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1 | INTRODUCTION

Plants and their extracts have been used for dyeing fabrics,
skin and hair for thousands of years. Dye materials are used
either exclusively (e.g., henna or indigo) or in combination
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Abstract

Plants and their extracts have been used for dyeing fabrics, skin and hair for
thousands of years and have been experiencing a revival in the last years due
to increasing health risks arising from oxidative hair dye precursors. We devel-
oped a novel two-step method to dye keratin fibres based on in situ formed sil-
ver nanoparticles including a flavonoid-containing plant extract from Reseda
luteola L. and silver nitrate. Yak belly and human hair strands were treated
with the aqueous plant extract, adjusted to pH 3 using hydrochloric acid (HCI)
or citric acid (CA) or combined with sodium chloride (NaCl). In a second step,
the keratin fibres were treated with a silver nitrate solution facing subsequent
ultraviolet-visible (UV-visible) irradiation. The proposed method resulted in an
intense and long-lasting red dye result, with over 85% colour retention after
24 washes. Microscope images of microtome cuts revealed an increase in pene-
tration depth of the red colour of more than 10% after washing compared to
unwashed strands, demonstrating the dye's longevity on and in the hair fibre.
No mechanical damage of the hair fibre resulting from dyeing was depicted.
The dye did not change the chemical composition of the hair surface as con-
firmed by X-ray photoelectron spectroscopy and Fourier-transform infrared
spectroscopy. UV-visible spectra recorded during red dye formation in aqueous
solution showed a peak at 450 nm being characteristic for surface plasmon res-
onance of silver nanoparticles. Transmission electron microscopy (TEM)
images of dried nanoparticles isolated from solution were of a quasi-spherical
shape with different sizes, ranging from 1 to 38 nm.

with metal salts to alter and fixate the dye on the fabric."™
When synthetic dyes were developed in the nineteenth cen-
tury, they quickly became a commercial success and hence,
naturally derived dyes sank into oblivion. Nowadays, the
cosmetic industry faces a growing demand in more
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sustainable hair dye products.* Potential health risks arise
from oxidative hair dye precursors, such as para-
phenylendiamine (PPD). The molecule is known to cause
allergies and its oxidised form was proven to be mutagenic
in animal studies.” Furthermore, oxidative dye precursors
are known for their negative impact on aquatic ecosys-
tems.®’ Yet, especially red dye precursors, for example,
1-naphthol or 3-aminophenol,® are crucial for a majority of
shades, controlling warmer or cooler tones. Thus, the
search for a substitute places more emphasis on plant-
derived hair colorations once again.

Anthocyanins, for example, derived from grapes, or aliz-
arin, an anthraquinone dye derived from madder, are typical
natural sources for red colour. The colour outcome of both
anthocyanins and anthraquinones strongly depends on the
pH value of the respective solution. For anthocyanins it var-
ies from red in an acidic environment to purple-blue in an
alkaline medium, whereas the red monovalent anion of aliz-
arin is stable at a neutral to slightly alkaline pH.>'° Both
compounds can thus be attributed to the “direct dyes”, since
they can be used exclusively to achieve a dye outcome. Due
to the harsh acidic conditions that have to be applied in
terms of anthocyanins, a lasting, intense red dye outcome
on hair using anthocyanins has not been achieved yet, to
the best of our knowledge. Besides, the thermal and light
instability of anthocyanins makes their application as a sub-
stitute challenging. On the contrary, alizarin seems to show
a more stable dye result on wool'" and hair.'® Yet, more data
is required here regarding the longevity of the dye.

In this work, the focus of plant-derived hair colora-
tions lies on the principle of combining plants and metal

Structure R1
Luteolin H
Luteolin-7-O-glucoside H
Luteolin-3’,7-O-glucoside H
Apigenin H
Apigenin-7-O-glucoside H
Apigenin-6,8-di-C-glucoside Glucose
Kaempferol H
Kaempferol-3-O-glucoside-7-O- H
rhamnoside

FIGURE 1

their most common glycosylated structures.'*

salts in order to achieve a dye result. This concept is
based on the substance group of polyphenols, plants’ sec-
ondary metabolites, responsible for the formation of
coloured organic metal complexes. The plant of choice,
Reseda luteola L. contains compounds of an important
chemical group amongst polyphenols, namely flavonoids.
The most frequent flavonoids, luteolin, apigenin and
kaempferol are contained as glycosylated species as well
as aglycones in the plant (Figure 1). These chromophores
are responsible for dyeing fabrics in yellow shades and
are traditionally rooted on fabrics in combination with
alaun, an aluminium salt, to form polyphenol-alaun-
complexes.'*"* To expand the colour spectrum of Reseda
luteola L. beyond yellow, metals salts can be varied.'* A
vibrant red does not belong to the portfolio yet.

Many research groups use wool as a fabric to investi-
gate dyeing and mordanting with Reseda luteola L.'"""°
The application of silver nitrate (AgNOs) in the process
of mordanting wool is primarily known for its antibacter-
ial purposes.” In terms of hair dyeing, individual plant-
derived polyphenols have indeed been combined with
metal salts to form complexes® or pigments** but only
little research has been done regarding the use of plant
extracts to dye human or animal hair. However, Sargsyan
et al.>® established a two-step method for dyeing hair
using tannin-rich matcha tea with subsequent applica-
tion of an iron(II)-salt. Based on the mordanting and
complex-forming properties of tannins, an intense dark
grey colour on human hair was achieved. In contrast, to
the best of our knowledge, the use of Reseda luteola L. to
dye hair has not yet been shown before.
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Moreover, polyphenols show a reductive potential,
enabling them to form nanoparticles (NPs) from metal
ions. The polyphenol-based formation of silver nanoparti-
cles (AgNPs) using alcoholic plant extracts, including
Reseda luteola L.** has been shown by various research
groups and allows for a less toxic way to yield NPs com-
pared to former methods.>>*” Accordingly, polyphenolic
compounds act as reducing agents for silver ions, while
further plant ingredients stabilise the resulting AgNPs
preventing them from agglomeration.*®

Up to now, NP formation based on hair as substrate is
known from research projects, in which the application
of toxic chemicals during the formation process shall be
avoided. NPs are grown on the hair's surface, extracted
and used for further purposes such as nanocatalysts.***
Preparation of NPs with the intention of dyeing hair was
first tackled by Haveli et al.>* The group prepared gold
nanoparticles (AuNPs) in situ inside human hair using
chloroauric acid (H[AuCl,]) in an alkaline medium. Tang
et al.>! used gallic acid, a phenolic acid, to reduce silver
ions and to deposit resulting AgNPs on diatoms for subse-
quent hair dyeing. Until now, no method is described in
the literature using a combination of a plant extract rich
in polyphenols and a AgNOj solution for hair dyeing.

In this work, we showed a two-step hair dye method
with subsequent light irradiation to achieve a red dye result
on hair fibres ascribed to in situ NP formation and thus tak-
ing the hair to the red era of plant-based hair coloration. At
first, a combination of an aqueous suspension of Reseda
luteola L. plant extract (RE) and an additive was used fol-
lowed by AgNOs in the second step. The additive was either
5% sodium chloride (NaCl) or hydrochloric acid (HCl) or
citric acid (CA), respectively, for pH adjustment of the plant
extract. The dye outcome depending on the additive as well
as the intensity were scrutinised using spectrophotometric
measurements and standardisation via CIELab colour
space. Additionally, we could emphasise the longevity of
the dye result via wash fastness tests and cross-sections of
hair fibres. The impact of the dye and subsequent washing
procedure on chemical composition and mechanical behav-
iour of the fibre was investigated using X-ray photoelectron
spectroscopy (XPS) and Fourier-transform infrared (FTIR)
spectroscopy as well tensile testing. For a better understand-
ing of the AgNP formation, ultraviolet-visible (UV-visible)
spectra of in-vitro synthesised AgNPs were recorded.

2 | EXPERIMENTAL

2.1 | Materials

Yak belly hair tresses as well as blonde tresses from
European human hair were obtained from Kerling

Coloration Technology_|_#t

International Haarfabrik GmbH, Backnang, Germany.
Yak tresses had a total length of 11.8 cm of which 7.5 cm
included hair fibres and a weight of fibres of 0.70 g. Yak
belly hair is naturally white and required no bleaching
prior to use granting optimal dye results. The human hair
tresses had a total length of 10cm of which 8 cm
included hair fibres and a weight of 0.40 g. They were
deep-cleansed, but not bleached by the manufacturer.
Ultrapure water (UPW) was used throughout all experi-
ments. The purification was conducted using the Arium
Pro Ultra-Pure Water System from Sartorius AG, Gottin-
gen, Germany. Before dyeing, all hair strands were pre-
cleansed according to the following method to wash off
potential residues from the manufacturing process and to
guarantee equal starting conditions regardless of different
batches: The strands were wetted at room temperature
(r.t.) with a total UPW flow of 25 mL s~ ' and placed in
20 mL per strand of an aqueous 12.5% sodium laureth
sulphate (SLES) solution adjusted to pH 4.5 using 20%
sulphuric acid (H,SO4 98%, CAS: 7664-93-9), purchased
from Merck KGaA, Darmstadt, Germany, freshly diluted
in the laboratory, for 30 min. It was made sure that the
strands were fully covered in the cleansing bath.
The strands were subsequently rinsed twice with UPW at
a total flow of 25 mL s~ !, combed 20 times and air-dried.
The strands were used without any further pre-
treatment.

2.2 | General dyeing method using
Reseda luteola L. and AgNO;

All investigations were conducted using a hydro-
alcoholic extract powder of aerial flowering parts of
Reseda luteola L., kindly provided by Couleur de Plantes
(Rochefort, France). The plants were harvested in France
in August 2013 and extracted in November 2022. AgNO;
(CAS: 7761-88-8) was purchased from Carl Roth, Karls-
ruhe, Germany; NaCl (99.5%, CAS: 7647-14-5) was pur-
chased from Griissing GmbH, Filsum, Germany; H,SO,
(95-97%, CAS: 7664-93-9) was purchased from Merck
KGaA, Darmstadt, Germany; anhydrous CA (CAS:
77-92-9) was purchased from Inter-Harz GmbH, Klein-
Offenseth-Sparrieshop, Germany; HCl (37%, CAS:
7647-01-0) was purchased from VWR International
GmbH, Darmstadt, Germany. Aqueous dilutions to con-
centrations of HCl 10% were freshly prepared in the labo-
ratory. The additives used were of analytical grade.

The dyeing was conducted in a two-step process as
follows, modified after Sargsyan et al.*®

For each strand receiving a combinatory treatment of
RE and one additive, for the first step, 500 mg RE were
suspended in 50 mL of UPW, to obtain an aqueous RE
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apply 0.5 g shampoo
onto the hair and
massage from bond to
tip

wet the strand

rinse, comb and blow-
dry

suspension (1% w/v) with a natural pH of 5.30. The sus-
pension was then mixed with either 5% NaCl or the pH
was adjusted to 3 using 10% HCl(aq.) or CA. The strands
were stirred in the suspension at r.t. for 30 min. The con-
trol strand (nat. pH, w/RE) received no further additive.

For each strand treated without RE, 50 mL of an aque-
ous solution only containing one of the earlier-mentioned
additives was prepared and the strands were stirred for
30 min accordingly. The control strands (nat. pH, w/o RE)
were stirred in UPW at r.t. for 30 min for comparability.

Afterwards, the strands were rinsed at r.t. with a total
UPW flow of 25 mL s~ !, combed 20 times and blow-dried
with a commercially available blow-dryer.

In a second step, 500 mg AgNO; per strand were dis-
solved in 50 mL UPW (1% w/v) and the pre-treated strands
were stirred at r.t. for 10 or 30 min under exclusion of light.
The strands were again rinsed, combed and blow-dried as
described earlier. Subsequently, the strands were irradiated
under a PAR38 full-spectrum plant-lamp (euroLighting
GmbH, Nagold, Germany), emitting UV-visible radiation
within 390-780 nm. A detailed spectrum tackling light inten-
sity measurements is attached in Supporting Information
Figure S1. The light intensity was measured using the OHSP-
350 Portable Spectral Irradiance Colorimeter (Hangzhou
Hopoo Light&Colour Technology Co., Ltd, China). The dis-
tance between light source and strands was 35 cm and the
strands were kept inside the closed chamber for at least 5 h.

2.3 | Method of wash fastness testing

To determine the wash stability of the hair dye as a qual-
ity feature, yak belly strands were wetted at r.t. with a
total UPW flow of 25 mL s~ ' and washed up to 24 times
(four wash cycles) using the commercially available
Schauma 7 Krduter Shampoo (Schwarzkopf, Diisseldorf,
Germany). One wash cycle comprised six washes of 0.5 g
shampoo. The shampoo was massaged into the strands
10 times from bond to tip. Afterwards, the strands were
rinsed with a total waterflow of 25 mL s~ ' and combed.

FIGURE 2
for wash fastness tests comprising five

Visualisation of method
rinse and comb consecutive steps. After wetting the

strands in the first step, steps two and
three are conducted six times in total

followed by a final rinse, comb and
blow-dry step.

repeat 5x starting from

application of
shampoo

The procedure was repeated five times. After the last
rinse, the strands were blow-dried (Figure 2).

2.4 | General method of NP synthesis
from Reseda luteola L. extract and AgNO;

The synthesis of AgNPs was performed according to the
method of Singh et al*® using slight modifications. A stock
solution of RE in UPW was prepared using 339 mg RE sus-
pended in 50 mL UPW (6.78 mg mL ). After 10 min of
stirring at 200 rpm, the solution was filtered through
0.22 pm polyvinylidene difluoride (PVDF) membranes
(VWR International GmbH, Darmstadt, Germany). A stock
solution of AgNO; was prepared at 40 mmol L' in UPW.
For AgNP synthesis, 5 mL of RE stock solution was diluted
to 47 mL and mixed with 3 mL of AgNO; stock solution to
a final concentration of 2.40 mmol L' AgNO; and
0.678 mg mL ™' RE. To start the reaction, the solution was
exposed to UV-visible radiation for 1 h.

2.5 | Processing of hair strands for
analytics

The determination of silver content in hair strands
required a uniform sample and a high level of surface
area, preferably a powder. Thus, yak belly strands were
ground using a Pulverisette 23 ball mill (Fritsch GmbH,
Idar-Oberstein, Germany), equipped with a zirconium
oxide grinding bowl and balls. The runtime was
2 x 5 min with a cool-down time of 2-3 min in between

and a frequency of 50 s ™.

2.6 | Determination of silver-load on
hair strands

In order to determine the amount of silver on the hair
strands, elemental analysis was conducted using ARCOS
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ICP-OES analyser (Spectro Analytical Instruments
GmbH, Kleve, Germany). The ground hair samples were
refluxed in aqua regia (1:3 nitric acid to HCI) at 160°C for
2 h and diluted subsequently for analysis.

2.7 | Microtome-cuts for microscopy and
determination of penetration depth

To determine the penetration depth of the dye, cross-
sections of yak belly hair fibres were cut at the Henkel
AG & Co KGaA site (Diisseldorf, Germany) using the Epre-
dia NX70 with Vakutom (Leica Biosystems Nussloch
GmbH, Nussloch, Germany). The hair samples were
embedded in Tissue Freezing Medium (Leica) and
were frozen to —50°C. Subsequently, the fibres were cut at
—16°C and a knife temperature of —23°C to a thickness of
3 pm. The cuts were finally fixed between glass plates.

Microscopic images were taking using an Olympus
BX51 fluorescence microscope and an Olympus DP71
digital microscope camera (Olympus Europa SE &
Co. KG, Hamburg, Germany).

The relative penetration depth in percentage
describes the penetration of hair dye in relation to the
diameter of the hair and is defined as:

Relative penetration depth(%)
__ abs. penetration depth(um)

x 100
hair diameter(pm)

Since the hair is not of a perfectly spheric shape, the
relative penetration depth was calculated both for
the smallest and largest hair diameter of the fibre and is
thus depicted as a range.

2.8 | Spectrophotometric measurement
using DataColor

For objectification of dyes, yak belly strands were mea-
sured spectrophotometrically using a DataColor SF600
Spectraflash device to obtain L*, a* and b*-values/coordi-
nates according to the CIELab three-dimensional colour
space. The L*value defines brightness (0 = black,
100 = white), a* defines the red-green coordinate and b*
the blue-yellow coordinate. The values were taken after
colour development was completed.

The spectral reflectance recorded was converted into
colorimetric data using DCI colour software. Each strand
was measured four times, altering the angle by 90° after
each measurement.

Coloration Technology_|_#3

Colour differences are expressed using the AE value,
which is defined as**:

AE=\/((Li" ~ L") + (" —a* P + (01" —bs"))

The AE value was calculated with the mean of five
undyed strands for L;*, a,* and b,*.

2.9 | Characterisation of elemental
composition and chemical bond changes of
hair surface

In order to examine the elemental composition as well as
chemical bond changes on the hair surface before and
after dyeing, as well as after washing, XPS was conducted
using an ESCALAB 250Xi (GSOP-00344) (Thermo Fisher
Scientific Inc., Waltham, MA, USA) equipped with an
aluminium-mono anode at a sampling area of
400 microns.

To assess the amount of cysteic acid inside the hair
fibre, FTIR spectroscopy was performed on a MPA FT-
NIR spectrometer (Bruker Optics GmbH & Co. KG,
Ettlingen, Germany) with an integrating sphere module
at six different sample positions in diffuse reflection, cov-
ering a wavenumber range from 7300 to 4020 cm ™.

2.10 | Impact of dye and subsequent
washing procedure on hair stress and
strength

To assess the potential impact of the dye and subsequent
washing on hair structure affecting hair stress and
strength, investigations regarding tensile elongation were
conducted using a tensile testing device BTC-FR1.0TH.
D09 (ZwickRoell GmbH & Co. KG, Ulm, Germany). The
grip-to-grip separation was 44 mm, the test speed was
50 mm min ' and the pre-load was 0.1 MPa. The experi-
ments were conducted at 23.5°C and 19% relative humid-
ity (RH). The diameter of the hair was determined at
three spots of the fibre using scanning electron micros-
copy (SEM). One hair fibre was fixed between the jaws
that were supported using a polymer tape for additional
grip. The fibre did not come into contact with the glue.
After securing the fibre at both ends, the device was
steadily pulled until failure of the fibre. Values for break
force (N) and strain (%) were collected. Only results from
fibres that ripped within the middle 50% of the length of
the fibre were considered for statistical analyses.
Hair stress (MPa) is defined as®*:
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Break force (N)

Hair stress (MPa) = :
cross sectional area (mm?)

Hair strain is defined as>>:

elongation of fibre

Hair strain = —
original length

Young's modulus (GPa) in the elastic region was calcu-
lated with>*>**:

A
Young's modulus (GPa) = A_:

where ¢ defined the change in stress and e the change in
strain.

2.11 | UV-visible spectrophotometric
measurements of NP suspension

Spectrophotometric measurements of in-vitro synthesised
AgNPs were carried out at r.t. using a Lambda 365+ UV-
visible-spectrophotometer (PerkinElmer LAS GmbH, Rod-
gau, Germany) equipped with UV WinLab software. The
UV-visible spectra were recorded from 200 to 700 nm using
quartz cuvettes (1.00 cm light path, purchased from Carl
Roth GmbH + Co. KG, Karlsruhe, Germany). Spectra of the
following samples were recorded: AgNOj; solution (2.4 mM),
RE solution (0.678 mg mL ') and AgNP suspension. Sam-
ples were diluted 1 to 4 prior to measurement. Either UPW
or RE solution (0.678 mg mL ", diluted 1 to 4) served as
blanks. Data evaluation was performed using OriginPro 2022
Software (OriginLab Corporation, Northampton, MA, USA).

2.12 | Transmission electron microscopy
(TEM)-images of dried AgNPs

For evaluation of size and shape of AgNPs, transmission elec-
tron microscopy (TEM) was performed using a JEOL JEM
1011 at an acceleration voltage of 100 kV (JEOL Germany
GmbH, Freising, Germany). The AgNP samples were pre-
pared by drop coating the AgNP suspensions on carbon
coated copper TEM grids. The software programs OriginPro
2022 and ImageJ 1.53t were used for data evaluation.

2.13 | Statistical analysis

Statistical analysis was performed using IBM SPSS Statis-
tics version 29.0 (IBM Corp., Armonk, NY, USA).

Descriptive statistics, comprising mean value and stan-
dard deviation (SD) were collected. Results are presented
as mean + SD. In figure 5, the results are presented as
error bars + two times SD. Independent samples ¢-test for
equal and non-equal variances were performed at a criti-
cal significance level of p = 0.05 to assess the differences
in hair stress, strain and Young's modulus between
undyed, dyed as well as dyed and washed strands.

3 | RESULTS AND DISCUSSION
3.1 | Influence of additive on dye
outcome

The treatment of yak belly hair strands according to the
two-step-method with 1% RE suspension first and 1%
AgNOs;, subsequently, resulted in intense red dye results
upon irradiation (Figure 3A). The combination of NaCl
and RE suspension or its adjustment to pH 3 via HCI or
CA was crucial for the dye outcome since no colour
developed in control strands, when dyeing was conducted
at the natural pH value of 5.30 of RE (Figure 3B) or when
1% AgNO; was used without preliminary RE treatment.
The addition of 5% NaCl to the RE suspension, followed
by 1% AgNO; treatment led to a red colour result on the
strands, with a AE of 53.3 + 2.4 compared to undyed
strands (Figure 3B,C). Strands treated with the RE sus-
pension at pH 3 adjusted using HCl or CA, respectively,
and 1% AgNO; subsequently, also yielded an intense red
colour after the dyeing and colour development process
was completed, represented by a shift in AE of 56.0 + 1.2
and AE of 56.0 + 2.2, respectively. Contrary, strands trea-
ted with 1% RE suspension at the natural pH value
(pH 5.30) and 1% AgNO; solution subsequently, solely
showed a slight shift in colour towards a reddish hue
after 5 h of colour development, depicted by a AE of 21.1
+ 2.5. A permanent light irradiation of at least 5h is
required to obtain the final dye results described. Control
experiments of strands that were irradiated for only
10 min and kept under light exclusion for up to 5 h, did
not develop the intense dye result, but only a pale rose.
Hence, the reaction was not “cascade-like”, but needed
constant irradiation for a uniform dye result.
Furthermore, the application of either HCl or NaCl
exclusively, followed by 1% AgNO; treatment also
induced the development of red colour. Strands treated
without RE at pH 3 adjusted using HCIl prior to the
AgNO; treatment showed a AE of 53.6 + 1.6, comparable
to the strand with RE (AE of 56.0 + 1.2). Strands treated
with 5% NaCl solution followed by 1% AgNO; resulted in
a AE of 54.1 + 1.6. No difference in colour outcome was
depictable compared to the treatment with RE (AE of
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53.3 + 2.4). The influence of chloride on the dye outcome
was clearly evident. Hence, the slight colour shift
observed on strands treated with 1% RE suspension at a
natural pH followed by 1% AgNOs; solution could there-
fore possibly be ascribed to a certain chloride content
already present in the extract or synergistic effects of RE
and naturally contained chloride.

Hair strands treated with RE, adjusted to pH 3 with
CA prior to AgNO; treatment, developed a colour result
(AE of 53.7 + 0.8), whereas strands treated without RE,
but adjusted to pH 3 using CA prior to AgNO; treatment,
showed no colour development at all after 5 h of irradia-
tion (AE of 15.3 & 0.7). These findings further underlined
the role of RE and its synergistic effect with CA and

(A) » \‘

1% Reseda luteola L. extract (w/v)

AgNO;j; in the absence of chloride. CA was chosen based
on its relevance for cosmetic applications. The results
were substantiated by the use of further cosmetic-related
acids such as malonic acid, succinic acid, malic acid or
acetic acid (Figure S2). With all these acids used, RE was
essential for colour development. Besides, strands solely
treated with 1% AgNO; showed no colour development
either after 5 h of irradiation (AE of 9.8 + 1.3). Likewise,
1% RE suspension applied exclusively without AgNO; did
not result in the development of a red dye result, since
the polyphenols adsorbed onto the hair's surface did not
show a colour visible to the human eye (Figure 3A).
Hence, neither an acidic milieu was sufficient solely, nor
an interaction between silver ions and keratin fibres

pH 3 or NaCl > 1% AgNO3 (W/v) >
‘ 30 min, r.t. 30 min, r.t.
e (H20) (H20)
(B) Undyed nat. pH 5% NaCl, nat. pH pH 3 HCI pH 3 citric acid
w/o RE wRE || woRE| | wRE ||woRE | | wRE ||woRE

(©)
Color
coor- Dyeing conditions of hair strands in regards to plant extract and additive (n=3)
dinates
undyed nat. pH (cont.) 5% NaCl, nat. pH pH 3 HCI pH 3 citric acid
- w/RE w/o RE w/RE w/o RE w/RE w/o RE w/RE w/o RE
L™ 771x07 682:12 752+12 287+31 27.4+30 26.0:2.6 30.1x21 25137 69.0+1.6
a* -0.5+0.1 6.9+2.6 -0.8£0.1 20.7+1.7 20.1+2.3 20.8+0.9 23.8+0.6 20.0+2.5 3.2+0.5
b* 8.8+0.6 22.8+1.7 18.4+1.6 15.0+1.8 13.0£3.2 13.2+1.1 17.4+1.6 13.0+3.4 21.3+0.6
AE - 21125 9.8+1.3 53.3+24 541116 56.0+1.2 53.6+1.6 56.1x2.2 15.3+0.7

FIGURE 3

(A) Schematic overview of hair dyeing procedure for yak belly strands. Treatment with 1% RE suspension shows no visible

dye result on hair strand regardless of additive applied. Subsequent treatment with 1% AgNO; results in intense red dye outcome. (B) Yak
hair tresses dyed w/ and w/o RE at natural pH, with 5% NacCl at the natural pH and acidified to pH 3 using HCI or CA and treated with 1%
AgNO; subsequently. Hair strands treated with 1% RE suspension (w/RE) at the natural pH do not develop a red dye result. The treatment
of hair fibres using only AgNO; (w/o RE) does not yield a red dye result either. Hair strands treated with a chloride-containing additive (5%
NaCl or pH 3 HCI) show a red dye result after irradiation regardless of the addition of 1% RE suspension. When CA is used for acidification,
a red dye result only develops in combination with 1% RE suspension. (C) L*, a*, b*-values as well as AE-values including SD for yak hair

tresses dyed w/ and w/o RE compared to an undyed strand.
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alone was responsible for the dye result. With regard to
the applicability for hair dye products and different hair
types, these findings were confirmed using human
hair (Figure S3). Similar results were observed, indicating
that overall, the dye outcome was either achieved with
chloride, regardless of the presence of RE or in combina-
tion of an acidic milieu and RE.

In the present case, electron-donating polyphenols
potentially reduced electron-accepting silver(I) ions in the
presence of HCI or NaCl with subsequent formation of NPs,
resulting in the red dye outcome. King et al. found that pal-
ladium (Pd) ions could be reduced to Pd(0) with subsequent
NP formation when a halide such as NaCl was present.*
The bridging ligand effect of halides facilitated the electron
transfer process between an electron-donating source and
an electron-accepting compound. Another potential route of
AgNP formation involves silver chloride (AgCl) as interme-
diate. In this case, AgCL* " complexes act as precursors for
AgNP synthesis under simulated sunlight irradiation.*® The
AgCl microcrystals further facilitated the formation of
AgNPs.*” The formation of highly insoluble AgCl in the first
place seems very likely when NaCl and AgNO; are used
exclusively on strands. The AgCl deposited on the strands
surface subsequently reduces to AgNP under light irradia-
tion involving the oxidation of chloride to chlorine.*® Gum-
mer depicted AgCl even within the hair's cuticula that in
the context of his experiments interacted with AgNO;
applied afterwards.* By contrast, CA alone could not reduce
silver ions in the present case, despite its reductive proper-
ties.* But, it is also described that the reductive capacities of
citrate are rather weak and more prominent at higher tem-
peratures*' compared to its stabilising properties of AgNPs.**
This could explain why the strand treated only with CA and
AgNO; remained colourless and required polyphenols from
RE as a reductive agent. Probably compounds from both,
RE extract and CA, synergistically took over stabilisation, as
reported in the literature,*' superseding chloride in the sys-
tem. Since 5% of chloride and more, lower the viscosity in
aqueous formulations and thus complicate the gelling and
formulation of a consumer-pleasing application,* the appli-
cation of CA as the acidifier was of increased interest, since
the mechanism worked without chloride. Despite reported
capping properties of keratin in the stabilisation of
AgNPs,** this phenomenon could not be observed in the
present work. In a strand that was treated with RE as a
reductive agent without CA or chloride, keratin could not
take over this role and the strand remained colourless.

3.2 | Affinity of silver towards hair

The amount of silver contained in the hair strand was
almost identical regardless of the pre-treatment and dye

TABLE 1 Silver content in hair fibres in percentage and
standard deviation (SD) dyed at nat. pH w/o RE and at nat. pH
w/RE as well as w/RE at pH 3 using hydrochloric acid (HCI). The
contents were determined from ground hair with elemental
analysis.

Silver load on hair fibres dyed at different conditions in w
% (n = 3)

w/o RE nat. pH w/ RE nat. pH w/ RE pH 3 HC1

33+02 3.0+0.2 29+0.1

outcome (Table 1). Ground hair samples were submitted
to elemental analysis to determine the silver content and
thus to investigate the affinity of silver ions towards hair
fibres depending on the presence of RE and observed dye
result. Samples, formerly treated solely with 1% AgNO;
for 30 min, were composed of 3.3 + 0.2% silver and sam-
ples formerly treated with 1% RE suspension prior to 1%
AgNO; treatment, was composed of 3.0 + 0.2% silver. It
is important to note that the silver content found did not
match a specific silver species, it could either be derived
from silver ions or a reduced form of silver (bulk silver
or NPs).

There was no difference between the silver content
on hair strands that were pre-treated with RE and
those which were not treated with RE. Furthermore,
red dye strands did not show a higher silver content
either. A ground hair sample formerly treated with 1%
RE suspension at pH 3 prior to 1% AgNO; treatment,
was composed of 2.9 + 0.1% silver. In the context of
this work's sample, this marked the lowest amount of
silver deposited on hair on an average. The difference
in silver content in all three hair samples tested was
negligible, but the results illustrated that the dye inten-
sity was not a sufficient indicator for the amount of
silver on hair. Moreover, it can be concluded that silver
deposited on hair did not automatically react and
develop a colour, but that a reactant was required.
Bate*® could show that silver ions tightly adsorb to the
hair's surface with increasing pH-value, whereas here,
silver was deposited on hair regardless of the pre-
treatment showing that neither pH adjustment nor the
use of RE could genuinely enhance or decrease hair's
affinity for silver. It is known that ions penetrate the
cortex regardless of charge due to their small size, com-
plemented by sulphur-containing functional groups of
keratin and their affinity for silver.*’

Since the specific silver compounds could not be
ascertained using elemental analysis, the exact amount of
silver relevant for the dye outcome could not be con-
cluded from the results. It is assumed that a certain
amount of AgCl precipitated due to its low solubility
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10 mins 30 mins

Color coordinates Strand dyed at pH 3 HCI w/RE (n=3)

10 mins 30 mins
L 26.3+1.7 26.0+2.6
a* 20.7+0.2 20.8+0.9
b* 12.9+0.1 13.2+1.1
AE 55.1+1.7 56.0+1.2

FIGURE 4 Visual comparison of strands treated with AgNO;
for either 10 or 30 min. No differences were depicted. The L*, a*, b*
and AE values of corresponding strands. The values do not differ
accordingly.

when NaCl or HCI were used as an additive, which was
included in the amounts depicted earlier.

3.3 | Investigation of strands’ exposition
time to AgNO; on the dye outcome

The results did not depict differences in dye outcome for
strands treated with AgNO; either for 10 or for 30 min
(Figure 4). To optimise the dyeing method regarding
exposure time of a hair strand towards AgNO3, the time
factor was evaluated. A strand treated with RE at pH 3
(HCI) and 1% AgNO; subsequently for a reduced time of
10 min, compared to the formerly established dyeing
time of 30 min, showed an intense red colour, repre-
sented by a AE value of 55.1 + 1.7 (Figure 4). Compari-
son of AE value with a strand stirred for 30 min in the
AgNO; bath showed no visually noticeable difference.
Each L*, a* and b* values behave accordingly. Thus, stir-
ring the strand in the AgNO; dye bath for 10 min was
sufficient for an intense dye outcome.

3.4 | Wash fastness of strands dyed with
RE at pH 3 (HCI])

Wash fastness tests conducted with dyed strands showed
that overall, even 24 washes did not have a visible impact
on the dye intensity (Figure 5A). Strands treated with RE
at pH 3 (HCI) and 1% AgNO; subsequently were used for
wash fastness experiments. After 6 washes, a grey veil

was washed off the strands, hence they appeared more
vibrant. This observation was represented by an increase
in each, L*, a* and b* values (Figure 5B) compared to an
unwashed strand. After 12 and 18 washes, the strands
showed no further considerable changes in colour inten-
sity, demonstrated by only minimal shifts in L*, a* and b*
values. A plateau was reached after 18 washes for bright-
ness L*, indicating that no considerable amounts of dye
were washed off hereafter. For a* and b* values solely
slight increases were depicted after 18 washes, invisible
to the human eye. The visual impression as well as calcu-
lated L*, a*, b* and AE values (Supporting Information
Table S1) suggest that for the overall dye outcome, no sig-
nificant amounts of silver were washed off the hair dur-
ing the wash cycles, but that the dyed strands benefited
from washing since they appeared more vibrant. Addi-
tional elemental analysis of a ground sample of a previ-
ously washed strand revealed a silver content of 2.3
+ 0.1%. The results depicted that silver did come off the
hair fibre compared to an unwashed strand (2.9 + 0.1%),
but that the amount was negligible for the dye percep-
tion. Since the exact silver species could not be deter-
mined in elemental analysis, as previously described, a
mixture of mainly loosely attached AgNPs close to the
surface or by-products such as residual AgCl might have
been affected.

Cross-sections of hair fibres further illustrated the
high wash fastness (Figure 6). With increasing numbers
of washes, the penetration depth of the red dye
enhanced. The average initial penetration depth of the
red dye into strands treated with 1% RE at pH 3 and sub-
sequent AgNOj; treatment for 30 min. was determined to
be 9.3 + 1.7 pm. Considering the hair's diameter, this cor-
responded to a relative penetration depth of 10-14%. The
penetration pattern resembled the ring-dye effect of
demi-permanent hair dyes, substantiating the high wash
fastness.® The penetration depth of the red dye increased
after six washes (13.7 + 3.0 pm, 14-17%). This result sug-
gested that the first contact of the hair fibre with water
and a surfactant after the dyeing process induced a mobi-
lisation of the dye pointing inwards. Further increases in
penetration depth were depicted after 12 washes (18.9
+ 4.2 pm, 19-23%) and 18 washes, reaching the highest
penetration depth of 20.8 + 3.2 pm and a relative pene-
tration depth of up to 27%, respectively. The dye pattern
at this point resembled multiple concentric dye rings.
After 24 washes, the penetration depth slightly decreased,
still resulting in an average depth of 14.6 + 6.7 pm and
18-23%, respectively. Again, multiple concentric dye
rings were observed.

The results showed a continuous penetration of the
red dye into the hair fibre under the influence of water
until up to 18 washes. Several factors need consideration
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FIGURE 5 (A) Visual differences of a strand treated with RE at pH 3 (HCl) with subsequent AgNO; treatment before and after

24 washes. The wash process did not have a visible impact on the dye intensity. (B) Mean values and 2 SD for brightness (L*) and colour hue
(a*, b*) of earlier-mentioned strands before and after 24 washes (n = 3). The L*, a* and b* values increased after each wash cycle (exception:
L* value after 18 washes) which resulted in a more vivid appearance of the strand. Corresponding AE values are annexed in Supporting
Information Table S1.

Pe“et(f:]‘)’”ydepth 9.3+17  137+30 18.9:42 208:32 14.6:6.7

Relative
penetration depth 10-14 14-17 19-23 21-27 18-23
(%)

FIGURE 6 Microscopic images of microtome cuts from strands before, after 6, 12, 18 and 24 washes. Concentric dye rings formed
during the washing process and the dye penetrated deeper into the hair fibre with washing. Penetration depth (um) depicts the absolute
penetration and SD of the dye into the hair without appreciating the hair's irregular shape. The relative penetration depth in % describes the
penetration in relation to the diameter of the hair, represented in a range from the smallest to the biggest diameter. Each five strands were
investigated for 0, 6, 12 and 24 washes. One strand was excluded at 18 washes as an outlier.
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as potential contributors to the effect. It is known that
repeated contact of hair fibres with water causes swelling
of the rigid hair fibre, making it easier for molecules and
particles to penetrate.*®* Small pores found in yak hair
potentially facilitate the movement of particles as they
increase its porosity.*’ It is also conceivable that the
water content might have remained at an increased level
in deeper layers of the hair’® compared to unwashed hair
despite blow-drying in between the wash cycles, thus
enabling further movement. Surfactants, such as SLES in
shampoo used, further decrease the surface tension and
promote the process. As a side effect, the swelling of hair
fibres makes it easier for SLES to penetrate the fibre
again.”’ NaCl as a gelling agent of the shampoo, as well
as CA for pH adjustment, both depict genuine dye pre-
cursors that were introduced during the wash procedure.
Concluding, the repetitive water contact, might have
brought red dye particles, as well as precursors for AgNP
formation, such as AgCl, NaCl or CA, deeper into the
fibre. Complemented by a constant release of silver ions
from the surface of existing NPs>® into water that
remained in deeper layers of the hair fibre, the reaction
area expanded and more AgNPs formed.

Interestingly, after 24 washes, the dye impression
seemed to relocate to the outer layers of the hair again,
indicated by a more intense and compact dye ring at the
outer layers compared to a thinner and faded dye ring
after 18 washes (Figure 6, 18 and 24 washes). Considering
the presumable highest water content in deeper areas of
the fibre and the more compact dye ring after 24 washes,
the effect might have just been due to evaporation of the
remaining water, carrying the particles outwards.
The air-drying process of hair can take up to several
hours”>* and the cuts were not conducted right after the
wash fastness tests were finished. These findings further
suggest that the actual penetration depth could be higher
in all given cases, diminished by evaporative effects and
exerting the biggest impact on the strand with the highest
water exposure. Sodium dodecyl sulphate (SDS), a surfac-
tant similar to SLES, is further known to promote the dis-
solution of AgNPs and slow down the reaction by
complex formation with silver ions.>> Furthermore, SDS-
capped AgNPs were shown to cut the release of silver
ions from the surface, thus prohibiting the formation of
new AgNPs.’**’ At this point, it remains unclear, to
which extent SLES might have facilitated the distribution
of AgNP precursors within the hair fibre in the first place
and potentially caused a dissolution and subsequent relo-
cation of the dye with ongoing washes, supported by the
evaporation of water from the inside of the hair fibre.

The dissolution or movement of dye particles—either
inwards or outwards—suggested that reversible interac-
tions, covalent or non-covalent, formed between the hair

fibre and the dye species, presumably resulting from
charge interactions between functional groups of the ker-
atin and silver ions released from the NPs' surface.”®>’
Introducing SLES to the system might have led to com-
peting affinity with the hair fibre towards silver. The
characteristic dye distribution pattern obtained could
therefore be ascribed to different structures in the hair
cortex, visualised by small, aggregated silver particles.*

Taking into account the critical molecular diameter
for molecules to penetrate into the cuticula, the ability to
move relatively freely inside the hair hinted to the exis-
tence of a species smaller than 6-8 A (0.6-0.8 nm).*
Thus, the formation of complexes between silver ions
and polyphenols as source for the dye outcome could not
be completely excluded at this point but seemed unlikely.
Polyphenols especially interact with the hair cuticle, due
to their size and functional groups. During complex for-
mation the size of the resulting macromolecules increases
and metal ions are immobilised.?>?>%® Therefore, the
movement of complexed ions into the cortex would be
inhibited. A slight penetration of polyphenols into the
cortex cannot be fully excluded for now, therefore,
the determination of exact species inside the cortex is
under current investigation.

3.5 | Assessment of hair damage caused
by dyeing and subsequent washing

Healthy hair is desired by costumers but dyeing hair as
well as combing and overall friction during washing can
cause hair damage. Tensile strength investigations were
conducted to assess the impact of the dyeing procedure
as well as the subsequent washing on the hair fibre. Each
10 fibres of undyed, dyed as well as dyed and washed
strands were investigated regarding the most important
parameters, such as break stress, hair strain and Young's
modulus. Mean values and SD are annexed in Table S2.
All recorded stress-strain curves are annexed in
Figure S4. Break stress describes the number of external
forces required to cancel out the fibre's internal forces
until failure,’’ taking into account the diameter of the
hair fibre. Thus, a decrease in break stress can be indica-
tive of mechanical or chemical hair damage. Neither dye-
ing nor subsequent washing had a significant impact on
the hair strength as defined by break stress compared to
an untreated fibre. No statistically significant difference
(p>0.05) was found between the three samples
(Figure S5A). A significant increase in hair strain is con-
sidered an indicator for the breakage of cross-linkages
within the hair,” resulting from chemical hair treat-
ments. Neither dyeing nor subsequent washing had an
impact on the hair strain (p > 0.05) (Figure S5B).
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Another important parameter is the Young's modulus,
calculated from the slope of the steepest region of the
stress—strain curve, defining the hair strength in the elastic
region of the hair fibre. Again, a decrease is linked to fibre
damage.** Dyeing the hair according to the two-step
method did not weaken the hair, as no statistically signifi-
cant difference was found comparing the samples
(Figure S5C). A slight difference (p = 0.047) was found
comparing the dyed with the dyed and washed sample,
indicating minor impact on the hair strength ascribed to
the repeated washing, combing and blow-drying procedure.

Considering the findings, slight mechanical damage
of the fibres from repeated washing and combing could
have contributed to the observed redistribution effect of
dye after 24 washes. Potential micron size cracks formed
in the cuticle that reached down to the cortex enhanced
the porosity and could thus have promoted the redistri-
bution. On the contrary, no channelling of the dye was
observed, that could indicate substantial blemishes in the
structure of the hair fibre where the dye leaches out more
easily.®? As described, the relocation was even, in the
form of concentric rings, accompanied by a homogenous
dye impression. More mechanical strength data is
required to gain a deeper understanding.

Furthermore, the overall chemical composition of the
hair surface and the content of oxidation products from cys-
teine or cystin were taken into account as a chemical param-
eter for hair breakage due to the dyeing and washing
process.”® The results from XPS revealed no increase in oxi-
dation products on the hair surface after dyeing and even fur-
ther after washing compared to an undyed strand (Table S3).
Likewise, the chemical composition of the hair surface
regarding the most important elements carbon, nitrogen,
oxygen and sulphur before and after dyeing revealed no
change related to hair damage (Table S4). An increased nitro-
gen content on the hair surface was found after washing,
probably related to the conditioning shampoo ingredient
Guar hydroxypropyltrimonium chloride, a quaternary
ammonium compound that attached to the fibre. Accord-
ingly, no change in functional groups and chemical bonds
on the hair surface was depicted before and after dyeing. The
decrease in aliphatic carbon is again related to the adsorption
of ingredients from the washing procedure (Table S5). FTIR
investigations substantiated the findings, revealing a cysteic
acid content at a constant level of 3-4% for all samples. Thus,
dye-related hair damage as defined by the chemical composi-
tion or by oxidative products could not be validated.

3.6 | Investigation of isolated NP

The synthesis of AgNP was further confirmed using spec-
trophotometric and TEM measurements. During the

reaction between RE solution and AgNOj; a colour shift
from pale yellow to intense red occurred under UV-visible
irradiation (Figure 7B). The colour shift indicated the for-
mation of AgNPs.”* To further assess the synthesis of
AgNPs, spectrophotometric analysis was used (Figure 7A).
RE solution (yellow line) showed two absorption maxima at
266 and 332 nm, characteristic for flavonoids, for example,
luteolin and apigenin, present inside the plant.®>®° Further-
more, no significant absorption at the given concentration
was found for AgNO; solution (light blue line).*” The red
solution of RE combined with AgNOj; against UPW as base-
line showed a peak at 450 nm in the spectrum (dark blue
line). The peak became even more apparent using RE
solution as baseline (violet line). The absorption could be
attributed to the surface plasmon resonance (SPR) of
AgNPs,>>+%8°70 3 phenomenon caused by the interaction
of electromagnetic radiation with the surface conduction
electrons of silver atoms. Due to that collective oscillation of
electrons (surface plasmons) is induced, resulting in intense
and brilliant colours.®® Further evidence of the existence of
AgNPs provided transmission electronic images from iso-
lated NPs (Figure 7C). Biosynthesis led to the formation of
spherical particles with a size distribution between 1 and
38 nm. Size and morphology were comparable to AgNPs of
similar absorption maxima and colours as reported in the
literature.”*

Concluding from the overall observations, the following
aspects need consideration for a proposal of dye mecha-
nisms. The application of RE results in the deposition of
polyphenols mainly on the hair cuticle due to their size.
The reaction only takes place with either chloride or CA
applied together with RE. After addition of AgNO; to the
system and upon irradiation, the formation of NPs initiates.
The formation of Ag-citrate complexes’” as well as AgCl as
intermediates seem probable as well, initiating the reaction
in deeper layers of the fibre. The resulting NPs are pre-
sumed to subsequently diffuse (further) into the hair due to
a suction effect resulting from charge interactions with
hair's sulphur-moieties. At this point of research, the infor-
mation regarding the role of the hair matrix in the forma-
tion of AgNPs are limited to the high affinity of silver
towards sulphur-moieties inside the hair described in the
literature and need further investigation.

In the absence of RE, using solely chloride, silver ions
are assumed to precipitate as AgCl on the hair's surface
as well as in the hair cortex, as described by Gummer,>®
followed by the reduction to AgNPs upon irradiation and
the oxidation of chloride. It is conceivable that this reac-
tion also occurs in the presence of RE. Despite its ability
to penetrate the hair fibre,”* the presumably insufficient
reductive properties of citrate inhibit a respective reaction
and the strands remain colourless when citrate is used
exclusively.
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(A) UV-visible absorption spectra of RE solution (yellow) with absorption maxima at 266 and 332 nm, AgNOj solution (light

blue) with both UPW as baseline. AgNP suspension using UPW (dark blue) as baseline reveals an additional absorption maximum at
450 nm originating from SPR of AgNPs. RE solution (violet) as baseline outlines the maximum due to removal of polyphenolic spectra.
(B) Visual appearance of initial RE and AgNOj; solution mixture (left) and after AgNP formation using UV-visible irradiation (right).

(C) TEM micrograph of AgNP suspension revealing small spherical shaped AgNPs of different sizes ranging from 1 to 38 nm (black spots)

surrounded by organic matter (dark grey spots).

Despite beneficial properties of AgNPs on dyeing
intensity and wash fastness, the applicability of the pro-
posed two-step hair dye method has to be evaluated
regarding a potential impact on the human body as well
as compliance with the Cosmetics Regulation. Compared
to conventional routes to synthesise AgNPs, involving a
plant extract supersedes a lot of harsh chemicals, such as
sodium borohydride (NaBH,). The demonstrated use case
of in situ generated AgNPs is not tackled by the Cos-
metics Regulation of the European Union (EU) No.
1223/2009, but the application of AgNO3 is currently lim-
ited to eyebrows and eyelashes. Thus, more toxicological
data as well as long-term studies are required to expand
the field of application of AgNO; to the scalp.

Research results on toxicity of NPs and their ability
to penetrate the skin reveal a size and shape depen-
dency. Capped spherical AgNPs of 25 nm diameter
were shown to enter several layers of the epidermis in
humans,” and potentially the junctional parts to the
dermis but without systemic absorption’ when applied
directly to the skin and incubated. A different study
detected low levels of AgNPs in the dermis as well.”®
Hair shafts were found to play a special role as they
constitute a hole in the skin where NPs can accumulate
and penetrate into the skin more easily.”” In animal
tests, subsequent sensitisation or inflammation of the
skin areal is reported,”®”® presumably due to a release
of ions from the NP's surface.>® Yet, the dermal exposi-
tion is overall considered a low hazard.*® The toxicity
of AgNPs for aquatic ecosystems and fish, respectively,
lies in the release of silver ions as well but is overall
considered low as most studies depict the direct

exposure of high concentrations towards fish, resulting
in subsequent intoxications.®'

The proposed two-step hair dye method is new and
unique, based on the in situ generation of AgNPs inside
keratinous fibres resulting in a high wash fastness. No
significant dye-related hair damage was observed. The
scarce research available describes the synthesis of NPs
prior to the application to the hair fibre for dyeing pur-
poses.*! However, up to now, the method only allows the
creation of one red shade, regardless of the different addi-
tives. It is known, that NPs exhibit different colours rela-
tive to their size and synthesis solvent,®*8* therefore, a
continuation of the method would potentially alter the
colour impression on the hair as well. Since the penetra-
tion and hence systemic exposure of particles is size and
shape dependent, a continuation could tackle both, new
colours and consumer safety. Yet, it is debatable, if the
surrounding hair matrix allows significantly bigger parti-
cles of different shapes, thus they could decrease the
wash fastness. Silver-content of washed strands reveal
that a high amount of silver persists on the hair. Reac-
tions towards other trace-metal sensitive hair dyes are to
be investigated in order to avoid exotherm reaction
related injuries when re-dyeing the hair. Since AgNO; is
a chemical sensitive to oxygen, the formulation of a sta-
ble cosmetic product might be challenging.

4 | CONCLUSION

We demonstrated a two-step method with subsequent
UV-visible irradiation to achieve a red dye result on yak
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hair fibres and underlined the importance of the pH
adjustment using HCI or CA or the addition of NaCl dur-
ing the first step. The best dye result was achieved with
1% aqueous RE suspension adjusted to pH 3 using HCl
and subsequent treatment with 1% AgNO;. Chloride-
containing additives chosen for this work provoked the
red dye formation in combination with AgNO; even
without further addition of RE. Thus, the dye outcome
was either achieved with chloride, regardless of the pres-
ence of RE or in an acidic milieu when RE was present.
The evaluation of the method showed that the exposure
time of the strand towards AgNOj; could be reduced by
almost 67% without a loss in dye intensity. A high wash
fastness after 24 washes was demonstrated and further
investigated via microscopic images of microtome cuts.
An increasing penetration depth of the dye of up to 10%
with ongoing wash cycles was observed. The red dye
result could presumably be ascribed to in situ generation
of AgNP in a redox-reaction of silver(I)-ions and polyphe-
nols from RE, supported by UV-visible spectra of the rec-
reated synthesis of AgNP in solution. The characteristic
SPR-peak at 450 nm was observed.
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