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B into wool fibres®
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The pathways for the diffusion of the basic dyes rhodamine B and octadecylrhodamine B into wool under
aqueous and non-agueous dyeing conditions have been investigated. The distribution of each dye within
the fibre at various stages of the dyeing process was monitored by fluorescence microscopy. By judicious
choice of solvent system and treatment time, the dyes could be directed into different histological
components of the fibre. Intercellular diffusion, involving passage of the dye through the cell membrane
complex between the cortical cells, was generally the preferred route for penetration of the fibre. The
distribution patterns of the two dyes differed markedly and were strongly dependent upon the solvent
composition. Whilst selective staining of the cell membrane complex occurred in an anhydrous solvent
system, preferential staining of that region of the cell membrane complex associated with the orthocortex
resulted when the dyes were applied from aqueous alcohol systems.

INTRODUCTION

Fine wool fibres consist of a cortical region made up of
long. spindle-shaped cells and an outer cuticle sheath
made up of flattened, overlapping cells [1-3). The cortical
cells are grouped into two regions — the orthocortex and
paracortex — which wind around each other helically in
phase with the crimp of the fibre. The assembly of cuticle
and cortical cells is held together by the cell membrane
complex (CMC). a continuous network structure of lightly
cross-linked protein and lipid material bounded by the
modified plasma membranes (resistant membranes) of the
cortical cells.

Although the CMC is a minor component of the wool
fibre, there are many indications that it exerts a major
influence on fibre and fabric properties. This topic has
been reviewed recently by Leeder [4]. As well as providing
a route for the penetration of textile processing reagents
into the fibre [4-6], the CMC is the preferred location for
certain types of dye [7] and fluorescent surfactant {8,9].

The long-term aim of the present work is to investigate
the penetration of dyes (in particular, photosensitisers)
into the wool fibre with a view to targeting various
histological components of the fibre for the selective
photomodification of their properties. Thus it may be
possible to alter the fibre characteristics for dyeing and
other processing and finishing treatments. Many dyes
have the ability to act as photosensitisers for the chemical
modification of protein substrates, Rhodamine B, al-
though itsell not a strong photosensitiser, was chosen as
a model for other classes of dye, such as the thiazines,
xanthenes and acridines, some members of which are very
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effective photosensitisers [10]. Rhodamine B is an in-
tensely fluorescent molecule whose location in the fibre
can be readily determined by fluorescence microscopy,
even at very low dye concentrations.

This report is concerned with the distribution of rhodam-
ine B (Figure 1} and its long-chain derivative octa-
decylrhodamine B (Figure 1) in woal fibres when the dyes
are applied from a variety of aqueous and non-aqueous
solvent systems. The optimum dyeing conditions for the
attainment of various dye distribution patterns within the
fibre are reported.
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Octadecylrhodamine B C18-RB: R = {CHz}17CH;

Figure 1 — Dyes used in the present study

EXPERIMENTAL

Materials

Experiments were performed with 21 ym merino wool top
(batch MW178), which had previously been cleaned by
sequential extraction with petroleum ether (two extrac-
tions) and ethanol (one extraction), then washed with
several changes of water and air dried. Prior to dyeing, the
wool was flushed for 60 min with a stream of dry nitrogen
to remove excess moisture, which can influence the uptake
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of dye from non-aqueous solvent systems. The solvents
used for dyeing wool were analytical grade methanol and
99% commercial grade ethanol. Rhodamine B (Merck,
GR and for microscopy) and octadecylrhodamine B
(Molecular Probes Inc.) were used as received.

Dyeing procedure

Dried wool fibres {10 mg) were treated for various times
with the following dye liquors (2 ml aliquots each contain-
ing 0.4-0.5 mg/ml dye):

{a) Water

{b) Ethanol/water, 9:1 by volume

{c) Ethancl/methanol, 9:1 by volume

{d) Ethanol/methanol/water, 85:10:5 by volume.

Aqueous RB dyeings were carried out at 60, 20 and
5°C. All other dyeings were carried out at 60°C. Samples
were shaken periodically by hand during the course of the
dyeing. C18-RB, being insoluble in water, was applied to
wool as an aqueous dispersion. The dye was first dissolved
in a few drops of methanol, which were then diluted to the
required concentration with water,

At the completion of dyeing, fibres were removed from
the dye liquor, blotted with tissue paper to remove excess
liquor and dried under a stream of nitrogen. The dried
fibres were finally rinsed with perchloroethylene for
10-15 sto remove any loosely adsorbed dye from the fibre
surface, and dried again under a stream of nitrogen.

Fluorescence microscopy

Dyed fibres were embedded in LR White acrylic resin
(London Resin Co., England) and 3 pm cross-sections cut
using a Sorvall JB-4 microtome with a triangular glass
knife. The sections were mounted onto glass slides with
Histomount (National Diagnostics, New Jersey, USA) and
examined using an Olympus BH2-RFL fluorescence micro-
scope. Sections were illuminated with the green filter
combination (exciter filter 545 nm, dichroic mirror 590
nm) and the location of the dye in the fibre observed by
means of its red fluorescence.

Photomicrographs of fibre cross-sections were recorded
in Fujichrome 400 or 1600 ASA slide film. Exposure times
varied from 1 to 30 s, depending upon the concentration
of dye on the fibre. Thus the fluorescence intensities
appear similar in the micrographs, regardless of dye con-
centration. The faster {1600 ASA) slide film was useful in
obtaining photomicrographs of sections that were prone
to fading.

Determination of dye content

To determine the amount of dye taken up by the fibres,
weighed samples of dyed wool (5-8 mg) that had been pre-
rinsed with perchloroethylene were extracted with 3 mil
iso-propanol/0.1 mol/1 sulphuric acid (4:1 by volume) for
1 h at 60°C. Spectrophotometric analysis (Shimadzu UV-
265 spectraphotometer) of sequential extracts showed
that a single extraction was sufficient to remove all the dye
from the fibre. The dye content of the wool was deter-
mined from the absorbance of the extract (measured at
556 nmj) relative to that of a blank extract from undyed
waol.
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RESULTS
Aqueous dyeings

Rhodamine B

An examination of cross-sections of fibres treated for
various times with RB in water at 60°C showed that, within
10 min, the dye had penetrated the cortex of the fibre and
was fairly evenly distributed throughout the cells of the
orthocortex (Figure 2). In a few fibres the outline of the
intercellular material was visible above the background
fluorescence of the orthocortical cells. The paracortex
showed very little staining at this stage, although some dye
was present in the CMC and the nuclear remnants. This
pattern (bilateral staining) was discernible for up to 30 min,
but gradually the dve diffused into the paracortex until
eveniually (after 3 h) the fibres were fairly evenly stained
throughout. The dye content of the wool at this stage was
2% by mass.

Although the uptake of dye at 20°C was much slower
than at 60°C., the overall changes in dye distribution with
treatment time were similar at the two temperatures.
Fibres were predominantly ring-dyed in the early stages of
dyeing at 20°C and only a faint fluorescence was vistble
throughout the fibre, but within about 6 min an appre-
ciable amount of dye had diffused into the cortex (predomi-
nantly into the orthocortex) and there was evidence of fine
structure in both cortices (Figure 3). The vellow flucres-
cence in the inner cuticle regions of some sections is a
consequence of exposure. The dye was again confined to
the CMC and to the nuclear remnants in the paracortex.
Within 30 min the dye had diffused throughout the cortex
to give a bilateral staining pattern similar to the one
observed after 10 min at 60°C.

Figure 4 is a photomicrograph of wool fibres immersed
for only 2 min in a solution of RB (1 mg/mi) in water at
20°C. At this very early stage in the dyeing it can be seen
that the dye is taken up preferentially around the distal
edges of the cuticle cells.

When the temperature of the dyebath was 5°C and the
dyeing times short (0. 5-2 min) the dye could be seen firstly
to penetrate the CMC network and cell remnants through-
out the fibre, with only a trace of dye entering the cells of
the orthocortex. The pattern became brighter over the
next 20 min as the fluorescence of the orthocortical cells
steadily increased in intensity relative to that of the CMC
and the nuclear remnants.

Octadecyirhodamine B

C18-RB was adsorbed by wool only slowly when applied
from water at 60°C, and even after treatment for 1 h
staining was confined mainly to the cuticle. The dye
gradually diffused into the fibre {via the CMC) until, after 5
h. the outer 20-30% of the cortex had been penetrated
(Figure 5). The dye content of the fibre was 0.1% by mass.
Because the octadecyl ester moiety in the molecule is
susceptible to hydrolysis in water, dyeing was not contin-
ued beyond 5 h.

Aqueous alcohol dyeings

Rhodamine B
When applied from the ethanol /methanol/water mixture
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at 60°C, RB initially and rapidly diffused throughout the
CMC network and nuclear remnants of both cortices of the
fibre, displaying a slightly greater affinity for the orthocortex
than for the paracortex {Figure 6). Thereafter the dye
diffused selectively into the CMC region of the orthocortex
and, to a limited extent, into the adjoining orthocortical
cells to give the asymmetric staining pattern shown in
Figure 7. The network of intercellular material appeared
more diffuse in the orthocortex than in the paracortex,
which remained quite sharp {though very weakly fluores-
cent) throughout the dyeing.

An examination of cross-sections of fibres after treat-
ment with B in ethanol/water mixture again revealed
selective staining of the CMC and nuclear remnants.
During the first 30 min of dyeing the fluorescence of the
CMC increased in intensity much more rapidly in the
orthocortex than in the paracortex, and within 1 h the dye
had begun to penetrate the orthocortical cells (cf. Figure
7). There was no evidence at this stage of diffusion of dye
into the paracortical cells. Over the next 25 h the dye
continued to diffuse into the orthocortical cells until the
orthocortex was completely stained, while in the para-
cortex the dye remained largely confined to the intercellu-
lar regions (Figure 8). The dye content of the woal after
treatment for 25 h was 0.03% by mass.

Octadecylrhodamine B

The changes in dyeing pattern observed during the treat-
ment of wool with C18-RB in ethanol /water mixture were
similar to those observed with RB, but the uptake of C18-
RB was slower and the paracortex appeared to stain less
evenly than was the case with RB. C18-RB was initially
deposited evenly throughout the CMC. The fluorescence
of the CMC network steadily increased in intensity, though
much more rapidly in the orthocortex than in the para-
cortex, throughout the dyeing to produce a pattern similar
to the one shown in Figure 7. After about 3 h the dye had
diffused predominantly into the orthocortex of the fibre to
give a bilateral staining pattern wherein the dye was evenly
distributed throughout the orthocortex while being con-
fined to the CMC in the paracortex. The equilibrium
dyeing pattern differed from that obtained with RB {Figure
8) in that the latter showed some diffusion of dye into the
cells of the paracortex. The pattern remained unchanged
for 25 h, even though partial hydrolysis of the ester group
may have occurred during this period.

Non-aqueous dyeings

When applied to wool from the non-aqueous solvent
system, i.e. ethanol/methanol mixture, KB and C18-RB
were both taken up selectively by the CMC and the nuclear
remnants (Figure 9). Dye uptake was slower in this solvent
system than in aqueous ethanol, and only after 5 h did the
fibre show fairly even staining throughout the CMC. The
dye content of the fibre was 0.02% by mass. Neither RB
nor C18-RB was observed to penetrate the corticat cells
under these conditions.

DISCUSSION

The first stage in the dyeing of wool entails diffusion of the
dye through the cuticle, either via the non-keratinous
material between the various cuticle layers (intercellular
diffusion)} or through the individual cells (transcellular

diffusion) [4-6]. RB is adsorbed very rapidly from both
aqueous and non-aqueous solvents, hence very short
dyeing times are required to observe this step {ring dyeing)
in the dyeing process. C18-RB is also adsorbed very
rapidly onto the surface of wool but, because this dye
penetrates the fibre much more slowly than does RB, a
ring dyeing effect is observed even after treatment for 1 h
at 60°C. A similar distribution of dye is observed, but only
for a few minutes, when C18-RB is applied from organic
solvernts.

Fibres treated with an aqueous sotution of RB (1 mg/ml)
for only 2 min showed preferential staining around the
distal edges of the cuticle cells {Figure 4}, suggesting that
this dye may gain access to the fibre between the cuticle
cells. Photoricrographs of fibres treated with C18-RB
showed a similar dyeing pattern. An intercellular pathway
for dye diffusion was suggested by Hall in 1937 {11], and
has since been confirmed for a variety of dyes by other
workers (see review by Leeder [4] and references therein).

Diffusion of dyes through the cortex of the wool fibre
can also occur via a transcellular or intercellular pathway
[4-6,12]. RB and C18-RB are deposited evenly through-
out the CMC when applied to wool from anhydrous
ethanol/methanol mixture and there is no penetration of
dye into the cortical cells with this solvent system. The
selective uptake by the CMC of non-ionic flucrescent dyes
from non-aqueous solvents has previously been reported
by Holtet al. [13.14]. Verylittle dye is taken up by the fibre
from a solvent such as ethanol, which swells wool only
slowly, but the addition of a small amount of a swelling
solvent (such as methanol) to the solution resul*s in a
marked increase in the rate of dye absorption [13].

An interesting effect is observed when a small amount
of waler is added to the solvent system. With 5% water in
the dyebath (solvent system {d)}, RB initially lightly stains
the entire CMC network throughout the fibre, and then
diffuses selectively into the intercellular region of the
orthocortex to produce an asymmetrical staining pattern
(Figures 6 and 7). in which the CMC is intensely stained in
the region of the orthocortex but only very lightly stained
in the paracortex. The paracortical cells remain unstained
under these conditions.

A similar staining pattern results when the water con-
tent of the solvent is increased to 10% (solvent system (b)).
In this case, however. the dye eventually diffuses into the
cortical cells to give a typical bilateral staining pattern
(Figure 8) in which the orthocoriex and paracortex are
heavily and lightly stained respectively. C18-RB behaves
in a similar fashion when applied to wool from this solvent
system, but diffusion intc the orthocortical cells occurs
more slowly than with RB and the cells of the paracortex
remain unstained throughout the dyeing.

Horio and Kondo [15] showed in 1953 that basic dyes
preferentially stain the orthocortex of wool fibres, whereas
acid dyes stain the paracortex. The marked contrast in
staining between the orthocortical and paracortical cells
was attributed to differences in reactivity and fine structure
between the two cortices. Sakabe et al. [16] have specu-
lated that the accessibility of the orthocortex to large dye
molecules is due to the lower regularity of the microfibril-
matrix structure and the smaller amount of matrix in the
orthocortex. These authors suggest that bilateral staining
with basic dyes results from differences in network struc-
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ture between the non-keratinous proteins in the two
cortices.

Asymmetric staining of the CMC (Figures 6 and 7) in the
presence of water suggests the possibility of a subtle
difference in swelling characteristics between the intercel-
lular material in the orthocortex and paracortex, which
may render the CMC more accessible to dye in the former
than in the latter. Alternatively the solvent may penetrate
the entire intercellular region of the cortex initially, and
then selectively swell a narrow band of non-keratinous
material (intermacrofibrillar proteins) in the adjoining cells
of the orthocortex, leading to enhanced staining in this
region of the fibre. The seemingly greater thickness of the
fluorescent band of intercellular material in the arthocortex
(Figures 6 and 7) would appear to support the latter
mechanism, although differences in light scattering be-
tween the two unequally stained regions of the CMC may
have a similar effect on the image.

The concentration of water in the dyeing solvent ap-
pears to have a strong influence on the accessibility of the
cortical cells to the dye molecules. Treatment of wool with
an ethanol/methanol solution of RB results in even stain-
ing of the CMC in both cortices (Figure 9), whereas
treatment for the same period with an ethanol/methanol
dye solution containing 5% water results in preferential
staining of the CMC region of the orthocortex (Figure 7).
Increasing the water content of the solvent tc 10% allows
penetration of dye throughout the orthocortical cells,
resulting in a bilateral staining pattern {Figure 8). Dyeing
under aqueous conditions, likewise, results in bilateral
staining {Figure 3). These results support the view [16] that
the CMC or, more correctly perhaps, a region of non-
keratinous material immediately surrounding the CMC in
the adjoining cells of the orthocortex is important in
controlling diffusion into the cortical cells.

Finally we discuss the pathway for the diffusion of RB
and C18-RB into the fibre when the dyes are applied to
wool from water. The diffusion of RB into the orthocortical
cells occurs very rapidly at room temperature and, al-
though the CMC can be discerned above the background
cellular fluorescence (Figure 3), the pathway for diffusion
of the dye into the fibre is difficult ta establish with any
certainty. Evidence that diffusion accurs via an intercellular
route was, nonethetess, obtained from an examination of
fibre cross-sections taken from wool dyed at 5°C. Fibres
that had been treated for only 30 s with an agueous
solution of RB showed highly selective staining of the CMC
in both cortices, with only a trace of dye being present in
the orthocortical cells. We were able to observe almost
complete staining of the orthocortical cells prior to the
diffusion of the dye into the paracortical cells by monitor-
ing the changes in dye distribution with treatment time. At
the same time as the CMC takes up dye, staining can also
be observed in the nuclear remnants of the cortical cells
{Figure 3}, pointing to the possible existence of channels
of nen-keratinous material joining the CMC to the cell
remnants that can act as pathways for the diffusion of dyes
between these components [5].

An intercellular route was clearly the pathway for
diffusion into wool of the octadecyl compound. Because
the C18-RB molecule is amphiphilic in character and only
slightly soluble in water, the dye is rapidly adsorbed from
the dyebath onto the fibre surface, whereupon it diffuses
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very slowly into the fibre via the CMC {Figure 5}. The depth
to which the dye penetrates the fibre is possibly governed
by the size of the molecular aggregates that are formed in
water, and this in turn will be strongly dependent upon the
conditions of application of the dye. The hydrophobic
nature of C18-RB may also facilitate binding of the dye to
the lipid regions of the CMC, and thus significantly reduce
the rate of diffusion of the dye into the fibre.

CONCLUSIONS

The aim of this work was to investigate the pathways for
diffusion of two dyes, rhodamine B and octadecylrhodam-
ine B, into the wool fibre under a variety of dyeing condi-
tions. Intercellular diffusion, involving passage of the dye
through the cell membrane complex between the cuticle
and cortical cells of the fibre, was shown to be the preferred
route. By judicious choice of solvent system and dyeing
temperature, either dye could be deposited selectively, and
in relatively high concentration, in the cell membrane
complex.

Application of the dyes from an anhydrous solvent
system resulted in even dyeing of the entire network of
intercellular material throughout the fibre. In contrast,
application from aqueous solvent systems resulted (ini-
tially) in preferential staining of that region of the cell
membrane complex associated with the orthocortex, Only
a small amount of dye was taken up by the paracortex. This
result is interpreted in terms of a difference in the swelling
characteristics of the intercellular material {and perhaps of
a region of non-keratinous, intermacrofibrillar material in
the adjoining cortical cells) in the orthocortex and para-
cortex.

Only when water was present in the solvent (more than
about 10% by volume) did rhodamine B diffuse evenly
throughout the cortical cells. Prolonged treatment of wool
with aqueous solvent systems resulted in differential stain-
ing of the cortex. Application of octadecylrhodamine B
from water resuited in highly selective staining of the cell
membrane complex, in contrast to the fairly even dyeing
pattern obtained with rhodamine B. '
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