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Bioinspired polymeric pigments to mimic natural
hair coloringt

Yu Sun,® Congyu Wang,? Min Sun®? and Zhen Fan (@ *2®

Due to an increasingly aging population, hair dyeing has become more necessary in daily life; however
synthetic hair dyes often have the disadvantages of harsh dyeing conditions, a slow dyeing process and
biological toxicity. Herein, we developed a bioinspired approach to mimic the natural hair dyeing process
under mild conditions. Compared to the existing polydopamine deposition approach with harsh
conditions, mild conditions and effective deposition were achieved here. First, in the presence of
tyrosine hydroxylase and metal ions, dopamine could be oxidized into polydopamine, a mimic of human
eumelanin, and then self-assembled into nanometer-scale pigments. Through optimizing the
experimental parameters, various colors and the desired darkness could be achieved within less than 1
minute. In addition, significant durability was observed after continuous washing with polydopamine
assemblies as hair dyes. Morphological analysis was applied to verify the deposition of polydopamine
assemblies onto the hair surface, which induces the hair color change. Also, animal studies were
conducted to evaluate the efficiency and biological toxicity of this approach. Overall, this bioinspired

approach could provide a new avenue for biocompatible and effective nanomaterial-based hair dyes for

rsc.li/rsc-advances at-home use.

Introduction

Human hair color is mainly determined by natural pigments
named eumelanin, which are mostly distributed in the middle
layer of human hair.’® These pigments are organized into
nanometer-scale particles,*” and different ratios, concentra-
tions, distributions and types of eumelanin lead to diverse hair
colors. Eumelanin production is initiated by tyrosine hydroxy-
lase, by which tyrosine is hydroxylated to -dopa.*™** After the
above initial reactions, 1-dopa will be further oxidized to
eumelanin. However, with increasing age, the production of
eumelanin is reduced due to the lower antioxidant ability,
higher oxidative stress,” and decreased pigment-forming
melanocytes," which induces the color loss of hair.

In ancient times, natural materials were used to pigment
hair, such as black soya beans, vinegar and balsamine, the
leaves of which can be made into a paste or powder that can dye
hair a red or black color."”” With the development of the modern
chemical industry, synthetic hair dyes have been fabricated and
released into the market since the 1900s.*® Synthetic hair dyes
are generally composed of three components: intermediates,
couplers, and oxidants. Intermediates are usually aromatic
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amines that infiltrate into the keratin of hair, such as p-phe-
nylenediamine, which is the most widely used intermediate of
commercial hair dyes.”” During the process of penetration, dye
molecules are synthesized and attached to the hair. However,
this kind of hair dye could cause certain damage to the human
body. For example, p-phenylenediamine is one of the main
causes of hair dye dermatitis.’*** According to existing studies
of allergic reactions induced by p-phenylenediamine, 71.4% of
the patients treated with p-phenylenediamine felt pruritus,
8.6% felt a prickling sensation and 1% felt a burning or tingling
sensation.?! In addition, it has been demonstrated that the use
of synthetic hair colorants increases the risk of basal cell
carcinoma, breast cancer and ovarian cancer.?> However, minor
progress has been made to avoid such defects of synthetic hair
dyes.21,23,24

During the past decade, nanotechnology has provided novel
approaches for new types of hair dyes.>*® In the first century
AD, ancient Greek and Roman civilizations utilized PbS nano-
crystals to pigment hairs.> Nowadays, nanoparticles, such as Au
nanoparticles, Ag nanoparticles, and graphene nanosheets,
have been developed as hair dyes. However, these methods also
suffer from drawbacks such as a relatively slow rate of
pigmentation, poor biocompatibility, impaired thermal insu-
lation properties of hair, etc.>**** Therefore, a desirable
approach could be the use of naturally occurring eumelanin
nanoparticles to restore the color of hair fibers. However,
existing protocols involving eumelanin require strong oxidative
conditions,**** which are not suitable for at-home applications.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 A schematic illustration of the bioinspired synthesis of
eumelanin mimetic polydopamine based pigments to mimic natural
hair coloring.

Herein, we developed a bioinspired approach to synthesize
eumelanin-mimetic nanoparticles and mimic the natural hair
pigmentation process. As shown in Scheme 1, naturally occur-
ring dopamine was first oxidized and polymerized to polydop-
amine using tyrosine hydroxylase. Afterwards, polydopamine
self-assembled into nanoparticles and deposited onto the hair
surface for pigmentation. Compared to the existing hair dyeing
process, milder reaction conditions and more biocompatible
molecules were applied here. Through optimizing the experi-
mental parameters, the desired hair color and darkness could
be achieved. In addition, due to the high catalytic efficiency of
tyrosine hydroxylase, the whole dyeing process could be
completed in less than one minute. Besides human hair, mice
were also tested to confirm the dyeing capability of the poly-
dopamine assemblies. In comparison with commercial hair
dye, our approach could achieve similar effects with a shorter
reaction time and no biohazardous waste.

Experimental
Materials

Dopamine hydrochloride was purchased from Inno-chem Co.,
Ltd. Tyrosine hydroxylase was purchased from Sigma-Aldrich
(China). Iron chloride hexahydrate (FeCl;-6H,0), iron sulfate
heptahydrate (FeSO,-7H,0) and copper sulfate pentahydrate
(CuS0,-5H,0) were purchased from Aladdin Co., Ltd. To test
the hair dyeing ability of our method, grey hair samples were
purchased from Narcissus Salon. BALB/c mice were purchased
from the Institutional Animal Care and Shanghai Slaccas
Laboratory Animals Co., Ltd.

Hair dyeing

Hair samples were randomly divided into groups and cut into
2 cm lengths for further experiments. 2 mL of dopamine
hydrochloride (5 mg mL™") was added into a centrifuge tube
and hair samples (10 mg) were then immersed in it. Afterwards,
60 uL of tyrosine hydroxylase (7 mg mL ™) was added into the
mixture solution of hair and dopamine hydrochloride. Then,
0.5 mL aqueous solution of the metal chelators were added
(10 mmol L™* FeCl;, 10 mmol L™* FeSO, or 10 mmol L™*
CuSO,). The dyeing process was carried out at room
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temperature. After five minutes of dyeing, all the hair samples
were washed with water five times and air-dried at room
temperature.

Characterization of the polydopamine assemblies

The polydopamine assemblies synthesized above were diluted
20 times and UV-visible (UV-vis) absorption spectra were
recorded by an ultraviolet spectrophotometer from Shanghai
Jingke. 10 pL of the diluted solution dripped onto a nitrocellu-
lose-covered copper grid, which was then air-dried. TEM was
carried out by a JEOL JEM-2100F instrument at 200 kV equipped
with a Gatan 894 Ultrascan 1 k CCD camera. 10 pL of the diluted
solution was dripped onto a silicon wafer substrate. Afterwards,
SEM was applied to characterize the morphology of the poly-
dopamine assemblies and hair after dyeing. 3 mL of the dyeing
solution was freeze dried by Scientz-12N. Afterwards, the freeze-
dried powder was characterized using an infrared spectrometer
(Nicolet iS5). The dyed hair was cut into short lengths and then
analysed by FTIR-ATR spectroscopy. Dyed hair samples were
soaked in water for 2 minutes and then air-dried at room
temperature. The hair samples were cut into 5-7 mm lengths
and adhered onto the SEM sample stage with conductive tape.
After lightly pressing, the SEM images were taken by a scanning
electron microscope from Zeiss.

Quantitative analysis of hair color

Hair color intensity was analyzed by a previous method using
Image].** One fixed size area in the digital image was randomly
selected and its RGB value (I = Iz + I + Iy) was calculated
through Image]. Grey hair acted as the control experiment
background (I,). The darkness (D) was calculated as D = (I, — I)/
Io. The RGB color ratio was analyzed using Image] through RGB
Measure Plugins in order to differentiate the colors from
different conditions.

Characterization of mechanical properties

The tensile tests were performed with MTS exceed model E42
with a gauge length of 15 mm at a loading rate of 10 mm min™".
Stress-strain curves were recorded as an average of three

different samples.

Characterization of the loading amount of metal ions

Hair samples were randomly divided into groups and cut into
2 cm lengths for further experiments. 120 pL of the tyrosine
hydroxylase (7 mg mL™") and 1 mL of the metal solution (10
mM) were added into 4 mL of the dopamine solution (5 mg
mL ") in sequence. Afterwards 280 mg of hair was added into
each kind of dyeing solution mixture solution for the dyeing
process. The dyeing process was carried out at room tempera-
ture. After five minutes, the resultant solution was collected and
its metal concentration was analyzed using a PinAAcle 900T
atomic absorption spectrometer.

RSC Adv, 2021, 11, 1694-1699 | 1695
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Animal experiments

All procedures were approved by the Tongji University Animal
Studies Committee. Overall care of the animals was consistent
with the Guide for the Care and Use of Laboratory Animals from
the National Research Council and the USDA Animal Care
Resource Guide. Female mice bred freely for 1 week, and then
their backs were shaved to expose the fur below. For toxicity
analysis, 1 mL of the aqueous dyeing solution was dropped onto
the backside of the nude mice and air-dried at room tempera-
ture. To evaluate the toxicity, the skin conditions of the treated
mice were observed for a week. For the hair dyeing, 1 mL of the
solution was dripped onto their backs and then smeared evenly
with clear gloves. Five minutes later, photographs were taken.

Results and discussion
Preparation and characterization of the PDA assemblies

Under the catalysis of tyrosinase hydroxylase, dopamine was
first oxidized and polymerized to dopaquinone. Following the
1,4-Michael addition of dopamine, leucodopaminechrome was
formed through intramolecular cyclization and then oxidized to
dopaminechrome, which was further polymerized to polydop-
amine.* In addition, metal ions were also applied to induce the
self-assembly of polydopamine and immobilize the pigment
nanoparticles onto the hair surface.*® Specifically, FeCl;, FeSO,
and CuSO, aqueous solutions were introduced into the poly-
dopamine assemblies. UV-vis spectra of the polydopamine
assemblies with various metal ions were recorded (Fig. 1a and
S17). The absorbance at 280 nm was derived from the transition
of dopamine La-Lb, which was characteristic of the intraligand
m-m* transition. The absorbance at 308 nm corresponded to
semiquinone, which may come from dopaquinone, leucodo-
paminechrome or polydopamine.**3*

The FT-IR spectra also provided evidence for oxidation and
polymerization. Fig. 1b showed obvious differences between
dopamine before and after treatment. The absorbance at
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Fig. 1 Characterization of polydopamine assemblies. (a) UV-vis
spectra. (b) FT-IR spectra of polydopamine chelated with various metal
ions. (c) Polydopamine assemblies under various experimental
conditions. (d and e) TEM images of polydopamine assemblies with
Fe®* ions.
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around 1728 cm ™' was derived from the stretching vibration of
the C=0 group, which was formed by oxidation of catechol.*>*
It indicated the formation of polydopamine from dopamine.
Besides new absorbance in the UV-vis and FT-IR spectra, the
formation of diverse chromophore structures can be indicated
from the coloration of a dopamine aqueous solution treated
with tyrosine hydroxylase (Fig. 1c). The color variation could be
attributed to different types of self-assembled nanoparticles
owing to the selections of metal ions. Meanwhile, the nano-
morphologies of the polydopamine assemblies were character-
ized using TEM and SEM (Fig. 1d, e, S2 and S37). As shown in
Fig. 1d and e, rice-shaped nanoparticles were observed of pol-
ydopamine assemblies with Fe®" chelation, which share
a similar morphology to natural eumelanin granules.*

Hair dyeing with PDA assemblies

To evaluate the hair dyeing capability, human grey hair was
purchased and dyed with polydopamine assemblies. Human
hair samples were cut into fragments approximately 3 cm long
and then placed into a 5 mL centrifuge tube. Then, aqueous
solutions of dopamine, tyrosine hydroxylase and metal ions
were added in sequence at room temperature. Within less than
one minute, hair samples treated with dopamine and metal
ions (Fe’", Fe**, Cu** and without metal ions) displayed
significant color changes (Fig. 2a). Both color change and
darkening could be observed from the hair after dyeing. To
further quantitatively evaluate the dyeing efficiency, the dark-
ness and RGB ratio were analyzed using the existing protocol.**
As shown in Fig. 2c, hair darkness could be tuned by the choice
of metal ions, which suggested that Fe®" ions possess the
strongest chelating ability for hair dyeing. To evaluate the
loading amount of metal ions to the hair, atomic absorption
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Fig.2 Various hair color and darkness after dyeing with polydopamine
assemblies. (a) Images of hair samples after dyeing with polydopamine
assemblies chelating with Fe*, Fe2*, Cu®* and pure polydopamine. (b)
Images of hair samples dyed with polydopamines of various Fe** ions
concentrations: (1) 10 mM, (2) 5 mM, (3) 1 mM, (4) 0.5 mM, and (5)
0.1 mM. (c and e) Variations in the RGB intensity of images of the hair
samples (a and b). (d and f) RGB color ratios of the hair samples (a and
b). (g) Consumption of different metal ions during the hair dyeing
process. (h) The stress—strain curves of different hair samples. (i) FTIR-
ATR spectra of hair before and after the dyeing process.
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spectrometry analysis was conducted. As shown in Fig. 2g, the
highest loading amount occurred to Fe**, which was consistent
with its best dyeing performance due to the enhanced coordi-
nation ability.

In addition, compared to the other metal ions applied here,
Fe®* ions had considerable oxidative ability and could partici-
pate in the intramolecular oxidation of dopamine, resulting in
enhanced hair dyeing capacity.** Besides the darkening varia-
tion, different colors from brown to black were obtained after
treatment with polydopamine with metal ions (Fig. 2a and d).
To quantitatively differentiate the detailed color, the RGB ratios
of hair samples after dyeing were also analyzed, suggesting that
both polydopamine with Fe*" and Fe*" produced a black color
after dyeing of grey hair. Due to the most effective hair dyeing
being achieved by using polydopamine with Fe*" ions, this
protocol was further explored. Various concentrations of Fe**
ions were applied to optimize the dyeing effects. As shown in
Fig. 2b, the hair color changed from brown to black with
increase concentrations of Fe** ions. To explore the hair quality
after dyeing, the mechanical properties characterization was
conducted. Clear differences between the hair samples were
observed in the stress-strain curve. Compared with the
commercial product dyed hair, the PDA dyed hair had a higher
elongation at break and breaking stress, which indicated that
the PDA dyeing hair could achieve a large strain under high
stress with better toughness. Meanwhile the Young's modulus
of PDA dyed hair was lower than the commercial product dyed
hair. It showed the poor ability of resistance to deformation,
which also indicated its good softness. Compared to hair dyed
with commercial product, the stress-strain curves indicated
that hair after PDA dyeing demonstrated better toughness and
softness.*>** Fig. 2i suggested that the hair was rarely changed
before and after dyeing. The broad peak at 3280 cm ™" was due
to the stretching vibration of N-H. The wider peak after dyeing
in this area was due to the linkage structure (hydrogen bond)
between the hair and polydopamine assemblies.** There were
small changes located in the amide I and amide II band regions
(1690-1600 cm™* and 1575-1480 cm ™, respectively), resulting
from overlapping between the hair and polydopamine bands.*®
These results indicate that our bioinspired approach could
develop a eumelanin-mimic natural pigment to mimic natural
hair pigmentation with a desired color and darkness without
harsh conditions or strong oxidants.

Optimization of the hair dyeing process

After initial exploration, the concentration of tyrosine hydroxylase
and reaction time were further optimized to study their effects on
hair dyeing. Hair color changed from brown to black with
increasing enzyme concentration (Fig. 3a). Similarly, the darkness
and RGB ratio of the treated hair were analyzed (Fig. 3d and g). It
was indicated that the oxidation process would also affect the
darkness and color of the treated hair, which could be manipu-
lated through adjusting the concentration of tyrosine hydroxylase.
In addition, the dyeing efficiency of the polydopamine assemblies
was also studied with various reaction time. As shown in Fig. 3b,
the hair samples became black after treatment with polydopamine

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Hair color and darkness after tuning enzyme concentration and
reaction time. (a) Images of hair samples treated with various
concentrations of tyrosine hydroxylase during the dyeing process: (1)
7mgmL™ (2) 1 mg mL™% (3) 0.5 mg mL™, (4) 0.1 mg mL™, and (5)
0.01 mg mL™. (b) Images of hair samples after dyeing with various
periods of time: (1) 10 s, (2) 30 s, (3) 60 s, (4) 120 s, and (5) 300 s. (c)
Images of hair samples after dyeing with commercial hair dyes (left)
and polydopamine based pigments (right). (d—f) Variations in the RGB
intensity of images of hair samples (a—c). (g—i) RGB color ratios of the
hair samples shown in (a—c).

assemblies for 10 seconds, which was significantly faster than
existing protocols and commercial dyes.'*'”**3***¢ Furthermore,
no obvious difference was observed from the darkness of the hair
samples after various reaction times, indicating a significantly
high efficiency. This could be attributed to the high catalytic effi-
ciency of tyrosine hydroxylase and the chelating capability of metal
ions during the dyeing process. After confirming the dyeing
capability of polydopamine assemblies, commercial hair dye was
introduced here for comparison. As shown in Fig. 3¢, similar hair
color and darkness were observed visually after dyeing with these
two pigments. Besides visual inspection, the RGB ratio and color
intensity of the hair images also indicated similar results (Fig. 3f
and i). After washing with shampoo five times, both hair color and
darkness remained similar. However, compared to the turbid
water, the wastewater after washing of the hair treated with poly-
dopamine assemblies remained clear, indicating a more biocom-
patible and biofriendly dyeing process (Fig. S47). In addition, to
further evaluate the biocompatibility and dyeing efficiency of this
approach, BALB/c mice were used here as the animal model for
dyeing and cytotoxicity tests. A clear hair color change was
observed after treatment with polydopamine assemblies (Fig. S57).
No significant adverse symptoms were discovered before and after
treatment with dyeing solution for one week (Fig. S61), which
confirmed the biocompatibility of the polydopamine assemblies.
Also, no obvious allergic or toxic reactions were discovered during
the two-week animal experiments.

The mechanism study of the PDA assemblies deposition

The pigment deposition during the hair dyeing process was also
studied using SEM before and after dyeing with washing 5
times. Compared to the hair before dyeing (Fig. 4a), hair treated
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Fig.4 Deposition analysis of polydopamine assemblies on the surface
of human hair. SEM images of natural human grey hair before dyeing
and after dyeing with polydopamine assemblies (a—d), indicating
nanometer-sized pigments deposited on the surface of hair after
washing. (e) A scheme showing the possible mechanism of polydop-
amine assemblies deposited onto the hair surface.

with the polydopamine assemblies seemed to have a rougher
surface (Fig. 4b-d), which could be attributed to the deposition
of pigments. Although similar depositions were also discovered
in existing reports of utilizing dopamine as a hair dye,'***3*
most of these methods demanded an alkali environment and/or
a strong oxidizing agent like H,O, to achieve hair dyeing. As
shown in Fig. S6a and b, clear hair damage could be observed
from SEM images after treatment with NaOH or H,0,. This
strong attachment between the polydopamine nanoparticles
and the hair surface could be attributed to the unique chemo-
physical properties of polydopamine and the chelating ability of
metal ions.*”*® Keratin as the main surface component of hair
has abundant carboxyl, amino and hydroxyl groups,*** which
could form numerous hydrogen bonds with the catechol and
amine groups of polydopamine.®*** In addition, metal ions
could play key roles in chelating with polydopamines and also
with the keratin of the human hair surface.'®**** As shown in
Fig. 4e, the strong deposition could be attributed to the network
of hydrogen bonds and metal chelation between the hair and
polydopamine nanoparticles.

Conclusions

In conclusion, we developed a bioinspired approach to mimic
the natural hair dyeing process under mild conditions. In the
presence of tyrosine hydroxylase and metal ions, dopamine
could be oxidized into polydopamine, a mimic of human
eumelanin, and then self-assembled into nanometer-scale
pigments. Afterwards, by metal chelation and hydrogen bond
adsorption, the polydopamine assemblies could be deposited
onto the hair surface. Through optimizing the experimental
parameters, various colors and the desired darkness could be
achieved within less than 1 minute. Compared to existing pol-
ydopamine deposition approaches with harsh conditions, mild
conditions and effective deposition were achieved here. Our
experimental results suggest that this bioinspired approach
could pave an alternative and effective path for at-home hair
dyes.
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