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Abstract: Inspired by the redox reactions in the preparation of the iron gall ink that has been used in
Europe since the Middle Ages, we developed a technology for forming the oil-in-water emulsions,
without any surfactants and emulsifiers, by homogenizing a mixture of tannic acid, gallic acid,
Fe(D-gluconate)2, and natural oil, which are all approved as cosmetic ingredients. Various plant-
derived oils, such as argan oil, olive oil, sunflower oil, grape seed oil, hemp seed oil, peppermint
oil, rosemary oil, and ylang-ylang oil, were used as an oil phase for the emulsion formation, and all
the fabricated emulsions exhibited the capability of black hair-dyeing. This surfactant-free emulsion
technology for combining the hair-dyeing capability of Fe3+–tannin complex with the hair-fortifying
property of natural oil would have great impact on the hair-cosmetic industry.

Keywords: emulsions; hair dyeing; iron gall ink; natural oils; surfactant-free

1. Introduction

Gray hair is aesthetically unappealing and can cause psychosocial stress, such as low
self-esteem, in some countries, because it is often perceived in conjunction with aging.
The detailed etiopathogenesis of hair graying remains unclear, but recent studies suggest
that hydrogen peroxide (H2O2), accumulated in scalp hair shafts, induces the oxidative
damage in the hair follicle, causing the hair graying [1–4]. It is reported that the protein
expression of catalase and methionine sulfoxide (Met–S=O) reductases A and B is reduced
significantly, and the Met residues in tyrosinase, including Met 374 in the active site, are
also oxidized to Met–S=O, limiting its catalytic activity for melanogenesis [1]. Another
study also indicates the repression of catalase expression and hydroxyl radical-scavenging
activities in the unpigmented hair follicle [2]. The oxidative factors have been reported
to be multifold, for example, ultraviolet (UV) radiation, pollution, psychological stress,
alcohol consumption, smoking, inflammation, and chronic diseases [5–11], which makes
the prevention and treatment of premature graying of hair (PGH) (and hair graying in
general) difficult clinically [12].

Temporal hair coloring is widely used for the coverage of premature graying of hair
(PGH) [13] and senile gray hair [14], but public concern on the potential side effects of dyes
in the hair-dyeing products, such as allergic reactions and tumorigenesis [15–17], leads
academic researchers and cosmetic companies to seek for alternatives [18–28]. For example,
a mixture of graphene sheets, vitamin C, and chitosan was utilized for the black hair-
dyeing formulation that had an antistatic property and enhanced thermal conduction [18].
Various biocompatible oxidation conditions for polydopamine deposition to hairs have
also been investigated [19–24]. In addition, there has been much effort on the functional
combination of hair coloring and strengthening (or other hair-boosting functions) based
on nature-derived, biofriendly compounds [25]. However, in some cases, hair-boosting
compounds are oil-soluble, requiring an emulsion formation, which generally employs sur-
factants or emulsifiers for emulsion stability. In this work, considering that the surfactants
would be potentially irritable to the hair, scalp, and skin, we investigated a surfactant-
free, oil-in-water emulsion technology for black hair-dyeing formulation, in which the
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incorporation of hair-strengthening ingredients was possible. Specifically, we utilized the
material-independent coating property of Fe3+–tannin complex [29] for both emulsion
stabilization and hair dyeing.

2. Materials and Methods

Gallic acid (3,4,5-trihydroxybenzoic acid, ≥97.5%, Merck), tannic acid (Merck), iron(II)
gluconate dihydrate (Fe(D-gluconate)2·2H2O, ≥98%, Merck), and Nile Red (Nile Blue A
oxazone, TCI) were used as received. Deionized (DI) water (18.3 MΩ·cm) from Milli-Q
Direct 8 (Millipore) was used. Argan oil, olive oil, sunflower oil, grape seed oil, hemp seed
oil, peppermint oil, rosemary oil, and ylang-ylang oil were purchased from local markets
in Daejeon, Korea. 1,2-Hexanediol (COSING REF No.: 54,170) was purchased from Dong
Bang LB. The oil, as an internal phase (20% v/v), was added to a Fe2+–tannin solution
([Fe2+] = 10 mM; [GA] = 10 mM; [TA] = 1 mM) and broken into small droplets by a homog-
enizer (T 25 digital ULTRA-TURRAX®, IKA®). After 24 h of reaction with air exposure, the
resulting emulsions were characterized by confocal laser-scanning microscopy (CLSM). For
the CLSM analysis, the oil was mixed with Nile Red (λmax: 553 nm) for easy visualization
before emulsion formation. The bleached blonde hair sample was immersed for 30 min
in the emulsion, dried with a hair dryer, shampooed with a commercially available hair
shampoo (Amorepacific) in tap water at 20 ◦C, and dried with a hair dryer. In the long-term
spraying experiment, 1,2-hexanediol was added to the emulsion (pH 5) with the final
concentration of 2 wt%, and the set of shampooing–drying–spraying–drying was repeated
at 24 h intervals. The L* values were measured with a colorimeter (TES-135A, TES Electrical
Electronics Corp.). At least 10 measurements per sample (triplicated) were performed, and
the averaged L* values with standard deviation were reported.

3. Results

In the traditional recipe of the iron gall ink (IGI), the use of which dates back to the
Middle Ages in Europe, ink blackening is achieved by the air oxidation of Fe2+ to Fe3+

ions in the Fe2+–tannin complex that is prepared by mixing tannins (e.g., gallic acid and
tannic acid) from oak galls and green vitriol (iron(II) sulfate, FeSO4) [30,31]. Inspired by
the IGI, we recently reported the use of the Fe2+–tannin complex as a reaction precursor
for interfacial-film formation [32], protein sequestering [33], black hair-dyeing [28], and
single-cell nanoencapsulation (SCNE) [34], as an alternative to the direct method that mixes
Fe3+ and tannins [29,35]. Especially, we found that the relatively high O2 level in the oil
phase—about 100-fold higher than in water at 298.15 K [36]—enabled the surfactant-free
emulsion formation with hexadecane as a model of internal oil phase [32]. In this work, we
employed various biofriendly plant oils, as models for the oil phase, in the formation of
the surfactant-free emulsions based on our reported protocol, and studied the hair-dyeing
capability of the emulsions formed (Figure 1).
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The main ingredients in the emulsion formation were Fe(D-gluconate)2 (Fe(glu)2,
COSING REF No.: 56,253), gallic acid (GA, COSING REF No.: 76,338), and tannic acid
(TA, COSING REF No.: 38,472). The final concentrations were set to be 10 mM of Fe(glu)2,
10 mM of GA, and 1 mM of TA, respectively, based on our previous report on the black hair-
dyeing capability of the Fe(glu)2/GA/TA combination [28]. The model oils employed in
this study were argan oil, olive oil, sunflower oil, grape seed oil, hemp seed oil, peppermint
oil, rosemary oil, and ylang-ylang oil. The surfactant-free oil-in-water (o/w) emulsions
were formed with 1:4 ratio of the oil to water (χ = 0.2). Note that the use of 20 % (v/v)
oils was to investigate the feasibility of emulsion formation by our IGI-based protocol,
and the oil percentage, especially for essential oils, would be reduced and/or other oil-
soluble compounds be utilized as a main component for the oil phase at the practical
setting. The o/w emulsions were blackish to the naked eyes, and no precipitates were
observed (Figure 2a and Figure S1). The optical images showed the successful emulsion
formation (Figure 2b and Figure S2). The confocal laser-scanning microscopy (CLSM)
analysis, with lipophilic Nile Red as an oil-phase marker, directly evidenced the formation
and stabilization of the emulsions without any surfactants or emulsifiers (Figure 2c and
Figure S3). The hair-coloring capability of the eight different emulsions was investigated
by measuring the L* value in the CIELAB L*a*b* color space [37], after immersing a blonde
hair sample for 30 min in the emulsion and shampooing (Table 1, Figure 2d and Figure S4).
In the CIELAB L*a*b* color space, the L* (lightness) value is defined to be 0 for black and
100 for white. Therefore, lower L* values mean that the samples are darker in the lightness
coordinate. Table 1 shows that the shampooing step did not change the L* values noticeably,
and the L* values remained below 30 after dyeing and shampooing, confirming the black
hair-dyeing capability of our surfactant-free emulsion system.
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Figure 2. (a–c) Characterizations of the surfactant-free emulsions with the ylang-ylang oil-based
emulsion as a representative. (a) Optical photograph of the emulsion-containing vial. (b) Optical and
(c) CLSM images of the emulsion. Scale bar: 10 µm. (d) Optical photograph of the hair sample after
dyeing with the ylang-ylang oil-based emulsion. The characterization data for the other emulsions
are presented in the Supplementary Materials.

We analyzed the emulsion stability at various pH values, because low pH would have
damaging effects on the hair and skin. For instance, the average pH of the skin is reported
to be 4.9, and the pH of forehead is 4.4 [38]. On the other hand, the pH of the initial
emulsion was measured to be around 3.4–3.5 for all the emulsions formed, suggesting
the need of pH increase for mild administration to the hair and scalp. In addition, the
maintained stability of Fe3+–tannin-based formulation, upon pH increase, is particularly
important at the practical setting, because the Fe3+–tannin complex itself is known to
precipitate rapidly at the elevated pH [28,39]. We varied the emulsion pH to 4, 5, 6, and
7, and analyzed the emulsion stability by CLSM with Nile Red as a marker. The CLSM
images arguably confirmed that all the tested emulsions were stable at the elevated pH
values (Figure S5). For example, the initial pH value of the ylang-ylang oil-based emulsion
was 3.43, and the structural integrity of the emulsion was maintained at the elevated pH
up to 7. We did not test its stability under basic conditions because most hair and skin
products are acidic or neutral.
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Table 1. Percent L* value change (%∆L*) after hair dyeing and shampooing. %∆L* = (L*sample −
L*measured)/ L*sample × 100. AO: argan oil; OO: olive oil; SFO: sunflower oil; GSO: grape seed oil;
HSO: hemp seed oil; PO: peppermint oil; RO: rosemary oil; Y-YO: ylang-ylang oil.

Sample L*sample

L*measured
after

Dyeing

L*measured
after

Shampooing

%∆L*
after

Dyeing

%∆L*
after

Shampooing

AO 77.3 ± 1.5 25.6 ± 2.5 28.2 ± 2.3 66.9 63.5
OO 77.8 ± 1.6 22.5 ± 1.7 23.9 ± 1.9 71.1 69.3
SFO 77.9 ± 1.8 23.7 ± 1.8 26.6 ± 1.9 69.6 65.9
GSO 77.0 ± 1.3 22.4 ± 1.5 24.9 ± 1.7 70.9 67.7
HSO 78.6 ± 1.3 23.1 ± 3.1 24.7 ± 1.8 70.6 68.6
PO 78.6 ± 1.3 24.2 ± 1.7 25.8 ± 2.0 69.2 67.2
RO 77.8 ± 1.8 25.1 ± 1.6 27.8 ± 1.6 67.7 64.3

Y-YO 78.4 ± 1.3 21.3 ± 1.8 21.4 ± 1.8 72.8 72.7

After confirming the emulsion stability at the elevated pH, we investigated the hair-
dyeing capability of argan oil-based and ylang-ylang oil-based emulsions, as represen-
tatives, after pH adjustment to 5.0. We used the emulsions that had the pH value of 5.0
because previous reports showed that the shampoo with pH of higher than 5.5 had negative
effects on the hair and scalp [40]. In the immersion-based dyeing, the argan oil- and ylang-
ylang oil-based emulsions gave the L* values of 26.6 ± 4.1 and 28.4 ± 1.9, respectively
(L* values of the intact hair samples: 77.3 ± 1.7 and 78.3 ± 1.5), but the L* values increased
to 58.1 ± 1.5 and 58.6 ± 2.1 after shampooing, different from the results with the pH-
unadjusted emulsions. This result indicated that the increase in pH made the emulsion
less persistent to shampooing in the dyeing capability. The hair became oily after emulsion
treatment, implying that the emulsion was ruptured on the hair, and the oil coated the hair.
We thought that the leaked oil diminished the attractive interactions between the hair and
the Fe3+–tannin complex. However, considering the beneficial effects of the essential oils on
hair, we thought that our emulsion formulation could be used for natural, surfactant-free
hair treatment beyond the dyeing capability. For example, peppermint and rosemary oils
have been reported to promote hair growth [41,42].

We tested the long-term hair-dyeing characteristics of the spraying method that is
more relevant to and more convenient in the real setting than the emulsion method. It
is anticipated that the public prefers simple spraying to immersion for hair coloring on
the daily basis. This practice would be beneficial particularly to the formulation for
both hair-colorizing and -boosting from Fe3+/TA/GA and functional ingredients in the
oil phase, respectively. The emulsion at pH 5 was sprayed onto shampooed blond hair
samples, followed by drying. The protocol set of shampooing, drying, spraying, and drying,
which would be adopted smoothly to the real-life setting, was repeated at 24 h intervals.
Figure 3 clearly showed that the hair sample became darker after shampooing treatment, as
spraying was repeated at the daily basis. For example, in the treatment of argan oil-based
emulsion, the L* value of the shampooed sample (L*: 76.8 ± 1.0) was 36.3 ± 1.5 after
10 repetitions of the sprayed dyeing, which was much lower to that after the first dyeing
and shampooing (55.3 ± 0.7) (Figure 3a). In addition, the L* value after dyeing decreased,
although slowly, with repetition of spraying (from 34.4 ± 1.1 to 27.2 ± 1.0 in Figure 3a). The
ylang-ylang oil-based emulsion (pH 5) also showed the same trend as the argan oil-based
one in the spraying system (Figure 3b). Taken together, these results suggested that our
spraying protocol, based on the Fe2+–tannin emulsion, would be used for daily treatment
of graying hair.
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Figure 3. Graphs of L* values for repeated dyeing and shampooing in the spraying protocol. (a) Argan
oil-based emulsion (pH 5). (b) Ylang-ylang oil-based emulsion (pH 5).

4. Conclusions

In this work, we developed a totally surfactant-free fabrication technology for stabi-
lizing the natural oil-containing oil-in-water emulsions, inspired by the iron gall ink, for
synergistically utilizing the water-soluble and oil-soluble compounds in the prevention and
treatment of hair graying. Our formulation has several advantages in haircare applications:
(1) It does not require any surfactants or emulsion-stabilizing chemicals for the emulsion
formation, which are potentially irritable to the hair and skin, as well as the unwanted
components in the formula to the customers in some countries. (2) The emulsion is stable at
the pH values of the skin and therefore not harmful or irritable to the scalp and skin. (3) The
color of the Fe3+–tannin complex is innately dark purplish black, which would be useful
for black hair-dyeing. We also believe that the advanced combination of therapeutically
active, lyophilic compounds, such as Minoxidil [43], in the oil phase and hair-colorizing
Fe3+–tannin complex in the form of surfactant-free emulsions would provide a natural
formula to the simultaneous treatment for baldness and hair graying, which is our next
research thrust.
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of the emulsions with argan oil, olive oil, sunflower oil, grape seed oil, hemp seed oil, peppermint
oil, rosemary oil, and ylang-ylang oil. Figure S4: Optical photographs of the hair samples after
dyeing with the emulsions having argan oil, olive oil, sunflower oil, grape seed oil, hemp seed oil,
peppermint oil, rosemary oil, and ylang-ylang oil. Figure S5: CLSM images of the emulsions, having
argan oil, olive oil, sunflower oil, grape seed oil, hemp seed oil, peppermint oil, rosemary oil, and
ylang-ylang oil, at various pH values.
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