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Abstract: Human hair is characterized by significant diversity, which is dictated by the individual
genetic makeup. It is estimated that up to 70% of the world’s population has textured hair, with a
significant proportion also living in areas with high exposure to ultraviolet radiation (UVR). This
highlights the unique requirements for textured hair care products that can protect hair shafts from
the harmful effects of the environment whilst enhancing the natural features of the fibre. In this study,
we investigated the UV-protective effects of hair conditioner formulated from active ingredients,
mangiferin, ferulic acid and naringin. The analysis of UV-irradiated straight and textured hair
was performed by measurements of hair thickness and darkness, the uptake of the fluorescent dye,
spectral absorbance of keratin extracts, ATR-FTIR and SEM. We found that textured hair was more
sensitive to UVR-induced changes than straight hair, with the primary molecular targets represented
by chemical groups in keratins. Pre-treatment of the hair with conditioner had protective effects
against structural damage and oxidative stress caused by UVR. These data indicate the importance of
the personalized approach to hair research and the formulation of hair care products tailored to the
individual demands of textured hair types.
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1. Introduction

Human hair constitutes the major appendage of the skin and is thought to play
important roles in appearance, thermoregulation, sensory input and barrier protection [1].
Throughout life, a hair follicle undergoes constant cycles of regeneration, producing hair
shafts that can sometimes reach the length of several meters. The main components of hair
are keratins, members of the intermedjiate filament family of proteins that are distinguished
by a relatively high cysteine content. The cysteine residues form intra- and inter-molecular
disulfide bonds, as well as polysulfide bonds, that collectively contribute to the mechanical
strength and antioxidant capacity of hair fibre [2,3]. There are seventeen subtypes of
keratins identified, which can be distinguished based on the isoelectric points, molecular
weight and specific localization within the compartments of the hair shaft. In addition to
the disulfide bonds, a significant number of hydrogen bonds contribute to the cross-linking
of the keratins and the structure of hair fibres [2-4].

It is thought that the shape of the hair fibre can be related to the geometric and
molecular effects of keratins, particularly the even distribution recorded in straight hair
and asymmetric differentiation of the precortex, giving rise to the curly shape of the hair
shaft [5]. The elasticity and strength of textured hair have been closely associated with the
presence of disulfide bonds as cross-linking structures supporting fibre shape, and they are
also major subjects of hair treatments requiring transient breaking and reformation. Other
major factors that are thought to be linked to the phenotypic differences characterising
textured hair include the formation of the structural unit through the aggregation and
folding of keratins and water-soluble keratin-associated proteins (KAPs) that contribute to
the main hair compartments, the cuticle, cortex and medulla. The organisation of the fibres
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within the cortex is closely aligned with hair shaft shape and shows significant variability
between straight and curly hair, with bilateral symmetry and cortical cell length playing a
central role in fibre curvature. Other important components of the cuticle and the cortex
are lipids, primarily 18-methyl eicosanoid acid (18-MEA) covalently bound to keratins by
thioester bonds, which provide protection against mechanical and chemical stress and may
vary in content among ethnic hair types [6].

The relatively low content of fibrous proteins in African hair could be a contributing
factor to the susceptibility to breakage [7]. It has been demonstrated that textured hair
might be more sensitive to environmental damage such as ultraviolet radiation (UVR),
which particularly affects cuticle and hair surfaces through a decrease in lipid content
and decreased tensile strength [8]. UV exposure can also aggravate the bleaching process
through oxidization and loss of the photoprotective function of melanin in the cortex [7].
The variability of textured hair occurrence can be linked to skin ethnicity, for example,
ranging from ~40% for wavy to ~12% for curly type in European and Asian populations and
~95% for curly type in African populations [6]. A significant proportion of the worldwide
population with textured hair also resides in geographical areas with a high UV index
(1 UV index is equivalent to 25 milliwatts /square meter), which can reach values of ~10
in West Africa, ~9 in South Asia and 15~ in South Africa [9-11]. Curly hair can be also
frizzy and dry, whilst coily or kinky hair types, particularly of African origin, can be also
susceptible to brittleness and breakage due to low tensile strength [12,13].

Hair styling practices such as chemical relaxing and mechanical or thermal factors
carry particular risks [14]. The correct choice of hair-protective personalized products, with
the increasing focus on textured hair, is an emerging trend in the current global research and
industry market [15,16]. Conditioning products are formulated with a range of ingredients
that can fulfil the requirements of different hair types, based on natural or synthetic
polymers, mineral and vegetable oils and hydrolysed proteins able to restore the charge,
structure of the cuticle and moisture of the hair fibre. At the same time, next-generation hair
care products containing bioactive compounds with predicted or proven activity towards
the specific requirements of different hair types are in high demand [7,16]. The formulation
of such products requires the application of advanced technologies that can assist with
the screening and selection of active ingredients, which can be subsequently validated
against many of the physical and biochemical characteristics of hair fibres. Currently, there
is increased focus on the methodologies allowing fast and accurate evaluation of hair care
products, including scanning electron microscopy, infrared spectroscopy and brightness
and protein content measurement [17,18].

In this study, we investigated the protective effect of a novel conditioner against the
damage of hair caused by UVR. The conditioner has been based on a blend of three ac-
tive ingredients with significant anti-oxidative and UVR-absorbing capacities: mangiferin,
naringin and ferulic acid. Using several analytical approaches, we provide consistent
evidence that curly hair shafts are more sensitive to UVR damage than straight hair shafts.
In particular, the alterations to textured hair by UVR appeared to be associated mostly
with changes to the hair surface, permeability and keratin organization; these damaging
effects were moreover significantly reduced by pre-treatment of the hair with conditioner.
These data point to the importance of screening and selecting the right ingredients com-
patible with specific hair types and allowing the formulation of efficient and suitable hair
care products.

2. Materials and Methods
2.1. Spectral Absorbance

Mangiferin (Carbosynth, Compton, UK), ferulic acid and naringin (Sigma Aldrich,
St. Louis, MO, USA) were dissolved in DMSO (Fisher Scientific, Geel, Belgium) at 1% (w/v)
and diluted with deionised water to 0.005%. The hair conditioner was diluted to 0.1%
(w/v) with deionised water. Alkaline hair extracts were diluted with deionised water to a
concentration of 0.01% (v/v). The spectral absorbance of the samples was measured with a
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SpectraMax iD3 microplate reader (Molecular Devices, San Jose, CA, USA) at intervals of
5 nm.

2.2. Total Antioxidant Capacity

The total antioxidant capacities of the samples were measured according to the manu-
facturer’s protocol (Abcam, Cambridge, UK). Briefly, the Trolox standard was prepared
with several dilutions containing 0-2 mM of Trolox/well. The samples and Trolox stan-
dards were transferred to 96-well microplates and incubated with a 100 pL. Cu?* working
solution for 90 min at room temperature in the dark. The colourimetric output was mea-
sured in a microplate reader (SpectraMax iD3 Microplate Reader, Molecular Devices) at
OD 570 nm. Sample total antioxidant capacity (TAC) was calculated as TAC = (Ts/Sn) x D,
where Ts = TAC amount in the sample well calculated from a standard curve, Sn = sample
volume added in the sample wells (100 uL) and D = sample dilution factor. For statistical
analysis, the data comparing variation between the samples were validated using one-way
analysis of variance (ANOVA) with a post-hoc Tukey HSD test, n = 3. The graphs represent
mean + SEM with statistically significant outputs ** shown where p < 0.01.

2.3. Hair Samples

Hair samples were purchased from an online distributor (Anna Hair Co., York, UK) of
human hair as hair tresses (South American origin). The samples (several strands) were
rinsed thoroughly with deionised water and dried at room temperature before processing
for analysis. For the pre-treatment with conditioner, the hair was submerged for 10 min,
rinsed with deionised water and dried for 3 h at room temperature before exposure to UVR.
For the treatment with Rhodamine B (Sigma Aldrich, Steinheim, Germany), the compound
was solubilised in ethanol (Fisher Scientific, Loughborough, UK) at the concentration of
10 mg/mL and diluted to 0.005% (w/v) with deionised water. The hair was submerged in
the Rhodamine B solution for 3 min, rinsed briefly with deionised water and processed
for analysis.

2.4. Extraction of Hair Keratins

Hair samples (several strands) were powdered using a pestle and mortar. The hair
powder was suspended in 1 M NaOH (Acros Organics, Geel, Belgium) at a concentration
of 10 mg/mL. The samples were heated to 95 °C for 45 min until the hair powder was
solubilised. The extracts were neutralised with HCI (VWR, Rosny-sous-Bois, France) that
was centrifuged briefly at 12,000 rpm and diluted to 0.01% (v/v) with deionised water for
analysis.

2.5. UV Irradiation

For UVR treatment, the hair samples (several strands) were exposed to a germicidal
lamp (Philips TUV G30T8 30 W bulb) providing predominantly 254-nm light, for 15 and
30 min. UV dose (m]/cm?) was calculated from the lamp’s specification of 125 mW /cm?
at a distance 1 m X exposure time in seconds, 125 mW/ cm? x 900 sec. at 0.75 m dis-
tance = 150 mJ/cm? and 125 mW/cm? x 1800 sec. at 0.75 m distance = 300 mJ/cm?2. All
experiments were performed at room temperature.

2.6. Biometric Analysis of Hair Fibres

The light and fluorescent images were captured using an Olympus CK40 microscope
and photographed with an Olympus U-PMTVC Camera and the Infinity Capture v 6.5.7
software package (Lumenera, Ottawa, ON, Canada) with a lens magnification of 10x.
Biometric data were collected manually based on the images using the Image] software
package (Image] 1.36b, National Institute of Health, Bethesda, MD, USA) from 3 hair
strands. From the light images, the measurements of hair thickness were performed on
three consecutive images by tracing alongside a straight line. The collected measurements
of length units were then converted to microns, based on the 1392 pixels in the Image]
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corresponding to 605 microns. For densitometry analysis of hair darkness in light images
and rhodamine uptake in fluorescent images, the intensities of the signals were measured
in a defined area on three consecutive images for each treatment using Image] and adjusted
to control untreated sample values equal to 1. For statistical analysis, the data were
validated using ANOVA with a post-hoc Tukey HSD test, n = 3. The graphs represent the
mean =+ standard deviation, with statistically significant outputs shown ** where p < 0.01.

2.7. ATR-FTIR Analysis

Cleaned hair samples (several strands) were powdered using a pestle and mortar
to approximately 0.5-1 mm particles. The solid optically dense powder was transferred
to the FTIR spectrometer (PerkinElmer—UATR Two, Beaconsfield, UK) fitted with a dia-
mond ATR crystal. The spectrum of the sample was recorded in the wavelength range of
4000 cm ! to 450 cm~!; the software used was Spectrum IR. For the presentation of the
data on graphs, the transmittance (%T) values were converted to absorbance (Abs) based
on the equation Abs = 2-LOG (%T).

2.8. Scanning Electron Microscopy (SEM)

The hair samples (3 strands) were mounted onto the SEM specimen stubs and coated
with gold using a sputter coating machine. SEM was performed using a TESCAN VEGA3
(TESCAN-UK, Cambridge, UK) scanning electron microscope at SEM HV: 8 kV. The image
data were recorded at SEM magnifications of 200, 1.00 kx and 5.00 kx and assembled in
PowerPoint.

3. Results
3.1. The Protective Effects of the Conditioner on the Structure of Straight and Curly Hair

The hair shaft is a complex macromolecular structure that is constantly exposed to
various environmental factors causing alterations to the surface and physical characteristics
affecting its appearance. One such factor with a major impact on hair fibre is ultraviolet
radiation (UVR), pointing to the requirement for applications of novel and effective hair
products with protective and restoring properties. To test the beneficial effects of selected
bioactive compounds on hair fibres, we formulated a conditioner containing three major
ingredients of natural origin, mangiferin (C19H13011), ferulic acid (C19H;9O4) and naringin
(C15H1205). For the spectral analysis purpose, each compound was solubilized in dimethyl-
sulfoxide (DMSO) and diluted with water to the concentration of 0.005%. When analysed
across the 200-500 nm UV-vis absorbance spectrum, each compound demonstrated a strong
UVR absorbance capacity, with noticeable differences in the absorbance peaks. The spectral
absorbance of naringin was characterized by the presence of two peaks, at 220 nm and
280 nm; similarly, the absorbance of ferulic acid was also defined by the presence of two
peaks, at 235 nm and 290 nm, which corresponds to the UVC-UVB range. In contrast,
spectral absorbance for mangiferin was characterized by the presence of three peaks at
245 nm, 320 nm and 365 nm, indicative that mangiferin is also protective against the UVA
range (Figure 1).

It is well documented that the molecular damage caused by UVR is closely accompa-
nied by oxidative stress generated through an impaired balance between the generation of
free radicals (ROS) and the ability to neutralize them by antioxidant mechanisms [19]. When
analysed for total antioxidant capacity (TAC), all three compounds showed significant
antioxidant potential at a 1% (w/v) concentration. The antioxidant power was 5.88 mM
for mangiferin, 2.17 mM for ferulic acid, and 1.17 mM for naringin in terms of Trolox
power, indicative of a strong protective potential for the ingredients against UVR-induced
oxidative damage (Figure 1).

When blended in the conditioner, the absorbance profile of the 0.1% (w/v) formulation
revealed peak values within 190-220 nm and the absorbance was still detectable within the
range of 220-350 nm, covering UVC, UVB and UVA, before reaching a plateau at 350 nm.
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This indicates a protective effect of the conditioner against UVR and absorption of the
harmful wavelengths, particularly in shorter ranges (Figure 2).
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Figure 1. UV-absorbing and antioxidant capacities of natural ingredients of novel hair conditioner.
(a) Spectral absorbance profiles of 0.005% (w/v) mangiferin, ferulic acid and naringin; (b) total
antioxidant capacities (TAC) of the ingredients at 1% (w/v) concentration. Error bars are mean 4+ SEM,
n = 3, with statistically significant outputs ** where p < 0.01 in one-way ANOVA with post-hoc Tukey

HSD test.
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Figure 2. UV-protective capacities of the conditioner. (a) Spectral absorbance profile of 0.1% condi-
tioner; (b) TAC of hair keratin extracts prepared from control, UV-irradiated and conditioner-treated
hair, demonstrating the increased antioxidant effect of the conditioner on curly hair. Error bars are
mean + SEM, n = 3, with statistically significant outputs ** where p < 0.01 in one-way ANOVA with
post-hoc Tukey HSD test.

We next sought to determine whether the conditioner would affect the antioxidant
power of the hair shaft. We selected two types of dark hair, straight and curly, which were
pre-treated with the formulation, rinsed before irradiation with 300 mJ/cm? UVR and
subjected to the alkaline extraction of keratins as described before [20]. TAC analysis of
0.01% (v/v) extracts obtained from control and UV-irradiated hair showed similar values
of ~110 microM Trolox power. The pre-treatment of hair with the conditioner resulted in a
similar increase in TAC to ~130 microM Trolox power in both hair types, however, the TAC
was increased further to ~170 microM Trolox power in the extract from curly hair. These
results suggested that the conditioner slightly affected the antioxidant capacity of the hair
shaft and this effect was more pronounced after exposure of curly hair to UVR (Figure 2).

To expand on these observations further, we analysed the effects of UVR and the
conditioner on hair morphology. Initially, we measured the thickness of the hair fibres
from light microscopic images. The initial thickness of straight hair was ~90 microns and
for the curly hair it was ~75 microns. Irradiation of the samples with UV with two doses
of 150 mJ/cm? and 300 m]/cm? resulted in significant thinning of hair fibres, namely,
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to ~75 microns for straight hair and to ~45 microns for curly hair. The decrease in hair
thickness after a higher UVR dose was also more pronounced for curly hair than straight
hair (~40% and ~21%, respectively), indicative that curly hair is much more prone to
UVR-induced damage. Pre-treatment of the hair with conditioner resulted in increased hair
thickness, with up to ~110 microns for straight hair and ~95 microns for curly hair. The
conditioner also slightly prevented UVR-induced hair thinning by ~10 microns in both hair
types (Figure 3).
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Figure 3. Protective capacities of the conditioner against structural damage of hair fibre by UVR.
(a) A decrease in hair thickness after exposure to increasing doses of UVR, particularly prominent in
curly hair, is prevented by pre-treatment of both hair types by the conditioner; (b) bleaching of the
hair caused by UVR is also more pronounced in curly hair, where pre-treatment of both hair types
with the conditioner prevents the loss of hair darkness due to irradiation. Error bars are mean =+ SD,
n = 3, with statistically significant outputs ** where p < 0.01 in one-way ANOVA with post-hoc Tukey
HSD test; (c) light microscopy images of hair samples (10 lens magnification, scale bar is 100 um).

One additional effect of UV irradiation recorded in this assay was the bleaching of hair
fibres. Quantification of the units corresponding to relative hair darkness from microscopic
images revealed a decrease in pigmentation by ~20% for straight hair and ~30% for curly
hair, respectively, after UV irradiation (Figure 2b, left panel). In contrast, pre-treatment with
the conditioner had a clear protective effect, with dark hair retaining the same darkness
and curly hair reduced in darkness by only ~5% after a 300 mJ/cm? irradiation (Figure 3).

To expand on these observations further, we subsequently assessed the degree of
damage by measuring the intensity of the signal from the penetration of the fluorescent dye
rhodamine B (Cy3H31CIN,O3) into the hair fibre. Rhodamine B is widely used as a probe
for assessment of the structural integrity of hair fibre, with the dye diffusing more efficiently
in both the cuticle and cortex of damaged hair [21]. Irradiation of the hair samples with 0,
150 and 300 mJ/cm? UV light followed by 3 min incubation with a 0.005% (w/v) aqueous
solution of rhodamine B and image analysis revealed that straight hair was relatively
resistant to the penetration of the compound. In contrast, textured hair was significantly
more permeable, with the dye uptake and fluorescence intensity increased two-fold after
irradiation with 300 mJ/cm? UV light compared to unirradiated control. Treatment of
both hair types with conditioner before UV irradiation had a protective effect, which was
evident, particularly for textured hair where the rhodamine B uptake was reduced to the
same levels as the straight hair and unirradiated control (Figure 4).
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Figure 4. Enhanced penetration of harmful molecules to damaged textured hair is prevented by
the conditioner. (a) Uptake of rhodamine B after irradiation of hair with increasing doses of UV
is significantly increased in curly hair compared to straight hair. Both hair types are resistant to
rhodamine B after pre-treatment with the conditioner before UV irradiation. Error bars are mean =+ SD,
n = 3, with statistically significant outputs ** where p < 0.01 in a one-way ANOVA with post-hoc
Tukey HSD test; (b) fluorescence microscopy images of hair samples (10 lens magnification, scale
bar is 100 um).

These data indicated that the conditioner had a beneficial effect on the hair shaft,
increasing its thickness, as well as a likely protective action against cuticle damage resulting
in bleaching and increased permeability. Such an effect was particularly evident for textured
hair, which also demonstrated increased sensitivity to UVR damage.

3.2. Straight and Textured Hair Demonstrate Differences in Keratin Organization and the
Responses to Conditioner at the Molecular Level

To obtain more insights into the molecular basis of the microscopic changes recorded
in the assays, we analysed the spectral absorbance of the keratin extracts obtained from
control and UVR-treated straight and curly hair fibres with or without pre-treatment with
the conditioner. The hair samples were irradiated with UV light at a dose of 300 m] /cm?
and subjected to alkaline extraction as described before, which extracts mostly keratins [20].
Measurements of the spectral absorbance of the 0.01% (v/v) extracts within the 200-500 nm
spectrum revealed similar profiles for both the control straight and curly hair, with a peak
in absorbance of 210 nm corresponding to hair keratins within the region of 200-250 nm
as described before [22]. Irradiation of hair fibres with UVR resulted in visible differences
in spectral absorbance profiles, characterised by a significantly reduced 210 nm peak in
the textured hair extract, indicative of the presence of structural changes to keratin caused
by UVR exposure. Significantly, these changes were absent when the hair was pre-treated
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with the conditioner before irradiation, with both spectral absorbance profiles for straight
and textured hair appearing similar (Figure 5).

(a) (b)

Control 300 mJ/em? UVR Conditioner + 300 mJ/cm? UVR
— Straight hair — Curly hair = Straight hair == Curly hair = Straight hair == Curly hair
3 3 — 3

~
1

»
h

~n
1

Absorbance (AU)
Absorbance (AU)
Absorbance (AU)

T T 1
300 400 500

Wavelength (nm)

T T 1
300 400 500

Wavelength (nm)

T T T
300 400 200

Wavelength (nm)

500

Figure 5. Spectral absorbance profiles of alkaline extracts from straight and curly hair with a peak
of absorbance at 210 nm corresponding to keratins. (a) Control hair; (b) UV-irradiated hair; (c) hair
pre-treated with the conditioner before irradiation.

These results suggest that the keratin from textured hair could be more sensitive to
UVR-induced damage than that from straight hair and the likely protective effect of the
formulation, particularly on textured hair.

To expand on this observation further, we performed attenuated total reflectance-
Fourier transform infrared (ATR-FTIR) spectroscopy analysis of the hair samples. ATR-FTIR
spectroscopy allows for obtaining detailed biochemical profiles of the samples analysed
based on infrared (IR) light and an ATR crystal with a high refractive index [23]. The average
sample from both straight and textured hair demonstrated prominent peaks of protein
absorbance at 1639-1636 cm ™! (amide I, C=O stretch and C=C stretch), 1532-1529 cm !
(amide II, N-O stretch, N-H bend) and 1241 cm ™! (amide III, N-H bend, C-N stretch from
amino acids) corresponding to keratins across the spectrum of 4000-450 cm ! as described
before [24,25]. The analysis revealed the differences in absorbance as well as repositioning
between the bands of the groups, which represents alterations in the biochemical bonds of
mostly keratins and to some extent lipids. Comparison between the straight and textured
hair samples indicated a general pattern of decreased absorbance from textured hair
within these ranges, pointing to the differences in the functional molecular groups that are
responsible for the structural characteristics of the two hair types (Figure 6).

(a) (b) (S - 2
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Figure 6. ATR-FTIR spectra of hair samples with defined absorption bands related to specific molecules
and chemical bonds. The main absorption bands were detected as hydroxyl groups (3287-3281 cm™1),
alkane groups (2925-2924 cm 1), lipid acyl CH2 groups (2858-2853 cm '), amide I (1639-1636 cm 1),
amide II (1532-1529 cm 1) and amide III (1241 cm™ 1) corresponding to keratins and S-OR esters
(857-853 cm™1). Alterations in the molecular arrangement and quantities of the chemical bonds are
reflected by differences in absorbance and band displacement. (a) Control hair; (b) UV-irradiated
hair; (c) hair pre-treated with the conditioner before irradiation.
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Irradiation with UV changed the profiles visibly, with the absorbance of the straight
hair samples decreasing within a range of 30002000 cm ™!, which corresponds to C-H
stretching (alkane groups at 2925-2924 cm ! and 2858-2853 cm ™! representing lipid acyl
CH2 groups). In contrast, the absorbance of textured hair samples was increased within a
range of 4000-3000 cm !, which corresponds to O-H stretching (carboxyl and hydroxyl
groups at 3287-3281 cm~!). The second range increase in absorbance was 1700-1100 cm !,
which includes amide I, amide II, amide III and C-H bending (methyl groups in lipids
and proteins at 1442-1428 cm ™). There were less pronounced changes in the groups con-
taining sulphur, including S=O stretching (cysteine monoxide group at 1077-1073 cm™1),
—S0;3 stretching (cysteic acid group at 1049-1040 cm~!) and S-OR esters (detected at
857-853 cm !, Figure 6b). Pre-treatment of both hair types with the conditioner resulted
in profiles similar to the un-irradiated controls, with the changes in absorbance of the
textured hair appearing more pronounced than those of the straight hair. This pattern was
particularly evident for the hydroxyl group (3287-3281 cm ™) as well as amide I, amide II
and amide III within the 1639-1241 cm ! range, corresponding to keratins. Within amide
I, the structural changes were reflected by a peak of absorbance at 1644 cm~!, which is
represented by the random coil structure (1649-1640 cm '), indicating the presence of the
most pronounced changes in this secondary structure of keratin. The S-OR ester group
within the 857-853 cm ™! range and cysteic acid group (—SOj3 stretch at 1049-1040 cm ')
were also more affected by UVR and protected by the conditioner in the textured hair
(Figure 6).

3.3. Evaluation of the Effect of UVR and the Conditioner on Straight and Textured Hair by SEM

To gain more insight into the morphology and ultrastructural appearance of the surface
of the hair samples, we performed scanning electron microscopy (SEM) on the control,
UVR-damaged and conditioner-treated straight and textured hair. For this purpose, hair
samples were irradiated with a 300 mJ/cm? UVR dose or pre-treated with the conditioner
before irradiation. At a SEM magnification of 200 %, it was evident that the thickness of
straight hair was not affected significantly by UVR. In contrast, there was a pronounced
thinning of the structured hair after exposure to the UVR, which was also prevented by
pre-treatment by the conditioner (Figure 7).

Straight hair Curly hair

Control UVR Conditioner+UVR Control UVR Conditioner+UVR

Figure 7. Scanning electron microscopy (SEM) images of straight and textured hair after exposure to
UV irradiation alone or with pre-treatment with the conditioner. The images were recorded at SEM
magnifications of 200x, 1.00 kx and 5.00 kx. Scale bars are 200 pm for the upper panel, 50 um for the
middle panel and 10 pm for the lower panel.

At the SEM magnification of 1.00 kx the thickness and the surface of irradiated straight
hair appeared unaffected compared to the control. Furthermore, pre-treatment of the
straight hair with the conditioner before UV irradiation led to an increase in hair volume.



Cosmetics 2024, 11, 102

10 of 13

Similar to the straight hair, the control textured hair showed a smooth surface; however,
after UV irradiation, there was visible damage to the surface, along with significant thinning
of hair fibres. Pre-treatment with the conditioner alongside UVR exposure resulted in
remarkable preservation of the hair structure, including a smooth surface and thickness.
At a SEM magnification of 5.00 kx, the straight hair demonstrated a smooth surface, with
tightly overlapping and intact cuticle scales, and was only slightly affected by UVR. In
contrast, whilst the control textured hair also had a smooth surface, it was damaged by
UVR exposure, resulting in an uneven distribution of cuticle scales, likely exposure of
the cortical cells and visible changes to the cuticle edge. This structural damage could
be prevented by pre-treatment with the conditioner, resulting in significant restoration of
the smooth hair surface (Figure 7). These data indicate that, consistent with other assays,
curly hair was more prone to damage by UVR than straight hair and the conditioner had a
significant protective effect.

4. Discussion

In this study, we analysed the effect of UV irradiation on the morphology and molecu-
lar structure of straight and curly hair and provided evidence of the protective capacity of
the hair conditioner that was created based on natural UVR-absorbing and antioxidative
ingredients, namely, mangiferin, ferulic acid and naringin. All ingredients demonstrated
strong UV absorbance, mostly within the UVC and UVB range, with mangiferin showing
an additional peak at 365 nm, indicative of a strong capacity to also absorb UVA light. The
UV absorbance was also recorded in the conditioner formulation tested at 0.1%. All ingre-
dients had a significant total antioxidant capacity (TAC), which was most pronounced for
mangiferin. It is well-established that all three compounds are potent antioxidants, able to
neutralize and prevent the formation of reactive oxygen species (ROS) and reduce oxidative
stress [26-28]. The ingredients could therefore have a protective effect on the hair shaft by
absorbing UVR, reducing free radicals and the breakage of disulfide bonds. Pre-treatment
of hair samples with the conditioner before UV irradiation and subsequent analysis of hair
extracts revealed increased TAC, which was additionally higher for textured hair when
compared with the straight hair. This indicates that the conditioner would penetrate the
hair, likely protecting the keratins from oxidative damage.

Hair morphology can be defined by parameters such as thickness and darkness. In
this study, we recorded that the curly hair was significantly more sensitive to UVR exposure
than the straight hair, resulting in more pronounced and progressive thinning and bleaching
of fibres after irradiation with 150 mJ/cm? and 300 mJ/cm? UV. These parameters were
significantly restored by pre-treatment with the conditioner before irradiation, resulting in
increased thickness and darkness for both hair types when compared to UVR only. Hair
fibre and its proteins are usually protected by pigment molecules that filter and absorb UVR,
however, such molecules are also degraded by exposure to radiation [29]. Preservation of
hair darkness during UVR exposure indicates the protective effect of the conditioner due to
the UV filtering capacity of its ingredients.

The protective effect of the conditioner was additionally confirmed by the rhodamine
B assay. The dye penetrated the curly UV-irradiated hair more efficiently than the straight
hair, indicative of more pronounced damage to the structural integrity of the fibre that
corresponded to the UVR dose. Pre-treatment with conditioner before UVR exposure
prevented the diffusion of rhodamine B, particularly in structured hair, suggestive of a
protective effect on the hair cuticle and perhaps the cortex.

The hair shaft is composed of mainly keratins, the intermediate filament proteins with
high cysteine content responsible for the mechanical strength and the antioxidant capacity
of hair fibre [2,3]. Extracts of the keratins obtained from curly hair after UV irradiation
demonstrated a visibly decreased peak at 210-220 nm in the spectral absorbance analysis
compared to straight hair. This suggested more profound changes in the keratins in curly
hair caused by UVR, which could also be prevented by pre-treatment with the conditioner.
The ATR-FTIR spectroscopy analysis revealed prominent peaks of protein absorbance
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corresponding to keratins, namely, amide I, amide II and amide III. Within amide I, the
secondary structure of keratin was most strongly represented by the random coil. All
three peaks were reduced in the curly control hair compared to the straight hair. Similar
absorbance profiles were obtained for the hair pre-treated with the conditioner before UVR
exposure. UV irradiation caused profound alterations in the biochemical bonds of keratins
in untreated curly hair, with increases in amide I, II and III absorption likely caused by
changes in the molecular densities and conformation of keratins linked to the thinning
of hair fibres. Another bond that was strongly affected in curly hair was the O-H, with
stretching characterizing carboxyl and hydroxyl groups. Carboxyl groups in aspartic acid
and glutamine contribute to a negative surface charge of the hair. It is recognized that
damaged hair accumulates more carboxylate from the oxidative cleavage of peptide bonds,
where the altered hair surface properties can be also associated with changes in hydroxyl
groups, which is consistent with the absorbance profiles observed in this study [30,31].

Alkane CH2 groups representing fatty acids and lipid acyl molecules were also affected
by UV irradiation in this study. It has been reported previously that, despite similar
lipid compositions, the textured hair of an African origin contains fewer integral lipids
and free fatty acids than the straight hair of an Asian origin. The integral lipids could
moreover contribute to protection against hair shaft damage by UVR [8]. The reduced peaks
corresponding to alkane groups in curly hair recorded in this study could also represent
the reduced lipid content. Interestingly, cosmetic oil-based formulations containing alkanes
have applications in hair care [32]. Finally, the —SOj3 stretch and S-OR ester group were
also more affected by UVR in the curly hair when compared to the straight hair. The hair
that is damaged due to bleaching was shown to contain higher quantities of sulfonate
—S0O; groups with negatively charged surface groups corresponding to cysteic acid. Such
alterations were due to the cleavage of thioester bonds and cysteine oxidation [33]. The
increase in peak absorbance represented by these groups in UV-irradiated curly hair in
the present study is consistent with increased oxidative damage involving cysteine. The
protective effect of the conditioner was evident through the absorbance profiles, which
were similar to the un-irradiated controls in both hair types, however, the changes were
more pronounced in curly hair, indicative of a stronger effect of the conditioner.

These results were subsequently confirmed by SEM analysis, indicating more extensive
damage to the fibre surface of UV-irradiated curly hair than straight hair, which was
associated with alterations of the cuticle edge and cuticle scales, together with a significant
loss of fibre volume. The visible effects of the conditioner were mostly observed in increased
hair volume in both hair types and a smooth surface of the fibre in curly hair.

Recent studies have led to a better understanding of the molecular and biophysical
differences between straight and textured hair, which opens up and supports the growing
trends in personalized hair care. Curly hair, particularly of African origin (94.9% popula-
tion), has a smaller diameter at bending points, elliptical cross-section, thinner cuticle layer,
decreased water retention and is more prone to mechanical breakage than the straight and
wavy hair of European and Asian origins [6,16]. Hair curliness is associated with the fibre
diameter and tensile strength or elasticity, showing an inverse correlation with both factors,
which could explain the propensity of very curly hair to break [6].

Hair fibres are also highly responsive to environmental factors, such as chemical
exposure or irradiation, causing structural and molecular damage, with a significant
percentage of individuals with curly hair also residing in geographical areas with a high UV
index. Current strategies to protect and repair damaged hair include cosmetic treatments
that are compatible with hair shaft structure and biophysical properties. Modern hair
conditioners can lubricate the cuticle whilst increasing the hydrophobic properties and
neutralising the negative charge of the hair fibre. Based on the molecular weight, the active
ingredients can penetrate the surface only or the cortex. Hair conditioners are formulated
to strengthen the cuticle, decrease frizz, detangle the hair and increase its smoothness and
shine [16]. The hair conditioner and the active ingredients described in this study offer all
these benefits, with an additional focus on relevant factors such as ethnicity and hair type.
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Development of similar new hair products will require an acknowledgement and a deeper
understanding of individual variations in hair fibres present in different ethnicities.

5. Conclusions

This study provides evidence for the capacity of the natural compounds mangiferin,
ferulic acid and naringin to boost the formulation of hair care products as antioxidative
and UVR-protective ingredients. We have demonstrated that such a conditioner would be
especially beneficial for textured or curly hair, which is more prone to UVR damage than
straight hair. The most prominent effects were protection against bleaching and an increase
in hair permeability caused by UVR. This manuscript also provides a better understanding
of some of the mechanisms of action of the formulated ingredients. The activities involve
the absorption of a broad spectrum of UV light, inhibition of pro-oxidant reactions and
a protective effect on the hair fibre structure through keratins. Finally, these data offer
additional insight into the molecular nature of textured hair and its likely interactions with
the environment as part of the growing trend of the personalisation of hair products.
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