
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acidic carbohydrates is the possibihty that acid groups may be masked by 
basic proteins and other cations or by lactone formation. Even if acidic 
groups are not fully concealed, the net effect may be quantitatively modi-
fied. A blocking of acidic groups of tissue carbohydrates in the presence of 
various proteins, especially histones, has been shown in vitro by a number 
of workers, notably French and Benditt (77). Other investigators have 
reported enhancement of basophilia or metachromasia when sections of 
certain tissues were subjected to trypsin (78) or to pepsin (79a) solutions 
before staining. The extent to which blockade of potential acid groups 
actually occurs and persists during histologie procedures is not established. 
The possibility of an interference with or modification of acidic groups may 
be a serious limitation or fallacy in the estimation of relative acidity by the 
determination of either the dye-binding at various pH levels or the "extinc-
tion-point." The close agreement between the amounts and distribution of 
sulfated polysaccharides as judged histochemically and by careful auto-
radiography in S35-injected mice suggests that masking of sulfate groups is 
not extensive (79b). 

Metachromatic Dyes. Metachromasia is a curious phenomenon consisting 
of a definite change in the color of Toluidine Blue 0 and certain other basic 
dyes when bound by particular acid substances. This spectacular property 
has been much studied but with little clarification until recently. Lison 
stated that metachromasia which survived the action of alcohol and cer-
tain other extractives was due to the sulfate esters of high-molecular-weight 
carbohydrates (80). This view has been widely adopted. I t is now clear that 
metachromasia is not confined to the sulfate esters of carbohydrates but is 
shown by the nucleic acids (81), hexametaphosphate (82), cysteic acid 
(83), carboxymethylcellulose (84a), and other substances. In spite of non-
specificity, the coloration of sulfated polysaccharides in tissue sections by 
metachromatic dyes is both useful and elegant. Toluidine blue has been 
used also for the detection of acidic carbohydrates on filter paper (84b). 

It is not completely clear whether or not metachromasia due to sulfated 
carbohydrates can be distinguished in tissue sections from that due to 
acidic carbohydrates bearing only carboxyl groups. Examples of substances 

77. J. E. French and E. P. Benditt, J. Histochem. Cytochem. 1, 321 (1953). 
78. R. H. Follis, Jr., Proc. Soc. Exptl. Biol. Med. 76, 272 (1951). 
79a. H. Hayashi, T. Funaki, and I. Morimoto, Mie Med. J. 4, Suppl. 2, 143 (1955). 
79b. R. C. Curran and J. S. Kennedy, J. Pathol. Bacteriol. 70, 449 (1955). 
80. L. Lison, Compt. rend. 118, 821 (1935). 
81. N. Weissman, W. H. Carnes, P. S. Rubin, and J. Fisher, J. Am. Chem. Soc. 74, 

1423 (1952). 
82. J. M. Wiame, J. Am. Chem. Soc. 69, 3146 (1947). 
88. R. D. Lillie, R. Bangle, and E. R. Fisher, J. Histochem. Cytochem. 2, 95 (1954). 
84a. L. Michaelis, Cold Spring Harbor Symposia Quant. Biol. 6, 131 (1947). 
84b. D. Hamerman, Science 122, 924 (1955). 
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exhibiting metachromasia believed due to nonsulfated acidic carbohydrates 
are synovial fluid, Wharton's jelly of umbilical cord (see Chapter XII) , 
and the capsular substances (84c) of pneumococci, Cryptococcus neoformans, 
and staphylococci. Hyaluronic acid is probably weakly metachromatic 
despite conflicting reports (85a) (see Chapter XII , however). Bignardi in-
duced metachromasia in certain neutral polysaccharides by prolonged 
chromic acid oxidation, probably with the formation of carboxyl groups 
from aldehydes (86b). Stronger and more uniform metachromasia of this 
type resulted when sections were first oxidized by periodic acid and then 
treated briefly in chromic acid (85c). Metachromasia or basophilia induced 
by such oxidation is not seen if stained in toluidine blue below pH 3-4; 
metachromatic basophilia induced by sulfation of the same substances is 
relatively unaffected by staining at very low pH levels (85c). 

The staining of acidic carbohydrates by basic dyes is abolished in most 
cases by exposure to dilute HC1 in methanol for a variable period, depend-
ing on the temperature. This "methylation" procedure was derived from 
the earlier work of Fraenkel-Conrat and Olcott (85d) by Mowry and ex-
tended by Fisher and Lillie from the same laboratory (85e). 

Walton and Ricketts studied the effects of molecular weight and of vary-
ing degrees of esterification on the metachromasia of dextran sulfates in 
aqueous solution (86). Irrespective of molecular weight, a linear relation 
was found between the intensity of metachromasia and the degree of 
sulfation. This was taken as proof that polymerization of neither the dye 
nor the substrate are required for metachromasia. Carboxylated dextrans 
were feebly metachromatic compared to the corresponding sulfate esters. 
The conditions of testing were not the same as ordinarily used in histologie 
work but could be adapted. 

A comprehensive theory of metachromasia in aqueous solutions that 
unifies much previous work has been developed by Schubert (87a) and ap-
plied histochemically in an extensive review of the subject (87b). 

Techniques for the histologie use of metachromatic dyes vary greatly. 
Some workers complain of capricious and inexplicable variations in results. 
Some batches of dye are said to perform poorly. Most of the faults are 

84c R. W. Mowry, and C. H. Winkler, Am. J. Pathol. 32, 628 (1956). 
85a. B. Sylvén and H. Malmgren, Lab. Invest. 1, 413 (1952). 
85b. For references and additional discussion, See G. Gomori, Brit. J. Exptl. 

Pathol. 35, 377 (1954). 
85c. R. W. Mowry, J. Histochem. Cytochem. 4, in press (1956). 
85d. H. Fraenkel-Conrat and H. S. Olcott, J. Biol. Chem. 161, 259 (1945). 
85e. E. R. Fisher, and R. D. Lillie, J. Histochem. Cytochem. 2, 81 (1954). 
86. K. W. Walton and C. R. Ricketts, Brit. J. Exptl. Pathol. 35, 227 (1954). 
87a. M. Schubert and A. Levine, J. Am. Chem. Soc. 77, 4197 (1955). 
87b. M. Schubert and D. Hamerman, J. Histochem. Cytochem. 4, 159 (1956). 
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prevented by the rigid control of the pH, dye concentration, dehydration, 
and tissue fixation. Although the choice of dye is probably not important, 
Toluidine Blue 0 is the favorite of most workers and is widely available 
from lots certified by the Biological Stain Commission. Although most 
often used as a 0.05 to 0.5% solution in water, toluidine blue has been 
used in high concentrations of alcohol to prevent the solution of water-
soluble, alcohol-insoluble acid polysaccharides, e.g., heparin and dextran 
sulfate (69a). For consistent results, it is best to use the dye in dilute buffers 
of known pH; with alcoholic solutions, a knowledge and control of the pH 
is most important. As thionine forms precipitates with phosphates, other 
buffers must be used with this dye (49). When sections are compared after 
staining at various pH levels, broad groups of substances show fairly con-
sistent differences in metachromasia, depending on the pH. For each sub-
strate, there is probably an optimal range of pH for maximum metachro-
masia. The treatment of sections after staining greatly influences the results 
(88). For example, Mowry has found that more metachromasia is retained 
if alcohol-dehydrated sections are allowed to dry in air before clearing in 
xylene. 

Hole's Dialyzed Iron and Related Methods. Hyaluronic acid was said by 
Hale to combine with "dialyzed iron"* in acetic acid solution (89). After 
the sections were rinsed, the classical HC1 - potassium ferrocyanide reaction 
was used to color (as Prussian blue) the sites of iron-binding. The need for 
fixatives that would not dissolve hyaluronic acid was emphasized. The 
specificity was established by exposing duplicate portions of tissue to 
streptococcal hyaluronidase, presumable filtrates, before staining. This 
prevented coloration of hyaluronic acid but not that of other acidic carbo-
hydrates. 

Modifications of Hale's procedure produce less background coloration 
but still color acidic carbohydrates in general (90). Some substances, 
notably the mucins of the gastrointestinal tract and other epithelial struc-
tures, are colored more strongly and consistently than with the metachro-
matic dyes. As with basic dyes, the pH of the iron reagent is most important 
in determining the sites of iron-binding. By the use of dilute (0.1 %) dialyzed 
iron in 1 % acetic acid, the binding is largely limited to acidic carbohydrates 
without interference from the substances that are usually blue or orthochro-

* While Hale's iron oxide reagent was identified only as "dialyzed iron (B.D.H.)," 
most other workers have used 5% dialyzed iron oxide (Fe203), as formerly supplied 
by Merck and Co., Inc. 

88. H. Kramer and G. M. Windrum, J. Histochem. Cytochem. 3, 227 (1955). 
89. C. W. Hale, Nature 1, 802 (1946). 
90. J. F. Rinehart and S. K. Abul-Haj, Arch. Pathol. 52, 189 (1951). 
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matic with toluidine blue (75). This is advantageous when the action of 
enzymes or chemical reagents is being assessed. 

As the blue color of the iron methods contrasts sharply with the magenta 
of the periodic acid - Schiff reaction, the combination of the two methods 
permits the coloration of both acidic groups and 1,2-glycols in the same 
tissue section. Although credit for the combined reaction belongs to Ritter 
and Oleson (91), the coloration of acidic carbohydrates in their procedure 
lacks selectivity. The difficulty of obtaining "dialyzed iron" from com-
mercial sources will probably limit its usefulness in histology. 

A quantitative colorimetric test for acidic carbohydrates based on iron-
binding has been devised (92), 

Alcian Blue 8GS*. This is a derivative of chloromethylated copper 
phthalocyanin, probably a tetraalkylthiouronium or pyridinium salt (93a). 
First used as a stain for mucin by Steedman (93b), Alcian blue acts like a 
basic dye but is unusually fast and resistant to various chemical agents. 
The coloration of acidic carbohydrates by the original procedure is not very 
selective. Stronger and more selective coloration of acidic carbohydrates 
results when a lower pH and dye concentration are used (93c, 93d). 

Staining for thirty minutes in filtered 0.1% Alcian blue in 3 % acetic 
acid, pH 2.5-2.8, colors the mucins of connective tissues, most epithelium, 
and certain microbial capsules (84b) deep blue to turquoise, with little or no 
staining of nucleic acids. Results with the Alcian blue stain resemble more 
those obtained with the better variants of the dialyzed iron procedure than 
those obtained with metachromatic dyes. In the case of epithelial mucins, 
Alcian blue has much greater sensitivity than toluidine blue. 

Tests on pure substances and histological studies indicate that Alcian 
blue colors polysaccharides containing only glucuronic groups, in addition 
to those containing sulfate groups (75). The affinity of Alcian blue for 
various neutral polysaccharides after sulfation is variable, possibly due to 
steric factors. Methylation prevents the staining of acidic carbohydrates 
by Alcian blue, but a longer treatment is required than necessary to pre-
vent metachromasia (75). 

The Alcian blue stain followed by the periodic acid - Schiff reaction (84c, 

* This patented dye is made by Imperial Chemical Industries, London, England; 
it can be obtained from a number of firms that supply dyes used in biological work. 

91. H. B. Ritter and J. J. Oleson, Am. J. Pathol. 26, 639 (1950). 
92. N. Di Ferrante, J. Biol. Chem. 209, 579 (1954). 
98a. K. Venkataraman, "Chemistry of Synthetic Dyes., , Academic Press, New 

York, 1952. 
98b. H. F. Steedman, Quart. J. Microscop. Sei. 91, 477 (1950). 
98c. R. W. Mowry quoted by J. F. A. McManus, in "Connective Tissue in Health 

and Disease" (G. Asboe-Hansen, ed.), p. 31. Munksgaard, Copenhagen, 1954. 
93d. R. W. Mowry, J. Histochem. Cytochem. 4, in press (1956). 
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93c) is a simpler and more selective procedure for the coloration of both 
acidic groups and vicinal glycols than the Ritter-Oleson method (91) de-
scribed above. The combination procedure gives a more complete demon-
stration of carbohydrates, e.g., epithelial mucins, than either method used 
alone. Alcian blue can be used at different pH levels for the study of dye-
binding capacity and in acidified 70% alcohol for staining water-soluble, 
alcohol-insoluble substances (75). 

The use of Alcian blue for the detection of acidic carbohydrates on paper 
after electrophoresis has been described (93e, 93f). Cystine and cysteine are 
said to be selectively colored by Alcian blue in sulfuric acid after the pre-
liminary treatment of tissue sections with performic acid (93g). 

Empirical Methods. Mayer's mucihematein and mucicarmine methods 
(94) are classical and widely used stains for mucus. Both mixtures contain 
aluminum salts whose binding by acidic groups may contribute to the 
staining action. These methods are not as selective or dependable as others 
of this group and are not recommended for histological studies. I t is of in-
terest that the mucicarmine stain has been recommended for detecting both 
acid and neutral polysaccharides on filter paper (84b). 

c. Nucleic Acids (50) 

Nucleoproteins consist of basic proteins in saltlike linkages with nucleic 
acids (Chapter VIII). Because nucleoproteins are probably present in all 
cells and vital to growth, there is tremendous biological interest in the 
histochemical detection of the nucleic acids. Chromosomes, sperm heads, 
and certain viruses consist largely of nucleoprotein. Two nucleic acid types 
occur in plant and animal cells: deoxyribonucleic acid (DNA), typically 
present in the nucleus, and ribonucleic acid (RNA), typically found in the 
cytoplasm and in the nucleolus (see, however, Chapter VIII). Both contain 
phosphoric acid groups and purine and pyrimidine bases but differ in the 
pentose moieties. 

Deoxyribonucleic Acid (DNA). The staining of nuclei by basic dyes is 
well known and presumably depends on phosphoric acid groups. The 
binding of basic dyes by DNA takes place even at relatively low pH values 
(1-2) and is hard to explain. Although the nuclei are ordinarily easy enough 
to recognize, need exists for methods that selectively color DNA. Two 
methods have been widely used and seem well established. One depends on 
the Feulgen reaction and the other on the methyl green - pyronine stain. 

Feulgen and Rossenbeck reported that brief hydrolysis of tissue sections 

98e. C. Rizzoli, Boll. soc. ital. biol. sper. 31, 426 (1955). 
98f. L. Feeney and W. K. McEwen, Stain Technol. 31, 135 (1956). 
98g. C. W. M. Adams, and J. C. Sloper, J. Endocrinol. 13, 221 (1956). 
94. F. B. Mallory, "Pathological Technic," p. 129. Saunders, Philadelphia, 1942. 
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in 1N HCl at 60°C. hydrolyzed the base-purine linkage and the deoxyribose 
could be colored by Schiff's reagent {95). This procedure is in common use 
under the name of the Feulgen reaction for DNA. In practice the color 
produced is most selective and quite adequate for microscopic study. 
Though gradually accepted and now widely used by histologists, the 
specificity of the Feulgen reaction has been much debated and challenged on 
chemical grounds. It is now clear that the reaction is reasonably specific 
(96) and reliable, provided the customary precautions are taken (97). 
In the Feulgen procedure, the hydrolysis is believed to cleave the purine -
sugar linkages, thereby generating an aldehyde group, which in the case 
of deoxyribose reacts readily with the leucofuchsin reagent. Naturally 
occurring aldehydes, fortunately rare in tissue sections, are easily ruled out 
by Schiff-treatment of duplicate sections. The optimal time of hydrolysis 
varies for different fixatives and must be empirically determined for each 
set of conditions. Prolonged hydrolysis leads to the loss of DNA from tissue 
sections and must be avoided. Under the conditions of the Feulgen pro-
cedure, the aldose of RNA does not become Schiff-positive. 

The other method used for the differential coloration of DNA and RNA 
is the methyl green - pyronine stain derived from the work of Pappenheim 
and Unna and applied to histochemical studies by Brächet (98). Methyl 
green has a well-established affinity for DNA but does not stain RNA or 
depolymerized DNA to any appreciable extent (99, 100). By staining in a 
suitable mixture of methyl green and pyronine, a red dye, excellent con-
trast is obtained between the blue-green DNA and the red RNA. Recent 
improvements in technic are said to yield more consistent results (101,102). 
Only a few fixatives yield good results with the method. The basis for the 
differential staining is attributed by Kurnick (100) to differences in the 
degree of polymerization between DNA and RNA. 

The quantitative estimation of DNA by photometry has been extensively 
studied, usually with the Feulgen reaction. Much progress has been made 
in this direction (103). Ultraviolet absorption also has been used for the 

95. R. Feulgen and H. Rossenbeck, Z. physiol. Chem. 135, 203 (1924). 
96. W. G. Overend and M. Stacey, Advances in Carbohydrate Chem. 8, 45 (1953). 
97. R. E. Stowell, Stain Technol. 20, 45 (1945). 
98. J. Brächet, Compt. rend. 133, 88 (1940). 
99. A. W. Pollister and C. Leuchtenberger, Proc. Natl. Acad. Sei. (U. S.) 35, 111 

(1949). 
100. N. B. Kurnick, J. Gen. Physiol. 33, 243 (1950). 
101. N. B. Kurnick, Stain Technol. 27, 233 (1952); N. B. Kurnick, Intern. Rev. 

CytoH, 221 (1955). 
102. E. B. Ύnit, Stain Technol. 26, 205 (1951). 
10S. See A. W. Pollister and L. Ornstein, in "Analytical Cytology" (R. C. Mellors, 

ed.), p. 1/3. Blakiston, New York, 1955. 
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quantitative estimation of nucleic acids in plant and animal cells (104a). 
Although crystalline deoxyribonuclease is now available from com-

mercial sources, its use for the selective removal of DNA from tissue 
sections is not yet established. Further studies are needed (104b). 

Ribonucleic Acid (RNA). Cytoplasmic basophilia is a normal property 
of most cells and is usually ascribed to RNA. As no method colors only 
RNA, its specific recognition requires the use of purified ribonuclease, 
introduced to histochemistry in the work of Brächet (98, 105). 

Basophilia that is removed from duplicate sections by treatment in 
ribonuclease solution before staining is attributed to RNA. Nonspecific 
extraction is detected in control sections stained after exposure to the 
solvent without enzymes. To minimize the extraction of RNA by the buffer 
alone, Pearse advises a digestion temperature no higher than 37°C. (50). 
The particular method used to color the RNA is not critical. As the use of 
ribonuclease is expensive and somewhat troublesome, various chemical 
extractives of doubtful specificity, e.g., acids, have been proposed as 
alternatives (106, 107). 

d. Miscellaneous 

Reduced ascorbic acid possesses the unusual property of reducing silver 
nitrate in acid solution (50). The specificity of the reaction is questioned 
less than the accuracy of histochemical localization (108,109). Since ascorbic 
acid is so soluble, diffusion is likely. The use of paraffin ribbons of frozen-
dried tissue, fresh unfixed frozen-sections (109), and whole blocks of fresh 
tissue (110) placed directly in an acetic acid-alcohol solution of silver 
nitrate have each been recommended by various workers. The blocks of 
tissue can be sectioned after silver nitrate treatment. Positive reactions are 
considered qualitatively reliable, but negative tests do not prove the ab-
sence of ascorbic acid. 

"Amyloid" is a substance of uncertain composition (111) sometimes 
found in diseased connective tissues. The name is derived from its resem-
blance to starch in turning blue when exposed to iodine and dilute sulfuric 
acid. This method of staining is so poor that it is now seldom used. A 

104a. See J . I . Nürnberger , in "Analytical Cyto logy" (R. C. Mellors, ed . ) , p . 4 / 1 . 
Blakiston, New York, 1955. 

104b. B . Jackson and F . I . Dessau, Stain Technol. 30, 9 (1955). 
106. J . Brächet , Compt. rend. 133, 90 (1940). 
106. R . O. Erickson, K. B . Sax, and M. Ogur, Science 110, 472 (1949). 
107. E . R . Fisher, Stain Technol. 28, 9 (1953). 
108. C. B. Reiner, Proc. Soc. Exptl. Biol. Med. 80, 455 (1952). 
109. O. Eränkö, J. Histochem. Cytochem. 2, 167 (1954). 
110. H . W. Deane and A. Morse, Anat. Record 100, 127 (1948). 
111. R. B . Giles and E . Calkins, J. Clin. Invest. 34, 1476 (1955). 
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number of different stains are in use, but most of them give inconstant and 
poorly selective results. "Amyloid" may possibly contain a sulfated sac-
charide moiety; such a structure might account for the fairly consistent 
metachromasia shown better with methyl violet {112a) than with other 
basic dyes such as toluidine blue. The wide variation in staining properties 
seen with "amyloids" suggests that their chemical composition is also 
variable. Carnes and Forker hold that the metachromasia of "amyloid" is 
fundamentally different from that of chondroitin sulfate (112b). 

The two oldest methods, namely the iodine reaction for starch and 
Best's carmine stain for glycogen (55), are still not explained. Results by 
the latter method are often so good that it is still used by many workers. 
Substances stained by Best's carmine are strongly periodic acid - Schiff 
positive and not colored by the acidic group reactions. Both periodic acid 
oxidation and acetylation prevent Best's carmine coloration of glycogen 
(75). Whereas this suggests strongly that glycols are involved, further work 
is needed to explain and possibly improve the usefulness of both staining 
methods. 

D. T H E U S E OF ENZYMES IN THE IDENTIFICATION OF 

CARBOHYDRATES IN TISSUES 

As the methods in use for the coloration of carbohydrates in tissue sec-
tions lack sufficient specificity, additional evidence is needed for the pre-
sumptive identification of particular polysaccharides and glycoproteins. 
Various enzymes have been applied to either tissue sections or fresh tissue 
for the purpose of either solubilizing or blocking particular substrates. 
To rule out nonspecific solution, duplicate "control" sections are exposed 
to the solvent without enzyme or to an enzyme solution that has been 
inactivated. Afterwards, both the "digested" and the "control" sections 
are stained by a suitable method and then compared. Sections known to 
contain the substrate should be tested along with the unknown. Material 
that is colored in the control section but absent after enzyme treatment is 
presumptively identified as a substrate of the enzyme used. 

Ideally, this technic requires a pure, preferably substrate-specific enzyme. 
The tissue substrate should be insoluble in the various histological reagents 
but susceptible to the action of the enzyme despite the effects of fixation, 
alcohol dehydration, and paraffin embedding. The lack of removal or any 
effect by even an impure enzyme preparation that is known to be active 
against a particular substrate may be helpful in ruling out certain possi-
bilities; this requires the assumption that the histological processing, 
especially fixation, has not rendered the substrate "indigestible" in the 

112a. B. Highman, Arch. Pathol. 41, 559 (1946). 
112b. W. H. Carnes and B, R. Forker, Lab, Invest. 5, 21 (1956). 
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tissue. For example, the ease with which RNA can be removed from 
tissue sections by ribonuclease varies considerably with different fixatives 
{118). It is not yet known to what extent fixation may affect the digesti-
bility of other carbohydrates in tissue sections. Collodion films sometimes 
used in histology to prevent the detachment of sections from the slide must 
not be used as the films hinder access of the enzyme to the substrate. 

Probably the best-known method of this type is the application of saliva 
to tissue sections, used by Bauer to confirm the staining of glycogen by 
SchifPs reagent after chromic acid oxidation (68). Preferable for many 
reasons is the use of a buffered solution of malt diastase (61). There is 
need for refining the diastase test for starch and glycogen by the use of 
purer enzymes in more dilute solutions. After either periodic acid oxidation 
or acetylation, glycogen in sections is no longer removable by diastase. 
There is no evidence that the type of fixative influences the action of 
diastase on glycogen or starch significantly. 

Because of the great and continuing biological interest in the acid carbo-
hydrates of connective tissue, there has been an intensive effort to localize 
by histochemical methods the various carbohydrates that have been 
characterized by the chemical studies of Meyer and others (see Chapter 
XII) . Although it is not yet settled completely whether hyaluronic acid is 
stainable by any of the customary methods, most workers have assumed it 
to be metachromatic with toluidine blue. Hyaluronidases (see Chapter 
XII) from various sources have been used (50). Much of the earlier work 
was done with impure preparations and needs verification. Bull-testis 
hyaluronidase can be obtained in concentrated form and has been most 
often used. As bull-testis hyaluronidase depolymerizes both hyaluronic 
acid and chondroitin sulfates of types A and C, metachromasia that is 
abolished by this enzyme has been considered due to one of these (114). 
As the optimal conditions for the histochemical application of bull-testis 
hyaluronidase have not been systematically explored, technical directions 
vary greatly and need to be standardized. 

The hyaluronidases of bacterial origin are said to depolymerize only 
hyaluronic acid (114) and have been applied to a few histochemical studies 
(115). Unfortunately, only impure or crude filtrates of cultures have some-
times been used. There is need for more histochemical observations made 
with purified preparations of these specific hyaluronidases. The attempts to 
demonstrate hyaluronic acid illustrate the confusion that can arise from 
an insufficiently critical interpretation of results obtained with impure 
enzymes whose actions are poorly understood and with demonstration 

113. R. D . Lillie, Anat. Record 103, 611 (1949). 
114. K. Meyer and M. M. Rappor t , Advances in Enzymol. 13, 199 (1952). 
116. H . Bunt ing, Ann. N. Y. Acad. Sei. 52, 977 (1950). 
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methods not proven capable of revealing the substrate. The effects of 
various fixatives on the susceptibility of hyaluronic acid and the chondroitin 
sulfates to the hyaluronidases is not yet established. 

McManus (68) found that pretreatment of tissue sections with crude 
fungal pectinase prevented the coloration of various tissue carbohydrates 
by the periodic acid - Schiff reaction. Prior acetylation of tissue sections 
prevented this effect of "pectinase." Blockage of "pectinase'' action by 
acetylation was reversible if saponification was performed before the 
enzyme treatment. There will undoubtedly be wider histochemical use of 
pectinases and the many other carbohydrases (see Chapters X and XII) as 
purer preparations and further knowledge of their indications and limita-
tions are obtained. 




