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The differential reflectance and three-dimensional fluorescence spectra of wet and dry wool following
UVB irradiation at 303 nm in the presence and absence of oxygen were measured. Fluorescence
originating from tryptophan residues was reduced under all irradiation conditions and a non-
fluorescent chromophore with a maximum at 320 nm was produced. These findings suggest that
neither singlet oxygen nor triplet states are involved in the formation of the chromophore. Following
irradiation of wool at 303 nm in the absence of oxygen, fluorescence with an excitation maximum
between 360 and 380 nm and an emission maximum at 440 nm appeared. Flucrescence with an
excitation maximum between 410 and 420 nm and an emission maximum at 470 nm from a different
species was produced by photolysis in the presence of oxygen. The presence of water accelerates
the formation of the latter fluorophore and this observation suggests that singlet oxygen is not

involved in its formation.

INTRODUCTION

Various chromophores absorbing in the UVA and blue
spectral regions in wool keratin are produced as a result of
exposure to shorter wavelength UV radiation [1-3]. These
chromophores in UV-irradiated wool are a commercial
problem because of the yellow appearance they introduce,
particularly in white and pale-coloured wool products.
They also dull the appearance of wool dyed with bright

colours. Cystine, the aromatic amino acids and bound
metal ion impurities are the important chromophores in
wool keratin in the spectral region from 280 to 310 nm.
The UVA/blue chromophores produced as a result of
exposure to UVB radiation are presumably products of
photoreactions involving these amino acids and/or bound
metal ions.

Differential absorption and reflectance spectroscopy of
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UV-irradiated keratin have revealed a broad absorption/
reflectance band with a maximum at 320 nm [1,2].
Meybeck and Meybeck detected glyoxylic and pyruvic
acids in irradiated wool keratin which are derived from
the photo-oxidation of glycine and alanine residues
respectively; they suggested that the a-keto acids may be
contributing to the absorption [2]. Later work found that
the a-keto acids derived from glutamic acid, threonine,
serine, proline and tyrosine were also present in UV-
irradiated wool [4].

Three-dimensional (3D) fluorescence spectroscopy of
wool has shown the presence of fluorophores absorbing
maximally at about 350 and 410 nm, and emitting at 430
nm and 470 nm respectively {5]. N-Formylkynurenine,
which is a product from the reaction of tryptophan with
singlet oxygen, has been suggested as a possible species
responsible for the fluorescence at 430 nm {6]. However, a
protein that does not contain tryptophan, i.e. collagen,
was found to exhibit fluorescence with very similar
spectral characteristics, 1., = 350 and 430 nm [5,7]. This
emission could originate from dityrosine which absorbs
maximally at 340 nm and fluoresces maximally at 430 nm
in aqueous solution [8]. Tyrosine oligomers have been
found in wool keratin that has been exposed to sunlight
[9], and these may be contributing to the fluorescence
observed from wool at 430 nm. The B-carbolines are
another class of fluorescent compound that have recently
been isolated from UV-irradiated wool [10]. These
compounds have a high fluorescence yield in the blue or
green region of the visible spectrum when excited with
UVA or blue radiation.

Photoyellowing of wool has been observed to be
accelerated by the presence of water [1,11]. This behaviour
may be caused by the water plasticising the keratin matrix
and thereby facilitating reactions that involve diffusive
processes [12]. An alternative explanation has been
proposed in terms of the competition between photo-
yellowing and photobleaching processes in wool. Singlet
oxygen reactions appear to be involved in the photo-
bleaching process, and since singlet oxygen is efficiently
quenched by water, the photoyellowing process would be
expected to be favoured in the presence of water [13].

In order to resolve some of these issues and to improve
the present understanding of the photolytic formation of
UVA/blue chromophores in wool keratin, differential
reflectance and 3D fluorescence spectra have been
examined following UVB irradiation of wool in the
presence and absence of oxygen and water.

EXPERIMENTAL

The plain-woven fabric with mean fibre diameter of 20 um
weighing 154 g/em? used in this work was kindly
provided by the Wocel Research Organisation of New
Zealand. Samples of this fabric were irradiated at 303 nm
inside a sealed, 10 mm fused silica cell for 16 h. The
radiation source was a medium-pressure mercury arc
lamp and the radiation was passed through a Corning
OX1 glass filter and a nickel sulphate solution filter. The
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intensity of this radiation falling on the wool sample was

10 uW/em? Before irradiation the wool samples were

evacuated overnight and then irradiated under the

following conditions:

(a) Evacuated

(b) In the presence of deoxygenated water but in the
absence of oxygen

(¢) Inthe presence of dry air.

The wool samples were then exposed to air prior to the
spectral measurements.

Differential reflectance spectra of the samples were
determined approximately 8 h after irradiation. Irradi-
ation was normal to the wool surface and reflectance was
measured at 30° from the normal. The bandwidths for the
reflectance measurement were 5 nm for both excitation
and viewing monochromators.

Three-dimensional fluorescence spectra were obtained
using a Hitachi F3010 spectrofluorimeter fitted with a solid
sample holder and using slit widths of 1.5 nm. The 3D
fluorescence spectrum of a reference sample of the fabric
that had not been subject to the 16 h irradiation was
subtracted from the 3D spectra of the irradiated samples.

RESULTS

The differential reflectance spectra from 300 to 500 nm of
the irradiated fabric samples are shown in Figure 1. The
main feature in all the spectra is a broad reduction in a
reflectance band (due to increased absorption) with a
minimum at 320 nm. The magnitude of the reduction in
reflectance at 320 nm for dry wool in the presence of air
was the same as that for the evacuated sample (i.e. dry,
without oxygen). In the presence of water and oxygen the
magnitude of the reduction in reflectance at 320 nm was
substantially less than for the other two irradiated
samples. The shape of the reflectance spectrum of dry
wool irradiated in the presence of oxygen from 350 to 400
nm differs from that of wool irradiated in the absence of
oxygen and it indicates the production of an additional
chromophore in this spectral region when wool was
irradiated without oxygen.
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Figure 1 Difference diffuse reflectance spectra between irradiated
and unirradiated wool in the presence and absence of oxygen




The wool samples irradiated at 303 nm for 16 h under
all conditions showed a decrease in tryptophan
fluorescence, A,(max) = 290 nm, A.,(max) = 340 nm. We
calculated (from the equation for matt surfaces [14]) that
no more than 15% of tryptophan fluorescence was lost as
a result of the low reflectivity in the 320 nm region. The
difference 3D fluorescence spectra of the irradiated
samples minus those of the unirradiated sample in the
presence and absence of oxygen are shown in Figures 2
and 3 respectively. Both the difference 3D fluorescence
spectra show a negative region between 310 and 340 nm
in excitation, i.e. less fluorescence from the irradiated
sample than from the unirradiated reference sample. This
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Figure 2 Difference 3D fluorescence spectrum of dry wool irradiated
at 303 nm in the presence of oxygen minus that of the unirradiated
reference sample
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Figure 3 Difference 3D fluorescence spectrum of dry wool irradiated
at 303 nm in the absence of oxygen minus that of the unirradiated
reference sample

resulted from the non-fluorescent species with the large
absorption band with a maximum at 320 nm, observed in
the reflectance spectra. Both wet and dry wool irradiated
in the absence of oxygen showed the formation of a
fluorophore(s) with an absorption maximum at 380 nm
and an emission maximum at 440 nm. In contrast, wet and
dry wool irradiated in the presence of oxygen showed the
formation of a fluorophore(s) with an absorption
maximum at 410 nm and an emission maximum at 470
nm. This fluorophore was produced more rapidly by
irradiation of wet wool than of dry wool.

Re-examination of the wool samples irradiated in
oxygen after storage in the dark for eight months showed
a reduction in the fluorescence from the species with
Jex(max) = 410 nm, A,,(max) = 470 nm.

DISCUSSION

The decrease in yield of the fluorescence characteristic of
tryptophan from wool keratin irradiated at 303 nm
suggested some photodegradation of the tryptophan
residues had occurred. The non-fluorescent photoproduct
which absorbed maximally at 320 nm would also screen/
attenuate tryptophan fluorescence (4,,(max) = 340 nm)
from photolysed wool. Other photochemical reactions
involving the cystine and tyrosyl residues and bound
metal ions were also expected to be initiated by radiation
at about 300 nm. The yield of photoproduct(s) absorbing
maximally at 320 nm produced by irradiation at 303 nm
was not affected by the presence of oxygen. This
suggested that neither singlet oxygen nor triplet state
species were involved in their formation. In the presence
of oxygen, the absorbance at 320 nm, i.e. decrease in
reflectance, following 16 h irradiation of wet wool at 303
nm was substantially less than that observed following
irradiation of dry wool. This contrasted with a trend in the
loss of tryptophan in irradiated wool reported by Nicholls
et al. [15]. They found that irradiation of wet wool in the
presence of oxygen at 310 nm resulted in a greater loss of
tryptophan residues than was the case following
irradiation of dry wool in the absence of oxygen. Taken
together, these results suggest that photoproducts of
amino acid residues in addition to tryptophan contributed
to the absorption band with a maximum at 320 nm.
Electron spin resonance (ESR) studies have shown that
wool irradiated with UV in the absence of oxygen
produces carbon-centred free radicals, which have been
ascribed to the free radical resulting from abstraction/loss
of the a-hydrogen atom from some amino acid residues.
Such a process has been shown to be induced by UV
radiation of alanine- and glycine-containing peptides in
the presence of transiion metal ions [16], and it could also
result from intramolecular proton transfer involving
hydrogen-bonded peptide groups [2]. Following exposure
to oxygen and/or water these free radicals can form
pyruvic, glyoxylic and other a-keto acids derived from
various amino acid residues. Although these a-keto acids
have been isolated from UV-irradiated wool keratin and
absorb at 320 nm, Holt and Milligan have argued that they
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are unlikely to be directly responsible for wool yellowing
[4]. However, they could be indirectly involved since
o-keto acids undergo facile condensation to give yellow
polymeric products.

Another photoproduct produced by deamination of
tryptophan-containing peptides which could contribute
to the absorption between 300 and 350 nm is the 3-indole
acryloyl moiety [17].

Two different fluorescent species were produced by
irradiation of wool at 303 nm, depending upon whether
oxygen was present or absent. In the presence of oxygen
the principal fluorophore produced had an excitation
maximum at 410420 nm and an emission maximum at
470 nm. It has been noted in an earlier report that this
fluorescence is consistent with it originating from a
dihydro-B-carboline, as it possesses spectral characteristics
identical to that observed from the enzymatic digest of the
weathered tips of merino wool fibres which was shown to
contain fluorescent B-carbolines [9]. Emission from this
flucrophore in wool was observed in this work to decrease
slowly over a period of months. Such behaviour is
characteristic of dihydro-B-carbolines; these are slowly
oxidised to more aromatic B-carbolines, which fluoresce at
shorter wavelengths. The formation of B-carboline in wool
exposed to UV radiation was accelerated in the presence
of water, an observation that implies that singlet oxygen
was not involved in the reaction because water is an
efficient quencher of singlet oxygen. It is possible that the
reaction by which this fluorophore was produced was
facilitated by a reduction in the microviscosity of the
protein matrix which occurs in the presence of water [12].

In the absence of oxygen, the principal fluorophore
produced had an excitation maximum at 360-380 nm and
an emission maximum at 440 nm. This was in a similar
spectral position to that of the fluorophore(s) in wool which
had not been subject to irradiation. This species also had a
similar excitation spectrum to the species observed between
350 and 400 nm in the reflectance spectrum of dry wool
irradiated in the absence of oxygen. It is not certain whether
the fluorophore was a newly created photoproduct of
tryptophan and/or tyrosine, or an existing species whose
fluorescence was subject to quenching by cystine residues
which were destroyed by irradiation [18].

CONCLUSIONS

Irradiation of wool at 303 nm results in the destruction
and/or attenuation of the fluorescence from the

tryptophan residues. This is accompanied by the form-
ation of a number of fluorescent and non-fluorescent
species. The non-fluorescent chromophore(s), with an
absorption maximum at 320 nm, is produced in the
presence and absence of oxygen, indicating that neither
triplet state species nor singlet oxygen are involved in its
formation.

Different fluorescent products are produced in the
presence and in the absence of oxygen. Previously
reported fluorescent dihydro-f-carbolines present in wool
tips were found to be produced by a photolytic reaction
which involves oxygen. These dihydro-p-carbolines
slowly convert, in the dark, to the corresponding fully
aromatic p-carbolines.

The origin of the fluorescence apparent in wool
following photolysis in the absence of oxygen could not be
established in this work.
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