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Personal care products (PCPs) inevitably come into contact with the skin in people’s daily life, potentially causing
adverse effects on human health. The adverse effects can be exacerbated under UV irradiation but are rarely
studied. In this study, to clearly understand the damage of representative PCPs to human skin and their photo-
chemical transformation behaviors, fragrance tonalide (AHTN) was measured in the presence of amino acids as a
basic building block of human tissue. The results showed that amino acids could decelerate the photochemical
transformation rate of AHTN, increasing the likelihood of AHNT persisting on the skin surface and the health risk
to the human being. Further, the interaction between amino acids and AHTN was investigated. AHTN could play
bidirectional roles in damaging amino acids: the photosensitizer and reactive activator. As a photosensitizer, the
10, generated from the AHTN photosensitization was partly employed to oxidative damage amino acids.
Furthermore, by combining experiments with quantum chemical computation, the carbonyl group of the activator
AHTN was found to be the active site to activate the N-containing group of amino acids. The activation mech-
anism was the electron transfer between AHTN and amino acids. Imines formed during the photochemical
transformation of AHTN with histidine/glycine were the molecular initiating event for potential skin sensitiza-
tion. This study reported for the first time that skin photosensitizer formation threatens human health during the
photochemical transformation of AHTN.

Imines

1. Introduction additives will reveal the potentially photosensitive components. Besides,
amino acids are considered the basic building blocks of life because they
can form various needed proteins [13,14]. Thus, investigating the

chemical modification mechanism in PCP additives on these basic units

In recent years, a large number of personal care products (PCPs) have
been developed to improve human living standards [1,2]. However, in-

gredients of PCPs inevitably come into contact directly with human skin
and easily remain on the skin surface during long-term daily use [3,4].
Especially when the skin is overexposed to UV, these residual additives
on the skin surface can act as photosensitizers to damage the skin cells
[5-7], resulting in skin aging, pigmentation, inflammation, and even the
formation of tumors [8,9]. Therefore, the excessive use of these PCPs
might severely affect human skin health [10]. As known, skin photo-
sensitization includes many biological events involving thousands of
proteins [11]. Skin photosensitization begins with a chemical event
identified modification of amino acid residues in proteins [12]. Exploring
the chemical modification processes of these amino acid residues by PCP
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of life will help us fundamentally understand the photosensitive effect.
Synthetic musks, as a group of representative PCPs additives, are
widely used in cosmetics, perfumes, body lotions, essential oil, toiletries,
antiperspirants, soaps, and shampoo [15,16]. The annual use of these
scented products is as high as 10,000 tons globally [17]. In particular, in
the current market, polycyclic and nitro-musks are the two most
commonly used synthetic musks. However, due to their photosensitivity
[18-20], carcinogenicity [21-23], and endocrine-disrupting effects [24],
nitro-musks have significantly been restricted in many countries since the
late 20th century [25]. As a result, with the drastically decreasing pro-
duction of nitro-musks, polycyclic musks became the alternative
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fragrances and were listed as one of the high-yield chemicals by the
United States Environmental Protection Agency [26].

Unfortunately, increasing research reported that polycyclic musks
have strong bioaccumulation and endocrine-disrupting effects [27] and
can interfere with organisms’ growth, development, and metabolism
[28-30]. Furthermore, as the report on the inhibition of the activity of
multidrug efflux transporters responsible for multixenobiotic resistance
indicated, the adverse effects of polycyclic musks as efflux transporter
chemosensitizers could be very severe [31]. Additionally, our early
research revealed that polycyclic musks could cause photo-induced
oxidative damage to dissolved free amino acids [32]. In other words,
residual tonalide (AHTN) on the skin surface could destroy critical bio-
molecules, such as proteins and enzymes, because their basic building
blocks were amino acids [33], indicating the potential for skin sensiti-
zation damage.

Chemical sensitizers usually trigger covalent binding with amino
acids to initiate skin sensitization, leading to skin diseases, such as
allergic contact dermatitis [34]. The formation of this covalent adduct is
considered to be the critical molecular initiating event (MIE) of the
adverse outcome pathway (AOP) [35]. Although it is unclear whether
synthetic musks could induce skin allergy, the typical aldehydes and
ketones structure might also cause amino acid sensitization damage [12],
suggesting that synthetic musks may trigger MIE for AOP at the aqueous
interface of skin. However, relevant researches are still very scarce.
Especially under ultraviolet irradiation, the photosensitization potential
and mechanism of the residual synthetic musks on the skin surface during
the photochemical transformation are unclear. Identifying potential skin
sensitizers in PCPs additives as soon as possible is significant for reducing
human health hazards.

The main objectives of this work were to explore the potential skin
photosensitization interaction mechanism of typical polycyclic musk,
AHTN. Previous research showed that PCP additives could easily enter
the skin surface by dissolving in body fluids, further influencing human
health [36]. Thus, the aqueous chemistry interface of skin (water and
acetonitrile for 1:1) was designed to simulate the reaction, which has
been successfully applied to study the photosensitization mechanism of
other skin photosensitizers, such as isoeugenol, benzaldehyde, and
glutaraldehyde [34,37,38]. Glycine (Gly), the simplest amino acid, can
serve as a typical model for mechanism investigation. Besides, according
to our previous work, histidine (His) and methionine (Met) with
non-absorbing sunlight have the highest reactivity in both acidic and
alkaline solutions [32]. Therefore, His, Gly, and Met were selected as the
model to investigate the mechanism. Firstly, the photochemical trans-
formation kinetics of AHTN were measured in different concentrations of
different amino acids (His, Gly, and Met). Secondly, the interaction
mechanism between AHTN and amino acids was attempted from direct
and indirect photochemical transformation pathways via both experi-
mental and computational methods. Finally, the effects of amino acids on
the photochemical transformation products of AHTN were also analyzed,
and the imines were identified using high-performance liquid chroma-
tography quadrupole-time of flight tandem mass spectrometry. This
study provided a scientific basis for understanding the reaction mecha-
nism of AHTN with key small biological molecules and determining the
photochemical toxic reaction mechanism of AHTN on the skin surface.

2. Materials and methods
2.1. Chemicals

AHTN (7-acetyl-1,1,3,4,4,6-hexamethyl-tetrahydronaphtalene) was
purchased from Adamas Reagent Ltd. (Shanghai, China) with purity
>98%. Amino acids, including L-histidine (His, 99%), L-glycine (Gly,
99%), and L-methionine (Met, 99%), were from Macklin Biochemical
Co., Ltd. (Shanghai, China). Potassium dihydrogen phosphate (KHPOj4,
99%) and dipotassium phosphate (KoHPO4, 99%) were analytical grade
reagents purchased from Guangzhou Chemical Reagent Factory
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(Guangzhou, China). Text S1 in the Supporting Information (SI) sum-
marized other reagents used in this work. All reagents and solvents were
used as received, and all solutions were prepared with ultrapure water
(Resistivity = 18.25 MQ cm).

2.2. Photochemical transformation experiments

AHTN and amino acids mixture solution were primarily prepared in
acetonitrile : HyO (1:1). The buffer solution with a concentration of
2.5 mM was prepared in ultrapure water with the addition of
KH3PO4-KoHPO4 (pH = 4.5—8.5). The reaction solution was approxi-
mately 25 mL, and a high-pressure mercury lamp (Bilon, Inc., Shanghai,
China) was surrounded by a 290 nm cut-off filter. Furfuryl alcohol (FFA)
was selected as the probe of singlet oxygen, and rose bengal (RB) was
employed as the singlet oxygen photosensitizer [39]. Nitro-blue tetra-
zolium (NBT) was selected as a probe to explore electron transfer reac-
tion on the photochemical transformation of AHTN with or without
amino acids, which could be reduced to form NBT™, resulting that the
absorbance of the mixtures increased at 560 nm [40]. Detailed photo-
chemical procedures are provided in Text S2 in SI. The glassware was
rinsed with pure water and heated to 450 °C to avoid sample contami-
nation. Procedural blanks were set with solvent (ultrapure water and
acetonitrile 1:1) to eliminate background in the analyses. All experiments
were set three times parallel, and results were expressed as average + SD.
Statistical significance was analyzed using one-way ANOVA. The
p-values <0.05 represented the significance level.

All the sample was monitored using a high-performance liquid
chromatograph with a photodiode array detector (Agilent 1260 HPLC)
equipped with Zorbax XDB C;g column (5 pm, 4.6 x 150 mm). The im-
ines and photochemical transformation by-products of AHTN were
identified using HPLC-TOF-MS (Agilent 1290 HPLC and G6545B)
equipped with Agilent Eclipse Plus C;g column (1.78 pm, 2.1 x 50 mm) at
1 mL/min eluent flow rate. Detailed detection methods are described in
Text S3 in SI.

2.3. Computational methods

All quantum chemical calculations in this work were carried out using
the Gaussian 09 package. The reaction system was simulated using the
self-consistent reaction field (SCRF) method by using water as the sol-
vent. The geometry optimization of atoms was performed using a 062x/
6-311G** basis set. Multiwfn optimized the ADCH atomic charges of
each amino acid. Density functional theory (DFT) was employed to
investigate the reaction interaction energy of AHTN and its trans-
formation products with amino acids using the functional Mm062x
method with a 6-311G** basis set. The electron energy was obtained by
structure optimization, and the heat of the reaction was also calculated
by subtracting the product energy from the reactant energy.

2.4. Determination of f10, and kio,

The furfuryl alcohol was employed as 10, probe. And the fraction of
1o, (f10,) available for the reaction with AHTN or amino acids in this
system can be expressed as Eq. 1.

ki, anrw[AHTN]

1
k10, so1 + k10, arrn [AHTN] + ki1 0, amino acialamino acid) @

f 10y AHIN =

where [AHTN] and [amino acid] represented the concentrations of
AHTN and amino acid, and ko, apTn and k1o, amino acida were the bimo-
lecular reaction rate constants of AHTN and amino acid with 'O,
respectively. The values of kig, mis and kig, me Were 9 x 107 and
1.7 x 10/ M~ ts7Y respectively [41]. The physical quenching of o, by
solvent (solvent, ACN : H20 = 1:1), ki, 5o, is 6.7 x 10*s71 [42].

The kio,, arTn could be calculated by Eq. 2.
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where [FFA]; and [FFA] were the concentration of FFA at time zero and
time t (min), and the bimolecular reaction rate constants of FFA and 102
(kio,, rra) Were 1.2 x 10° [43].

[FFA],
[FFA,
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3. Results and discussion

3.1. Kinetics and by-products identified during the photochemical
transformation of AHTN in the presence of amino acids

AHTN (500 pM) could be photochemically degraded completely
within 25 min under UV irradiation (Fig. 1), and the degradation kinetics
curves of AHTN were confirmed to the pseudo-first-order kinetic equa-
tion with the rate constant of 8.4 x 10~2 min~' (R? = 0.99) (Fig. 1D).
However, the photochemical degradation rate constants of AHTN
decreased to (4.8-7.4) x 1072, (5.5-7.6) x 1072, and (5.6-7.6) x 1072
min~! in the presence of 5-500 pM His, Gly, and Met, respectively
(Fig. 1D). Figure 1D summarizes the photochemical degradation rate
constants of AHTN in the presence of amino acids (0, 5, 50, 250, and
500 pM), and the rate constant of AHTN without amino acids was
significantly higher than those in the presence of amino acids. Besides,
these rate constants of AHTN decreased with increasing amino acid
concentration. The photochemical degradation curves of AHTN between
the groups showed significant differences (Fig. 1A-C). In other words,
amino acids could inhibit the photochemical transformation of AHTN
and enhanced inhibition occurs with increasing concentration of amino
acids.

It is well known that photochemical transformation is one of the
detoxification pathways of PCPs additives [44]. The reduction of the
AHTN photochemical transformation rate indicated a prolonged

A: His
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c/c,
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10

15
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detoxification time, which increased the residual time of AHTN on the
human skin surface and raised the health risk to the human being.
Meanwhile, it should be noted that amino acids in solution could also be
continuously degraded during the photochemical transformation of
AHTN, and approximately 20% amino acids (500 pM) were consumed
when AHTN was utterly eliminated within 25 min (Fig. S1). Besides, the
control experiments were set up for comparison, which showed that
amino acids were undegraded without AHTN. These results were
consistent with a previous study on synthetic musks-mediated amino acid
damage [32]. In other words, AHTN could induce photosensitive damage
to amino acids while slowing down the photochemical transformation of
AHTN itself. This photosensitization effect could damage human skin
through photoaging and photoallergy [45]. Therefore, exploring the
interaction mechanism between AHTN and amino acids in the photo-
chemical system could reveal the potential adverse effects of AHTN
photosensitization on human skin.

To clarify the interaction mechanism between AHTN and amino
acids, the influence of amino acids on the photochemical transformation
products of AHTN would need to be investigated because the formation
of by-products could directly depend on the transformation mechanism
of AHTN [46]. Based on the retention time of chromatographic separa-
tion, eight by-products from AHTN photochemical transformation were
labeled as P1-P8, which were formed in the absence of amino acids
(Table S1 and Fig. S2). Moreover, according to the transformation pro-
cesses of AHTN, P5 and P6 appeared as first-generation by-products;
correspondingly, P1-P4, P7, and P8 were the second-generation
by-products formed from the first-generation by-products [46]. The
MS/MS figures of P1-P8 are shown in Fig. S3. Unexpectedly, in addition
to these eight by-products, the HPLC-TOF-MS analysis in the presence of
His or Gly revealed the presence of new peaks with larger molecular mass
than that of AHTN and amino acids, and these by-products were named
Nuis1 —Np;is3 and Ngiyl —Ngy2, respectively (Fig. 2). It was likely that the

B: Gly

o 0.6
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10

0 5 15 25 30
Time (min)
0.15
B 5pM 50 uM D

[ 250 1M [ 500 M
*kkk
‘ * k% *
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0.12
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0.03 1

Rate constant of AHTN (min™")

0.00 -~

His Gly Met AHTN

Fig. 1. The photochemical degradation kinetic curves (A, B, and C) and rate constant (D) of AHTN at different concentrations of amino acids. The concentration of
AHTN was 500 pM, and these legends showed the concentration of amino acid (0, 5, 50, 250, and 500 pM). Data were means of three replicates and analyzed
statistically with one-way ANOVA. Statistical significance between the groups is indicated as ****p < 0.0001.
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Fig. 2. The extraction of ion chromatogram of imine compounds detected in the
photochemical transformation solution of AHTN with His (A) and Gly (B).

macromolecular adducts were formed by inducing the distortion of
amino acids during the photochemical transformation of AHTN, poten-
tially inducing skin sensitization. This similar phenomenon has been
reported in typical skin sensitizers isothiazolinone, which can react
significantly with amino acid side chains and lead to binding to form
macromolecules [47]. Therefore, the identification of these new
by-products (Ngjs1—Npis3 and Ngiyl—Ngiy2) was carried out first.
Table S2 summarizes the values of m/z, molecular formulas, predicted
structures, and the corresponding mass errors of these products, as well
as their confidence levels according to the scales established by Schy-
manski et al. [48]. The MS/MS of these new by-products (Nyjs1 —Npy;is3
and Nglyl —Ngiy2) are provided in Fig. 3 and Fig. S4. The identification of
by-products (Nyjs1 —Npis3 and Ngiy1—Ngiy2) belonged to level 3 of the
confidence level. Analyzing the accurate m/z of the by-products could
predict their precise molecular formulas through Agilent software of
qualitative navigator. The difference between the predicted and
measured m/z was less than 5 ppm, supporting their tentative
identification.

By-products Nyjs1 and Ny;js2 showed the same measured mass as m/z
410.2426 ([M-+H]", mass error: —0.14 for Nyl and —0.11 for Ns2),
indicating that they are isomers and a predicted molecular formula
C24H31N30s3. As Fig. 3 and Fig. S4 show, the mass difference between m/
2z = 410.2426 (mass error: —0.14) and the fragment m/z = 255.1741
(mass error: 0.24) was 155.0685, corresponding to the loss of a neutral
molecule of His (predicted mass: 155.0695). Besides, the initial frag-
mentation pattern of m/z = 410.2426 (mass error: —0.14) was consistent
with that of His standard substance, described minutely in Text S4. Its
fragment m/z = 255.1741 (mass error: 0.24) matched well with the
fragment of first-generation by-product P5 (Fig. S5), which was formed
during AHTN photochemical transformation in the absence of His. Based
on the MS/MS fragment information and mass loss of His and P5, it was
reasonable to confirm that Ngyjs1 was the adduct of His with P5. That is,
Npis1 was obtained by removing HyO from P5 (measured mass:
272.1776, mass error: 0.19) combined with His (measured
mass:155.0695, mass error: —1.24), considered to be an imine. Similarly,
Npyis2 was the bonding of His with P6 based on molecular ions and the
corresponding fragment ions, and P6 was also the first-generation by-
product produced during AHTN photochemical transformation without
His (Text S4) [46]. By-product Ny;s3, with a measured mass of 442.2331
(IM+H] ™", mass error: —2.55), was predicted as Cy4H3;N305 (predicted
mass: 441.2264). The m/z difference between Npjs3 and Npisl was
31.9899, matching the predicted mass of Oy (predicted mass: 31.9898).
These data indicated that Np;is3 could be the oxidation by-product of
Nyjsl. Figure 3C shows that the mass difference between Npy;js3
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Fig. 3. MS/MS of imine compounds detected in the photochemical trans-
formation of AHTN with His (A—C) and Gly (D-E).
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(measured mass: 442.2331, mass error: —2.55) and m/z = 408.2283
(mass error: —1.25) fragment was 34.0048, corresponding to the simul-
taneous loss of two hydroxyls (predicted mass: 34.0055). A neutral group
CH30;, (predicted mass: 46.0055) was left further to form the fragment of
m/z = 364.2399 (mass error: —3.26). Moreover, m/z = 364.2399 (mass
error: —3.26) fragment featured two pieces with m/z of 270.1854 (mass
error: —0.64) and 95.0603 (mass error: 0.45), inducing from the cracking
process of m/z = 364.2399 (mass error: —3.26) could be the C-N bond
breaking because the predicted molecular of m/z = 270.1854 of
C18H23NO and the His fragment ion m/z = 95.0603 (Text S4). Therefore,
we confirmed that the by-product Ny;s3 (Table S2) was formed via the
oxidation of the imidazole group in Np1.

Similarly, Ngiy1 and Ngjy2 also had the same measured mass as m/z
330.2072 ([M+H] ", mass error: —0.26), indicating that they are isomers
and the predicted molecular formula CzoH27NO3. As Fig. 3 shows, Ngiy1
and Ngiy2 would lose the neutral group CH,0 (predicted mass: 46.0055)
to form the fragment of m/z = 284.2019 (mass error: —2.89) after
rearrangement and cracking. The mass difference between m/
2z =330.2072 (mass error: 0.26) and m/z = 255.1741 (mass error: —0.56)
was 75.0331, corresponding to the loss of a neutral molecule of Gly
(predicted mass: 75.0320). Hence, Ngiy1 and Ngiy2 were generated by
removing HyO from P5 and P6 combined with Gly to form the imine
structure, respectively.

Therefore, the above data analysis indicates that these photochemical
transformation by-products of AHTN could adduct amino acids to form
imines. Furthermore, the presence of amino acids could affect the gen-
eration of by-products P1-P8 (Fig. S6). For example, the formation of
products P1 and P3 was promoted by His and Gly, while products P2, P7,
and P8 were inhibited by His and Met, and P4 vanished in the presence of
His. Moreover, based on the transformation mechanism of AHTN in the
absence of amino acids (Text S5 and Fig. S7), AHTN absorbed photon
energy to form a singlet state and then an excited triplet state. The excited
triplet state of AHTN would transfer its power to Oy to form 'O, and
undergo intramolecular electron transfer to form biradicals [46].
Therefore, these two components, 10, and biradicals, affected the
photochemical transformation of AHTN regardless of the presence of
amino acids. We could infer from the above results that AHTN could be a
photosensitizer to produce 10, to oxidize these three amino acids and act
as an activator to induce electron transfer, potentially forming imines
during the photochemical transformation of AHTN, further damaging
human skin.

3.2. The bidirectional role of photosensitized AHTN in the presence of
amino acids: photosensitizer and activator

3.2.1. Photosensitizer

EPR signals of 'O, generated during the photochemical trans-
formation of AHTN at different periods were studied (Fig. S8). The result
indicated that 10, could be continuously produced during the photo-
chemical transformation of AHTN. Therefore, this complex system could
stabilize photosensitive amino acids via 10, oxidation. However, 10,
could both be an oxidant to damage amino acids and be used to promote
the self-sensitization of AHTN, suggesting the competition of 10y to
reduce the degradation rate of AHTN [32,41]. Therefore, the 10, pro-
duced in the composite system was incompletely used to oxidize amino
acids, inducing us to study the fraction of 10, (fi0,) available for the
reaction with AHTN or amino acids in this system to confirm the
photosensitivity of AHTN to amino acids via 10, oxidation, as expressed
by Eq. 1. And the bimolecular reaction rates of AHTN and 10, (k1o,, AHTN)
could be calculated by Eq. 2.

According to the experimental determination and calculation of the
above equations, kip,, aprn equaled 3.1 x 107 M1 s7! as listed in
Table S3. Furthermore, in the presence of His, the values of f10,, agrn and
f10,, His were calculated as 25.6% and 74.3%, respectively. Hence, 74.3%
of 'O, generated from AHTN photochemical transformation would be
used for His oxidative damage, while the rest of 25.6% 10, could oxidize
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photosensitizer AHTN. Similarly, approximately 35% of 10, would be
utilized for Met oxidative damage in the presence of Met, and the rest
could oxidize AHTN. It had been reported that Gly could not react with
102 [41], so we will not discuss this further. The fractions of 102 (fo,)
available for the reaction with AHTN or amino acids were calculated and
are summarized in Table S3.

Overall, AHTN, as a photosensitizer, could produce 102 from the
energy transfer of the excited triplet. One part of 10, could be used for
the oxidative transformation of AHTN, indicating the potential risks of
AHTN as a PCPs additive. And the rest of 10, could oxidize to damage
amino acids like His and Met. These results suggested that the photo-
sensitive damage of amino acids via 10, oxidation might be targeted and
occur easily in amino acids that react readily with 10y during the
photochemical transformation of ATHN. Besides, the produced 102 from
photosensitive AHTN could effectively react with other biomolecules,
such as DNA and protein. These oxidative damages have been associated
with various diseases, including skin inflammation and skin cancer [49].
In addition, with the competition of 10, consumption, the persistence of
AHTN could be increased on the skin surface, causing photosensitive
oxidative damage of amino acids to human skin.

3.2.2. Activator

In our system, besides the oxidation damage of amino acids from the
photosensitization of AHTN, AHTN could act as an activator to react with
these three amino acids during their photochemical transformation. These
might be due to the interference of amino acids on electron transfer during
the photochemical transformation of AHTN [32], inducing the different
reactivity of AHTN with amino acids. Therefore, NBT was selected as a
probe to explore the reaction of electron transfer on the photochemical
transformation of AHTN with and without amino acids, during which
NBT?* could be reduced to form NBT™, resulting in the increased absor-
bance of the mixtures at 560 nm [40]. As shown in Fig. 4, almost no
absorbance at 560 nm was detected in the only presence of NBT, indi-
cating that NBT" would not be spontaneously produced in the experi-
mental system. However, the absorbance at 560 nm was increased in the
mixtures of AHTN and NBT because the forming biradicals of AHTN could
induce the generation of NBT " through electron transfer, consistent with
previous studies [46,50]. In a ternary hybrid system of AHTN, amino
acids, and NBT, the absorbance variation pattern at 560 nm was
His > Gly > Met. These results indicate that the biradical levels of AHTN
were promoted by His and weakly promoted by Gly. Besides, Met could
suppress the biradical levels of AHTN due to interfering with the triplet
excited state of AHTN, which was the precursor of biradicals [32]. These
suggest that amino acids could affect the transient intermediate (the
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Fig. 4. Variation trend of absorbance at 560 nm with time after adding nitro-
blue tetrazolium (NBT) in AHTN and amino acid reaction system.
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excited state of AHTN and biradicals) of AHTN photochemical trans-
formation. Based on our previous study, these results could be induced by
the N electron density of the a-amino group of amino acids [32]. There-
fore, the degree of electron transfer between AHTN and amino acids in the
photochemical transformation was due to the N electron density of amino
acids, leading to different formation possibilities of imines.

To further explore the electron transfer relationship between the N
electron density of amino acid and AHTN in photochemical trans-
formation, quantum chemistry was employed to calculate the N charge of
amino acids. Considering the pH of the human skin ranges from 4.5 to 7.5
[51,52], the a-amino group present in the same form as the -NH3™ group
in His, Gly, and Met (Fig. S9), and the charge densities were charged as
—0.1419, —0.1434, and —0.1392, respectively (Table S4). The N charge
of His and Gly was more negative than that of Met, suggesting that
electron transfer between His/Gly and AHTN was more likely to occur,
which further explained the above experimental results about the pro-
motion of biradical levels by His/Gly. Besides, His" and His® were the
domain species of His as the pH = 4.5—7.5 (Proportion >98%, Fig. S9).
With the increase of pH, the side-chain imidazole of His gradually
transformed from a positively charged protonated imidazole group to a
neutral imidazole group. Thus, electron transfer between His and AHTN
was correlated with the morphology of the imidazole ion in His side
chain. For the p-N of the imidazole group (Table S5), the N atom was
charged from —0.1045 to —0.1515, indicating that His had more active
sites for electron transfer than Gly. Therefore, the experimental and
theoretical results were consistent, suggesting that AHTN photochemical
transformation could easily activate the negatively charged N in amino
acids via electron transfer.

Furthermore, to investigate the effect of side-chain imidazole of His
(His™ and His®) on the photochemical transformation of AHTN, the ki-
netics experiments were designed at pH 4.5—7.5. As Fig. 5 shows, the
pseudo-first-order rate constant of AHTN photochemical transformation
was essentially invariant from pH 4.5 to 7.5, suggesting that the photo-
chemical transformation of AHTN might be unrelated to the pH
(4.5-7.5). However, the transformation rate constant of AHTN changed
from 8.4 x 1072 to (5.0~7.6) x 1072 min ' with the presence of His™t
and His®, suggesting that side-chain imidazole of His could interfere with
the photochemical transformation of AHTN. Besides, the transformation
constant of AHTN between groups showed significant differences
(Fig. 5). This was an associated result of His competition for 10, and side-
chain imidazole of His interference with electron transfer in AHTN. On
the one hand, His could compete better for 10, in an acidic environment
[41]. On the other hand, the stability of imines might be affected
differently due to the two N-containing groups in amino acids. According
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Fig. 5. At pH = 4.5, 5.5, 6.5, and 7.5, the photochemical degradation rate
constants of AHTN in the presence and absence of His. Data were means of three
replicates and analyzed statistically with one-way ANOVA. Statistical signifi-
cance between the groups is indicated as ****p < 0.0001 and ***p = 0.0005.
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to the previous research [12], the nucleophilic addition reaction of
carbonyl of AHTN and a-amino groups yielded imines accompanied by
the C=N covalent bond (Fig. S10). Meanwhile, these imines possibly
protonate in the acid environment and then hydrolyze into parent reac-
tant AHTN [38]. These processes could decrease the transformation rate
of AHTN in the acidic solution of His, as observed in our experiment
(Fig. 5). These results could explain why the transformation rate of AHTN
decreases more obviously in the acidic solution of His. Besides, as
Fig. S10 shows, when C and N combine successfully, the lone pair elec-
tron repulsion of O and N caused the quaternary C to be crowded,
resulting in steric hindrance, which tends to release tension from the
leaving group [34,38]. All of the above results led to a tremendous
challenge in identifying these by-products with the N-group of amino
acid side chain and a carbonyl group. Therefore, to evaluate the reac-
tivity of the photochemical degradation of AHTN with N-containing
groups of amino acids, the quantum chemical method was applied to
explore the nucleophilic addition reaction energy (AE) between AHTN
(including AHTN photochemical transformation products) and amino
acids.

As shown in Table S6—S8, except for the reaction of P3 with His,
which was endothermic projection (AE = 0.42 kcal/mol), the AE values
of the other reactions range were obtained from -808.23 to
—43.93 kcal/mol for His, —807.31 to —2.42 kcal/mol for Gly and
—806.82 to —0.23 kcal/mol for Met. These results indicate that these
reactions were all easily exothermic, suggesting the photochemical
degradation of AHTN could be reactive with N-containing groups of
amino acids. These were probably because the a-amino group of amino
acids with abundant charge density was a typical nucleophilic primary
amine group, while the carbonyl group, as the characteristic group of
AHTN and its transformation by-products, exhibits a high degree of po-
larization [38]. The electron in the carbonyl © orbital is more inclined to
oxygen, resulting in the easy attack by a nucleophile, such as the a-amino
group [53]. Therefore, despite the forming imines being a dynamic bal-
ance, the forward reaction also dominates this reaction at physiological
pH (=7) [34]. These theoretical results demonstrated that AHTN and its
transformation by-products could readily react with amino acids to form
imines.

3.3. Skin photosensitization potency during the photochemical
transformation of AHTN

The experimental and theoretical studies above showed that imines
could be generated from the reaction of AHTN and its transformation by-
products with amino acids (His, Gly, and Met). Thus, the direct use of
AHTN as additives in PCPs might not be as safe as previously speculated
on the skin. A previous study has reported that phototoxicity of AHTN is
observed in the skin of rabbits, and guinea pigs show well-defined pos-
itive results in several photosensitization tests of AHTN [54]. Therefore,
these above chemical reaction processes could be considered to be the
MIEs of the AOPs for skin sensitization [12]. Generally, skin photosen-
sitization in the natural skin surface begins with a chemical event, that is,
chemical sensitizers modify amino acid residues. Subsequently, skin
photosensitization requires a series of biological events, including the
abnormal folding of protein conformation and the activation of different
cutaneous cells [55,56]. Based on this, the direct peptide reactivity assay,
usually accompanied by the appearance of imines, has been employed by
the Organization for Economic Co-operation and Development (OECD) to
predict the sensitization potential of skin sensitizers without using test
animals [38]. Therefore, the formation of imines as one of the MIE could
be direct evidence of skin photosensitization during the photochemical
transformation of AHTN, suggesting that AHTN was a potential
skin-photosensitive damage agent under UV irradiation. Besides, in this
work, from the viewpoint of the forming imines, the reaction activity of
AHTN with His was higher than that of Gly and Met during AHTN
photochemical degradation. This result implies that His is more impor-
tant in AHTN-induced skin photosensitization.
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4. Conclusions

This work has explored the potential skin sensitization mechanism of
typical PCPs, AHTN, in the simulated skin surface environment, con-
ducting both experimental and computational methods. The photo-
chemical transformation of AHTN was investigated in the presence of
amino acids, which act as an essential building block of human tissue.
Amino acids could inhibit the photochemical transformation rate of
AHTN, resulting in the increasing persistence of AHNT on the skin sur-
face. Besides, the interaction between amino acids and AHTN was also
attempted, finding that AHTN served dual roles as both photosensitizer
and activator. As a photosensitizer, AHTN can induce the formation of
10, to cause oxidative damage to different amino acids, indicating
deterioration in the targeting of amino acids. As an activator, AHTN
could react with these three amino acids (His, Gly, and Met) to form
imines during their photochemical transformation via the nucleophilic
addition reaction. These chemical reaction processes were considered the
MIEs of the AOPs for skin sensitization. Despite the reported results of
this study, there are reasons for optimism. The photochemical trans-
formation of AHTN to skin photosensitization might not be accessible
when the added dose is limited in PCPs. Besides, there is a gap between
this study’s system and the natural skin surface because the skin photo-
sensitization process of photochemical transformation of AHTN might be
affected by the natural skin surface proteins and cells. Thus, based on the
results of this work, the interaction of AHTN and skin protein will be a
subject of further attention. Overall, the interaction mechanism between
AHTN and amino acids can be instructive for the skin photosensitization
mechanism of AHTN. These results might explain the potential sensi-
tizing effect of AHTN on human skin at the molecular level and provide
the scientific basis for the use standard of AHTN and the development of
new products in the future.
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