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ARTICLE INFO ABSTRACT

Handling Editor: A Campiglia The certification of cosmetic products has always been a prominent concern. Here, we have developed a pH
sensor and applied it in the field of cosmetic safety. Initially, we designed two probes, CH with aggregation-
induced emission (AIE) effect and the near-infrared fluorophore derivative CYTYR. By encapsulating them
with DSPE-PEG2000-NHy, we obtained the CHCY-lipo nano-micelles with fluorescence resonance energy transfer
(FRET) response. By combining them into a sensor array called pC, we achieved sensitive detection of a wide pH
range, ranging from 4.69 to 9.25. To validate the performance of the pC sensor array, we employed a multi-
channel mode and applied it to differentiate commercial anti-aging creams. Through linear discriminant anal-
ysis and 3D fingerprint analysis, the pC sensor array successfully distinguished anti-aging creams from different
countries, providing a rapid and accurate method for cosmetic safety identification. The results of this study
demonstrate the potential of the pC sensor array for quick authentication of cosmetic products, offering signif-
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icant support and application prospects in safeguarding consumer health.

1. Introduction

Anti-aging products are gaining popularity in the market [1].
Recently, with the increasing level of globalization, the phenomenon of
counterfeit cosmetics has become more prevalent [2-4]. Profit-driven
manufacturers produce and sell counterfeit and inferior products. One
of the most common types of fraud is the adulteration of products
claiming to be natural, often by adding cheaper ingredients and harmful
chemicals (such as industrial-grade glycerin) along with other additives
[5-9]. Another deceptive practice is counterfeiting and labeling
low-quality, inexpensive anti-aging products with expensive brand
names or producing the same product at different price points on the
same production line. Combating cosmetic fraud is increasingly
important.

The pH value plays a crucial role in cosmetics, especially in anti-
aging creams, where it is considered an essential factor [10,11]. The
pH value of a cream is crucial for its efficacy, stability, and compatibility
with the skin. Anti-aging creams offer various benefits to humans, such
as reducing wrinkles, increasing skin elasticity, and enhancing skin
radiance, thereby keeping the skin youthful. These results are closely
related to the pH environment of the cream. Typically, the pH range of

anti-aging creams falls between 5 and 8, which is close to the natural
acid-alkaline balance of the skin [12-14]. The correct pH value helps the
active ingredients in the cream exert their optimal effects. For example,
many anti-aging ingredients, such as antioxidants and peptides, are vital
for maintaining the youthful state of the skin. However, these active
ingredients remain stable within a specific pH range. Precisely con-
trolling the pH of the cream ensures the stability of these active in-
gredients, providing the best anti-aging effects. Furthermore, the pH
value of the cream also affects the compatibility with the skin. The pH
value of the skin is typically maintained around 5.5, which is slightly
acidic [15]. Creams that have a pH value similar to that of the skin are
more easily absorbed and cause less irritation and discomfort. This is
particularly important for individuals with sensitive skin. If the pH of the
cream is too high or too low, it may damage the skin barrier, causing
dryness, irritation, and discomfort. Therefore, ensuring an optimal pH
value of anti-aging creams can maintain the skin in healthy condition
and maximize the benefits of anti-aging products [1,7].

Fluorescent sensing arrays, often referred to as “artificial noses,”
excel in substance identification. These sensors exhibit distinct lumi-
nescent characteristics when exposed to different substances, allowing
for swift and accurate identification through linear discrimination. Their
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applications span a broad spectrum, demonstrating remarkable profi-
ciency in discerning drugs [16], explosives [17], and vapors within the
realm of hazardous materials. In environmental applications, they
effectively differentiate minerals [18] and organics in water resources
[19]. In food safety, these arrays have successfully identified complex
mixtures, including the nuanced aroma of coffee [20]. Notably, while
fluorescent sensing arrays have found diverse applications, their utili-
zation in evaluating skin care products remains an unexplored domain.

Over the past few decades, methods for identifying counterfeit cos-
metics have been developed, including mass spectrometry, UV-vis
spectroscopy, IR spectroscopy, and gas chromatography. [21-25]
Although these techniques have been proven to be successful to some
extent, certain drawbacks, such as expensive equipment and preliminary
procedures for sample purification, hinder their widespread application
in rapid identification [26-32]. Therefore, there is a need for the
development of simple and rapid methods for discerning the authen-
ticity and quality of cosmetics.

pH sensing arrays can simultaneously measure pH levels at various
points in an environment. They offer excellent sensitivity, selectivity,
and stability, and miniaturized and flexible designs for various appli-
cations. Recent advances include pH arrays using nanomaterials like
graphene and carbon nanodots [33], but arrays for monitoring the pH of
skin care products are less developed. The pH of an anti-aging face
cream is crucial for its effectiveness and safety. Accurate pH measure-
ment ensures that active ingredients remain stable and effective, maxi-
mizing the anti-aging benefits.

2. Results and discussion

This work aimed at designing a fluorescence pH sensing array,
named pC, capable of detecting pH in a broad range of values and testing
it on commercially available anti-aging face creams. The pC array con-
sisted of three nanosized components CH-lipo CYTYR-lipo, and CHCY-
lipo (A nanoparticle composed of a mixture of CH and CYTYR) based
on CH and CYTYR dyes.

CH and CYTYR were synthesized through two simple synthetic steps
(see Scheme 1).
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CH molecule was obtained by the Knoevenagel condensation reac-
tion of malononitrile-modified isoflurane and p-formylphenylboronic
acid under argon protection, whereas CYTYR was synthesized with high
yield by heating IR783 compound and tyramine in DMF. The choice of
the two dyes was based on the expected pH dependence of their spectral
properties.

Boronic acid moieties undergo deprotonation in alkaline solutions
(pKa 9-10), resulting in changes in their molecular properties, whereas
malononitrile derivatives possess strong electron-withdrawing capabil-
ities. On this basis, the connection between malononitrile and phenyl-
boronic acid through a carbon-carbon double bond forms a large
acceptor-acceptor (A-A) conjugated structure. However, under alka-
line conditions, boronic acid undergoes deprotonation, and the molec-
ular structure transforms into a donor-acceptor (D-A) system, leading to
significant spectral changes. Although CH dye has been already reported
in literatures, it has never been investigated as pH sensor [34].

The CYTYR dye was selected for the peculiar pH dependence of its
spectral pattern, which is the result of the protonation of the meso-
amino group, whose pK, was reported to be in the 3-6 range [35],
thus extending the pH detection range of the array to the acidic side.
Additionally, the spectral properties of CH and CYTYR are ideal for
promoting a FRET system, with CH as the donor and CYTYR as the
acceptor.

To enable FRET mechanism and overcome the low water solubility of
the dyes, CH and CYTYR were formulated, individually and in combi-
nation, with 1,2-distearoyl-sn-glycero-3-phosphoethanolamine (DSPE-
PEG2000-NH2) to form nanomicelles in water [36-41], which also im-
proves the stability of the pC array. The absorption and fluorescence
properties of CH-lipo, CYTYR-lipo, and CHCY-lipo can exhibit different
and distinct pH profiles, and their combination enables a wide range of
pH detection and discrimination. The tyrosine-modified cyanine dye
CYTYR was considered as the energy acceptor. At low pH values, CH dye
exhibits weak fluorescence, and its emission wavelength does not match
the absorption of CYTYR, resulting in no FRET effect. However, when
pH increases, CH undergoes deprotonation, resulting in a red shifted
emission and FRET coupling with the CYTYR acceptor. Therefore, the
combination of these dyes’ spectral features may extend the pH sensing

Scheme 1. Synthetic routes of CH (a) and CYTYR (b).
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Scheme 2. a) Chemical structures of the pre-donor CH, donor CH-, and pH-activated acceptor CYTYR. b) Illustration of the pH response of CHCY.

range across both acidic and alkaline regions, in the 4.7-9.2 range
(Scheme 2).

First, the spectral characteristics of CH and CYTYR dyes were eval-
uated in THF and methanol, respectively (Fig. S1). The maximum ab-
sorption and emission wavelengths pairs were 400/490 nm for CH, and
645/760 nm for CYTYR.

Interestingly, under alkaline conditions (pH 11), CH deprotonated
with a consequent red shift of the absorption/emission pair and increase
of the Stokes shift (450 nm/650 nm). Interestingly, in this condition the
emission wavelength of the deprotonated CH dye matched well the
absorption of CYTYR dye, thus enabling an energy transfer (Scheme 2a,
Fig. S2). CH and CYTYR dyes also exhibited a solvent-dependent fluo-
rescence (Fig. S3). Compared to THF, the emission of CH was reduced in
hexane (associated with a blue shift), in methanol and DMF (associated
with a red shift in both solvents) and increased in acetonitrile and
chloroform. Compared to methanol, the fluorescence intensity of CYTYR
was reduced in acetonitrile (blue shift) and chloroform (no shift) and
was similar in DMF. All these observations are in good agreement with
the solubility of the dyes in the different solvents and the effect of sol-
vent polarity on the spectral pattern.

The concentration dependence of the fluorescence emission was
determined for both the dyes. The emission of CH in THF showed a
linear behavior up to a concentration around 10 pM, after which the
fluorescence quenched and decreased for a concentration higher than
50 pM, likely due to collisional quenching effects (Fig. S4). Also the
concentration dependence for CYTYR in methanol exhibited a linear
correlation up to 10 pM, and a limited quenching at higher concentra-
tions (Fig. S5).

It is worth noting that upon addition of water in a 10 pM THF so-
lution of CH, the typical pattern resulting from the occurrence of
aggregation-induced emission (AIE) effects. In fact, upon increasing the
water fraction, the emission of the dye at 500 nm progressively
decreased with a consequent appearance of a redshift emission at 570
nm, which is the only emission detectable when the water fraction
reached 98 % (Fig. S6a). Plotting the fluorescence intensity 570/500
ratio, a steep increase of the red shift emission due to the AIE effect was
detected water content larger than 70 % (Fig. S6b).

To overcome the dyes’ limited water solubility and promote a pH-

dependent FRET mechanism, the CH/CYTYR pair was formulated into
nanoaggregates using DSPE-PEG2000-NH2 phospholipid (7.5 mol%) as
a surfactant (CHCY-lipo). Formulations containing the individual dyes
CH (CH-lipo) and CYTYR (CYTYR-lipo) were also prepared.

The nanoparticle features of the formulations were evaluated by
Dynamic Light Scattering measurements, which allowed the determi-
nation of the average hydrodynamic size, polydispersion index, and the
zeta-potential of the aggregates at pH 4.4, 7.4, and 11.6 (Table S1). The
aggregates spanned a quite broad size range, from 90 nm to 600 nm, and
size dispersion (0.05-0.5), without a clear dependence on pH and dye
composition. As expected, the zeta-potential generally displayed high
negative values at pH 11.6, and more positive values as pH decreased,
likely reflecting the deprotonation of the terminal amino group of the
phospholipid used in the formulation.

The mixed CHCY-lipo sample was also formulated as a function of
the CH/CYTYR molar ratio from 1:1 to 1:10. The emission spectra of
these samples (excitation at 500 nm) at pH 11.6 are displayed in Fig. S7.
FRET effect started to be detectable in the formulation with the 1:4 M
ratio and reached the maximum efficiency (E = 96.4 %) for the 1:10
formulation.

The FRET process is promoted by the incorporation of the dyes in the
nanoaggregates and upon addition of TritonX-100 for disassembling the
nanoparticles, the emission of the CH dye was recovered (Fig. S8).

Next, the spectral properties and pH responsiveness of CH-lipo,
CYTYR-lipo, and CHCY-lipo was assessed.

The absorption spectra of CH-lipo over the 2-10 pH range displayed
a pattern fully consistent with the presence of an acid-base equilibrium
with a maximum absorption around 410 nm at acidic pH and a broader
red shifted signal around 500 nm at the basic side (Fig. 1a). By plotting
the pH dependence of the absorption 500/410 nm ratio, a clear inflec-
tion point at ca. pH 9 was observed, in agreement with the expected pK,
for a phenylboronic moiety (Fig. S9a).

The fluorescence emission of CH-lipo (excitation at 500 nm) re-
flected the absorption pattern, with a signal at 570 nm for the proton-
ated dye, and a red shifted emission at 655 nm for the deprotonated
molecule (Fig. 1b). The values of the fluorescence intensity 655/570
ratio were fitted with an S-shaped Boltzmann function, and a pK, values
of 8.96 (in good agreement with the deprotonation of the phenylboronic
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Fig. 1. a) UV absorption spectra of CH-lipo in different pH buffer solutions. b) Fluorescence emission spectra of CH-lipo in different pH buffer solutions at a
concentration of 20 pM. Excitation wavelength: 500 nm, slit width: 3 nm. ¢) Sigmoidal Boltzmann function fitting curve of the ratio of fluorescence intensities at 655
nm and 570 nm as a function of pH. d) Derivative curve of the fitting function in Fig. 1c, where 75 % of the maximum value is taken as the pH-sensitive

response range.

acid moiety) was obtained from the inflection point (Fig. 1c). A pH
detection range between 8.68 and 9.25 (ApH = 0.57) was determined
for this system (Fig. 1d, Figs. S9b—c).

CYTYR-lipo sample exhibited a different behavior. In acidic envi-
ronment, the dye displayed an absorption peak around 500 nm, whose
intensity decreased under alkalization, while a red shifted absorption
around 630 nm appeared and reached the maximum intensity at pH 7.8.
The blue shifted absorption in acidic condition can attributed to the
protonation of the amino group located at the meso position of the
polymethine chain of the dye as already reported for other similar sys-
tems [35,42]. Therefore, in neutral and alkaline conditions, the
meso-amino group deprotonates, and the absorption spectrum displays
the typical pattern associated with a cyanine dye (Fig. 2a). Similarly, the
fluorescence emission (excitation at 645 nm) displayed a pH dependence
in excellent agreement with the presence of acid/base pair with a pK, of
5.7 (Fig. 2b—d). Consequently, the pH detection range of this system was
found to be 5.23-6.16 (ApH = 0.93).

The spectral pattern of the mixed formulation CHCY-lipo (CH/
CYTYR 1:10 M ratio) is shown in Fig. 3.

The absorption spectra showed a complex pattern in the 400-500 nm
range, with a general reduction in signal intensity from acidic to alkaline
environments and an opposite trend in the 600 nm region. Alkaline
conditions produced a new absorption peak at 450-500 nm (Fig. 3a).
The emissive pattern of this sample (upon excitation at 500 nm) was

predominantly characterized by a single emission at 760 nm arising
from the CYTYR dye, whose intensity progressively increased over the
3-12 pH interval (Fig. 3b-c).

The combined effect of CYTYR and CH deprotonation and the
resulting FRET effect in the nanoaggregates, upon excitation at 500 nm,
extended the pH responsiveness of this system over more than 4 pH units
(4.69-9.01).

With the aim of assessing the potential of the nanoaggregates for pH
sensing purposes of anti-aging creams, their photostability and possible
interferences with metal ions were evaluated.

CH-lipo exhibited excellent photostability during multiple acid-base
cycles (pH 3.4 and 12.6), while CYTYR-lipo and CHCY-lipo showed a
slight reduction in the fluorescence emission in the same challenge
(Figs. S11la—c).

Concerning potential interference with the presence of metal ions,
the results reported in Fig. S11d demonstrate that the emission of the
three systems is almost unaffected by the presence of nine metal ions
selected for this experiment.

Based on these promising observations and the distinct pH sensing
properties of CH-lipo, CYTYR-lipo, and CHCY-lipo, we established the
pC pH sensing array (Scheme 3).

The sensing array was conceived with six channels utilizing the
UV-vis absorption and fluorescence emission of CH-lipo, CYTYR-lipo,
and CHCY-lipo for detection. Each probe was mixed with buffers at
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Fig. 2. a) UV absorption spectra of CYTYR in different pH buffer solutions. b) Fluorescence emission spectra of CYTYR-lipo in different pH buffer solutions at a
concentration of 20 pM. Excitation wavelength: 645 nm, slit width: 3 nm. ¢) Sigmoidal Boltzmann function fitting curve of the ratio of fluorescence intensities at 760
nm as a function of pH. d) Derivative curve of the fitting function in Fig. 2c, where 75 % of the maximum value is taken as the pH-sensitive response range.

different pH values, and the final concentration of dyes was set to 20 pM.
The absorption and fluorescence intensities were recorded after 3 min.
As shown in Fig. 4a, pC array exhibited different quenching effects at the
different examined pH values. The quenching ratio (calculated as (I-Ip)/
Iy or (A - Ap)/Ag) for all sensing channels were measured within the
range of —1 to 1.5, with pH 7.4 in PBS solution as reference. Linear
discriminant analysis (LDA) was used to generate a fingerprint pattern
for the pH sensing of the array (Fig. 4b). The first two principal com-
ponents (83.2 % and 15.3 %) were sufficient to easily differentiate the
pH values, as better highlighted in the 3D fingerprint pattern (Fig. 4c).
Then, we applied the pC array to test a series of eight popular anti-
aging worldwide produced face creams available in the market. High-
quality products often use natural ingredients to protect the skin,
while counterfeit products may add chemicals to achieve a deceptive
appearance, leading to irreversible damage with long-term use. For
example, polyphenols can act as antioxidants in skin care products.
However, polyphenolic compounds, particularly flavonoids, can
interact with proteins through nonspecific forces (e.g., hydrogen
bonding and hydrophobic effects) and covalent bond formation, forming
complexes that impact protein function, solubility, and stability [43].
Some unscrupulous manufacturers achieve this effect by adding phenol,
but excessive phenol can cause skin discomfort. Excess phenol can affect
the pH of skin care products, and we can use pC to identify it. The
declared pH values of the anti-aging face creams ranged between 5.4
and 8.1 (Table S2). Solution of face cream at a concentration of 10
mg/mL was mixed with the pC array, resulting in a final dye concen-
tration of 20 pM, and absorbance and emission were measured in the six
channels (Fig. 5). Different quenching ratios were measured for each

channel for the various creams. Face creams 1 and 2 exhibited signifi-
cant quenching, while creams 5 and 6 showed similar quenching pat-
terns. The 2D fingerprint pattern successfully separated six of the face
creams, but it was unable to differentiate face creams 4 and 7 as well as 6
and 8, which showed some overlapping (Fig. 5b). By incorporating a
third factor in the LDA analysis (Factor 1: 74.2 %, Factor 2: 23.7 %,
Factor 3: 1.7 %), and analyzing the 3D spatial fingerprint pattern, all the
creams were well differentiated (Fig. 5c).

We further challenged the pC array with a solution of two random-
ized cream mixtures at a concentration of 10 mg/mL. The results indi-
cated that pC performed well in the test. The two-dimensional
fingerprint pattern successfully separated multiple blends of creams,
with only individual overlaps when Cream 1 and Cream 3 were mixed
with the other creams (Fig. S12). However, by adding a third factor, the
three-dimensional spatial fingerprint pattern successfully analyzed all
mixture solutions, with each mixture of creams having its own unique
fingerprint pattern, suggesting that pC array has also a great potential
for mixture identification (Fig. S13).

To further validate the accuracy of the pC array, we randomly
selected a supplementary package of one face cream as an unknown
sample for testing, and the results showed that the method successfully
identified Cream X as the supplementary package of Cream 7 (Fig. 6a).
In the ongoing exploration of the discriminative performance of pC array
against counterfeit creams, we intentionally introduced various sub-
stances (formaldehyde, phenol, mercury ions, hydrogen peroxide, and
acetone) into the selected eight creams. These substances are common
industrial compounds used in producing fraudulent cosmetics. The 3D
fingerprint of cream 1 added with the “counterfeiting” substances
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Scheme 3. Explanation of the application of the pC sensor array in differentiating various anti-aging creams.

revealed a distinct identification of the modified cream (Fig. 6b), likely
attributable to pH alterations and/or changes in the physico-chemical
properties of the dyes induced by the added substances. Encourag-
ingly, analogous positive outcomes were achieved for the remaining
creams as well (Fig. S14). Notably, the entire identification process for
each set of samples was completed within 15 min, demonstrating the
rapid, accurate, and convenient characteristics of the test.

Compared to conventional pH testing, this study offers the advan-
tages of speed and accuracy. However, it also has certain limitations.
The number of samples used in this study is relatively small, especially
when considering the vastness of the cosmetics market. Future research
could leverage machine learning techniques to expand the trial range of
the array. Machine learning can effectively reduce time costs and
accelerate the commercialization of the array.

3. Conclusions

In summary, this work reports the synthesis and characterization of
two novel dyes, CH and CYTYR, with peculiar pH responsiveness
properties. CH exhibits aggregation-induced emission (AIE) effect in
water and undergoes a red shifted fluorescence emission under alkaline
conditions that matches the absorption of CYTYR, thus allowing an
efficient FRET effect. The dyes were combined with a phospholipid to
form nanoaggregates, whose spectral patterns were utilized to design a
six-channel pH sensing array with a pH detection interval between 4.7
and 9.25. The performance of this array was tested to evaluate the
quality of eight commercially available anti-aging face creams. Linear
discriminant analysis of the 3D fingerprint patterns demonstrated the
ability of the array to effectively distinguish the different brands of the
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anti-aging products. Moreover, the array was challenged to analyze 4. Experimental section
artificially sophisticated creams, further confirming the great potential
to assess the quality of the products and identify possible frauds. The 4.1. Materials and methods
characterization of the products was completed within 15 min, show-

casing the potential of the method in quality control tests in cosmetics

Unless otherwise specified, materials were obtained from Sigma-
industry.

Aldrich and used without further purification. DSPE-PEG2000-NH2
(25 mg/mL in chloroform solution) was purchased from Sigma. Deion-
ized water was obtained by Milli-Q water purification system (Millipore)
with electrical conductivity of 18.2 s/m. Using tetramethylsilane (TMS)
as the internal standard, 1H and 13C NMR spectra were recorded on 14 T
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Bruker Avance III spectrometer. Mass spectra were recorded on the
Brook Electron spray Ionization Mass Spectrometer (ESI-MS). The
UV-Vis absorption spectrum was collected by CARY50 biological spec-
trophotometer (Varian Inc., CA., USA). Fluorescence spectra were
measured on Fluoromax-4 fluorescence spectrophotometer (Hori-
baJobinYvon Inc., USA). Spectra were recorded at 25 °C, with excitation
and emission slits of 3 nm. The 8 anti-aging creams used in this study
were unopened samples provided by the manufacturers at the time of
purchase. All samples were within their expiration dates, ensuring their
freshness and effectiveness.

4.2. Synthesis of CH

Compound CH was synthesized using a method described in previ-
ously published literature [40]. Under argon gas protection, compound
1, 2-(3,5,5-trimethylcyclohex-2-en-1-ylidene)malononitrile (0.2 g, 1.07
mmol) and 4-hydroxybenzaldehyde (2, 0.22 g, 1.5 mmol) were dis-
solved in 3 mL acetonitrile. Then piperidine (0.5 mL, 5.06 mmol) was
added to the solution and the mixture was heated to reflux at 85 °C for
16 h. The reaction was monitored until reactant 1 disappeared. Subse-
quently, the solution was extracted using ethyl acetate (3 x 25 mL) and
water. The organic layer was washed with 1 N HCI (30 mL) and satu-
rated salt water, before being dried with anhydrous sodium sulfate to
obtain red crude solid. Column chromatography separation (dichloro-
methane: methanol = 60:1 to 10:1) resulted in 162 mg (orange solid)
with a yield of 51 %.'H NMR (600 MHz, DMSO-dg) 5 8.10 (s, 2H), 7.81
(d, J = 7.6 Hz, 2H), 7.66 (d, J = 7.7 Hz, 2H), 7.47 (d, J = 16.1 Hz, 1H),
7.28 (d, J =16.2 Hz, 1H), 6.92 (s, 1H), 2.63 (s, 2H), 2.56 (s, 2H), 1.01 (s,
6H)., 13C NMR (151 MHz, DMSO) § 170.96, 156.33, 138.08, 137.96,
135.16, 130.59, 127.37, 123.63, 114.42, 113.59, 77.15, 42.91, 40.65,
40.53, 40.39, 40.26, 40.12, 39.98, 39.84, 39.70, 38.74, 32.27, 28.02,
27.65. MS (ESI): calculated for C19H;9BN2Os [M+H]™: 318.15, found
318.15.

4.3. Synthesis of CYTYR

CYTYR was synthesized in a one-step reaction from IR783(2-[2-[2-
Chloro-3-[2-[1,3-dihydro-3,3-dimethyl-1-(4-sulfobutyl)-2H-indol-2-
ylidene]-ethylidene]-1-cyclohexen-1-yl]-ethenyl]-3,3-dimethyl-1-(4-
sulfobutyl)-3H-indolium hydroxide). IR783 and tyramine (3) were dis-
solved in 1 mL of DMF and reacted at 85 °C for 3 h. The solvent was then
removed by vacuum distillation. Column chromatography separation
(dichloromethane: methanol = 3:1 to 1:1) resulted in 36 mg blue solid
with a yield of 61 %.'H NMR (600 MHz, Methanol-d4) & 8.00 (s, 1H),
7.68-7.63 (m, 1H), 7.35 (d, J = 7.4 Hz,2H), 7.31 (t, J = 7.9 Hz, 2H), 7.08
(t, J = 3.5 Hz, 8H), 6.78 (dd, J = 16.2, 8.0 Hz, 4H), 3.98 (d, J = 6.8 Hz,
4H), 3.02 (s, 4H), 2.89 (q, J = 7.3 Hz, 6H), 2.51 (t, J = 6.5 Hz, 3H), 1.94
(s, 8H), 1.61 (s, 12H).}>C NMR (151 MHz, MeOD) & 169.85, 165.81,
158.33, 145.46, 142.23, 140.38, 133.33, 132.20, 131.72, 131.65,
130.79, 130.55, 130.34, 129.29, 124.77, 123.91, 122.80, 117.67,
117.62,111.07, 96.71, 70.05, 53.24, 52.99, 44.68, 43.17, 41.12, 38.17,
37.87, 34.72, 32.56, 31.06, 30.03, 27.68, 27.10, 25.89, 25.56, 24.94,
24.60, 23.55, 15.31, 12.32. MS (ESI): calculated for CagHsgN30S5
[M-+H]': 826.36, found 826.19.

4.4. Preparation of phospholipid-based sensors

CH-lipo and CYTYR-lipo sensors were prepared using the modified
film hydration technique. Initially, CH was dissolved in THF and CYTYR
was dissolved in methanol to create a stock solution with a concentra-
tion of 1 mM for both chemicals. A mixture of 0.01 mL CH or CYTYR (10
pmol) from the stock solution and 0.03 mL of DSPE-PEG2000-NH; (25
mg/mL in CHCl3) was prepared at a mass ratio of approximately 1:100.
The organic solvent was then removed using vacuum rotary evapora-
tion, resulting in a dry lipid film containing the dye. The dried film was
hydrated with 1 mL of deionized water and sonicated for 1 min to obtain
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a clear stock solution of the two sensors with a dye concentration of 20
uM, which was used for absorbance and emission measurements.

For the CHCY-lipo sensor, the following general methods were
employed. CH and CYTYR stock solutions were mixed at a molar ratio of
1:10 (10 pL CH 1 mM in THF + 100 pL CYTYR 1 mM in MeOH) and
combined with DSPE-PEG2000-NH> (25 mg/mL in CHCl3) at a mass
ratio of approximately 1:15. The organic solvent was then removed by
vacuum rotary evaporation, resulting in a dry lipid film containing the
dyes. The dried film was hydrated with 1 mL of deionized water and
subjected to sonication for 1 min to obtain a clear stock solution of
sensors with a CH/CYTYR dye concentrations of 10 pM/100 pM. To
prepare the test sensors solution, 0.2 mL of the stock sensors solution
was mixed with different pH buffers (0.8 mL), resulting in a test sensors
solution with a CH/CYTYR dye concentrations of 2 pM/20 pM for
absorbance and emission measurements. Other CHCY-lipo sensors were
prepared differing in the CH/CYTYR molar ratios: 1:1, 1:4, 1:6 and 1:8.

4.5. FRET efficiency

The efficiency of FRET effect (E) was calculated according to the
following equation: E = 1 — (Fpa /Fp) S1

where FDA is the fluorescence intensity of the donor (CH) in the
presence of the acceptor (CYTYR), and FD is the fluorescence intensity of
the donor in the absence of the acceptor.

4.6. Assessment of pH responsiveness of the sensors

Using CH as a typical example, the probes were incubated with
various ionic solutions at a concentration of 10 mM. The fluorescence
spectra were measured to evaluate the response reliability. The ONOO™
was prepared using the method described in the published literature
[44].

A buffer solution (10 mM) was prepared by dissolving citric acid and
sodium citrate in water to test a broad pH range from 2.0 to 11.0. CH-
lipo, CYTYR-lipo, and CHCY-lipo were added to the appropriate pH
buffer solutions to obtain a concentration of fluorescent dyes of 20 pM.
Fluorescence readout were recorded using a Microplate reader using the
following excitation and emission wavelengths:

CH-lipo: Excitation at 500 nm, Emission at 650 nm.

CYTYR-lipo: Excitation at 645 nm, Emission at 760 nm.

CHCY-lipo: Excitation at 500 nm, Emission at 760 nm.

4.7. pC to distinguish anti-aging creams

To obtain a 1 mg/mL solution, the 8 investigated face creams were
dispersed in water. The resulting solutions were then distributed evenly
in a 96-well plate in a 8x3 arrangement. Next, the pH sensors were added
to the wells, obtaining a solution with a concentration of 20 pM of
fluorescent material. The plate was carefully handled to ensure proper
mixing of the sensor with the face cream solution in each well. The plate
was then placed in a microplate reader equipped with UV fluorescence
detection capabilities. The reader was set to record the UV fluorescence
data at the appropriate excitation and emission wavelengths for the
sensors used. The test for the unknown cream was carried out similarly
to the experiment above. The parameters of the six detection channels
are:

Channel 1 and Channel 2 are for CH-lipo, Excitation at 500 nm,
Emission at 650 nm.

Channel 3 and Channel 4 are for CYTYR-lipo, Excitation at 645 nm,
Emission at 760 nm.

Channel 5 and Channel 6 are for CHCY-lipo, Excitation at 500 nm,
Emission at 760 nm.
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