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Abstract: Inspired by the iron gall ink that has been used since the Middle Ages, we formulated a
hair-dyeing solution for blackening hair. The ingredients in the formulation have been approved
as cosmetic ingredients, including tannic acid, gallic acid, and Fe(D-gluconate),. The formulation
does not require any harmful oxidizing agents, such as hydrogen peroxide—the Fe(Il) cations bound
to tannins are oxidized spontaneously upon exposure to air and form the blackish Fe(IlI)-tannin
nanocomplex that coats hair firmly. In our study, we show that the dyed color did not fade under
sunlight exposure for at least three months and after shampooing. This natural formulation for black
hair-dyeing can have great impact in the hair cosmetic industry.
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1. Introduction

The coordination complex of Fe(IIl) ions and tannins [1-5] has been widely used throughout
human history, exemplified by the iron gall ink whose use dates back to the Middle Ages in Europe [6].
In the traditional recipe of the iron gall ink, oak galls are the source of tannins (i.e., gallic acid and tannic
acid), and green vitriol (iron(II) sulfate, FeSOy) is typically used as a source of Fe(III) [7]. Iron(III) sulfate
or other iron(Ill) compounds are not directly used presumably because of their low natural abundance
and/or accessibility. Therefore, ink blackening, rather pale initially upon mixing, is achieved by the
oxidation of Fe(Il) to Fe(IIl) ions and semi-infinite self-assembly of Fe(Ill)-tannin complexes [8,9].
We have recently reported the use of the Fe(Il)-tannin complex, not the final Fe(IlI)-tannin complex
in the iron gall ink, as a reaction precursor for fluidic-interface engineering [10] and coacervate
formation [11]. In addition to its water solubility, other advantages of Fe(Il)-tannin complex use
include reaction controllability, because the oxidation-initiation time and reaction rates could be
controlled tightly in the formation of Fe(Ill)-tannin nanostructures. In this work, we studied the
use of the Fe(I)-tannin complex as a precursor for nanomaterial-based hair dyeing, which proved
advantageous over the conventional, direct formation of Fe(III)-tannin complex.

Blackening hair color with nanomaterials is not a new concept for hair dyeing. It is in the
ancient Egyptian or Greco-Roman period that people precipitated black galena (PdS) crystals (size:
~5 nm) on hair with a water paste of lead oxide (PbO) and slaked slime (Ca(OH);) [12]. Recent
examples of this dyeing strategy include the use of reduced graphene oxide (r-GO) sheets for spraying-
or combing-based hair dyeing [13]. Compared with the previous reports, our dyeing system was
composed of the chemicals that are being approved as cosmetic ingredients. Specifically, we used
Fe(D-gluconate), (COSING REF No.: 56253), gallic acid (COSING REF No.: 76338), tannic acid
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(COSING REF No.: 38472), and L-ascorbic acid (vitamin C, COSING REF No.: 74328) in our formulation
(Figure 1).
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Figure 1. Schematic representation of the air oxidation of soluble Fe(II)-tannin to semi-infinite, dark
Fe(Il)-tannin complex during hair dyeing. The possible binding sites of tannic acid and gallic acid to
Fe(III) are indicated in red.

2. Materials and Methods

Tannic acid (Merck), gallic acid (3,4,5-trihydroxybenzoic acid, >97.5%, Merck), iron(II) gluconate
dihydrate (Fe(D-gluconate);-2H,0O, >98%, Merck), iron(Il) sulfate heptahydrate (FeSO4-7H,0O, >99%,
Merck), iron(Ill) chloride hexahydrate (FeCls-6H,O, >98%, Merck), and L-ascorbic acid (>99%, Merck)
were used as received. Deionized (DI) water (18.3 MQ)-cm) from Milli-Q Direct 8 (Millipore) was used.
To DI water was added tannic acid, gallic acid, and L-ascorbic acid, and the mixture was stirred for
complete dissolution, followed by the addition of Fe(D-gluconate),. After 1 h, the blonde hair sample
was immersed for 30 min in the dyeing solution, dried with a hair dryer, washed thoroughly with tap
water, and dried using a hair dryer. The dyed hair was shampooed with a commercially available hair
shampoo (Amorepacific) and washed thoroughly with tap water. The L* values were measured with a
colorimeter (TES-135A, TES Electrical Electronics Corp., Taipei, Taiwan).

3. Results and Discussion

The dyeing performance was tested on blond hair samples. Among a multitude of tannins, gallic
acid was selected as a main dye ingredient in this study, considering that the blackish color in the
iron gall ink originates mainly from gallic acid [7]. Tannic acid was additionally added to enhance
the adhesion property of Fe(Il)-tannin nanocomplex [10]. In our formulation with Fe(Il), the steady
O, oxidation of Fe(Il) to Fe(IIl) in the Fe(II)-tannin complex, upon application to the hair, led to the
continuous coating of Fe(Ill)-tannin nanocomplex and hair darkening, which could not be achieved
by direct use of Fe(Ill) due to the rapid precipitation of Fe(III)-tannin complex. Prescreening dyeing
capability led us to choose 10 mM of Fe(D-gluconate), (Fe(glu),). The total concentration of gallic acid
(GA) and tannic acid (TA) was set to be 10 mM with different GA mole fractions (xga: 0.0 to 1.0 with
increment of 0.1). The dyeing efficiency was represented by AL* (AL*: L* before dyeing minus L* after
dyeing). The lightness value, L*¥, in the CIELab (Commission Internationale de 1'Eclairage) color space
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ranges from 0 to 100, with 0 as the darkest black and 100 as the brightest white [14]. The averaged L*
value of blonde hair samples in our study was 81.5 & 0.2.

Figure 2a shows the optical photograph of the blonde hair that was dyed at xga = 0.9. The hair
turned from blonde to black to the naked eyes, and, accordingly, the L* value decreased significantly to
21.1 + 0.4 from 80.9 £ 0.5 (AL*: 59.8). The graph of AL* versus Xga clearly indicated that GA was the
active ingredient in blackening hair (Figure 2b and Table S1; for the optical micrographs of dyed hair
samples, see Figure S1). The same dyeing characteristics were found, when the concentration of TA
([TA]) was fixed to be 1 mM, and the concentration of GA ([GA]) varied from 0 to 70 mM (Figure 2c
and Table S2). However, it was observed that at GA concentration >10 mM there was no increase in
dyeing efficiency but rather a decrease.
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Figure 2. (a) Optical photograph of a dyed hair sample. [Fe(glu),] = 10 mM, [TA] = 1 mM, and [GA] =
9 mM; (b,c) graphs of AL* versus (b) xga and (c) [GA] with the fixed [TA] of 1 mM.

It is to note that the use of only TA (xga: 0.0) resulted in nonuniform, unreliable dyeing, and the
dyed hair lost its black color to some extent when washed. The hair looked brownish to the naked
eyes at Xga = 0.0. Accordingly, dyeing uniformity increased as xga increased. This observation might
be explained by facile coordination of multi-armed, dendritic TA with Fe(Il), compared to GA, and
subsequent oxidation of Fe(Il) in the formulation: the facilitated oxidation of Fe(Il) to Fe(IlI) led to the
rapid formation of big, water-insoluble Fe(IlI)-TA complexes, which might have precipitated onto the
hair through weak physical interactions [15]. However, TA seemed to act as a binder, because the use
of only GA (xga: 1.0) resulted in slightly decreased AL* than that at xga = 0.9 (AL*: 55.2 vs. 59.8). Take
all together, it could be concluded that the optimal molar ratio of TA to GA is around 1 to 10.

We used FeCl3, instead of Fe(glu),—as a source of the Fe(IIl) cation that had been used in the
traditional, century-long dyeing protocol—for comparative control. We observed that a precipitate
formed rapidly upon mixing of FeCls and tannins, which would not make the traditional formulation
applicable seamlessly to the commercial production due to its solution instability. Moreover, the rapid
precipitation of Fe(IIl)-TA semi-infinite complex led to the unsatisfactory black-dyeing with AL* of
30.2 £ 1.4. In contrast, in our Fe(Il)-based formulation the soluble Fe(Il)-tannin complex could be
kept stable, leading to the long-term storage without precipitation. This kinetic control of aerial Fe(II)
oxidation made the dyeing blackish in our formulation. The control experiment clearly confirmed that
our iron-gall-ink-inspired formulation was superior to the conventional protocol with direct use of
Fe(IlI) in the aspects of dyeing efficacy and shelf-life.

The long-term stability of dyeing was tested under sunlight exposure (xga = 0.0, 0.9, and 1.0)
(Table 1). We did not observe any noticeable increase in the L* value (i.e., color fading) after 3 months.
Shampooing after one week of dyeing did not change the L* value significantly, additionally confirming
the dye stability. The observed color stability in our system was rather unexpected, because most
coating-based hair-dyeing systems were color-fading. We thought that the observed durability might
be explained two-fold: TA is well known to interact strongly with proteins [16], which makes the
first layer of TA nanospecies bound firmly to hair proteins; in addition to the coordination with iron
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cations, TA is capable of covalently linking to other TAs and molecules [17], which would increase the
coating stability.

Table 1. L* values before and after dyeing, and after sunlight exposure.

Before After Sunlight Exposure
Xca Dyein Dyein
yeng yemng 1d 2d 5d 90 d
0.0 82.1+04 462 +0.8 46.8 +0.7 471 4+ 0.5 493 + 0.6 493 + 0.5
0.9 80.9 £ 0.5 2114+ 04 21.3 4+ 0.3 21.3 +0.3 2234+ 0.5 22.5+0.3
1.0 80.0 £ 0.5 24.8 £ 0.5 25.0 £ 0.7 254+ 1.0 259+ 1.2 258 +0.2

We found that FeSOy, the ingredient in the iron gall ink, did not make the dyed hair as blackish as
Fe(glu),. The blonde hair turned to dark brownish to the naked eyes, and the L* value was measured
to be 26.2 + 0.5 after dyeing with FeSO4. We thought that the observed difference in the dyeing
capability was caused by differences in the anion-dependent oxidation kinetics that had previously
been observed [10], but detailed mechanisms remain to be seen at this stage. Nonetheless, this
finding is meaningful in the cosmetic formulation, because customers tend to be reluctant to use
sulfate-containing cosmetic products. We also observed that L-ascorbic acid (i.e., vitamin C) was
beneficial in the black hair-dyeing. The addition of L-ascorbic acid (1 mM) to the formulation increased
AL*, although the concentrations of more than 1 mM lowered the dyeing efficiency presumably because
of its antioxidizing, inhibitory effect against the oxidation of Fe(II) to Fe(III).

4. Conclusions

In summary, we successfully demonstrated the hair-dyeing capability of water-soluble
Fe(II)-tannin metal-organic complex, inspired by the iron gall ink, that does not require any
hair-oxidizing step in the dyeing process. New findings in this study include the optimal molar ratio of
tannic acid and gallic acid (~1:10) for black hair-dyeing, better dyeing performance of Fe(D-gluconate),
over FeSQy, inefficiency of the direct use of Fe(IIl) cations, and addictive role of L-ascorbic acid. The use
of Fe(II) complex provides further benefit in product development, because the direct formation of
Fe(IlI)-tannin complex has a huge problem in rapid precipitation upon mixing of Fe(Ill) and tannins.
The ingredients in our formulation are all approved as cosmetic ingredients and even as food additives,
relieving the health concern on cosmetic dyes [18]. In addition, the dyeing process is simple, and the
color lasts long, which would make our formulation advantageous over the conventional permanent or
oxidative hair dyes [19]. The formulation would be functional in the UV protection against hair damage,
because the Fe(IIl)-tannin nanocomplex is UV-protective [20]. We also envision that our formulation
could be combined with the synthetic melanogenesis in hair dyeing [21], because 5,6-dihydroxyindole
has a capability of making a coordination complex with Fe(II). One of the drawbacks in our current
formulation would be the solution’s pH, which is ~3.9 upon mixing and decreases to 3.1 after 90 days
of storage. Considering that the average pH of the skin is 4.9 and the pH of forehead is 4.4 [22], the pH
values of lower than 4 might have damaging effect on the hair and skin. Our preliminary results show
that the pH value of the dyeing solution does not affect the dyeing efficiency significantly (unpublished
results), and the pH optimization of our formulation is currently underway.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2079-9284/6/2/23/s1,
Figure S1: Optical photographs of the hair samples after dyeing (xga: 0.0, 0.1, 0.2, 0.3,0.4, 0.5, 0.6, 0.7, 0.8, 0.9, and
1.0); Table S1: L* values before and after hair dyeing. [TA + GA] = 10 mM; [Fe(glu);] = 10 mM; Table S2: L* values
before and after hair dyeing. [Fe(glu),] = 10 mM; [TA] = 1 mM.
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