Photomodification of the cell membrane complex
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Wool fibres have been selectively stained in the region of the cell membrane complex with eosin ¥,
fluorescein and rose bengal. Dye distribution patterns were determined by fluorescence microscopy
and electron-induced X-ray emission (in conjunction with scanning trangmission electron microscopy).
Irradiation of the stained fibres with visible light caused a reduction in the rate of dye uptake when
the wool was subsequently treated with an aqueous solution of the dye Cl Acid Red 18. The change
in the dyeability of wool was attributed to selective photomodification of the cell membrane complex.

INTRODUCTION

It is generally accepted that the cell membranes and the
associated regions of the cell membrane complex (CMC)
in wool play an important role in determining the
diffusional behaviour of reagents [1-5]. Staining proce-
dures based on nonaqueous solvent systems have re-
cently been developed for depositing dyes selectively in
the minor components of the fibre, such as the CMC, in
preference to the major components, the cortical cells
[5,6].

If the CMC could be modified so as to restrict the entry
or penetration of reagents, without affecting the cellular
regions of the fibre, then it might be possible to alter the
dyeing or stain-resist properties of wool textiles without
adversely affecting other fabric properties. Methods for
selectively modifying the CMC of wool have not, until
recently, been available. Novel dyeing techniques can be
adopted to modify the CMC selectively [7]. These rely on
the deposition of dyes in the intercellular regions of the
fibre, followed by exposure of the fibre to light, so as to
induce chemical changes (e.g. crosslinks)in those regions
of the fibre occupied by the dye. The photomodification
of proteins and biological membranes by illumination in
the presence of a photosensitising dye is reviewed else-
where [8,9].

In a previous paper we examined the dyeing behav-
iour of wool top that had been irradiated with visible
light after being selectively stained in the CMC region
with the photosensitising dye methylene blue {7]. Upon
subsequent treatment of the wool with an aqueous solu-
tion of the dye CI Acid Red 18, the dyeing rate was half
that for unirradiated top.

Determination of the selectivity of the methylene blue
treatment for the CMC region of the wool fibre involved
examination of relatively thick (10 um) fibre cross-sections
by bright field microscopy. The clarity and contrast of the
image obtained using this method was limited. Whilst
the dye appeared to be located mainly in the intercellular
regions of the cortex, it is possible that some of the dye
molecules may have diffused into the cortical cells, allow-
ing photomodification of both intracellular and intercel-
lular regions of the fibre. The image quality may be
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improved by the use of fluorescent photosensitising dyes
whose location in the fibre can be determined more
accurately by fluorescence microscopy.

In this paper we report the results of a comparative
study of three common photosensitisers (eosin Y, rose
bengal and fluorescein) as potential photomodifiers of
fibre properties. The compounds are structurally related
dyes of the xanthene family and differ only in the nature
of the ring substituents (Figure 1). The parent molecule
fluorescein (1) is the most strongly fluorescent member of
the series whilst rose bengal (3), which contains halogen
substituents in both the xanthene and benzoic acid ring
systems, is the least fluorescent.

Fluorescein 1 R,=H R,=H
Eosin Y 2 Ry=Br R,=H
Rose bengal 3 R;=I R,=ClI

Figure 1 Dyes used in the present study

EXPERIMENTAL

Materials

Merino wool top (21 pm) was cleaned by extraction at
room temperature with petroleum spirit (twice) and
ethanol (once) then rinsed several times in water and air
dried. Wool fabric (fine merino worsted, plain weave, 153
g/m?, with minimal finish) was used without further
treatment.

Methanol (analytical reagent grade), ethanol (99.8%
commercial grade) and propan-2-ol (laboratory reagent
grade) were used in the staining procedures. Eosin Y
(Merck, eosin yellowish), rose bengal B (Fluka AG),
fluorescein sodium salt (Merck) and CI Acid Red 18
(Ariavit Ponceau 4R, Williams (Hounslow) Ltd) were
used as received.



Staining procedures

Prior to staining, wool samples were dried either in a
stream of nitrogen for 1 h (wool top) orina vacuum oven
at 45°C for 2 h (fabric). The photosensitisers were applied
to fabric and top at 60°C using the following procedures.
Eosin Y: Wool top (1 g) and fabric (4 g) were treated for 2
h with a saturated solution of eosin Y (30 mg/ml at 60°C)
in 9:1 by vol. ethanol/methanol mixture (200 ml).

Rose bengal: Wool top (1 g) and fabric (4 g) were treated for
3 h with a saturated solution of rose bengal (36 mg/ml at
60°C) in 85:10:5 by vol. ethanol/methanol/water mixture
(200 ml).

Fluorescein: Samples of wool top (1 g) were treated for6 h
with a solution of fluorescein (0.5 mg/ml) in 9:1 by vol.
ethanol/methanol mixture (200 ml) or in water (200 ml).

After treatment the samples were air dried, rinsed briefly
in several changes of propan-2-ol (a nonpenetrating sol-
vent) to wash-off excess dye from the surface of the fibre
and dried again. The concentration of dye in each sample
was determined spectrophotometrically following ex-
traction in 0.1 mol/l sodium hydroxide/25% pyridine
mixture at 60°C for 1 h, liquor ratio 300:1. Solvent-treated
controls were prepared for the three procedures.

Fluorescence microscopy

Fluorescence photomicrographs of cross-sections (3 pm)
of stained fibres were recorded on 1600 ASA film using an
Olympus BH-2 microscope equipped with a fluores-
cence attachment and 35 mm camera. Details of the
specimen preparation techniquesand photomicrography
procedures have been given elsewhere [5].

Electron-induced X-ray emission

Fibre cross-sections (100-500 nm in thickness) were
scanned using a Philips CM12 scanning transmission
electron microscope (STEM), operating at 120 kV,
equipped with an EDAX 9900 X-ray and imaging system.
An array size of 64 x 50 pixels was used for two-dimen-
sional mapping, X-rays being collected for 1 s at each
pixel.

Irradiation

Stained wool samples, together with the appropriate
controls, were exposed to visible light for four days in a
Heraeus Suntest weatherometer operating at a black
panel temperature of 45°C. A yellow celluloid filter (T <
1% for 1 < 465 nm) was placed above the samples to filter
out u.v. and short-wavelength visible radiation which
might otherwise have damaged the wool.

Dyeability test for photomodification

The effects of photomodification on the dyeability of
wool were assessed by measuring the rate of uptake of
the acid dye CI Acid Red 18 before and after irradiation.
Samples of previously stained fabric and wool top
(40 mg) were equilibrated for 30 min at 60.0 + 0.5°C
in 0.4 mol/l acetic acid buffer (4.5 ml), adjusted to pH

4.00 £ 0.05. A 0.5 ml aliquot of the dye solution (1 mg/ml)
was added and the dye liquor sampled periodically for
spectrophotometric determination of the percent dye
uptake. Dyeings were carried out in a thermostatted
orbital-shaking water bath (Paton Industries, Model OW
1412).

RESULTS AND DISCUSSION

Fluorescence microscopy of stained wool fibres

Solvent application of dyes

The methods for depositing anionic dyes selectively into
the CMC of the wool fibre were based on solvent systems
developed previously for the cationic dye rhodamine B
[5]. The conditions were varied from one dye to another
to allow for differences in diffusion rate. Fluorescence
photomicrographs of cross-sections of fibres stained with
fluorescein and eosin Y (from 9:1 ethanol/methanol) and
rose bengal (from 85:10:5 ethanol/methanol/water) are
shown in Figure 2.

(a) Stain: eosin Y {9:1 ethanol/methanol, 2 h, 60°C)

(b) Stain: fluorescein (9:1 ethanci/methanol, 6 h, 60°C)

(c) Stain: rose bengai (85:10:5 ethanoi/methanol/water, 3 h, 60°C)
(d) Stain: fluorescein (water, & h, 60°C)

Figure 2 Fluorescence photomicrographs of cross-sections of stained
wool fibres (21 um)

An examination of cross-sections of fibres treated with
eosin Y or fluorescein (Figure 2(a and b)) showed that the
dyes were taken up preferentially by the cuticle and the
CMC region of the cortex. The nuclear remnants of the
cortical cells also took up stain, especially in wools treated
with fluorescein (Figure 2(b)). Penetration of dye into the
cells of the cortex was negligible, as far as could be judged
with the optical microscope. Rose bengal, when applied
from 85:10:5 ethanol/methanol/water, likewise penetrated
the CMC and the nuclear remnants of the cortical cells
(Figure 2(c)) but in this case the intensity of the fluores-
cence was much greaterin the intercellular regions of the
orthocortex than the paracortex. (The assignment of
orthocortex and paracortex wasbased on the characteris-
tically different distribution of the nuclear remnants and
on the generally smaller proportion of paracortical to
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orthocortical cells [10].) A similar asymmetric staining
pattern hasbeen observed in wool treated with a solution
of rhodamine B in 85:10:5 ethanol/methanol/water [5].

Application of fluorescein from water

In a previous study it was shown that rhodamine B,
when applied to wool from water at 60°C, rapidly pen-
etrates the intercellular regions and the nuclear rem-
nants of the cortical cells and then gradually diffuses
throughout the cortical cells, displaying a slightly greater
affinity for the cells of the orthocortex than of the
paracortex [5]. Fluorescein, when applied to wool under
similar conditions, was observed to diffuse into the cells
of both the orthocortex and paracortex, leaving the CMC
essentially free of dye (Figure 2(d)). The fluorescence
intensity was much greater in the paracortex than in the
orthocortex, making it difficult sometimes to resolve the
CMC against the strong background fluorescence of the
paracortical cells (middle section, Figure 2(d)), but a
careful examination of many sections taken from various
fibres showed that the intercellular material throughout
both cortices was largely depleted of dye.

The occurrence of a dye distribution pattern in which
the photosensitiser is located predominantly in the cellu-
lar, rather than the infercellular, regions of the cortex
permits a direct investigation of the relative importance
of the CMC and the cellular regions of the fibre in
photomodification. Wool was treated with fluorescein
under aqueous and nonaqueous conditions and then the
dyeing behaviour of the samples was compared before
and after irradiation. In this way changes in dyeability
stemming from the modification of either the cellular or
the intercellular regions of the fibre can be observed (see
section entitled ‘Photomodification and its effects on
dyeability’).

Electron-induced X-ray emission (EIXE)

Because of the limited resolving power of the light micro-
scope, it was not possible to determine precisely the
location of each dye in the region of the fibre cuticle.
Fibres treated with dyes containing heavy atom
substituents (eosin Y and rose bengal) were therefore
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examined in more detail using an X-ray microanalytical
technique {EIXE) in conjunction with STEM.

Elemental bromine maps obtained after EIXE analysis
of fibres stained with eosin Y (Figure 3(a and b)) show
that the dye enters the fibre via the CMC between the
individual cuticle cells on the fibre surface; it is then
deposited in the intercellular regions of the cortex and in
the nuclear remnants of the cortical cells. Similar maps of
iodine and chlorine (chlorine notshown} from rose bengal
stained fibres (Figure 3(c)) indicate that this stain was also
located in the CMC and the nuclear remnants of the
cortical cells. The undulating boundary of the dyed area
between the CMC and the cuticular layer (Figure 3(a and
c)) suggests that the dye molecules enter the fibre be-
tween the cuticle cells and subsequently diffuse through
the cell membranes (B layers) into the endocuticular
region of the cuticle cell.

Photomodification and its effects on dyeability
Samples of stained wool top and fabric, together with the
appropriate controls, were irradiated for four days under
an artificial light source designed to simulate the effects
of sunlight exposure. Wavelengths less than 460 nm were
filtered outin order to avoid complications that may arise
from nonspecific damage to the wool caused by exposure
to u.v. or short-wavelength visible radiation. The effects
of photomodification on fibre properties were evaluated
by comparing the rates of uptake of CI Acid Red 18 from
aqueous solution before and after irradiation.

Eosin Y and rose bengal in the CMC
Exposure to light of samples of wool top containing 0.8%
by weight of either rose bengal or eosin Y caused a
decrease in the rate of uptake of CI Acid Red 18 {Figure 4
(a and c}) relative to that of the unirradiated controls. For
wool stained with eosin Y the exhaustion rate (the recip-
rocal of the time taken to reach 50% dye uptake) de-
creased to approximately one-third of the rate for the
unirradiated sample (Figure 4(c)). For rose bengal treat-
ment the dyeing rate was halved (Figure 4(a)).

A decrease in the rate of dye uptake was also observed
when fabric samples were treated with each of the photo-

{a) Superimposed sulphur and bromine; stain: eosin ¥ (9:1 ethancl/methanal, 2 h, 60°C)

(b) Bromine, different region of the same section as in (a)

{c) lodine superimposed on TEM image of a cross-section of fibre; stain: rose bengal (85:10:5 ethanol/methanol/ water, 3 h, 60°C)

Figures 3 Elemental maps after EIXE analysis of stained cross-sections of wool {bar = 1 um)
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Figure 4 Uptake at 60°C of Cl Acid Red 18 on wool top and fabric
stained with rose bengal (a and b) and eosin Y (c and d) before {@®)
and after (W) irradiation

sensitisers and exposed to light (Figure 4(b and d)). The

magnitude of the changes were less pronounced in fab-

rics than in similarly treated wool top. Possible reasons
for this difference are:

(a) Poorer penetration by the photosensitiser of the indi-
vidual fibres in fabrics (fluorescence microscopy
showed the distribution of photosensitiser molecules
in transverse sections of fibres to be less extensive in
fabrics than in similarly treated tops)

(b) A slightly smaller uptake of photosensitiser by fabric
samples than top samples

(c) Restricted flow of the dye solution in fabric dyeings.

Despite these differences, the results show that a signifi-
cantreduction in the rate of dye uptake by fabric samples
can be achieved through photomodification.

Cellular versus intercellular photomodification
Samples of wool top were pretreated with fluorescein in
water (fo stain the cortical cells selectively) and in 9:1
ethanol/methanol (to stain the CMC selectively). The
concentration of fluorescein in each sample was 0.04%.
[rradiation of wool containing fluorescein only in the
CMCregion of the fibreled to adecrease in the rate of dye
uptake (Figure 5(a)). By contrast, irradiation of wool
containing fluocrescein only within the cortical cells pro-
duced no measurable change in dyeability (Figure 5(b)).
Solvent treatment alone can influence the dyeability
of wool. The effect of solvent treatments on dye uptake is
well known [11,12] and may be due to removal by the
solvent of lipid or proteolipid material from the surface
and intercellular regions of the fibre [13,14]. Treatment
with 9:1 ethanol/methanol alone increased the rate of
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Figure 5 Uptake of Cl Acid Red 18 on wool top treated with
fluorescein before (@) and after (W) irradiation; fluorescein applied
from (a) 9:1 ethanol/methano! and {b) water

dye uptake by a similar amount to that shown in Figure
5 (cf. data shown by the solid circles in Figure 5(a and b)).
However, subsequent irradiation of these control sam-
ples had no effect on dyeability. Thus we concluded that
the observed changes after photomodification were not
due to solvent effects.

CONCLUSIONS

Exposure to light of wool fibres stained (in the region of
the CMC) with eosin Y or rose bengal reduces the rate of
uptake of the acid dye CI Acid Red 18 by 66% and 55%,
respectively. A comparative study was undertaken of the
rates of dye uptake by wool stained with fluorescein in
the CMC region of the fibre and throughout the cells of
the cortex. This showed that the effects of photo-
modification on dyeability are due to light-induced
changesin the intercellular, rather than the cellular, com-
ponents of the fibre. This may assist in the development
of novel stainblocking treatments for wool.
Electron-induced X-ray emission and scanning trans-
mission electron microscopic techniques have been used
in the present work. Under the particular application
conditions used, evidence points to an intercellular path-
way for the diffusion of eosin Y and rose bengal through
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the cuticle of the wool fibre. Elemental maps obtained
after EIXE analysis of stained fibres show that the dye
enters the fibre via the CMC between the cuticle cells. It
then diffuses through the cell membranes into the
endocuticular region of the cuticle cell, thus confirming
earlier observations [2,4,5].
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