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Abstract: Hair care products that have oxidative hair dye ingredients have been widely
used to permanently change hair color for the characteristic and younger appearance of
people and/or their companion animals. In the European Union and the Republic of Korea,
these ingredients have been carefully used or prohibited for cosmetic products according
to their genotoxic potential. There is a growing demand for reliable quantification methods
to monitor oxidative hair dye ingredients in hair care products. However, accurately
quantifying oxidative dyes in cosmetic samples is challenging due to their high reactivity
and chemical instability under both basic and ambient conditions. For this reason, for the
quantification methods, elaborate sample preparation procedures should be accompanied
by chemical derivatization to avoid chemical reactions between hair dye ingredients,
before instrumental analysis. Therefore, this study utilized a gas chromatography—-mass
spectrometry (GC-MS) method combined with in situ chemical derivatization to quantify
26 oxidative hair dye ingredients in hair care products. In situ derivatization using acetic
anhydride provided the characteristic [M-CH,CO]* ions at m/z (M-42), produced by the
loss of a ketene from the hair dye ingredient derivatives. These characteristic ions can be used
to establish a selective ion monitoring (SIM) mode of GC-MS. The established method was
successfully applied to hair dye products (n = 13) and hair coloring shampoos (n = 12). Most
products contained unintended hair dye ingredients including catechol without labeling. It
was cautiously speculated that these unintended hair dye ingredients might be caused by
biodegradation due to various enzymes in natural product extracts. This study presents
a reliable GC-MS method with in situ derivatization to quantify 26 oxidative hair dye
ingredients in hair care products, addressing challenges related to their chemical instability.
This method is crucial for public health and regulatory compliance.

Keywords: oxidative hair dye ingredients; hair dye products; hair coloring shampoo;
in situ derivatization; gas chromatography—mass spectrometry

1. Introduction

Since ancient times, people have sought to maintain a youthful and attractive ap-
pearance, while trendsetters have aimed to create distinctive looks. As a result, numerous
cosmetic products have been continuously developed, manufactured, distributed, and used.
Among these, hair care products containing oxidative hair dye ingredients (commonly
known as permanent hair dyes) have been widely used to achieve long-lasting hair color
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changes. These oxidative hair dyes function based on two key components, called first
agents (primary intermediates and couplers) and second agents (oxidizing agents). First
agents can be further categorized into primary intermediates and couplers, which can
form colors and modify reactions, respectively. Second agents play as an alkalizing agent
to promote the oxidation of primary intermediates. The interaction between different
primary intermediates and couplers produces characteristic hair colors, and the highly
reactive functional groups in their chemical structures contribute to their strong reactivity
(Figure 1) [1-3].
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Figure 1. Chemical structures of 26 hair dye ingredients (primary intermediates and couplers).

According to the International Agency for Research on Cancer (IARC), it is well
known that some oxidative hair dyes carry mutagenic toxicity [4-7]. The European Com-
mission has banned several oxidative hair dye ingredients (such as 2-amino-4-nitrophenol,
2-amino-5-nitrophenol, catechol, 1,3-phenylenediamine, and 2-aminophenol) for use in
hair dye products [8]. Furthermore, in the Republic of Korea, the Ministry of Food and
Drug Safety (MFDS) announced that the production of hair dye products (containing 2-
aminophenol, 2-aminophenol hemisulfate, 2-amino-4-nitrophenol, 2-amino-5-nitrophenol,
2-amino-5-nitrophenol sulfate, 1,3-phenylenediamine, 1,3-phenylenediamine hydrochlo-
ride, 1,3-phenylenediamine sulfate, 1,4-phenylenediamine, 2-nitro-1,4-phenylenediamine,
2-chloro-1,4-phenylenediamine sulfate, catechol, and pyrogallol) would be prohibited ac-
cording to their genotoxic potentials [9]. Therefore, the development of analytical tools
to accurately and precisely determine hair dyeing agents in various hair care products is
essential, since many people have been daily and occupationally exposed to oxidative hair
dye ingredients.

Although the selective and sensitive fluorescence determination method was devel-
oped to determine 1,3-phenylenediamine in hair dye and water samples [10], chromato-
graphic separation methods have been widely employed to determine hair dye ingre-
dients in hair care products [11,12]. Furthermore, analytical methods combined with
mass spectrometry (MS) have been substantially utilized to sensitively and selectively
detect hair dyeing agents in various cosmetic products [13-17]. In particular, since lig-
uid chromatography—mass spectrometry (LC-MS) enables the determination of analytes
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with minimum sample preparation, the dilute-and-shoot method has been employed
as a suitable analytical approach for detecting vulnerable hair dye ingredients in hair
care products [18]. Nevertheless, a reliable quantification of hair dye ingredients might
be challenging, since most hair dye ingredients are highly unstable and chemically re-
active, not only under basic conditions but also under ambient conditions, including
storage in a refrigerator or a cold autosampler. To accurately and precisely quantify hair
dye ingredients in hair care products, the chemical reaction between hair dye ingredi-
ents should be prevented using chemical derivatization combined with a delicate sample
preparation process.

This study describes a reliable GC-MS method combined with in situ derivatization to
quantify oxidative hair dye ingredients in hair care products, addressing challenges related
to their instability and ensuring compliance with cosmetic safety regulations.

2. Experimental
2.1. Chemicals and Materials

Acetic anhydride, hydrochloric acid (HCI), sodium carbonate, 4-nitro-1,2-phenylenediamine,
2-nitro-1,4-phenylenediamine, 2-amino-5-nitrophenol, 5-amino-2-methylphenol 3-aminophenol,
2-aminophenol, 4-aminophenol, 1,3-phenylenediamine, 1,4-phenylenediamine, N-phenyl-1,4-
phenylenediamine, 4-methylaminophenol, 2,6-diaminopyridine, amidol (2,4-diaminophenol di-
hydrochloride), 1,5-naphthalenediol, 1-naphthol, resorcinol, 2-methylresorcinol, 1,2,3-
trihydroxybenzene (pyrogallol), 2-amino-3-hydroxypyridine, 6-hydroxyindole and isotopically
labeled aniline-ds (internal standard; IS) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). 5-(2-Hydroxyethyl)amino-2-methylphenol, 2-amino-4-nitrophenol, 2,4-
diaminophenxyethanol, 2,5-diaminotoluene, 2,4-diaminophenol hydrate (amidol), 2-chloro-
14-phenylenediamine, and catechol were purchased from TCI (Tokyo, Japan). All au-
thentic chemical standards and reagents used in this study were analytical grade or bet-
ter. Ethyl acetate (EA), n-hexane, and methanol (MeOH) were purchased from J. T. Baker
(Phillipsburg, NJ, USA). De-ionized water (DW) was obtained using an Evo-CB water purifica-
tion system (Mirae ST, Anyang-si, Republic of Korea).

2.2. Sample Preparation Including In Situ Derivatization

A total of 26 authentic chemical standards for hair dyes were carefully weighed at
2 mg using an analytical balance (Mettler Toledo, Columbus, OH, USA). The weighed
standard chemicals were transferred to 4 mL amber vials and mixed with 2 mL of DW or
MeOH (stock solution). The stock solution was serially diluted using DW to appropriate
concentrations. The diluted standard solutions were used to optimize sample preparation
and instrumental analysis conditions, as well as to evaluate the quantification method.

The collected hair dye samples (500 mg) were weighed using an analytical balance and
a micropipette. Each weighed sample was transferred into a 4 mL clear vial, spiked with
10 pL of an IS solution at a concentration of 10 ug/mL. To derivatize the hair dye ingredients,
100 pL of 1 M sodium carbonate buffer and 200 pL of acetic anhydride were added to the
vial, and the mixture was thoroughly mixed. The mixed sample was vigorously vortexed
for 1 min, followed by adding 3 mL of EA and another shaking for 3 min. The final
mixed sample did not form emulsions and clearly separated into two distinct layers. The
supernatant was transferred into a 4 mL vial and dried under a N, gas gentle stream. The
hair dye derivatives were reconstituted with 100 uL of EA and transferred into a vial for
GC-MS analysis. When the concentration of hair dye ingredients in a sample exceeded the
calibration range, the sample was diluted with DW prior to sample preparation to ensure
accurate quantification.
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2.3. Gas Chromatography—Mass Spectrometry Conditions

In this study, an Agilent 5975C mass spectrometer system connected to an Ag-
ilent 6890N gas chromatograph was used in electron ionization (EI) mode at 70 eV
(Palo Alto, CA, USA). The pretreated samples were introduced into the injection port
at 280 °C using split mode (ratio at 10:1). A chromatographic separation of hair dye deriva-
tives was accomplished by a DB-17ms capillary column (30.0 m length x 0.25 mm i.d.,
0.25 pm film thickness, J&W Scientific, Folsom, CA, USA). Highly purified helium gas
(99.999%) was used as a carrier gas at a flow rate of 1.0 mL/min. The oven temperature
was initially held at 50 °C for 4.0 min, increased to 185 °C with a 30 °C/min rate, and then
raised to 300 °C with a 5 °C/min rate, where it was held for 4 min. The temperatures for
the MS transfer line and ion source were set at 280 °C and 230 °C, respectively. The hair dye
derivatives were detected using scan mode (/z 50-500) and quantified using selected ion
monitoring (SIM) mode. A SIM mode was programmed based on characteristic retention
times and fragment ions for hair dye derivatives.

2.4. Method Validation

This method was validated in terms of linearity, detection and quantification limits,
precision and accuracy, and stability, and applied to commercially available hair care
products. Since a hair dye product sample without oxidative hair dye ingredients was not
feasible, all validation results were derived from an investigation using a hair shampoo,
free from oxidative hair dye ingredients, to which known amounts of the analytes and the
IS were added. The calibration curves for hair dye ingredients were constructed within
the corresponding dynamic ranges in five replicates. The limits of detection (LODs) and
quantification (LOQs) were investigated by calculating a signal-to-noise ratio at 3 and 10,
respectively. The precision and accuracy of the method were evaluated based on intra- and
inter-day assays. The intra- and inter-day assays were employed by analyzing samples
spiked with standard solution at three concentration levels within the same day and five
consecutive days, respectively. To understand the chemical instability of 26 hair dye
ingredients, the stability of the method was investigated at 24 and 48 hr, after the standard
solutions were made.

3. Results and Discussion
3.1. Optimization of In Situ Derivatization and Extraction Conditions

Since oxidative hair dye ingredients are chemically vulnerable due to their high
reactivity, it is difficult to accurately quantify hair dye ingredients in hair care products.
Therefore, in this study, an in situ chemical derivatization method was used to prevent the
chemical reaction between oxidative hair dye ingredients with highly reactive functional
groups in hair care products. Acetic anhydride has not only been widely used to protect
thermally unstable hydroxy and amine groups in chemical structures [19-21] but could
also be employed in aqueous phases [21,22]. Therefore, in situ derivatization using acetic
anhydride was selected to directly apply to various types of hair care products including
hair dye products and hair coloring shampoos.

The overall procedure for in situ derivatization was slightly modified based on
the previous report [23]. The derivatization procedure was evaluated using represen-
tative hair dyes, such as 6-hydroxyindole, 3-aminophenol, 1,5-naphthalenediol, and m-
phenylenediamine, which were selected on the basis of their chemical structures. Although
these representative oxidative hair dye ingredients have multiple functional groups to
protect, all targets were derivatized without significant by-products under the optimized
derivatization conditions (Figures S1IA-D and S2A-D).
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To extract hair dye ingredient derivatives from aqueous phase matrices after derivati-
zation, a simple liquid extraction (SLE) was performed. In this study, several conditions
for an SLE method were optimized in terms of solvent type, volume, and repetition num-
ber of extraction. Different extraction solvents, such as ethyl acetate (EA), n-hexane, and
dichloromethane, were evaluated using 2 mL volume without repeated extractions. As
shown in Figure 2A, when EA was used as an extraction solvent, overall oxidative hair
dye ingredient derivatives could be thoroughly extracted from aqueous sample solutions
compared to other extraction solvents. Therefore, EA was chosen to extract acetylated
hair dye ingredient derivatives from sample solutions due to its moderate polarity and
structural compatibility with the acetylated derivatives. Furthermore, solvent volume
and the repetition number for extraction were comprehensively investigated to select the
optimized extraction conditions. Interestingly, when 3 mL of EA was used without re-
peated extractions, most of the targeted hair dye derivatives showed higher extraction
efficiencies compared to other conditions (Figure 2B). It was speculated that an increase
in the extraction solvent and the repetition number might lead to an increase in the loss
of volatile hair dye ingredient derivatives during N, gas drying. Therefore, in this study,
3 mL of EA was used as an extraction solvent to extract hair dye ingredient derivatives
from samples without repetition.
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Figure 2. Influences of (A) types and (B) volumes of extraction solvents.

3.2. GC-MS-SIM Conditions

Under the optimized sample preparation conditions, 26 oxidative hair dye ingredients
were detected using GC-MS (Figure 3). Overall, oxidative hair dye ingredients were
successfully separated under the optimized GC conditions, except for resorcinol, 2,4-
diaminophenol, and IS, and 5-(2-hydroxyethyl)amino-2-methylphenol and 2-amino-5-
nitrophenol, respectively. Nonetheless, since these co-eluted analytes (resorcinol (/z 110),
2,4-diaminophenol (1/z 67), and IS (m/z 98), and 5-(2-hydroxyethyl)amino-2-methylphenol
(m/z 154) and 2-amino-5-nitrophenol (m/z 136)) provided different and characteristic
fragment ions on El-mass spectra (Figure S3A-E), they could be identified and quantified
separately in complex sample matrices. In particular, the EI-mass spectra of hair dye
derivatives exhibited the characteristic [M—CH,CO]* ions at m/z (M—42), which could be
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formed by the loss of a ketene from the derivatives. These ions, along with retention time
and additional fragment patterns, can be used as reporter ions to identify and confirm the
acetyl derivatives of hair dye ingredients. To accurately and precisely quantify hair dye
ingredients, a SIM method for individual hair dye ingredients was constructed based on the
corresponding characteristic fragment ions and appropriate retention time (RT) windows.
Furthermore, the relative ratios between fragment ions of hair dye ingredient derivatives
were examined to confirm the analytes during GC-MS analysis. Several low-abundance hair
dye ingredient peaks, such as 2,4-diaminophenol, 1-amino-3-hydroxypyridine, pyrogallol,
2,4-diaminophenoxyethanol, and 4-nitro-1,2-phenylenediamine, exhibited high detection
limits (Table 1), which might be due to poor derivatization and/or extraction efficiency.
SIM conditions for 26 oxidative hair dye ingredients were summarized in Table S1.

2,3,1s
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l L . L L A A . A A .
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Figure 3. Overlaid selected ion monitoring (SIM) chromatograms for 26 hair dye ingredients and the
internal standard using the quantification ions in a standard solution at 10 ug/mL. (Peaks are identified as
follows: 1, catechol; 2, resorcinol; 3, 2,4-diaminophenol (amidol); 4, 2-methylresorcinol; 5, 1-naphthol; 6. 2-
aminophenol; 7, 2-amino-3-hydroxypyridine; 8, pyrogallol; 9, 4-methylaminophenol; 10, 6-hydroxyindole;
11, 3-aminophenol; 12, 4-aminophenol; 13, 5-amino-2-methylphenol; 14, 1,5-naphthalenediol; 15, 2-
amino-4-nitrophenol; 16, 2,6-diaminopyridine; 17, 2-amino-5-nitrophenol; 18. 5-(2-hydroxyethyl)amino-2-
methylphenol; 19, 1,3-phenylenediamine; 20, 2-chloro-1,4-phenylenediamine; 21, 1,4-phenylenediamine;
22, 2,5-diaminotoluene; 23, 2-nitro-1,4-phenylenediamine; 24, 2,4-diaminophenoxyethanol; 25, 4-nitro-1,2-
phenylenediamine; 26, N-phenyl-1,4-phenylenediamine; IS, aniline-ds).

Table 1. Analytical characteristics of the established method for samples.

Analytes Callbr(alt:;/g)Range Linear Regression Equation r? (L p?gl/)gs) (L;?g%s)
Catechol * 0.5-100 y = 0.00065673x — 0.05655 0.999 0.34 1.01
Resorcinol 0.1-100 y = 0.00064491x + 0.00844 0.999 0.08 0.23
Amidol 5-100 y = 0.00000649x — 0.00247 0.999 2.58 7.75
2-Methylresorcinol 0.5-100 y = 0.00049549x — 0.14419 0.999 0.13 0.40
1-Naphthol 0.1-100 y =0.00024251x — 0.00283 0.999 0.03 0.09
2-Aminophenol * 0.1-100 y = 0.00050966x — 0.02034 0.999 0.07 0.20
2-Amino-3-hydroxypyridine 0.5-100 y = 0.00035237x — 0.01697 0.999 0.27 0.81
Pyrogallol * 1-100 y = 0.00090479x — 0.55632 0.996 0.40 1.21
4-Methylaminophenol 0.5-100 y =0.00051693x — 0.02538 0.999 0.13 0.38
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6-Hydroxyindole 0.1-100 y = 0.00065969x + 0.00183 0.999 0.03 0.09
3-Aminophenol 0.5-100 y = 0.00094849x — 0.34823 0.999 0.06 0.17
4-Aminophenol 0.5-100 y = 0.00106028x — 0.36194 0.999 0.21 0.64
5-Amino-2-methylphenol 0.1-100 y =0.00114624x — 0.10384 0.999 0.06 0.18
1,5-Naphthalenediol 0.1-100 y =0.00026184x — 0.00438 0.999 0.02 0.05
2-Amino-4-nitrophenol * 0.5-100 y = 0.00001830x — 0.00143 0.999 0.14 0.41
2,6-Diaminopyridine 0.1-100 y =0.00016340x — 0.00196 0.999 0.14 0.42
2-Amino-5-nitrophenol * 0.1-100 y = 0.00002763x + 0.00227 0.999 0.16 0.48
5-(2-Hydroxyethyl)amino-2-methylphenol 0.1-100 y =0.00049635x — 0.03 0.996 0.10 0.30
1,3-Phenylenediamine * 0.1-100 y = 0.00051658x — 0.02990 0.998 0.12 0.37
2-Chloro-1,4-phenylenediamine * 0.1-100 y = 0.00023605x — 0.01863 0.999 0.05 0.15
1,4-Phenylenediamine * 0.1-100 y =0.00071032x — 0.02409 0.999 0.15 0.45
2,5-diaminotoluene 0.1-100 y =0.00019091x + 0.00116 0.999 0.15 0.45
2-Nitro-1,4-phenylenediamine * 0.1-100 y = 0.00018237x + 0.00036 0.999 0.24 0.73
2,4—Diaminolghenoxyethanol 0.5-100 =0.00006866x — 0.00313 0.999 0.38 1.14
4-Nitro-1,2-phenylenediamine 1-100 y = 0.00001374x + 0.00148 0.999 1.34 4.00
N-Phenyl-1,4-phenylenediamine 0.1-100 y = 0.00052814x — 0.02535 0.999 0.05 0.14

* Hair dye ingredients banned in the Republic of Korea.

3.3. Method Validation

In this study, the target oxidative hair dye ingredients were selected based on the list in
the Regulations on the Safety Standards, etc., of Cosmetics [9], which necessarily included
12 hair dye ingredients (such as 2-aminophenol, 2-aminophenol hemisulfate, 2-amino-4-
nitrophenol, 2-amino-5-nitrophenol, 2-amino-5-nitrophenol sulfate, 1,3-phenylenediamine,
1,3-phenylenediamine hydrochloride, 1,3-phenylenediamine sulfate, 1,4-phenylenediamine,
2-nitro-1,4-phenylenediamine, 2-chloro-1,4-phenylenediamine sulfate, catechol, and py-
rogallol) that are banned by the Korean government. Since overall oxidative hair dye
ingredients include various salt forms, a total of 26 oxidative hair dye ingredients were
selected based on the desalted forms. The quantification results of the corresponding salt
forms for individual oxidative hair dye ingredients were calculated based on the weighted
values and calibration curves for desalted hair dye ingredients. To improve accuracy at
low concentrations and minimize distortion in quantification results, calibration curves
were constructed using a 1/x weighting factor. The calibration curves for the hair dye
ingredients were established within their linear ranges, demonstrating determination coeffi-
cients (r?) greater than 0.996. The LODs and LOQs were determined within 0.02-2.58 ug/g
and 0.05-7.75 pg/g, respectively. The intra-day assay results showed that precision and
accuracy were in the ranges of 1.16-17.32% and 0.64-13.84%, respectively. The inter-day
assay results were in the ranges of 0.64-14.59% for precision and 0.44-14.70% for accuracy.
To evaluate chemical stability, underivatized hair dye ingredients were placed at different
temperatures under conditions relevant to working environments. Samples were pretreated
and analyzed by GC-MS at 24 and 48 h, and the results were compared to those of samples
at 0 h. To assess sample losses due to glass vial adsorption and the hydrolysis of acetylated
derivatives, the chemical stability of acetanilide was tested using glass vials. As shown
in Table S2, no significant sample loss was observed due to the chemical instability of the
acetylated derivatives or adsorption to the glass vials. Since most oxidative hair dyes were
unstable at all investigated temperature conditions after 1 day, hair care products were not
opened until analysis, and all working solutions for hair dye ingredients were made freshly
every day. Most of the validation results showed that the analytical method used in this
study was reliable for the quantification of 26 oxidative hair dye ingredients in hair care
products. The overall validation results are summarized in Table 1 and Tables S3 and 54.

3.4. Application to Hair Care Products

A total of 25 hair care products, including oxidative hair dye products (n = 13) and hair
coloring shampoos (n = 12), which have been widely used to color hair easily and simply
by shampooing, were randomly purchased from the Korean domestic market, regardless
of the country of manufacture. The collected hair care products were stored at room
temperature and were not opened before analysis. Using this method, the quantification
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results of 26 hair dye ingredients in hair care products were obtained. Since aniline-ds has
a phenylamine structure similar to that of most hair dye ingredients and is not present in
the sample matrices, it was used as the IS to mitigate sample losses during pretreatment
and signal distortions during instrumental detection. Although aniline lacks a hydroxyl
group in its structure, aniline-ds was found to be relatively suitable as an IS for hair dye
ingredients. As shown in Figure 4A-C, the quantification method was successfully applied
to hair care products to determine hair dye ingredients without severely distorted or dented
peaks or significant interference effects from the complex matrix. A total of 26 hair dye in-
gredients in hair dye products (n = 13) and hair coloring shampoos (n = 12) were quantified
in % (w/w) levels, considering their corresponding salt forms. However, quantification
results obtained with this analytical method could not be compared with exact concentra-
tions of the hair care products, since hair dye ingredient content was not indicated on the
hair care product labels. All quantification results for the 26 oxidative hair dye ingredients
in hair care products are summarized in Tables S5 and S6 and expressed as pug/g.

x1
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Figure 4. SIM chromatograms of representative hair care products: (A) hair dye product D, (B) hair
dye product I, and (C) hair coloring shampoo D.

As shown in Tables S5-58, out of 14 hair dye products collected, 5 products matched
the ingredients listed on the labels, while 9 other products contained the unlabeled in-
gredients. For example, although a total of 13 hair dye products collected should not
contain catechol as an ingredient according to their labels, catechol was observed in
6 products. However, catechol could possibly be coming from other natural ingredients
in hair dye products, since catechol can occur naturally in various natural substances [24]
and might be degraded from salicylic acid by enzymes in natural product extracts [25].
Furthermore, seven other hair dye ingredients (including 4-aminophenol, 5-amino-2-
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methylphenol, 5-(2-hydroxyethyl)amino-2-methylphenol, 1,3-phenylenediamine, 2-chloro-
1,4-phenylenediamine, 2-nitro-1,4-phenylenediamine, and 2,4-diaminophenoxyethanol)
were detected in seven different hair dye products without ingredient labeling. Nonetheless,
most ingredients were observed at very low concentration levels, except for 4-aminophenol
and 1,3-phenylenediamine. It was speculated that several ingredients might be mislabeled
on hair product labels and /or trace amounts of ingredients could be adulterated due to the
mixed production lines. In addition, it seemed that several hair dye products appeared to
contain hair dye ingredients in high concentrations above the regulatory limits (Table S9).
According to the regulatory limits in the Republic of Korea, most hair dye ingredients are
permitted within the range of 0.02—4.5%. Since hair dye products are mixed with the oxidizing
agents to be used, all hair dye ingredients in hair dye products were investigated within the
prescribed concentration ranges.

Compared to hair dye products, although all hair coloring shampoos contained rela-
tively low concentrations of hair dye ingredients, some hair dye ingredients, such as resor-
cinol, 4-aminophenol, 2-amino-5-nitrophenol, 1,3-phenylenediamine, 2,5-diaminotoluene,
and 4-nitro-1,2-phenylenediamine, were found in high concentrations in some products.
It was also cautiously speculated that, similar to the hair dye products, these unintended
ingredients might be possibly caused by reasons such as mislabeling and /or mixed produc-
tion lines. Interestingly, most of the hair care products commonly contained several hair
dye ingredients, such as phenylenediamine isomers, aminophenol isomers, and resorcinol.
Although some of these ingredients are banned for use in hair care products in the Repub-
lic of Korea, most of the hair care products used in this study were collected before the
strengthened regulatory limits were released. Since the previously manufactured products
can be sold in the Korean domestic market until the specified date (usually 2 years after
notification), the banned dyes could be detected.

4. Conclusions

This study utilized a GC-MS-SIM method with in situ derivatization to determine
26 hair dye ingredients in hair care products. The in situ derivatization using acetic anhy-
dride, commonly used for protecting hydroxy and amine groups, was performed to prevent
chemical reactions between highly reactive hair dye ingredients, allowing accurate quantifi-
cation. The derivatization resulted in the characteristic [M—CH,CO]" ions at m/z (M—42),
produced by the loss of ketene. A GC-MS-SIM method was optimized based on specific
RT windows and fragment ions for the hair dye derivatives. The established method was
successfully applied to commercially available hair dye products (n = 13) and hair coloring
shampoos (n = 12). Although many hair care products contained unintended, unlabeled hair
dye ingredients, these were generally detected at very low levels. Although most of the hair
care products contained hair dye ingredients banned in the Korean market, it was found that
all the products were manufactured before the MFDS notification date. This method provided
reliable quantification results of hair dye ingredients in hair care products even at very low
concentrations and could be a useful tool to supervise various hair care products containing
the toxic hair dye ingredients banned in the Korean and European markets. This study will be
helpful in improving cosmetic safety and ensuring public health.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/chemosensors13030094/s1, Figure S1: Total ion chro-
matograms for 4 representative hair dye ingredients; (A) 6-hydroxyindole, (B) 3-aminophenol,
(C) 1,5-naphthalenediol, (D) 1,3-phenylenediamine. Figure S2: El-mass spectra for 4 represen-
tative hair dye ingredients: (A) 6-hydroxyindole, (B) 3-aminophenol, (C) 1,5-naphthalenediol,
(D) 1,3-phenylenediamine. Figure S3: El-mass spectra for co-eluted hair dye ingredients.
Table S1: SIM conditions for 26 hair dye ingredients and IS. Table S2: Chemical stability of ac-
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etanilide (N-phenylacetamide). Table S3: Intra- and Inter-day assay results of 26 hair dye ingredients.
Table S4: Stability test results of 26 hair dye ingredients. Table S5: Quantification results (1g/g)
of 26 hair dye ingredients in hair dye products (n = 13). Table S6: Quantification results (ug/g) of
26 hair dye ingredients in hair coloring shampoos (n = 12). Table S7: Hair dye ingredients on the
labels of hair dye products and detected ingredients. Table S8: Hair dye ingredients on the labels
of hair coloring shampoos and detected ingredients. Table S9: The regulatory limits for hair dye
ingredients in the Republic of Korea (1 June 2024).

Author Contributions: Conceptualization, G.P.; methodology, G.P. and W.-Y.C.; validation, W.-Y.C.
and ].K.; formal analysis, Y.J., ] K. and H.J.P; investigation, J.P, Y.J., J K. and H.].P; data curation,
J.P; writing-original draft preparation, G.P. and W.L.; writing-review and editing, K.H.M. and W.L.;
supervision, W.L.; project administration, K.H.M. and W.L.; funding acquisition, W.L. All authors
have read and agreed to the published version of the manuscript.

Funding: This study was financially supported by Woosuk University.
Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data available in a publicly accessible repository.

Conflicts of Interest: The authors declare that they have no conflicts of interest.

References

1. Sankar, J.; Sawarkar, S.; Malakar, J.; Rawa, B.S.; Ali, M.A. Mechanism of hair dying and their safety aspects: A review. Asian J.
Appl. Sci. 2017, 10, 190-196. [CrossRef]

2. Da Franga, S.A.; Dario, M.E,; Esteves, V.B.; Baby, A.R.; Velasco, M.V.R. Types of hair dye and their mechanisms of action. Cosmetics
2015, 2, 110-126. [CrossRef]

3. Robbins, C.R. Dyeing human hair. In Chemical and Physical Behavior of Human Hair, 5th ed.; Springer: Berlin/Haidelberg, Germany,
2012; pp. 445-488.

4. TARC Monographs Working Group on the Evaluation of Carcinogenic Risks to Humans. Some aromatic amines, organic dyes,
and related exposures. IARC Monogr. Eval. Carcinog. Risks Hum. 2010, 99, 1.

5. Baan, R.; Straif, K.; Grosse, Y.; Secretan, B.; Ghissassi, FE.; Bouvard, V.; Benbrahim-Tallaa, L.; Cogliano, V. Carcinogenicity of some
aromatic amines, organic dyes, and related exposures. Lancet Oncol. 2008, 9, 322-323. [CrossRef] [PubMed]

6. Goyal, S.; Amar, S.K.; Dwivedi, A.; Mujtaba, S.F.; Kushwaha, H.N.; Chopra, D.; Pal, M.K,; Singh, D.; Chaturvedi, R.K,; Ray, R.S.
Photosensitized 2-amino-3-hydroxypyridine-induced mitochondrial apoptosis via Smac/DIABLO in human skin cells. Toxicol.
Appl. Pharmacol. 2016, 297, 12-21. [CrossRef] [PubMed]

7. More, S.L.; Fung, E.S.; Mathis, C.; Schulte, A.M.; Hollins, D. Dermal exposure and hair dye: Assessing potential bladder cancer
risk from permanent hair dye. Regul. Toxicol. Pharmacol. 2023, 138, 105331. [CrossRef]

8.  European Commission. Regulation (EC) No 1223/2009 of the European Parliament and of the Council on cosmetic products. Off.
J. Eur. Union 2009, 342, 59.

9.  Ministry of Food and Drug Safety. Notice No. 2024-9 of the Regulations on the Safety Standards, etc. of Cosmetics; Ministry of Food
and Drug Safety: Cheongju-si, Republic of Korea, 2024.

10. Zhang, S.; Liu, B,; Li, W,; Lin, T.; Yang, H.; Pei, Y,; Gong, Z. Highly selective and sensitive fluorescence determination of
m-Phenylenediamine. Microchem. J. 2021, 167, 106283. [CrossRef]

11.  Antelmi, A.; Bruze, M.; Zimerson, E.; Engfeldt, M.; Young, E.; Persson, L.; Foti, C.; Sérensen, 0.; Svedman, C. Evaluation of
concordance between labelling and content of 52 hair dye products: Overview of the market of oxidative hair dye. Eur. ]. Dermatol.
2017, 27, 123-131. [CrossRef]

12.  Narita, M.; Murakami, K.; Kauffmann, J.-M. Determination of dye precursors in hair coloring products by liquid chromatography
with electrochemical detection. Anal. Chim. Acta 2007, 588, 316-320. [CrossRef]

13. Turesky, RJ.; Freeman, ]J.P; Holland, R.D.; Nestorick, D.M.; Miller, D.W.; Ratnasinghe, D.L.; Kadlubar, EF. Identification of
aminobiphenyl derivatives in commercial hair dyes. Chem. Res. Toxicol. 2003, 16, 1162-1173. [CrossRef] [PubMed]

14. Guerra, E,; Llompart, M.; Garcia-Jares, C. Miniaturized matrix solid-phase dispersion followed by liquid chromatography-tandem

mass spectrometry for the quantification of synthetic dyes in cosmetics and foodstuffs used or consumed by children. ]. Chromatogr. A
2017, 1529, 29-38. [CrossRef] [PubMed]


https://doi.org/10.3923/ajaps.2017.190.196
https://doi.org/10.3390/cosmetics2020110
https://doi.org/10.1016/S1470-2045(08)70089-5
https://www.ncbi.nlm.nih.gov/pubmed/18405853
https://doi.org/10.1016/j.taap.2016.02.022
https://www.ncbi.nlm.nih.gov/pubmed/26933830
https://doi.org/10.1016/j.yrtph.2022.105331
https://doi.org/10.1016/j.microc.2021.106283
https://doi.org/10.1684/ejd.2016.2934
https://doi.org/10.1016/j.aca.2007.02.023
https://doi.org/10.1021/tx030029r
https://www.ncbi.nlm.nih.gov/pubmed/12971805
https://doi.org/10.1016/j.chroma.2017.10.063
https://www.ncbi.nlm.nih.gov/pubmed/29128093

Chemosensors 2025, 13, 94 11 of 11

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Guerra, E.; Lamas, J.P; Llompart, M.; Garcia-Jares, C. Determination of oxidative hair dyes using miniaturized extraction
techniques and gas chromatography-tandem mass spectrometry. Microchem. J. 2017, 132, 308-318. [CrossRef]

Ahmed, H.A.M.; Maaboud, R M.A ; Latif, EEA ; El-Dean, A.M.K.; El-Shaieb, K.M.; Vilanova, E.; Estevan, C. Different analytical
methods of para-phenylenediamine based hair dye. . Cosmet. Dermatol. Sci. Appl. 2013, 03, 17-25. [CrossRef]

Akytiz, M.; Ata, $. Determination of aromatic amines in hair dye and henna samples by ion-pair extraction and gas
chromatography-mass spectrometry. J. Pharm. Biomed. Anal. 2007, 47, 68-80. [CrossRef]

Sun, J.; Xue, G.-X.; Gong, X.; Zhang, Z.-P.; Xu, ]J.; Chen, L.; Cao, L.; Feng, Y.-L.; Zhang, Y.-]. Rapid determination of 54 dye
components in hair dyes by liquid chromatography coupled to quadrupole orbitrap high-resolution mass spectrometry. Anal.
Methods 2024, 16, 7341-7351. [CrossRef]

Baker, G.B.; Coutts, R.T.; Holt, A. Derivatization with acetic anhydride: Applications to the analysis of biogenic amines and
psychiatric drugs by gas chromatography and mass spectrometry. J. Pharmacol. Toxicol. Methods 1994, 31, 141-148. [CrossRef]
Atapattu, S.N.; Rosenfeld, J.M. Analytical derivatizations in environmental analysis. J. Chromatogr. A 2022, 1678,
463348. [CrossRef]

Ito, R.; Ushiro, M.; Takahashi, Y.; Saito, K.; Ookubo, T.; Iwasaki, Y.; Nakazawa, H. Improvement and validation the method using
dispersive liquid-liquid microextraction with in situ derivatization followed by gas chromatography—mass spectrometry for
determination of tricyclic antidepressants in human urine samples. |. Chromatogr. B 2011, 879, 3714-3720. [CrossRef]

Ferreira, AM.C.; Laespada, M.E.E,; Pavén, ].L.P.; Cordero, B.M. In situ aqueous derivatization as sample preparation technique
for gas chromatographic determinations. J. Chromatogr. A 2013, 1296, 70-83. [CrossRef]

Cai, K.; Gao, W,; Yuan, Y,; Gao, C.; Zhao, H.; Lin, Y,; Pan, W,; Lei, B. An improved in situ acetylation with dispersive liquid-liquid
microextraction followed by gas chromatography-mass spectrometry for the sensitive determination of phenols in mainstream
tobacco smoke. . Chromatogr. A 2019, 1603, 401-406. [CrossRef] [PubMed]

Choi, H.; Lee, K. Crosslinking mechanisms of phenol, catechol, and gallol for synthetic polyphenols: A comparative review. Appl.
Sci. 2022, 12, 11626. [CrossRef]

Zhou, F; Last, R.L.; Pichersky, E. Degradation of salicylic acid to catechol in Solanaceae by SA 1-hydroxylase. Plant Physiol.
2021, 185, 876-891. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.microc.2017.02.017
https://doi.org/10.4236/jcdsa.2013.33A1003
https://doi.org/10.1016/j.jpba.2007.12.011
https://doi.org/10.1039/D4AY00981A
https://doi.org/10.1016/1056-8719(94)90076-0
https://doi.org/10.1016/j.chroma.2022.463348
https://doi.org/10.1016/j.jchromb.2011.10.012
https://doi.org/10.1016/j.chroma.2013.04.084
https://doi.org/10.1016/j.chroma.2019.05.007
https://www.ncbi.nlm.nih.gov/pubmed/31122729
https://doi.org/10.3390/app122211626
https://doi.org/10.1093/plphys/kiaa096
https://www.ncbi.nlm.nih.gov/pubmed/33793924

	Introduction 
	Experimental 
	Chemicals and Materials 
	Sample Preparation Including In Situ Derivatization 
	Gas Chromatography–Mass Spectrometry Conditions 
	Method Validation 

	Results and Discussion 
	Optimization of In Situ Derivatization and Extraction Conditions 
	GC-MS-SIM Conditions 
	Method Validation 
	Application to Hair Care Products 

	Conclusions 
	References

