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Raman, scanning electron, and optical microscopy of hair and spectrophotometry of soluble hair proteins are
used to study the effect of UV-vis radiation on white hair. The samples of a healthy subject are irradiated using
a mercury lamp and compared with non-irradiated (control) hair. The cuticle damage with partial exfoliation
is revealed with the aid of SEM and optical microscopy of semifine sections. Gel filtration chromatography
shows that the molecular weight of soluble proteins ranges from 5 to 7 kDa. Absorption spectroscopy proves
an increase in amount of thiols in a heavier fraction of the soluble proteins of irradiated samples under study.
Raman data indicate a decrease in the amount of S\\S and C\\S bonds in cystines and an increase in the amount
of S\\Hbonds due to irradiation. Such changes aremore pronounced in peripheral regions of hair. Conformation-
al changes of hair keratins presumably related to the cleavage of disulfide bonds, follow fromvariations in amide I
and low-frequency Raman bands. An increase in the content of thiols in proteins revealed by both photometric
data on soluble proteins and Ramanmicrospectroscopy of hair cuts can be used to develop a protocol of the anal-
ysis of photoinduced hair modification.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Hair cortex predominantly consists of fibrillar insoluble proteins
(keratins) and low-molecular-weight proteins (21 families with rela-
tively high content of cystein) [1,2,3].

Photodamage of hair keratins under UV irradiation involves
photodegradation of aromatic amino acids (tryptophan, tyrosine, and
phenylalanine) and cystine [4,5]. Hair weathering caused by sunlight
depends on UV-induced destruction of cystine [6,7].

UV absorption leads to the transition of amino acids to excited states,
and further reactions depend on pH of solution, temperature, polarity of
neighboring side chains, and protein structure [4,8]. In particular, thiyl
radical that is formeddue to photon absorption by disulfide bond or inter-
actionof disulfidebondwith triplet tyrosines or tryptophansmay abstract
hydrogen atom from alanine or glycine and can be reduced to thiol [9,10].
UVB-induced formation of thiols was registered after in vitro irradiation
of epidermal growth factor [11], plasminogen [12], apo-α-lactalbumin
[13], and insulin [14]. Oxidation of thiyl radical leads to formation of sul-
fonic and sulfinic acids [4,6,15]. Photons can be absorbed by disulfide
bonds of both low-molecular-weight soluble proteins and fibrillar
keratins of cortex. The results of [3,16,17,18] show that hair damage by
bleaching reagents as well as UV radiation causes an increase in the
amount of soluble proteins extracted from hair shaft in aqueousmedium.

Raman spectroscopy is known to be helpful in the study of protein
structure. In particular, conformations of disulfide bridges and the sec-
ondary structure of protein molecules can be analyzed. The measure-
ments in the low-frequency range make it possible to characterize
conformational changes of a protein molecule as a whole [19]. Raman
microspectroscopy can be used to study effect of irradiation on keratins
using the analysis of Raman bands assigned to S\\S, C\\S, and S\\H
bonds. The presence of melanin, the granules of which absorb laser radi-
ation and fluoresce, impedes the application of Raman spectroscopy [20,
21]. For cuticle of unpigmented hair, the intensities of Raman bands
assigned to S\\S andC\\Sbonds arehigher than the corresponding inten-
sities for cortex [20]. Thus, we study effect ofmercury-lamp irradiation on
white hair of a healthy patient under laboratory conditions.

Optical microscopy and SEM are conventional methods used to
study the structure of hair shaft, in particular, the surface roughness,
scale thinning and fusion [22]. Gel-chromatography is a helpful tool in
the study of soluble keratins in spite of their low content in hair extracts
[23].

The purpose of this work is to prove cleavage of disulfide bonds of
hair keratins resulting in the formation of thiols based on the
experimental study of hair cuts and soluble proteins of hair.
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Fig. 1. SEM images of cuticle of (a) control and (b) irradiated hair shafts.
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2. Materials and Methods

2.1. Samples

Unstained white (grey, unpigmented) hair from parietal region of a
healthy patient were studied.

The following substances are used: Conducting Silver Paint (Ladd
Research Industries); Romanovsky-Giemsa dye (Ecolab); araldite (Elec-
tron Microscopy Sciences); carbonate salts and Tris (Chimmed); PBS,
DTNB (5,5′-dithio-bis(2-nitrobenzoic acid)), GSH (glutathione as a re-
duced form), bovine serum albumin (BSA), gel filtration molecular
weight markers kit MW 12–200 kDa, soybean Bowman-Birk inhibitor,
aprotinin from bovine lung, human insulin, and protamin from salmon
(Sigma-Aldrich); and Total protein (Biuret) kit (Randox).

2.2. Irradiation

Hair samples are UV irradiated using a Medicor BLM-12 UV lamp.
The spectrum of the lamp radiation is measured with the help of an
Ocean Optics HR4000CG-UV-NIR spectrometer. The main emission
bands of the lamp are picked at 254 (0.38), 366 (0.04), 406 (0.13),
437 (0.75), 547 (1), 578 (0.13), and 580 nm (0.13) (relative intensities
of the bands are indicated in parentheses). The hair samples are placed
at a distance of 15 cm from the lamp, where the intensity at a wave-
length of 254 nm is about 30 μW/cm2. (Note that the published results
on the total sunlight intensity in the UVB region are 78 μW/cm2 (280–
a b

Fig. 2. Cuts of (a) control and (b) irradiated hair. The arrows show the estimated thicknes
315 nm) [24], 40 μW/cm2 in December (below 313 nm) [25], and
175 μW/cm2 in summer (below 313 nm) [25].) Radiation intensities
are measured with the aid of a Coherent FieldMaster FM powermeter.
Irradiation time is 6 h, so that the total energy density is 4.4 J/cm2 and
the energy density at a wavelength of 254 nm is 0.65 J/cm2.

2.3. Scanning Electron and Optical Microscopy

A Hitachi S-570 scanning electron microscope is used for SEM mea-
surements. The samples are placed on a sample stage and fixed using a
Ladd Research Industries Conducting Silver Paint. The samples are cov-
ered with a 10-nm-thick layer of Pt-Pd alloy in an Eiko IB-3 Ion Coater.

For optical microscopy samples are processed using a conventional
method for electron microscopy study with subsequent imbedding in
araldite [26]. Semifine sections are obtained using a Reichert-Jung
Ultracut ultramicrotome and stained with the aid of the Romanowsky-
Giemsa procedure for histological analysis. A Nikon Eclipse E200micro-
scope with a DS-Fi1 camera head is employed.

2.4. Eluted and Soluble Hair Proteins

For the quantification of eluted proteins, 1–5 mg of hair fragments
with a length of about 1 cm are incubated in 1 mL of 0.1 M carbonate
buffer solution (pH 10.5) over 30 min in a shaker at room temperature.
Then, the eluate is centrifuged at 900g over 20 min. Protein concentra-
tion is estimated using optical absorption at a wavelength of 240 nm
s of highly stained layers. The dashed line shows the fragment with exfoliated cuticle.



Table 1
Effect of UV irradiation on soluble proteins in hair shaft.

Samples Protein content, μg/mg Thiol (SH) content, μg/(g of protein)

Control 265 ± 64 0,9 ± 0,2
Irradiated 272 ± 59 2,1 ± 0,4
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(Shimadzu 1700UV spectrophotometer). BSA solution is used for cali-
bration. Finally, the mass of eluted proteins per unit mass of hair is
calculated.

For the study of soluble compounds, hair (2–5mg) are homogenized
in a glass Potter homogenizer to obtain suspension in 1mL of 0.1 M car-
bonate buffer solution (pH 10.5). The suspension is centrifuged over
30min at 900g. The concentration of proteins in supernatant is estimat-
ed using optical absorption at a wavelength of 240 nm. Finally, themass
of soluble proteins per unit mass of hair is calculated. To determine con-
centration of S-H groups (thiols), we add an aliquot of soluble proteins
(350 μL) to 0.4 M tris buffer (pH 8.9, 650 μL), introduce DTNB to a con-
centration of 6.25 mM, and measure absorbance at 412 nm. Reduced
glutathione (GSH) serves as reference substance. Relative content of
SH groups is normalized by mass of protein.

2.5. Gel-Chromatography

Gel-chromatography is performed with the aid of a Knauer
Smartline chromatograph with a Biofox 17 SEC (8 × 300 mm, Bio-
Works) column (0.2 mL of the sample solution is applied to the col-
umn). Elution is performed using PBS at a flow rate of 0.5 mL/min
under monitoring of absorbance at a wavelength of 240 nm. The collec-
tion time for a single fraction is 1 min. The column is preliminary cali-
brated using gel filtration molecular weight markers kit MW 12–
200 kDa (β-amilase from sweet potato (MW 200 kDa), alcohol dehy-
drogenase from yeast (MW 150 kDa), albumin from bovine serum
(MW 66 kDa), carbonic аnhydrase from bovine erythrocytes (MW
29 kDa), cytochrome C from horse heart (MW 12.4 kDa)), Bowman-
Birk inhibitor (MW 8 kDa), aprotinin (MW 6.5 kDa), human insulin
(MW 5.8 kDa), and protamin (MW 5 kDa).

2.6. Raman Microspectroscopy

Transverse hair cuts are studied with the aid of Thermo Scientific
DXR Raman Microscope at an excitation wavelength of 780 nm and a
laser power of 24 mW using a 50× objective. The measurements are
performed at four points at a diameter of a hair cut in its peripheral
Fig. 3.Chromatograms of soluble proteins of (black line) irradiated and (grey line) control hair. T
The arrows show the positions of peaks corresponding to reference proteins.
and central regions (PRs and CRs, respectively) for 5-mm-long frag-
ments from the central parts of 20-cm-long hair shafts. Backgrounds
are subtracted using procedures of [27,28].

3. Results

3.1. Scanning Electron and Optical Microscopy

The results of [18] show that UV irradiation leads to an increase in
the amount of eluted proteins by a factor of 1.5 possibly due to damage
of cuticle and variations in its permeability. Indeed, SEM shows that the
lamp irradiation causes an increase in surface roughness (Fig. 1), andwe
clearly observe scalloped edges of flakes and exfoliation of cuticle.

Optical microscopy of semifine stained sections (Fig. 2) shows an in-
crease in the thickness of external layer containing dye. On average, the
thickness of the stained layer in irradiated samples is greater than the
thickness of such a layer in control samples by a factor of 2.

Fig. 2b also shows exfoliation of cuticle for irradiated hair. The zone
of stained upper cortex layer is clearly seen under the exfoliated cuticle.

3.2. Analysis of Soluble Proteins

Absorption measurements show that UV irradiation does not affect
the content of soluble proteins in hair shaft (Table 1). However, the con-
centration of thiols in soluble proteins of irradiated hair noticeably
increases.

Gel filtration chromatography (Fig. 3) is used to study solutions con-
taining soluble proteins, which give positive result to the biuret test. The
inset shows the results of calibration using several proteins with differ-
ent molecular weights and chromatographic data. We observe two
peaks of soluble proteins with molecular weights in an interval of 5–
7 kDa. Note redistribution of peak intensities due to irradiation.

Ellman's reagent (DTNB solution) is added to 0.5 mL chromato-
graphic fractions in a time interval of 16–33min to estimate the concen-
tration of thiols in soluble proteins. The results are in agreement with
the above photometric data and yield an increase in thiol content by a
factor of about 2 for fraction collected in an interval of 24–27min for ir-
radiated samples.

3.3. Raman Measurements of Hair Cuts

Fig. 4 shows averaged Raman spectra of PRs prior to and after UV ir-
radiation and CRs after irradiation. We do not present Raman spectrum
of CR prior to irradiation, since it is identical to the corresponding PR
he inset shows results of calibration using several proteinswith knownmolecularweights.
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Fig. 4. Averaged Raman spectra of hair cuts measured in PRs of (thick black line) control
and (thick grey line) irradiated samples and (thin black line) CRs of irradiated sample.
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spectrum. Linear backgrounds (hatched areas) are subtracted in each
spectral interval under study (440–590 cm−1 (S\\S), 630–712 cm−1

(C\\S), and 2501–2598 cm−1 (S\\H)). Then, integral intensities are cal-
culated in spectral intervals of 500–550 cm−1 (S\\S), 649–694 cm−1

(C\\S), and 2525–2594 cm−1 (S\\H) (shaded areas).
Fig. 5 presents resulting averaged integral intensities with standard

errors for PRs and CRs prior to and after UV irradiation. For comparison,
integral intensity in each spectral interval is normalized by the integral
intensity of PR prior to UV irradiation in the same interval. Sulfhydryl
groups (S\\H) are uniformly distributed over cross section of control
hair. Most developed spectral changes caused by UV irradiation are ob-
served for PRs. The content of S\\S and C\\S bonds of cystines decreases
and the amount of S\\H bonds substantially increases. Apparently,
cleavage of disulfide bridges takes place in PRs and relative content of
cysteine residues consequently increases. The same tendencies are ob-
served for CRs after irradiation but the changes are substantiallyweaker.

It is known that disulfide bonds stabilize protein structure. There-
fore, the cleavage of such bondsmay lead to the changes in the structure
of protein molecule as a whole (in particular, secondary structure) and
rigidity and shape of themolecule. Thus, to additionally prove the cleav-
age of disulfide bonds,we analyze (i) the low-frequency range of Raman
spectra, the bands ofwhich can be assigned to skeletal and side chain vi-
brations and collective motions of atomic groups in a protein molecule
[20,29] and (ii) the Amide I band, which can be used to characterize
the secondary structure [30,31].

Low-frequency Raman spectra of CRs and PRs prior to and after irra-
diation are generally similar to each other. To reveal the spectral differ-
ences, we calculate second derivatives of the spectral curves. Three
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Fig. 5. Integral Raman intensities of PRs and CRs for spectral intervals of (a) 500–550 (S\\S), (b
columns) irradiated samples (see text for details).
second-derivative curves (CRs prior to and after irradiation and PR
prior to irradiation) almost coincide with each other and exhibit a
broad band peaked at 153 cm−1. UV irradiation gives rise to an intense
Ramanbandpeaked at 147 cm−1 in the spectrumof PR (Fig. 6). It is seen
that intensity variations in the low-frequency spectral range are compa-
rable with variations in the spectral interval of disulfide bonds.

The second derivatives of spectral curves also allow a more detailed
analysis of variations in the intensities of Raman bands assigned to di-
sulfide bonds. It is seen that a decrease in the Raman intensity at
510 cm−1 by approximately 30% (S\\S stretching vibrations in the
gauche-gauche-gauche (ggg) conformation) is accompanied by an in-
crease in the intensities at 525 and 545 cm−1 (trans-gauche-gauche
(tgg) and trans-gauche-trans (tgt) conformations, respectively). This
circumstance indicates that the cleavage of disulfide bonds is accompa-
nied by transformations of ggg disulfide bridges in keratins into tgg and
tgt bridges.

Fig. 7 presents amide I bands in averaged Raman spectra of hair cuts.
The spectra are normalized by integral intensities in the spectral interval
of 1630–1750 cm−1. The second derivatives of spectral curves (Fig. 7b)
clearly show threemain components at 1654, 1672, and ~1692 cm−1. In
accordance with the results of [32], the components can be assigned to
α-helices, β-sheets, and random coil and β-turns, respectively. It is seen
that UV irradiation causes minor changes in the secondary structure of
hair proteins.

4. Discussion

It is known that the photooxidation of cystine is caused by both UV
and visible radiation. The UV radiation is more efficient [7,15], since
molar absorption coefficients of cystine are 270 M−1 cm−1 at 254 nm
[33] and 70 M−1 cm−1 at 288 nm [34]. Thus, BLM-12 UV can be used
in the experiments on photodegradation of cystine in human hair al-
though the lamp radiation poorly imitates solar radiation.

The experimental results can be used to develop protocol of the anal-
ysis of hair degradation under UV and visible (including solar) irradia-
tion. The content of thiols in soluble proteins may serve as a marker in
such analysis. Moreover, as it was shown by Hoting et al. [15], IR radia-
tion also influences cystine content in human hair, and this finding also
needs further investigation.

SEM and optical microscopy images show typical signs of photoin-
duced cuticle damage (focal losses of cuticular edges and cuticular de-
tachments), which are in agreement with the results of [35]. Such
photodamage may facilitate leakage of soluble keratins from hair shaft
into water which is registered as an increase in the amount of eluted
proteins, that was also shown in [16,36].

The observed increase in the thickness of the stained layer in irradi-
ated hair (Section 3.1) is due to the fact that methylene blue, contained
in the Romanowsky-Giemsa dye, binds with acidic products of the de-
struction of disulfide bonds in keratins [37].

Gel-electrophoresis, isoelectric focusing, and gel filtration chroma-
tography of keratins extracted from human hair yield the presence of
(c)b)
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Fig. 6. Averaged Raman spectra of PRs of control (dotted line) and irradiated (solid line)
samples. The inset shows the corresponding second derivatives.

47M.V. Fedorkova et al. / Journal of Photochemistry & Photobiology, B: Biology 164 (2016) 43–48
polypeptideswithMWsof 16 and 12 kDawith pI 7.4–5.4 [23]. In our ex-
periments, an increase in the content of soluble proteinswith anMWof
6–7 kDa can be due to the cleavage of intermolecular disulfide bonds
and/or damage of high-molecular keratins with formation of soluble
fragments. This could be another reason for an increase in the amount
of proteins extractable from hair shaft (eluted proteins) [17].

Normally, low-frequency Raman bands in spectra of proteins are
assigned to backbone vibrations, torsional vibrations of side groups,
and intermolecular vibrations. Thus, wemay assume general conforma-
tional changes of keratins in PRs due to the cleavage of disulfide bonds
in irradiated hair. Minor changes in the secondary structure of proteins
in irradiated hair follow fromvariations in relative intensities of spectral
components of amide I band. Photoinduced damage of indole ring in
tryptophan and oxidation to kynurenine [8] may also significantly
change conformation of protein as was shown for various crystallins
[38]. Earlier, we have shown a decrease in tryptophan autofluorescence
in soluble keratins from human hair after UV-irradiation [18]. Thus, the
changes in the secondary structure of hair proteins can be caused by
both damage of disulfide bonds and tryptophan oxidation. Although,
the UV-induced changes in signals of the secondary-structure elements
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Fig. 7. (a) Averaged Raman spectra of PRs (dashed and thick solid lines) and CRs (dotted
and thin solid lines) of control (solid lines) and irradiated samples(dashed and dotted
lines) and (b) the corresponding second derivatives.
are within several percents, we may assume that the effect depends on
the irradiation doze.

The fact that the chromatographic results are in agreement with
Raman data indicates that the formation of S\\H bonds is, at least, par-
tially related to the cleavage of disulfide bonds rather than chemical re-
actions that are used to obtain fraction of soluble proteins, since the
Raman data are obtained for chemically untreated hair.

5. Conclusion

UV irradiation causes damage of cuticle and an increase in the
amount of SH groups in proteins of hair shaft (including an increase in
soluble proteins of hair). The amount of S\\S and C\\S bonds of cystines
decreases and such an effect is more developed for peripheral regions.
Conformational changes of hair keratins presumably related to the
cleavage of disulfide bonds, follow from variations in amide I and low-
frequency Raman bands. Gel filtration chromatography shows that the
molecular weight of soluble proteins ranges from 5 to 7 kDa.

Both photometric data on soluble proteins and Raman
microspectroscopy of hair cuts indicate an increase in the content of
thiols in proteins. This result can be helpful for development of a proto-
col of the analysis of hair modification under UV, visible, and IR
irradiation.
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