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Summary. The mechanism of gelatine staining with four selected fluorone derivative
dyes (eosin y, ethyl eosin, methyl eosin, uranin) was investigated. Gelatine films were stained
in dye-buffer-ethanol solutions at varying pH and in the presence of NaCl and urea. Dye
binding was recorded spectrophotometrically. Tonization constants of auxochromic phenolic
groups were determined from pH-absorbance curves of dye-buffer-ethanol solutions. Dye-
binding was greatest at pH below pKqoy and decreased with increasing pH. The addition
of NaCl reduced dye binding slightly below pKqg but markedly above pKyg. The addition
of 8 M urea decreased dyebinding regardless of pH. Comparing the pH dependence of
dyebinding for eosin y and esterified eosins with ionization constants revealed that ionic
bonding is unlikely to occur at the carboxyl group as well as at the phenolic group. Dye
binding is intimately related to the presence of Br-groups. These results are discussed in
conjunction with the functional structure of the dye ions and current concepts of dyebinding
mechanisms.

Introduction

Staining with anionic dyes has frequently been attributed to ionic bonds
(salt linkages) between negatively charged dye ions and positively charged
sidechain groups in proteins (amino, guanidino) (Lillie, 1969). This theory and
its implications with respect to ionization of tissue macromolecules has been
treated by Pischinger (1926), Singer (1952) and more recently by Harms (1965)
and Baker (1966). However, in many instances the interpretation of dyebinding
results cannot be based exclusively on the classical salt linkage. Thus there has
been a trend to leave or modify the ionic bonding model. According to Neale
(1947) and Otto (1953a, 1953b, 1955) dye ions are attracted to macromolecules
by long range electrostatic forces caused by opposite charges of dye and macro-
molecule, whereas dyebinding is established by specific short range forces (hydrogen
bonds, ion-dipole attraction, dipole-dipole attraction, van der Waal’s forces,
hydrophobic bonds). The role of long range electrostatic forces has been doubted
(Alexander and Kitchener, 1950), but the significance of short range forces has
been demonstrated in several connections, most convincingly in the selective
cationic staining of nucleic acids (Peacocke and Skerret, 1956; Lerman, 1961,
1969 ; Steiner and Beers, 1961 ; Gersch and Jordan, 1965, Drummond, Simpson-
Gildemeister, and Peacocke, 1965; Scott, 1967; Galley, 1968). The operation
of specific short range forces is connected with particular sterical requirements.
Proposals for the fulfilment of such sterical requirements have been made for
several selective dye-macromolecule interactions (Vercauteren, 1950; Otto, 1953 a;
Meloan, Valentine, and Puchtler, 1971; Scott, 1972).

The role of hydrogen bonding in protein chemistry is well known. In connection
with protein staining the hydrogen bond has been dealt with in general by Neale
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(1947) and Otto (1953b and 1955) and for particular staining procedures by
Goldstein (1962) and Lillie (1964). The significance of dipole attraction and van der
Waal’s forces has been emphasized by Neale (1947), Otto (1953b and 1955),
Scott (1967), Schmitz-Moormann (1968a) and recently by Horobin and co-workers
(Horobin and James, 1970; Horobin and Murgatroyd, 1971; Horobin and Ben-
nion, 1973). The latter authors in accordance with Derbyshire and Peters (1955)
and Zollinger (1965) also stressed the role of hydrophobic bonding between dyes
and macromolecules.

Eosin y is the most frequently used anionic dye, primarily due to its general
and unselective binding to proteins, extracellular as well as intracellular. Though
several reports deal with staining of tissues of various origin (animal, plant,
bacterial) with eosin y and related compounds, little is known about the binding
mechanism (Naylor, 1926; Conn and Holmes, 1928; Kélbel, 1948 ; Harris, 1949;
Hairston, 1955; Kelly, 1956a and 1956b; Scharf, 1956a and 1956b; Goldstein,
1969).

It is the purpose of this study to examine the mechanism of the binding
of eosin y and related compounds (methyl eosin, ethyl eosin, uranin) to protein
(gelatine) by correlating dye binding results with structural and chemical charac-
teristics of the dyes.

Materials and Methods

Dyes. Eosin y (Michrome no. 93, E. Gurr Ltd.), eosin gelblich (C.I. 45380, Merck),
eosin ethyl (Michrome no. 129, E. Gurr Ltd.), eosin ethyl (G11100, G. T. Gurr Ltd.), eosin
methyl (Michrome no. 303, E. Gurr Ltd.) and uranin (L. J. Pointing and Son Ltd.).

Spectrophotometry. pKgy-values of the above dyes were estimated from pH-E,,  curves
(absorbance at absorption maximum as a function of pH). Absorbance of 0.8 X 10°M to
1.2 X 10~®* M solutions of dye in a mixture of buffer and ethanol (40% v/v final ethanol
concentration) was recorded on a Beckman DB electron absorption spectrophotometer,
using a 10 mm cyvette; (molar concentrations were calculated on the basis of molecular
weight of pure dye). Buffer solutions were Walpole acetate buffer, Michaelis barbital-acetate-
HCl-buffer, Sérensen phosphate buffer and Sérensen-Walbum glycine buffer. Experiments
below pH 1.0 were carried out in HCl solutions. Further absorbance of 1.2 x 10-> M solutions
of eosin y in buffer/ethanol with the addition of gelatine (Bacto Gelatine, Difco) was recorded.

Staining. Gelatine covered polyester strips (Agfa Gevaert graphic gelatine film, 61101508)
were stained for 30 min at room temperature in 6.0-10- M to 6.0-10—* M solutions of eosin y,
ethyl eosin, methyl eosin and uranin in buffer/ethanol as above. Staining experiments were
performed at varying pH and ionic strength with or without the addition of urea. After rinsing
two min. in buffer/ethanol, the strips were dried for 30-60 min at 60°C and left for two hours
in NH; vapor to promote colorchange to basic color. After renewed drying, E; ;. was recorded
spectrophotometrically by placing the stained strip in the sample cyvette. Strips left in
buffer/ethanol without dye for 30 min were used as reference.

Finally it was controlled, that dissolution of gelatine from the strips and staining of the
polyester base did not occur. Beer’s law was checked for solutions of eosins and uranin within
the concentration range used.

Results

Spectrophotometry. A plot of absorbance versus dye-concentration (5 X 10" M
to 4 x 105 M) showed direct proportionality, indicating that Beer’s law is obeyed
within the concentration range used in the present study.

Characteristic absorption curves for eosin y, ethyl eosin, methyl eosin and
uranin are shown Fig. 1. The absorption maximum lies in the range 520-540 nm
for halogenated dyes and at shorter wave length (495 nm) for uranin. All of the
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Fig. 1. Absorption curves of 1.2-10-3 M uranin (I7), eosin y (¥) methyl eosin (#) and ethyl
eosin (¥) in 40% ethanol at pH 9.0

dyes exhibit a characteristic shoulder approximately 50 nm from the maximum.
The absorption curves of fluorones are significantly dependent on pH (Fig. 2).
Upon lowering pH the main absorption band vanishes whereby the maximum
is shifted to shorter wave length. Concomitantly the molar extinction coefficient
is considerably decreased. Visually these changes are percepted as a colorchange
from red to feeble yellow. As the spectral changes are caused by protonization
of the phenolic group, the pK of this group (pKgy) can be estimated from curves
showing E_ .. as a function of pH (Fig. 3). For graphic purposes, the per cent
of ionization has been depicted instead of E,,.. Hereby all pKyy values can
be read immediately from the curves. The values are listed in Table 1.

Table 1. Absorption maxima and pK gy-values for fluorone dyes in 40% ethanol

Dye Abs. max. PKou
(nm)

Eosin y 524-530 3.0

Ethyl eosin 528-532 2.5

Methyl eosin 522-530 2.9

Uranin 440-445; 14;

493497 6.9
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Fig. 2. Absorption curves of 1.2-10-5 M eosin y in 40 % ethanol at varying pH
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Fig. 3. lonization curves of uranin (0), eosin y (@) and ethyl eosin (O) in 40% ethanol
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Fig. 4. Examples of absorption curves of eosin y in solution (S) and bound to gelatine (B).
Note the difference in position of the absorption maximum

No change in the position of the absorption maximum was observed upon
the addition of gelatine to dye solutions.

Staining of Gelatine. Absorption curves of stained strips showed the same
general form as curves of dye solutions, but a 10 nm bathochromic shift of the
absorption maximum was invariably seen (Fig. 4). The influence of pH on gelatine
staining with eosins and uranin is shown Fig. 5. It is noticed, that the greatest
amount of dye is bound at pH below pK,yg. Increasing pH leads to a decrease
in dye binding. The results for the three eosins show great similarity, whereas
uranin demonstrates a different dyebinding pattern. The binding of uranin is
negligible regardless of pH. It seems that the binding of uranin increases until
a maximum is reached and then decreases again. Simple calculations reveal,
that the concentration of uranin, when dye uptake is maximal is of the same order
of magnitude as the concentration in the dyebath, whereas eosin concentration
at low pH (1.0) is approximately 25 times dyebath concentration. The influence
of ionic strength on dyebinding is demonstrated Fig. 6. At low pH dyebinding
is relatively insensitive to changes in ionic strength. At pH 4.2 dyebinding de-
creases significantly upon the addition of increasing amounts of NaCl. The ad-
dition of 8 M urea reduces dyebinding above as well as below pKyg. However,
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I'ig. 5. Staining of gelatine with 6.0-10~° M eosin y (), ethyl eosin (O), methyl eosin (<}
and uranin (1), and 3.0- 104 M uranin (M) in 40% ethanol at varying pH
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Fig. 6. Gelatine staining with eosin y ( $ ) and ethyl eosin ( 3 ) in 40% ethanol at pH 1.8 and
4.1 as a function of ionic strength
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comparisons are difficult to accomplish at constant pH. Due to protonization
urea acts as a buffer. Even in 8 M urea staining is not completely prevented.

Discussion

All experiments were carried out in buffer/ethanol mixtures in order to
enhance the solubility of eosins and uranin. Due to the carboxyl group eosin y
is easily soluble in water at pH above pKyoon, (approximately 5 according to
Scharf, 1956a). Uranin behaves similarly. Methyl eosin and ethyl eosins at any
pH and uranin and eosin y at pH below pKygoy are sparely soluble in hydro-
philic solvents, whereas the solubility in ethanol is somewhat greater (Gurr, 1960;
Lillie, 1969). In buffer solutions containing 40 % ethanol all dyes are sufficiently
soluble for the present experiments.

Spectrophotometry. The obeyance of Beer’s law within the concentration range
used justifies the estimation of pKyg from the E,,.-pH curves. The pKyy of
eosin y found in this study accords with values obtained by Kélbel (1948) and
Scharf (1956a) — 3.0, whereas the ethyl eosin examined by Scharf was con-
siderably more basic than the present one. The pK oy of methyl eosin unexpectedly
differed somewhat from that of ethyl eosin. Some variation in the pK-values
might be caused by impurities in commercial samples of the dyes. Though Hanig
and Koch (1959) found a low content of impurities in eosin y, Graichen and
Molitor (1965) showed great variation in the content of impurities in commercial
samples of a related fluorone dye. These impurities, noticed by several authors
{Holmes, Melin, and Peterson, 1932; Scharf, 1956a; Rosenthal, Puchtler, and
Sweat, 1965; Horobin, and Murgatroyd, 1967; Horobin, 1969) probably consist
of fluorones of lower bromination than eosins (Hanig and Koch, 1963).

Functional Structure of Eosins and Uranin. The understanding of spectral
properties and staining characteristics of individual dyes requires a detailed
knowledge of the functional dye-structure. The fundamental work of Lewis and
collaborators has made valuable contribution to the correlation of structural,
physical and chemical properties of dyes (Lewis and Calvin, 1939; Lewis, 1945),
and in several connections quantemechanic calculations on energetic characteri-
stics and charge distribution of dyes have given promising results (Kuhn, 1949;
Grinter and Heilbronner, 1962).

Eosin y (Fig. 7a) is a tetrabrominated derivative of uranin (fluorescein)
{Fig. 7d), belonging as such to the phenylsubstitnted hydroxyxanthenes (fluo-
rones). According to classical color rules the parachinoid ring constitutes the
chromophore. Newer concepts ascribe the chromophoric properties to the whole
xanthene part of the molecule (Lewis and Calvin, 1939; Lewis, 1945). The three
rings of the xanthene moiety lie in one plane, while the fourth ring is twisted
out of the xanthene plane due to the sterically bulky carboxyl group. Lewis,
Magel, and Lipkin (1942) later supported by Sharp and Sheppard (1957) and
Gomes de Mesquita, MacQillawry, and Eriks (1965) have shown that even in
unsubstituted triphenylmethane dyes, steric factors cause a twisting of the rings.
The position of the carboxyl group and the fourth ring offering least energetic
requirements is the one in which the ring is perpendicular to the xanthene plane.
This configuration of the molecule sterically facilitates lactone formation of uranin
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Fig.7. a eosin y; pH<pKgy. b eosin y; pKgoop> pH> pKgy. Distribution of main

partial charges. ¢ uranin; pH< pKgy+t. Distribution of main partial charges. d uranin

(fluorescein); pKogt << pH << pKggoy. Distribution of partial charges omitted. e uranin;

pH > pKyp. Distribution of main partial charges. f ethyl eosin. Distribution of partial charges
omitted

and eosin y. Due to the twisting, the fourth ring is not part of the xanthene
resonance system. It also follows, that ionization of the carboxyl group does
not influence the absorption curve of the dye (Haring and Heller, 1941 ; Kélbel,
1948; Scharf, 1956a). In ethyl eosin and methyl eosin the carboxyl group is
esterified with ethanol and methanol respectively (Fig. 7f). Hereby ionization
and lactone formation is prevented (Scharf, 1956a). The auxochromic hydroxy-
oxy groups lie in the same plane as the xanthene moiety and they are part of the
xanthene resonance system. Ionization of the phenolic group therefore causes
spectral changes by perturbing the xanthene z:-electron cloud.

Tetrabromination of uranin to produce eosin y affects the spectral and chemical
properties of the molecule. The absorption maximum undergoes a bathochromic
shift from 495 to 525 nm. The acid strength of the auxochromes is increased,
pK decreasing from approximately 7 to approximately 3 (Scharf, 1956a). Sub-
stitution of strongly electro-negative groups (Br) in the resonance system markedly
alters the charge distribution in eosins. The decrease of pKgy signifies a marked
decrease of electron density in the —O—H bond. Ethyl eosin and methyl eosin
behave like eosin y, as esterification of the carboxylic group does not influence
the charge distribution in the resonance system to any significant degree (Kolbel,
1948 ; Scharf, 1956a).

The net charge carried by eosins is a function of pH. For eosin y pKgy = 3.0
and pK¢oor ~ 5. Thus below pH 3 eosin y is mainly unionized. Between pH 3
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and 5 eosin y carries mainly one negative charge and above pH 5 eosin y aquires
two negative charges. Ethyl eosin and methyl eosin behave similarly except for
ionization of the carboxyl group. In uranin the acidity of the phenolic group
is diminished, pK being ~ 7. Thus uranin is mainly unionized in the range from
pH 2—4. It carries one negative charge above pH 5 due to ionization of the carboxyl
group and two negative charges above pH 7. At very low pH the oxy-group is
protonized (Fig. 7c¢), and hence uranin is positively charged (pK 1.4).

The indicator properties of eosins are well known (Kolbel, 1948 ; Scharf, 19564 ;
Lillie, 1969). The color change (Fig. 2) parallels a change in electronic distribution
caused by ionization of the auxochrome(s). Upon ionization of the phenolic group,
the molecule aquires a considerable resonance stabilization, resulting in a batho-
chromic shift of the absorption maximum and a considerable increase in the molar
extinction coefficient. In the ionized state, a distinction between the auxochromes
cannot be maintained. This was represented by Scharf (1956a) by two mesomeric
forms. The equality of the auxochromes is however better demonstrated by as-
signing one partial negative charge to each auxochrome. According to Lewis
(1945) the central heteroatom will tend to participate in the aromatic structure
by more or less offering electrons to the m-electron cloud of the xanthene moity.
The oxygen atom thus aquires a partial positive charge (Harms, 1965). In eosin y,
the strongly electronegative Br-atoms attract electrons from the resonance
system, aquiring partial negative charges. This probably increases the positive
charge at the heteroatom but diminishes the charge at the auxochromes as
judged from the acid strength. Without commenting on the magnitude of indi-
vidual partial charges, the charge distribution in eosin y will be as shown in
Fig. 7b. Due to bromination polarization is much more pregnant in eosins (Fig. 7b)
than in uranin (Fig. 7e). The charge distribution is probably also—to a minor
extent—influenced by the inductive effect of the ionized carboxyl group. This
group tends to induce a partial positive charge at the central carbon atom,
causing a slight increase of the electron density in the —O—H bond, whereby
the acid strength should be slightly decreased. In ethyl eosin and methyl eosin
this effect is not present, due to lacking ionization of the ester group. The inductive
effect of the carboxyl group, however, is so small, that it is not conclusively
demonstrated in pK values of different eosins. For uranin two color changes are
known. The one at the higher pH is caused by ionization of the —OH group.
It thus parallels the colorchange observed for eosins. The colorchange at the
lower pH is caused by protonization of the parachinoid oxygen atom. This
protonization results in a considerable resonance stabilization of the molecule
(Fig. 7¢), thus causing a bathochromiec shift of the absorption maximum.

Theoretically possible binding sites in eosins and uranin can now be predicted.
Uranin displayes one localized negative charge at the carboxyl group above
pKeoor and another negative charge distributed as two partial negative charges
at the auxochromes and one partial positive charge at the heteroatom above
pKon (Fig. 7e). In the unionized state (Fig. 7d), the auxochromes theoretically
posses hydrogen bonding properties. Eosin y behaves similarly, but the distribu-
tion of partial charges is more pregnant due to four additional partial negative
charges at the Br-atoms (Fig. 7b). Thus hydrogen bonding and electrostatic
dipole attraction are possible below pKgy, while ionic bonding and dipole at-

6 Histochemie, Bd. 36
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traction are possible above pKggoy. This is true also for methyl eosin and ethyl
eosin with the exception of ionic bonding involving the carboxyl group.

Dyebinding. Gelatine covered polyester strips proved satisfactory for the
present staining experiments. The transparency of the strip in the dried state
allowed spectrophotometric recording of the amount of dye bound in the gelatine
film. The uncontrolable removal of bound dye during dehydration was avoided
by omitting this procedure. The sorption of NH; vapor by the gelatine ensured
spectrophotometric recording under comparable conditions. The method over-
comes the problem mentioned by Deitch (1955) of comparing the amount of dye
bound in the acid and the basic form of martius yellow and naphtol yellow s.

Significance of pH. The pH-dyebinding curves for different eosins demon-
strate, that the carboxyl group does not participate — or at least is not essential
for dyebinding. Maximal dye uptake and pH-dependence of dyebinding differ
only insignificantly for eosin y and esterified eosins. This accords with the quali-
tative statement, that ethyl eosin can be used as a background stain as well as
eosin y (Gurr, 1960; Harms, 1965; Lillie, 1969).

The present pH-dependence of dyebinding accords with results obtained
for anionic staining of proteins in general (Pischinger, 1926; Drawert, 1937b;
Singer and Morrison, 1948; Singer 1952; Deitch, 1955) and collagen and gelatine
in particular (Drawert, 1937a; Otto, 1953a; Gustavson, 1956). Several authors
have shown, that they apply also for water soluble eosins above pH 3 (Conn and
Holmes, 1926 ; Kolbel, 1948 ; Harris, 1949 ; Hairston, 1955), whereas eosin binding
below pH 3 was not included, probably due to the sharp decrease in solubility.
The pH-dyebinding curves resemble protein titration curves (Fig. 5) and similar
results have been found for the binding of simple acids to various proteins (Loeb,
1922: Elsd, 1933; Gilbert and Rideal, 1944; Otto, 1953a; Gustavson, 1956;
Mathieson and Whewell, 1964), though the affinity of simple acids to protein
is less than the affinity of acid dyes. Decreasing dyebinding with increasing pH
is ascribed to decreasing electrostatic attraction between dye and macromolecule
below IP and to electrostatic repulsion above IP (Pischinger, 1926 ; Neale, 1947;
Singer, 1952; Harms, 1966; Lillie, 1969).

pH below pKyy. The considerable eosin binding below pKgy in the present
study is not consistent with the ionic bond concept as eosins are mainly uncharged.
Neither is the significance of the long range electrostatic attraction, emphazised
by Neale (1947} and Otto (1955) corroborated below pKgy. In accordance with
the present dyebinding results Gustavson (1956) showed that collagen uptake
of acetic acid was greater in the unionized than in the ionized form. Gustavson
ascribed this to hydrogen bonds between collagen and unionized acetic acid.
Further evidence of non-ionic bonding to collagen was given by Otto (1953b),
who demonstrated that dyebinding decreases with increasing number of sulfonic
groups in the dye. Contrarily, Deitch (1955) found that naphtol yellow s but
not martius yellow was able to combine with proteins below pK of the auxo-
chromic —OH group. This difference was attributed to the binding capacity
of the —80,-group present in n.y.s. but not in m.y. However, it must be recognized,
that collagen might differ from other proteins with respect to dyebinding due
ot the high content of amino acids favouring hydrogen bonding (Lillie, 1969).
Accordingly it appears from an early work of Fraenkel-Conrat and Cooper (1944)
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that the stoichiometric anionic dyebinding demonstrated for several proteins,
does not apply to gelatine.

Comparing the dyebinding curves for eosins and uranin respectively, hydrogen
bonding is not likely to occur in the present study. Uranin structurally offers the
same possibilities for hydrogen bonding as do eosins. Yet the binding of uranin
to gelatine is negligible. The role of hydrophobic bonding in dyeing was considered
by Zollinger (1965) and Horobin and Bennion (1973). In connection with eosins
it was mentioned by Goldstein (1969). It is unlikely, however, that hydrophobic
bonds play any role in the present experiments, as the marked distribution of
partial charges in eosins, which would disfavour hydrophobic bonding, is seen to
increase dyebinding considerably when compared with uranin. The only significant
functional difference between eosins and uranin lies in the Br-atoms and the
distribution of partial charges caused by bromination. Thus it is tempting to
assume that the binding mechanism at low pH depends on these partial charges,
i.e. either ion-dipole or dipole-dipole attraction. The significance of these forces
in dyebinding has been stressed by several authors (Neale, 1947; Otto, 1953a,
1953b, 1955; Schmitz-Moorman, 1968a; Horobin and James, 1970; Horobin
and Bennion, 1973).

pH above pKog. At pH above pKgg, the one negative net charge aquired
by ionization would be expected to cause a significant electrostatic attraction
between dye and protein. For eosin staining of gelatine, this electrostatic attraction
is apparently of minor importance, as no increase in dye binding is seen in con-
nection with ionization. The decrease of dyebinding actually found in this range
parallels the decrease of the net charge of the gelatine. It is probably caused by
electrostatic repulsion between eosins and ionized gelatine carboxyl groups.

The existence of two different binding mechanism, as proposed by Gustavson
(1956) for acetic acid binding to collagen, also must be considered, i.e. dipole
attraction below pKgyy and another mechanism above pKgy. Though ionie
bonding involving the carboxyl group is insignificant, a salt linkage to one of the
auxochromes is still possible. This requires, that the negative charge is concentrated
at one auxochrome only. Hereby the energetic symmetry of the chromophoric
system is lost. According to Lewis and Calvin (1939), McKay and Hillson (1965)
and Hillson and McKay (1966) this will produce a shift of the absorption maximum
and a marked reduction in the molar extinction coefficient. Such metachromatie
effect in connection with eosin staining has been mentioned by Hairston (1955},
Kelly (1956a) and was demonstrated clearly in the binding of eosin to protamine
(Kelly, 1956Db). Similar effects caused by the addition of neutral salts to solutions
of eosins were reported by Goldstein (1969). Though metachromatic behaviour
of dyes has often been attributed to aggregation (Rabinowitch and Epstein, 1941 ;
Douglas, Spicer, and Bartels, 1966; Winkelman and Bradley, 1966; Goldstein,
1969), McKay and Hillson (1965) contended that these spectral changes can
be explained on the bases on ionic interaction at the auxochromes. Eosin binding
to protamine therefore might be ionic. The excessive content of basic amino acids
in protamine would favour ionic binding. Gelatine staining with eosin in the present
study was associated with a bathochromic shift of 10 nm (Fig. 4), but the general
form of the absorption curve was unchanged. The significance of the bathro-
chromic shift is doubtfull, as the same effect could not be produced in gelatine-

6%
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eosin solutions. As eosin-binding to gelatine thus is established virtually without
spectral changes, ionic bonding is unlikely to occur even above pKgy. A hypo-
thesis involving basically different binding mechanisms above and below pKyy
therefore is unlikely.

Significance of NaCl. Reduction of dyebinding in the presence of neutral
electrolytes is generally found in connection with both cationic and anionic
staining (Singer and Morrison, 1948) and complete prevention of staining is
considered indicative for pure ionic bonding (Scott and Dorling, 1965; Scott and
Willet, 1966). Accordingly the partial prevention of staining in the present study
is in keeping with a non-ionic bonding concept. In disagreement with the present
investigation, Goldstein (1969} found, that the uptake of eosin y was enhanced
in salt solutions. Though a similar effect is often observed with the addition of
very small amounts of salt (Scott and Dorling, 1965; Schmitz-Moormann, 1968b)
it does not accord with the salt effect generally found. Neale (1946, 1947) ascribed
the salt effect to reduction of long range electrostatic forces, while Alexander and
Kitchener (1950), Scott and Dorling (1965) and Schmitz-Moormann (1968b)
attributed the salt effect to competition for binding sites between dye ions
and salt ions. Neales concept requires the existence of a long range electrostatic
attraction, not indicated by the dyebinding-pH curves in the present study
(Fig. 5). If the difference in salt effect below and above pKy (Fig. 6) is considered
qualitative, Neales concept as well as the competition concept ultimately lead
to the adoption of two different binding mechanisms, one below and one above
pK. If, however, this difference in salt effect is considered quantitative rather
than qualitative, it might be explained though only one binding mechanism
is present. Similarly it has been shown that the salt effect on protein titration
curves, which is pregnant at slightly acid pH, decreases or disappears at low pH
(Alexander and Kitchener, 1950; Gustavson, 1956).

Significance of Urea. The results of adding 8 M urea to the staining solution
were inconclusive. Dyebinding was reduced above as well as below pKyg, but
it was not completely prevented. Urea is a powerfull agent for breaking hydrogen
bonds, but it might also reduce binding due to electrostatic forces of any kind
because of its dipolar character (Goldstein, 1962).

Conclusion

The correlation of ionization and structural characteristics with dyebinding
results indicates, that the binding of eosins to gelatine is established by polar
bonds involving partial charges at the Br-atoms and partial charges created
by bromination. It further appears, that the significance of ionic interaction is
negligible at the carboxyl group as well as at the auxochromes.

References

Alexander, P., Kitchener, J. A.: The role of the electric double layer in the sorption of acids
and dyes by wool. Text. Res. J. 20, 203-214 (1950).

Baker, J. R.: Cytological technique. London: Methuen & Co. Ltd. 1966.

Conn, H. J., Holmes, W. C.: Certain factors influencing the staining properties of fluorescein
derivatives. Stain Technol. 8, 94-104 (1928).



Eosin Staining of Gelatine 85

Deitch, A. D.: Microphotometric study of the binding of the anionic dye, naphtol yellow s,
by tissue sections and by purified proteins. Lab. Invest. 4, 324-351 (1955).

Derbyshire, A. N., Peters, R. N.: An explanation of dyeing mechanisms in terms of non-
polar bonding. J. Soc. Dyers Col. 71, 530~ 536 (1955).

Douglas, S.D., Spicer, S.8S., Bartels, P. H: Microspectrophotometric analysis of basic
protein rich sites stained with biebrich scarlet. J. Histochem. Cytochem. 14, 352-360
(1966).

Drawert, H.: Untersuchungen iiber die pH-Abhéngigkeit der Plastidenfirbung mit Siure-
fuchsin und Toluidinblau in fixierten pflanzlichen Zellen. Flora 31, 341-354 (1937a).
Drawert, H.: Das Verhalten der einzelnen Zellbestandteile fixierter pflanzlicher Gewebe
gegen saure und basische Farbstoffe bei verschiedener Wasserstoffionkonzentration. Flora

132, 91-124 (1937b).

Drummond, D. 8., Simpson-Gildemeister, V. F. W., Peacocke, A. R.: Interaction of amino-
acridines with deoxyribonucleic acid: Effects of ionic strength, denaturation, and structure.
Biopolymers 3, 135-153 (1965).

Eléd, E.: On the theory of the dyeing process. The influence of acid dyes on animal fibres.
Trans. Faraday Soc. 29, 327-345 (1933).

Fraenkel-Conrat, H., Cooper, M.: The use of dyes for the determination of acid and basiec
groups in proteins. J. biol. Chem. 154, 239-246 (1944).

Galley, W. C.: On the triplet states of polynucleotide-acridine complexes. I. Triplet energy
delocalization in the 9-aminoacridine-DNA complex. Biopolymers 6, 1279-1296 (1968).

Gersch, N. F., Jordan, D. O.: Interaction of DNA with amino-acridines. J. molec. Biol. 13,
138-156 (1965).

Gilbert, G. A., Rideal, E. K.: The combination of fibrous proteins with acids. Proe. roy.
Soc. B 182, 335-346 (1944).

Goldstein, D. J.: Ionic and non-ionic bonds in staining, with special reference to the action
of urea and sodium chloride on the staining of elastic fibres and glycogen. Quart. J. micr.
Sci. 103, 477-492 (1962).

Goldstein, D. J.: The fluorescence of elastic fibres stained with eosin and excited by visible
light. Histochem. J. 1, 187-198 (1969).

Gomes de Mesquita, A. H., MacGillavry, C. H., Eriks, K.: The structure of triphenylmethyl
perchlorate at 85°C. Aecta crystallogr. 18, 437443 (1965).

Graichen, C., Molitor, J. C.: Studies on coal-tar colors. XXII. 4,5-dibromoflucrescein and
related bromofluoresceins. J. Ass. agric. Chem. 42, 149-160 (1959).

Grinter, R., Heilbronner, E.: Energie und Ladungsverteilung von elektronisch angeregten
Zustdinden mehrfach substituierter Benzole: Eine quantenchemische Deutung der Witt-
Dilthey-Wizingerschen Farbregeln. Helv. chim. Acta. 45, 2496-2516 (1962).

Gurr, E.: Encyclopaedia of microscopic stains. London: Leonard Hill Ltd. 1960.

Gustavson, K. H.: The chemistry and reactivity of collagen. New York: Academic Press,
1956.

Hairston, M. A.: The effect of pH on staining by eosins. Stain Technol. 30, 299-304 (1955).

Hanig, I., Koch, L.: Quantitative paper chromatography of D & C Red no. 21 (tetrabromo-
fluorescein). J. Ass, agric. Chem. 46, 1010-1013 (1963).

Haring, M. M., Heller, H. A.: A spectrophotometric study of the characteristics of some
halogen substituted sulfonphtalein indicators, J. Amer. chem. Soc. 63, 1024-1027 (1941).

Harms, H.: Handbuch der Farbstoffe fir die Mikroskopie. Kamp-Lintfort: Staufen Verlag,
Paul Bercker 1965.

Harris, J. O.: Combination of certain fluorane derivative dyes with bacterial cells at different
hydrogen ion concentration. Stain Technol. 24, 217-221 (1949).

Hillson, P. J., McKay, R. B.: Metachromasy. Nature (Lond.) 210, 297 (1966).

Holmes, W. C., Melin, C. G., Peterson, A. R.: Eosin b. Stain Technol. 7, 121~127 (1932).

Horobin, R. W.: The impurities of dyes: their detection, removal, occurrence and histological
significance — a review. Histochem. J. 1, 231-265 (1969).

Horobin, R. W., Bennion, P. J.: The interrelation of the size and substantivity of dyes;
the role of van der Waals attractions and hydrophobic bonding in biological staining.
Histochemie 83, 191-204 (1973).



86 H. Birkedal-Hansen:

Horobin, R. W., James, N. T.: The staining of elastic fibres with direct blue 152. A general
hypothesis for the staining of elastic fibres. Histochemie 22, 324-336 (1970).

Horobin, R. W., Murgatroyd, L. B.: A comparison of rapid electrophoretic and chromato-
graphic methods for investigation of common histological dyes. Histochemie 11, 141-151
(1967).

Horobin, R. W., Murgatroyd, L. B.: The staining of glycogen with Best’s carmine and similar
hydrogen bonding dyes. A mechanistic study. Histochem. J. 3, 1-9 (1971).

Kelly, J. W.: An evaluation of the metachromasy of anionic dyes. I. Visual observations
on tissue sections. Stain Technol. 31, 275-281 (1956a).

Kelly, J. W.: An evaluation of the metachromasy of anionic dyes. II. Visual and spectral
observations on solutions. Stain. Technol. 31, 283-294 (1956Db).

Kélbel, H.: Quantitative Untersuchungen aber den Speicherungsmechanismus von Rhod-
amin B, Eosin und Neutralrot in Hefezellen. Z. Naturforsch. 3, 442-453 (1948).

Kuhn, H.: A quantum-mechanical theory of light absorption of organic dyes and similar
compounds. J. chem. Phys. 17, 1198-1212 (1949).

Lerman, L. S.: Structural considerations in the interaction of DNA and acridines. J. molec.
Biol. 3, 18-30 (1961).

Lerman, L. S.: The structure of the DNA-acridine complex. Proc. nat. Acad. Sci. (Wash.)
49, 94-101 (1969).

Lewis, G.N.: Rules for the absorption spectra of dyes. J. Amer. chem. Soc. 67, 770-775
(1945).

Lewis, G. N., Calvin, M.: The color of organic substances. Chem. Rev. 25, 273-328 (1939).

Lewis, G.N., Magel, T.T., Lipkin, D.: Isomers of crystal violet ion. Their absorption and
re-emission of light. J. Amer. chem. Soc. 64, 1774-1782 (1942).

Lillie, R. D.: Histochemical acylation of hydroxyl and amine groups. Effect on the periodic
acid Schiff reaction, anionic and cationic dye and Van Gieson collagen stains. J. Histo-
chem. Cytochem. 12, 821-841 (1964).

Lillie, R. D.: Conn’s biological stains, 8. ed. Baltimore: Williams & Wilkins Co. 1969.

Loeb, J.: Proteins and the theory of colloidal behaviour. New York: McGraw-Hill Book Co.,
Inc. 1922.

Mathieson, A. R., Whewell, C. S.: Acid-base properties of fibers. Part II. A polyelectrolyte
theory of the combination of fibers with acids and bases. J. appl. Polymer Sci. 8, 2029-2048
(1964).

McKay, R. B., Hillson, P. J.: Metachromatic behaviour of dyes in solution. Interpretation
on the basis of interaction between dye ions and counter-ions. Trans. Faraday Soc. 61,
18001810 (1965).

Meloan, S. N., Valentine, L. S., Puchtler, H.: On the structure of carminic acid and carmine.
Histochemie 27, 87-95 (1971).

Naylor, E. E.: The hydrogen-ion concentration and the staining of sections of plant tissue.
Amer. J. Bot. 18, 265-275 (1926).

Neale, 5. M.: Fundamentals of dye absorption. J. Colloid Sei. 1, 371-379 (1946).

Neale, S. M.: Some aspects of the electro-chemistry of dyeing. J. Soc. Dyers Col. 63, 368-371
(1947).

Otto, G.: Uber die Grundeigenschaften firbender Stoffe. Leder 4, 1-8 (1953a).

Otto, G.: Bindungsvorgéinge zwischen aromatischen Korpern und FEiweiBfaser. Leder 4,
193-201 (1953b).

Otto, G.: Die Wechselwirkung von Hautsubstanz mit aromatischen Gerb-, Farb- und Hilfs-
stoffen. Leder 6, 207-215 (1955).

Peacocke, A. R., Skerett, J. N. H.: The interaction of amino-acridines with nucleic acids.
Trans. Faraday Soc. 52, 261-279 (1956).

Pischinger, A.: Die Lage des Isoelektrischen Punktes histologischer Elemente als Ursache
ihrer verschiedenen Firbbarkeit. Z. Zellforsch. 8, 169-197 (1926).

Rabinowitch, E., Epstein, L. F.: Polymerization of dyestuffs in solution. Thionine and
methylene blue. J. Amer. chem. Soc. 63, 69-78 (1941).

Rosenthal, 8. I., Puchtler, H., Sweat, F.: Paper chromatography of dyes. Method to investi-
gate vagaries in histological staining. Arch. Path. 80, 190-196 (1965).



Eosin Staining of Gelatine 87

Scharf, J.-H.: Fluoreszenz und Fluoreszenzpolarisation der Nervenfaser nach Farbung mit
Phenyloxyfluoronen. Versuch einer Interpretation. I.Teil. Mikroskopie 11, 261-319
(1956 2).

Scharf, J.-H.: Fluoreszenz und Fluoreszenzpolarisation der Nervenfaser nach Firbung mit
Phenyloxyfluoronen. Versuch einer Interpretation. II. Teil. Mikroskopie 11, 349-397
(1956 b).

Schmitz-Moormann, P.: Untersuchungen zur Gewebsfirbung mit basischen Farbstoffen.
I. Einfluss der pH-Wertes der Farbelosung und der Farbstoffaffinitdt auf die Farbstoff-
adsorption. Histochemie 16, 23-35 (1968a).

Schmitz-Moormann, P.: Untersuchungen zur Gewebsfirbung mit basischen Farbstoffen.
II. Einfluss der Ionstirke und der ionalen Zusammensetzung der Firbelosung auf die
Farbstoffadsorption. Histochemie 16, 3644 (1968b).

Scott, J. E.: On the mechanism of the methyl green-pyronin stain for nucleic acids. Histo-
chemie 9, 30-47 (1967).

Scott, J. E.: Histochemistry of alcian blue. III. The molecular biological basis of staining
by alcian blue 8GX and analogous phtalocyanins. Histochemie 32, 191-212 (1972).
Scott, J. E., Dorling, J.: Differential staining of acid glucosaminoglycans (mucopolysac-

charides) by alcian blue in salt solutions. Histochemie 5, 221-233 (1965).

Scott, J. E., Willet, I. H.: Binding of cationic dyes to nucleic acids and other biological
polyanions. Nature (Lond.) 209, 985-987 (1966).

Sharp, D. W.A., Sheppard, N.: Complex fluorides. Part VIII. The preparation and properties
of salts of the triphenylmethyl cation: the infrared spectrum and configuration of the ion.
J. chem. Soc. 674-682 (1957).

Singer, M.: Factors which control the staining of tissue sections with acid and basic dyes.
Int. Rev. Cytol. 1, 211-255 (1952).

Singer, M., Morrison, P. R.: The influence of pH, dye, and salt concentration on the dye
binding of modified and unmodified fibrin. J. biol. Chem. 75, 133-145 (1948).

Steiner, R. F., Beers, R. F.: Polynucleotides, p. 201-320. Amsterdam : Elsevier Publishing Co.
1961.

Vercauteren, R.: The structure of desoxyribose nucleic acid in relation to the cytochemical
significance of the methylgreen-pyronin staining. Enzymologia 14, 134-140 (1950).
Winkelman, J. W., Bradley, D. F.: Binding of dyes to polycations. I. Biebrich scarlet and
histone interaction parameters. Biochim. biophys. Acta (Amst.) 126, 536-539 (1966).
Zollinger, H.: The dye and the substrate: the role of hydrophobic bonding in dyeing processes.

J. Soc. Dyers Col. 81, 345-350 (1965).

Dr. H. Birkedal-Hansen

Institute for Cariology and Endodontics
Royal Dental College

4, Universitetsparken

2100 Copenhagen O

Denmark



