The natural fluorescence of wool
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wool to vellow on exposure to light.

Wool may be excited by both mid- and near-u.v. radiation, emitting fluorescence. The extent of visible
fluorescence depends on the origin of the wool and the degree of weathering, (the tips of the fibres being
more fluorescent than the roots) and chemical modification. In particular oxidative treatments such as
chiorination of shrink-resist procedures or peroxide bleaching processes increase the intensity of visible
fluorescence but decrease the intensity of u.v. fluorescence (emission maximum at about 350 nm). Itis
proposed that the presence of these fluorescent chromophores in the fibre relates to the susceptibility of

INTRODUCTION

It is well known that wool, when irradiated (or excited) with
radiation from the middle u.v. region (290-320 nm) emits
flucrescence in the u.v. [1-3]. Less well documented is the
observation that wool when excited by near-u.v. radiation
(2350 nm) emits visible fluorescence. The only previous
study of this latter phenomenon is the work of Smith and
Melhuish (4], who attributed the visible emission to the
excitation of N-formylkynurenine residues, formed by
photodegradation of tryptophan residues.

The aromatic amino acids phenylalanine, tyrosine and
tryptophan are responsible for wool’s absorption of u.v.
radiation below 320 nm: the energy absorbed by phenyla-
lanine and tyrosine is efficiently transferred to tryptophan
residues exciting them to the singlet and triplet excited
states [5]. Thus exciting wool at room temperature with
mid-u.v. (approx. 300 nm) radiation produces fluores-
cence and, in the absence of oxygen, phosphorescence
emission at the respective maxima of 354 and 435 nm;
such emissions are solely attributable to the corresponding
decay of the singlet and triplet excited states of tryptophan
131

Studies on proteins other than wool have considered
the natural visible fluorescence and noted that it increases
in intensity following pre-irradiation in the u.v. region.
Thus Fujimori [6] noted that collagen, which does not
contain disulphide bonds or tryptophan residues, shows

increased blue fluorescence following irradiation in the
w.v. at 253.7 nm: this blue fluorescence was attributed to
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the photo-oxidation of phenylalanine and tyrosine resi-
dues.

Lehrer and Fasman [7] showed that tyrosine and similar
phenols can be readily photo-oxidised by w.v. radiation
(290 nm) to dityrosine and biphenols, according to
Scheme 1. Dityrosine has an absorption maximum at 316
nm and emits blue fluorescence at 410 nm (7].

In addition to being formed by photo-oxidation, di-
tyrosine can be produced enzymatically from tyrosine (8]
using horse-radish peroxidase. It is found in structural
proteins where it is believed to improve mechanical
properties. Dityrosine has recently been isolated from
merino wool [9] and irradiated wools [10]. Tri- and poly-
tyrosine cross-linked derivatives have also been noted in
these preparations.

The source of the natural visible fluorescence fromwool
is unlikely to be solely N-formylkynurenine or dityrosine
but would most likely include chromophores that absorb
light at 350-400 nm; these may be melanin intermediates
formed from tryptophan and tyrosine.
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Quenching of the short wavelength emission from
tryptophan by the cystine disulphide bonds is an es-
tablished phenomencn [11,12] and it is therefore likely
that chemical treatments that disrupt the disulphide bond
will increase both the short wavelength (non-visible) fluc-
rescence and the visible fluorescence of wool [13].

The work described in this paper quantifies the ex-
citation and emission spectra of the fluorescent chromo-
phores, identifies the areas of the fibre that are visually
most fluorescent (both on a macroscopic and microscopic
scale) and evaluates the effect of daylight exposure and a
variety of chemical treatments on the fluorescence inten-
sity.

EXPERIMENTAL
Materials

Wools
A raw wool merino (ex. Heydemann Shaw), average
diameter 21.5 um was employed. Immediately prior to
use the staples were cleaned by twice rinsing for 5 min in
perchloroethylene at room temperature. All samples
were stored in the dark to prevent photo-oxidation. In
some cases a sample of Scottish blackface (coarse wool,
average diameter 40 pm) was also employed as an
example of a wool from a relatively open fleece. A
commercial Buenos Aires Lincoln wool top was also
employed for microscopic analyses.

A woven 2/2 botany twill serge (ex. Parkland) of weight
200 g/m*was used for fabric studies.

Chemicals
All chemicals employed were obtained from Vickers of
Burley as laboratory grade. Wetting agents and other
auxiliaries were commonly available commercial prod-
ucts. Sodium borohydride was supplied by the Ventron
Corporation.

Methods

Pad-batch

Padding was carried out on a laboratory size Peter Pad
{Benninger) with the herizontal nip forming the pad
trought. Nip pressure was set to give a fabric wet pick-up
of 100% (wt/wt). Batching was carried out by rolling up
the fabric on a cylinder, covering with polythene film and
storing for the required time at room temperature. Follow-
ing the storage period the samples were rinsed thoroughly
for 5 min in running cold water, hydroextracted and air
dried.

Fluorescence measurement

Emission spectra were recorded on a Perkin Elmer (MPF-
4) fluorescent spectrophotometer. The fitment for solids
was designed and made at the City University and is similar
to that proposed by McKeilar and Allen [14]. The fabric
samples were placed at 40° to the incident beam to avoid
scattering.

Bleaching
Wool fabric was bleached in a bath containing 4 g/l
tetrasodium pyrophosphate, 25 mil/1 hydrogen peroxide

(35%) and 1 g/1 Lissapol N (ICl) (non-ionic wetting agent);
bleaching was performed for 4 h at 50°C.

Chlorination

The wool fabric was chlorinated using the Kroy Deep-im
machine at Armitage’s (Eccleshill), which employs chlo-
rine water. Treatment with sodium bisulphite (5 g/l
40°C) was carried out to remove unreacted chlorine and
thorough rinsing with water completed the process.

Microscopy

Fluorescence microscopy was carried out using the
Vickers M17 microscope; excitation both with monochro-
matic u.v. radiation (365 nm) and violet light of wave-
length 350-400 nm was employed. Figure 1 is a
schematic diagram of the microscope set-up for excitation
with violet light (when excitation was carried out with 365
nm light the barrier filter passed light of wavelength
greater than 420 nm, compared with the 475 nm barrier
employed in the violet excitation mode).

By trial and error it was found that the best images
showing the natural fluorescence were obtained using
camera exposure times of 60 s (Kodachrome 64 ASA
colour transparency film).
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Figure 1 - Fluorescence microscope (violet excitation mode)

RESULTS AND DISCUSSION

Emission spectra

On exciting various wool fabrics with u.v. radiation of
wavelength 300.5 nm the emission spectra shown in
Figure 2 were recorded. Clearly the fluorescence intensity
(4,0 340-350 nm) drops off significantly with the particu-
lar oxidising treatment, chlorination giving the most pro-
nounced reduction. These fluorescence effects may be
attributed to the absorption of the u.v. radiation by the
tryptophan residues in wool, leading to excitation to an
excited state followed by a return to the ground state with
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Figure 2 — Emission (fluorescence} spectra of wool and
oxidised wool (excitation 300.5 nm)

concomitant emission of light energy in the form of
fluorescence [2]. Tyrosine also absorbs strongly in the
280-300 nm wavelength region but does not itself fluo-
resce, since its excited state energy is readily transferred to
tryptophan [15].

The drop-off in fluorescence intensity under these
excitation conditions indicates that the oxidising agents
are destroying the tryptophan residues; aqueous chlorine
being more severe in this respect than hydrogen peroxide
bleaching. This interpretation is partially confirmed by the
work of Valk [16], who showed that acid chlorination had
a severe degrading effect on tryptophan and a somewhat
lesser effect on tyrosine.

When wool is excited at higher wavelengths (2350 nm)
it emits visible blue fluorescence. Simple qualitative
experiments readily revealed that the intensity of this blue
fluorescence varied from highly fluorescent tips to barely
fluorescent roots. Chemical finishing procedures were
also observed to influence the natural blue fluorescence
intensity.

The previously employed fabrics were re-analysed for
their fluorescence emission characteristics, but this time
exciting at 375 nm; the emission spectra obtained are
reproduced in Figure 3. These results are quite opposite
to those obtained for the 300 nm excitation, the visible
fluorescence intensity increasing progressively with the
severity of the oxidative pretreatments. Hydrogen perox-
ide bleaching approximately doubles the intensity of
fluorescence emission and shifts the wavelength of maxi-
mum emission intensity very slightly towards longer
wavelengths. Itis interesting to speculate that some of the
improvement in whiteness observed in peroxide-bleached
wool could be associated with this increase in natural blue
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fluorescence.

These changes in visible fluorescence may be explained
by the postulate that the cystine disuiphide bonds in wool
actively quench the fluorescence of the chromophores
involved [5]. Wool is particularly rich in cystine; in the A-
layer of the exocuticle one residue in every 2.7 is half-
cystine (17]. Alkaline hydrogen peroxide or acid chlorina-
tion very effectively oxidise these surface disulphides [18]
to cysteic acid {(which is non-quenching), as shown in
Scheme 2.

An additional contribution to the increase in natural
visible fluorescence on oxidising wool may lie in the
formation of new chromophores. This possibility was
examined by obtaining the excitation spectra of the
samples, the photomultiplier being set to measure light
emission at 450 nm only. Absorption maxima were found
at 372 nm for the untreated and peroxide-bleached
samples but a distinct shift to 382 nm was found for the
chlorinated sample; it may therefore be concluded that the
additional visible fluorescence intensity noted for chlorin-
ated wool is attributable to both the formation of new chro-
mophores by the chlorination reaction and to modifi-
cation of quenching disutphides.

50 |-
40 -
)
c
=}
=
o
= 30
k3
=
3
=3
2
£
20

| | |

390 430 470 510 550

Emission, nm

Figure 3 — Emission (fluorescence} spectra of wool and
oxidised waol {(excitation 375 nm) (for key see Figure 2)
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The fluorescence quenching role of the disulphides was
further examined by reduction and alkylation. The reduc-
ing agent sodium borohydride was used, obtained from
the Ventron Corporation as a 120 g/1 solution in caustic
soda (400 g/1). The following pad liquor was prepared:
-Seodium borohydride, 20 g/1 (solids)

—Solvitose OFA, 8 g/
-Lissapol N {(ICI), 10 g/,

and the pH adjusted to 11.5 with acetic acid. The padded
fabric was batched for 18 h and then washed-off with
water; half of the fabric was then further treated for 72 h
in a solution containing a large excess of sodium chlo-
roacetate (67 g/1) (pH 8.7} in order to carboxymethylate
the cysteine thiol groups formed in the initial reduction
procedure. Thorough rinsing in water followed by air
drying completed the procedure.

The reactions shown in Schemes 3 (reduction) and 4
(alkylation) were assumed to have occurred.

i \ i

C‘)O ole] (l')O
i
| H
?H* CHQ* S—S8— CHQ*CH [ ] 2 CH— CHE—SH
| !
NH NH NH
| |
Cystine residue Cysteine residue
Scheme 3
I |
co co
| CICH,COOH F
(IZH~ CH;—SH ?H— CHp,— S— CH,COOH
II\IH NH
\
Scheme 4

The samples were assessed for visible fluorescence
intensity as before, exciting at 370 nm. Relative to the
untreated fabric, the borohydride-reduced wool showed
an increase in fluorescence intensity of 25% and the
reduced/alkylated wool an increase in fluorescence inten-
sity of 151%. This experiment therefore underlines the
important role of the disulphide bond in fluorescence
quenching, since sodium borohydride reduction is not
capable of forming new chromophores. The high fluores-
cence intensities observed following borohydride reduc-
tion indicates that the contribution of N-formylkynurenine
residues to the natural visible fluorescence of wool is small,
since this agent readily reduces carbonyl groups to alco-
hols.

It was also noted that the samples treated with sodium
borohydride were well bleached, indicating possible appli-
cations of this agent as a reduction bleach. No obvious
damage to the wool fibre was noted when treating wool
with sodium borohydride under these conditions.

Microscopic investigations
Snippets were obtained from the merino staples (average

length 65 mm) of tip ends (first 5 mm of staple), middle
portions (30-40 mm of staple) and root ends (last 10 mm
of staple). Cross-sections were prepared using the Hardy
Microtome and fluorescence micrographs produced using
both 365 nm and broad-band (350-400 nm) excitation.
The most intense fluorescence was obtained using the
broad band excitation and therefore only these results are
reproduced in Figure 4(a—c).

A study of Figure 4 shows practically zero emission
from the roots, edge {or cuticle) flucrescence developing
in the middle region and pronounced flucrescence in the
tip region. In the tip region it is possible to make out
certain interesting structures; the cuticle/corticle cell
boundary is clearly visible, the orthocortex appears slightly
more fluorescent than the paracortex and areas of high
fluorescence show as regular dots or granules. The
presence of granules of localised high fluorescence is
difficult to explain, but it may be that they are either
associated with cell nuclear remnants or represent com-
plex molecules that are melanin precursors (a sort of
genetic reminder that once all sheep’s wool was black or
brown, being coloured by discreet melanin granules).

This clear demonstration that the tips of merino wool
fibres are highly (visibly) fluorescent may be of use in
objective measurement where there is a demand to quan-
tify the tippiness of wool.

When a similar experiment was carried out on the
coarser open fleeces from Scottish blackface sheep then
a different picture emerged (Figure 5(a and b)). The
root-tip differences in visible fluorescence were indis-
tinguishable, the whole fibre exhibiting significant intense
fluorescence. The spottiness noted in the merino wool
was also present and in addition certain coarser fibres
clearly revealed a medulla.

Figure 6 shows a cross-section of several kempy fibres
present in the Scottish blackface wool and these do appear
to exhibit remarkably differentiated fluorescent structures.

A commercially available Buenos Aires Lincoln wool
top was also sectioned and a visible fluorescent micro-
graph obtained (Figure 7). From this picture the distribu-
tion of highly fluorescent fibre tips right through to virtually
non-fluorescent roots can clearly be seen. Once again the
spotty or granular nature of the fluorescence in the cortex
is marked.

In all of these experiments it was noted that, on
degreasing the staples, changes in the fluorescence inten-
sity of the root ends occurred quite rapidly if the samples
were left in the laboratory exposed to daylight (not direct
sunlight) and air. When kept in the dark these ageing
effects were minimised. Robinson and Righy[19,20} have
noted ageing effects related to changes in thiol and cysteic
acid content from tip to root and observed that these
changes could occur on degreased wools in the laborataory.
Reducing the effect of disulphides on fluorescence
quenching could therefore be implicated in the phenome-
non of increased root fluorescence on aged samples.
Amino acid analyses of the tip and root of the Merino
staples are shown in Table 1. These clearly demonstrate
almost a two-fold increase in cysteic acid in the fibre tip,
agreeing with the results of Klee et al. [21].

When merino wool staples were exposed to English
summer sunlight for three months in a greenhouse, then
examined for differences in root-tip visible fluorescence,
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TABLE 1

Amino acid composition of merino tips and
roots

Composition {mol/100 mol}

Amino acid Tips Roots
CySO,H 0.402 0.207
Asp 6.758 6.723
Thre 6.853 6.742
Ser 10.641 11.033
Glu 13.102 12.597
Pro 5485 6.179
Gly 8.473 9222
Ala 6.061 5.695
Val 5.680 5.422
(Cys), 6.484 6.210
Met 0.466 0.477
lleu 3.153 3.073
Leu 8.369 8.141
Tyr 3.937 4.393
Phe 2.786 2.836
Lys 3.050 3.072
His 0.820 0.900
Arg 7.492 7.108

none were found, the roots becoming as fluorescent as the
tips. Photochemical oxidation thus produces new fluores-
cent chromophores in wool and/or partly modifies wool
disulphide groups to non-quenching derivatives (most
likely cysteic acid).

CONCLUSIONS

The non-visible fluorescence of wool due to tryptophan
excitation is reduced by chemical oxidation, presumably
due to destruction of tryptophan. In marked contrast the
visible blue flucrescence of wool {(A__ 450 nm}is increased
by chemical oxidation, photo-oxidation and reduction/
alkylation procedures.

The quenching role of the disulphide bonds has been
fairly well established but the possibility exists that the
oxidative modifications to the wool fibre may create
additional fluorescent chromophores. These effects could
explain the increased tendency of these oxidised wools to
photoyellow compared with that of unmodified wool.

Dense fleeces, such as those from merino sheep,
exhibit marked visible fluorescence at the tips (due to
photo-oxidation) and practically no visible fluorescence at
the roots. This observation immediately suggests meth-
ods for quantifying tippiness. Open fleeces on the other
hand show little suppression of the visible fluorescence at
the root ends.

The nature of the main chromophore responsible for
visible fluorescence is still the subject of conjecture; its
excitation maximum of 370 nm indicates that it is neither
dityrosine nor N-formylkynurenine. Its role in the pho-
tovellowing process could be profitably examined and
future work will be directed towards a determination of its
" chemical nature.
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The observations of wool's natural fluorescence and the
role of such oxidising treatments as bleaching and chlori-
nation in increasing this fluorescence has important prac-
tical consequences for the bleacher and dyer. Oxidation
bleaching with hydrogen peroxide results in a whiter wool
by two mechanisms:

(a) Destruction of yellow chromophores
(b} Enhancement of the natural (blue) visible fluores-
cence from the fibre.

The increased brilliance of pale to medium dyeings on
chlorinated wool may well be associated with the in-
creased surface fluorescence of the fibre.

The light fastness of white or pastel shades on bleached
or chlorinated wool is widely recognised as being lower
than the corresponding shades on untreated wool, un-
doubtedly due to an increased rate of photoyellowing
oceurring on the oxidised wools. It is acknowledged [22]
that synthetic fluorescent brightening agents photosensi-
tise wool yellowing, so equally we can conclude that the
the naturally occurring fluorophore will accelerate pho-
toyellowing.
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