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Abstract

Ascorbic acid and its hydrophilic derivatives, ascorbyl phosphate, ascorbyl glucoside, and
3-O-ethyl ascorbic acid, are wide used active ingredients in cosmetics, with concentrations
increasingly declared on product labels. Since such products are not subject to routine
quality control, this study aimed to evaluate the content-related quality and stability of a
comprehensive sample of commercial cosmetics. For this purpose, a selective HPLC-UV
analytical method for their simultaneous determination was developed, validated, and
applied to 41 products. The analysis revealed 0–31.7% (m/m) contents and inappropriate
labeling in 22% of the products, including the absence and replacement of the labeled
vitamin C form. Over half (57%) of the determined contents corresponded to the labels,
which was claimed for 31 products, while the remaining contents were considerably lower
(<80%). The stability study, performed on selected cosmetics and standard solutions under
ambient and elevated temperatures, demonstrated instability, which could account for their
inadequate content. Thus, the instability was found to be temperature-dependent and most
pronounced for ascorbic acid, whereas the product price did not show a clear correlation
with greater content or stability. Overall, these results highlight the need for proper quality
control and stricter cosmetics regulation as well as formulation design to achieve sufficient
stabilization, as observed in certain products.

Keywords: 3-O-ethyl ascorbic acid; active ingredients; ascorbic acid; ascorbyl
glucoside; ascorbyl phosphate; content; HPLC-UV; labeling; stability indicating method;
stability testing

1. Introduction
Ascorbic acid (AA), more broadly known as vitamin C (vit. C), is a highly valued cosmetic

ingredient. Over the last two decades, its use in cosmetics has shifted from an auxiliary sub-
stance (antioxidant, pH adjuster, and stabilizer of the formulations) [1] to an active substance
with several beneficial effects on the skin. Due to its antioxidative properties, it is primarily
effective in the prevention of oxidative stress as well as in the treatment of skin conditions
resulting from oxidative cellular damage, such as photoaging and hyperpigmentation [2,3]. Its
effectiveness in the treatment of hyperpigmentation is also due to its inhibition of tyrosinase,
the key enzyme involved in the conversion of tyrosine into melanin, which is responsible for
skin pigment [4,5]. AA also plays a critical role in collagen production by stimulating procol-
lagen gene expression and acting as a cofactor of 2-oxoglutarate-dependent dioxygenases,
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which catalyze post-translational modifications of procollagen (hydroxylation of proline and
lysine residues) [6,7]. Additionally, by promoting the synthesis of tissue inhibitors of matrix
metalloproteinases, which are involved in collagen degradation, AA increases collagen levels
in the skin, improving skin firmness and signs of aging [4,7]. Vit. C has also been shown to
be beneficial in some inflammatory dermatologic conditions such as erythema, acne, atopic
dermatitis, and rosacea, which can partly be attributed to its ability to promote keratinocyte
differentiation and modulate epidermal lipid metabolism [8–11].

The formulation of high-quality and effective cosmetic products with AA is challenging
primarily because of its hydrophilic nature, which limits its penetration through the hydropho-
bic stratum corneum barrier, as well as its instability and degradation, which can occur during
cosmetics production and storage [12,13]. To overcome these limitations, several approaches
are being investigated and applied in formulations, including reducing water content, oxygen
levels, and light exposure; the addition of stabilizers; the use of high AA concentrations or
advanced delivery systems; and the development and use of more stable AA derivatives [12].
Based on their structure, the currently available AA derivatives can be classified as hydrophilic
(magnesium or sodium ascorbyl 2-phosphate (AP), ascorbyl 2-glucoside (AG) and 3-O-ethyl
ascorbic acid (AE)), amphiphilic (disodium isostearyl 2-O-ascorbyl phosphate, ascorbyl 2-
phosphate 6-palmitate), and lipophilic (ascorbyl 6-palmitate, tetrahexyldecyl ascorbate, and
ascorbyl tetraisopalmitate) [14]. The addition of a lipophilic group enhances the lipophilicity
of vit. C and its epidermal penetration, while substitution at the C2 or C3 position on the
AA molecule primarily improves its stability by protecting the reactive enediol system [15].
Among the different vit. C forms, AA and its hydrophilic derivatives (Figure 1) are the most
commonly used forms in commercial cosmetics [16]. Although the higher stability of its
hydrophilic derivatives has been described in the literature, practical data on their intrinsic
stability, as well as their stability in cosmetic products, have not yet been reported. The aim
of this study was therefore to examine the quality of a representative sample of commercial
cosmetic products containing AA, AP, AG, and AE, focusing on their labeling and actual
content in relation to the labels’ claims. The quality assessment also includes a comparative
evaluation of their intrinsic stability through forced degradation studies, stability testing of
various commercially available cosmetic products, and a comparison of different factors affect-
ing their stability. Since, to our knowledge, no suitable stability-indicating analytical methods
have been reported for their simultaneous analysis, an initial objective of the study was the
development and validation of a simple and selective method based on high-performance
liquid chromatography (HPLC) applicable to their evaluation in various samples.

Figure 1. Structures of ascorbic acid (AA) and its hydrophilic derivatives: ascorbyl 2-glucoside (AG),
ascorbyl 2-phosphate (AP), and 3-O-ethyl ascorbic acid (AE).

2. Materials and Methods
2.1. Chemicals and Reagents

AA (≥99.7%) and AG (≥99.6%) were obtained from Biosynth (Berkshire, UK). AE
(≥98.0%) was purchased from Tokyo Chemical Industry (Tokyo, Japan). Magnesium
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(≥98.0%) and sodium AP (≥98.0%) were obtained from Sigma-Aldrich (Steinheim, Ger-
many). HPLC-grade acetonitrile (ACN) and n-hexane were obtained from Honeywell,
Riedel-de Haën™ (Seelze, Germany). Formic acid, sodium hydroxide, hydrochloric acid,
hydrogen peroxide solution, and ethylenediaminetetraacetic acid disodium dihydrate
(EDTA) were obtained from Merck (Darmstadt, Germany). Ultra-pure water (UPW) was
obtained using an Adrona Connect LT purification system (Adrona, Riga, Latvia).

2.2. Instrumentation and Chromatographic Conditions

An Agilent 1100/1200 series HPLC system (Agilent Technologies, Santa Clara, CA,
USA), equipped with a UV–VIS detector and a ChemStation data acquisition system,
was used. The analysis was performed on a reversed-phase Gemini® C18 column
(100 × 4.6 mm, 3 µm particle size; Phenomenex, Torrance, CA, USA) at 30 ◦C, with 0.05%
formic acid in UPW (mobile phase A) and ACN (mobile phase B) in gradient elution mode
at a flow rate of 1 mL/min. The gradient program was as follows: (time (min); % A;
% B): (0–1.5; 100; 0), (1.5–5.0; 80; 20), (5.0–6.5; 80; 20), (6.6; 100; 0). The total run time was
10 min, and the detection wavelength was 254 nm, selected as a compromise to enable
simultaneous determination of all four examined vit. C forms. The injection volume was
adjusted to the analyte content in the samples and ranged from 3 µL to 10 µL (5 µL during
method validation).

2.3. Preparation of Samples for Forced Degradation Study

A forced degradation study was performed on standard solutions containing one of
the examined vit. C forms (250 mg/L of AA, AG, and AE or 500 mg/L of AP) in accordance
with ICH guideline Q1A(R2) [17]. The individual solutions were further treated by adding
1 M HCl, 1 M NaOH, and 30% H2O2 to obtain samples containing 0.1 M HCl for acidic
degradation, 0.1 M NaOH for alkaline degradation, and 3% H2O2 for oxidation. Untreated
samples were exposed to elevated temperature (60 ◦C for thermal degradation), daylight
for photodegradation, and stored at 25 ◦C, protected from light (control sample). After
24 and 48 h of exposure to the forced degradation conditions, the samples were processed
(samples for hydrolytic degradation were neutralized with 1 M NaOH or HCl, and samples
for thermal degradation were cooled to ambient temperature) and analyzed to assess
the selectivity of the method in the presence of the formed degradation products. The
determined contents were expressed as the ratio (%) between the response after 24 and
48 h and the initial response of the same concentration in the control sample.

2.4. Preparation of Standard Solutions

AA, AG, AP, and AE mixed stock standard solutions were prepared daily on three
consecutive validation days by dissolving appropriate quantities of each individual stan-
dard in a 0.1 mM EDTA solution in UPW. The mixed stock solutions were further diluted
with the same solvent to obtain calibration standards and quality control (QC) solutions (in
triplicate), as presented in Table 1, which were analyzed immediately.

2.5. Method Validation

The developed HPLC–UV method was validated according to ICH guideline
Q2(R2) [18] in terms of selectivity, linearity, precision, accuracy, detection limit (DL), quanti-
tation limit (QL), sample stability, sample preparation repeatability, and recovery. Selectivity
was evaluated by visual examination of the chromatograms of each individual vit. C form
standard solution, their mixtures, all solvents used, and all analyzed cosmetic products.
Selectivity was also evaluated in the presence of degradation products of each individual
vit. C form formed during the forced degradation study.
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Table 1. Concentrations (mg/L) of calibration standards and QC solutions.

AA AG AP AE

Calibration standards

6 8 18 5
15 20 45 12.5
30 40 90 25
60 80 180 50
120 160 360 100
180 240 540 150
240 320 720 200
300 400 900 250

QC solutions
QCL 45 60 135 37.5
QCM 150 200 450 125
QCH 225 300 675 187.5

Abbreviations: AA, ascorbic acid; AG, ascorbyl 2-glucoside; AP, ascorbyl 2-phosphate; AE, 3-O-ethyl ascorbic
acid; QCL, low-concentration quality control solution; QCM, medium-concentration quality control solution; QCH,
high-concentration quality control solution.

Linearity was assessed using a linear regression model between the concentrations
of the individual vit. C forms in the calibration standard solutions (Table 1) and their
peak responses. Based on this model, the slope of the regression line, y-intercept, and
coefficient of determination (R2) were determined. The acceptance criterion for linearity was
R2 > 0.999.

Accuracy and precision were evaluated at three QC levels, prepared in triplicate and
covering low, medium, and high concentration levels within the linear ranges (Table 1), over
three consecutive days of validation. Accuracy was reported as the mean percent ratio of
the concentration calculated from the regression line, obtained on the same validation day
(intra-day) and on different validation days (inter-day) and the known, actual concentration,
and was set at 100 ± 5%. Precision was assessed as repeatability and intermediate precision,
evaluated using three QC solutions at each concentration level. Repeatability was assessed
as the relative standard deviation (RSD) of three QC solutions prepared and analyzed on
the same validation day, while intermediate precision was determined as the RSD of QC
solutions prepared and analyzed on three different validation days. Both repeatability
and intermediate precision were set at ≤5%. Injection repeatability was determined using
six consecutive injections of QC solutions at each of the three concentration levels and was
considered acceptable at ≤2% RSD.

DL and QL were determined from the three calibration curves, using the equations
DL = (3.3 × σ)/S and QL = (10 × σ)/S, where σ is the standard deviation of the intercepts,
and S is the mean slope of the three regression lines.

The stability of the evaluated vit. C forms was assessed in QC solutions at each of
the three concentration levels. Sample stability was evaluated by comparing the response
after 24 h and 48 h of storage at 8 ◦C with the initial value, with an acceptance range of
100 ± 5%.

Repeatability of the sample preparation procedure was evaluated by preparing
all tested cosmetic products in triplicate and calculating the RSD between them, with
an acceptance criterion of ≤10%.

Method recovery was assessed for 14 different cosmetic products (No. 1, 6, 7, 8, 10,
13, 14, 16, 18, 25, 31, 34, 36, and 40) by adding the evaluated vit. C forms to the cosmetic
products at their respective nominal amounts and performing separate analyses of the
cosmetic product without addition and of the standard solution containing the added
analyte amount in the extraction solvent. All samples were prepared in triplicate. Average
recoveries were calculated using the following equation: recovery (%) = 100 × (concen-
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tration found in spiked sample − concentration found in non-spiked sample)/added
concentration. The acceptance criterion was set at 100 ± 10%.

2.6. Overview of the Analyzed Commercial Cosmetic Products

A total of 41 leave-on commercial facial cosmetic products containing AA, AG, AP,
and/or AE were analyzed. The products were purchased from different providers on
the Slovenian market (grocery stores, drug stores, and pharmacies) through physical and
online retailers between 2020 and 2025, and included serums, creams, primers, a spray, and
a toner. Most of these products provided quantitative information on the content of some
of the evaluated vit. C forms and were marketed with anti-aging or brightening effects. The
relevant information regarding the type of products, formulations, and packaging, as well
as the vit. C form and its labeled content, is summarized in Table A1, which also includes
the price of each product, calculated by converting the retail price to a uniform volume of
30 mL.

2.7. Preparation of Samples for Cosmetic Product Analysis

The purchased products were opened within a few days of purchase and analyzed
immediately after their opening. Thus, one batch of each product was purchased and ana-
lyzed. Before opening and analysis, the products were stored in their original primary and
secondary packaging under the manufacturers’ recommended storage conditions (ambient
temperature, except for products No. 24 and 32, which were stored in a refrigerator). All
samples of the individual products were prepared in triplicate according to the procedures
described below for hydrophilic and lipophilic formulations.

2.7.1. Sample Preparation for the Analysis of Hydrophilic Formulations

Samples of cosmetic products, containing mostly hydrophilic components, were pre-
pared by weighing 30–150 mg of the product and adding 10 mL of 0.1 mM EDTA. The
samples were vortexed for 5 min and sonicated for 10 min. The samples were then cen-
trifuged at 20 ◦C and 4130× g for 10 min and filtered through a 0.45 µm Minisart® RC filter
(Sartorius, Göttingen, Germany) before analysis. In the case of phase separation, only the
lower, aqueous phase was sampled.

2.7.2. Sample Preparation for the Analysis of Lipophilic Formulations

Samples of the products, containing mostly lipophilic components (No. 8, 10, 11, 34,
35, 37, and 40), were weighed into centrifuge tubes (30–50 mg), followed by the addition
of 2 mL of n-hexane and vortexing for 5 min and sonication for 10 min. Then, 10 mL of
0.1 mM EDTA was added, followed by additional vortexing for 5 min and sonication for
10 min. The samples were centrifuged at 20 ◦C and 4130× g for 10 min, resulting in at least
two phases. The lower aqueous phase was filtered through a 0.45 µm Minisart® RC filter
and transferred into vials for analysis.

2.8. Stability Testing of Selected Cosmetic Products and Standard Solutions Under Long-Term and
Accelerated Storage Conditions

A total of 22 cosmetic products, selected based on the availability of sufficient quanti-
ties and adequate levels of the evaluated vit. C forms, were subjected to stability testing
under long-term and accelerated storage conditions following the ICH Q1A(R2) [17] and
Cosmetics Europe guidelines [19]. Testing under long-term storage conditions was per-
formed on the cosmetic products in their original primary and secondary packaging under
the expected storage conditions. Since typical expected storage conditions were ambient
temperature and darkness, testing was performed under these conditions. Stability testing
was additionally performed by storage in a refrigerator (2–8 ◦C) for two cosmetic prod-
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ucts (No. 24 and 32) for which refrigerated storage is recommended by the manufacturer.
The cosmetic products were opened periodically to simulate actual conditions of use (at
least twice a week, resulting in exposure to air and light for a few minutes). Stability
testing under accelerated storage conditions was performed by storing previously weighed
amounts of the cosmetic products in closed plastic tubes, in a climatic chamber at elevated
temperature (40 ◦C and 75% RH). In addition to these cosmetic products, individual 1%
(m/V) AA, AG, AP, and AE standard solutions in UPW were also subjected to stability
testing under long-term and accelerated storage conditions.

All samples for stability testing were prepared in triplicate, following the procedure
described in Section 2.7, whereas the standard solutions were diluted 25-fold with UPW
before analysis. All samples were analyzed at time 0, and after one, two (three in the case of
the 1% AA standard solution), and four weeks. The organoleptic properties of the cosmetic
products were also assessed at these time points, focusing on potential changes in color,
consistency, clarity, and odor.

2.9. Quantification and Data Analysis

The quantification of the individual vit. C forms in the analyzed cosmetic products was
based on their corresponding linear regression lines and the sample preparation procedure.
The determined contents are expressed as mass percentages and are presented as the
average (AV) ± standard deviation (SD) of the triplicate measurements. The numerical
labels assigned to the tested cosmetic products are consistent throughout the manuscript.

3. Results
3.1. Forced Degradation Studies

For the purpose of this study, a novel HPLC-UV method for the simultaneous de-
termination of the evaluated vit. C forms (AA, AG, AP, and AE) was developed, and a
representative chromatogram is shown in Figure A1. The stability-indicating nature of the
method was assessed by forced degradation studies, in which individual solutions of the
evaluated vit. C forms were exposed to typical forced degradation conditions (hydrolytic,
oxidative, thermal, and photodegradation) for up to 48 h. The forced degradation studies
also allowed a comparative assessment of the intrinsic stability of the four vit. C forms.
The results, presented in Table 2, showed that AA exhibits the lowest stability, as it is
highly unstable in aqueous solutions, with substantial degradation in the control samples,
which was further pronounced under the evaluated forced degradation conditions. In con-
trast, AG, AP, and AE were considerably more stable than AA, as their contents remained
unchanged under most of the tested conditions. However, significant degradation was
observed under oxidative conditions, which was almost complete for AG and AP. The
oxidatively most stable derivative, AE, was found to be susceptible to alkaline degradation.
All chromatograms obtained in the forced degradation studies were visually examined. No
distinct peaks corresponding to degradation products were observed in the chromatograms,
and therefore no interferences with the chromatographic peaks of the individual vit. C
forms were observed, demonstrating the selectivity of the developed method.

3.2. Method Validation

Validation of the developed HPLC–UV method was performed in accordance with
ICH guideline Q2(R2) [18] and encompassed an evaluation of selectivity, linearity, precision,
accuracy, DL, QL, sample stability, sample preparation repeatability, and recovery. Method
selectivity was confirmed for all four evaluated vit. C forms, with no interferences detected
at their retention times and at the selected detection wavelength in the standard solution
samples, in samples from the forced degradation study, or in samples prepared from the
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cosmetic products. The method also demonstrated strong linearity over the evaluated
concentration ranges, as indicated by the R2 values of the three combined regression lines
over the three-day validation period (Table 3). The determined DL (0.66–2.13 mg/L) and QL
(2.01–6.45 mg/L) (Table 3) demonstrate the sensitivity of the method, enabling the detection
of the evaluated vit. C forms in cosmetic products at contents as low as 0.002–0.007%
(m/m) and their quantification at 0.007–0.024% (m/m), considering the applied sample
preparation conditions (150 mg of cosmetic product and 10 mL solvent) and analytical
conditions (10 µL injection volume). The sensitivity can be further improved several-fold
by adjusting the samples (mass of cosmetic product and volume of solvent) or their analysis
(injection volume). The method also showed excellent accuracy and repeatability, and
ensured sufficient stability of the evaluated vit. C forms in the QC samples over 48 h
(Table 3). In addition to the method, the sample preparation procedure was validated by
determining the average recoveries, which were within the following ranges: 90.5–106.3%
(AA), 91.4–102.9% (AG), 91.8–103.8% (AP), and 95.1–97.3 (AE). All complied with the
acceptance criterion of 100 ± 10% for all four vit. C forms. The repeatability of the sample
preparation procedure was typically <5%.

Table 2. Remaining percentage of the evaluated vitamin C forms after 24 and 48 h of exposure to
forced degradation conditions.

Vit. C
Form

0.1 M HCl 0.1 M NaOH 3% H2O2 60 ◦C Light Control

24 h 48 h 24 h 48 h 24 h 48 h 24 h 48 h 24 h 48 h 24 h 48 h

AA 42.0 7.3 0.0 0.0 0.0 0.0 0.0 0.0 14.7 3.6 35.6 24.0

AG 99.3 93.2 88.8 77.9 10.8 0.0 99.3 96.6 101.3 100.8 96.0 96.6

AP 98.3 96.2 97.0 94.0 7.1 0.0 98.1 98.6 100.2 99.1 100.6 100.1

AE 99.6 98.9 60.9 33.6 84.0 79.5 97.8 97.1 100.1 102.0 99.4 99.5
Abbreviations: AA, ascorbic acid; AG, ascorbyl 2-glucoside; AP, ascorbyl 2-phosphate; AE, 3-O-ethyl
ascorbic acid.

Table 3. Results from the method validation.

AA AG AP AE

Range (mg/L) 6.00–300 8.00–400 18.0–900 5.00–250
R2 0.9995 0.9997 0.9996 0.9998

DL (mg/L) 1.16 0.66 2.13 0.70
QL (mg/L) 3.51 2.01 6.45 2.11
Intra-day

accuracy (%) 99.4 ± 0.7 101.0 ± 0.2 101.6 ± 1.7 100.0 ± 1.0

Inter-day
accuracy (%) 99.5 ± 1.6 100.9 ± 0.2 100.5 ± 0.4 100.2 ± 0.5

Repeatability (%) 0.4 ± 0.5 0.3 ± 0.2 0.31 ± 0.3 0.43 ± 0.1
Intermediate
precision (%) 1.2 ± 0.9 0.8 ± 0.4 1.0 ± 0.6 0.5 ± 0.2

Injection
repeatability (%) 0.5 ± 0.3 0.1 ± 0.1 0.9 ± 0.8 0.2 ± 0.1

Stability after 48 h (%) 98.4 ± 1.3 99.3 ± 0.5 101.1 ± 1.4 98.1 ± 0.8
Abbreviations: AA, ascorbic acid; AG, ascorbyl 2-glucoside; AP, ascorbyl 2-phosphate; AE, 3-O-ethyl ascorbic acid;
DL, detection limit; R2, coefficient of determination; QL: quantitation limit. The results for accuracy, precision,
and stability are presented as the mean of the three QC levels, each analyzed in triplicate, ± standard deviation.
The reported R2 values were calculated from all three regression lines obtained during validation.

3.3. Qualitative Assessment of the Evaluated Vitamin C Forms in the Tested Cosmetics

All 41 tested cosmetic products were labeled with at least one of the evaluated vit. C
forms. Of these, four-fifths declared one form and one-fifth declared two of the evaluated
vit. C forms (Table A1). The proportion of analyzed products with each specific form, as
labeled on the products, is shown in the inner ring of Figure 2. The actual presence of the
labeled forms was verified by analyses of samples prepared according to the procedure
described in Section 2.7. The results are shown in the outer ring of Figure 2, indicating that
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the labeled forms were found in 78.0% of cases and that at least one of the labeled forms
was below the DL in 22.0% of cases. In two of these, a different vit. C form was detected
and quantified instead of the labeled one (AP instead of the labeled AA and AE instead of
the labeled AA + AG). The identities of these two forms were additionally confirmed by
recovery experiments using sample spiking with their reference standards, resulting in a
99.3% recovery for AP and a 97.3% recovery for AE. Among the nine cosmetic products that
either lacked the labeled form or contained a different form than the labeled one, five were
lower-priced products (<10 EUR/30 mL), whereas the remaining four were the highest-
priced products labeled with each of the four vit. C forms. No labeling inconsistencies were
observed among products in the medium price range (10–30 EUR/30 mL).

Figure 2. Proportion of cosmetic products with specific labeled vitamin C forms (n = 41, inner ring)
and the results of their qualitative assessment (outer ring), with confirmed presence shown in the
same color and the share of forms not detected (<detection limit) shown in gray. Abbreviations: AA,
ascorbic acid; AG, ascorbyl 2-glucoside; AP, ascorbyl 2-phosphate; AE, 3-O-ethyl ascorbic acid.

3.4. Quantitative Assessment of the Evaluated Vitamin C Forms in the Tested Cosmetics
3.4.1. Determination of the Content of the Individual Vitamin C Forms

The detected vit. C forms in the tested cosmetics, prepared as described in Section 2.7,
were further quantified (Section 2.9). The results, expressed as mass percentages and
presented as the AV ± SD of the three replicates, are summarized in Figure 3. As shown in
Figure 3, the contents ranged between < DL and up to 31.7% (AA), 11.5% (AG), 10.6% (AP),
and 14.7% (AE). As also noticed in Section 3.3, the determined contents showed no clear
correlation with the prices of the cosmetic products, as all products with very high contents
(>15%) belonged to the lower and middle price ranges (up to 25 EUR/30 mL), whereas
low contents (<1%) were determined in the higher-priced products (Figure 3). Among the
four highest-priced products (>45 EUR/30 mL), low contents (product No. 38) as well as
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labeling errors and the absence of the specified vit. C form (products No. 39 and 41) were
also observed (Figure 3).

Figure 3. Determined contents of ascorbic acid (AA), ascorbyl 2-glucoside (AG), ascorbyl 2-phosphate
(AP), and 3-O-ethyl ascorbic acid (AE) in the 41 tested cosmetic products are expressed as % (m/m)
(mean ± standard deviation, n = 3) in relation to their prices (EUR per 30 mL), as shown by the pink
line in the upper graph. In products No. 2, 3, 7, 11, 13, 25, 33, 39, and 41, marked with an asterisk (*),
at least one of the labeled vitamin C forms was not detected.

Further details on the distribution of the determined AA, AP, AG, and AE contents
in the tested cosmetic products are shown in Figure 4 as a box plot. The determined AA
contents showed both the highest values, with a median of 8.7%, and the greatest variability
(interquartile range (IQR): 2.6–11.6%), followed by the determined AP contents (median
2.3%, IQR: 0.2–4.2%). Except for one outlier for each form, the determined AG and AE
contents showed low variability and were generally clustered between 1% and 2%.
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Figure 4. Box-and-whisker plot showing the distribution of the determined contents of ascorbic acid
(AA, n = 23), ascorbyl 2-glucoside (AG, n = 10), ascorbyl 2-phosphate (AP, n = 10), and 3-O-ethyl
ascorbic acid (AE, n = 8). The box represents the interquartile range (IQR), the line inside the box
indicates the median, the “×” marks the mean, the whiskers represent the minimum and maximum
values, and the points indicate outliers.

3.4.2. Content-Related Quality Control of the Vitamin C Forms

Among the tested cosmetic products, 31 quantitatively specified the content of vit.
C. Of these, 29 products specified the content of an individual vit. C form, one product
provided content representing the sum of two vit. C forms (AG and AE) and one product
did not specify which of the two listed forms (AA and AG) the labeled content referred
to. Overall, the content of AA was most frequently labeled, in 20 products, followed by
AG, in 5 products, and AP and AE, each in 4 products. The determined contents in these 31
cosmetic products were compared with the amounts stated on the labels, thereby assessing
the content-related quality of the tested products. The results, expressed as a percentage of
the labels’ claims, were further evaluated in relation to the product price (Figure 5a). The
determined contents ranged between 0 and 116% of the label claims for AA, 0–85% for AG,
23–106% for AP, and 5–98% for AE, and showed great variability for all four evaluated vit.
C forms (Figure 5b).

3.5. Stability Testing of Standard Solutions and Selected Cosmetic Products Under Long-Term and
Accelerated Storage Conditions

Assessment of the stability of the evaluated vit. C forms was initiated through sta-
bility studies of their individual 1% standard solutions in UPW over a four-week period
under long-term and accelerated storage conditions. The results, summarized in Figure 6,
indicate that among the four evaluated vit. C forms, AA is the least stable, as evidenced
by its almost complete degradation after four weeks of storage at both ambient and ele-
vated temperatures. In comparison, the evaluated AA derivatives exhibited considerably
better stability. Among them, AG showed the highest degradation, with approximately
17% degradation under long-term conditions (35% under accelerated storage conditions).
AP and AE remained stable during the study period under both long-term and accelerated
storage conditions, with up to 10% degradation observed for AE under accelerated con-
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ditions. In all cases where instability occurred, the influence of temperature was evident
(Figure 6).

Figure 5. (a) Determined contents of ascorbic acid (AA), ascorbyl 2-glucoside (AG), ascorbyl 2-
phosphate (AP), and 3-O-ethyl ascorbic acid (AE) in the 31 tested cosmetic products, with their
specified contents in relation to the label claim (%) (average ± standard deviation, n = 3) and their
price (EUR/30 mL), shown by the pink line in the upper graph. Products denoted by subscript letters:
7a—AP is contained instead of the labeled AA; 13b—AE is contained instead of the labeled AA and
AG; in product 30c, it is not specified which of the two listed forms (AG, AE) the labeled content
refers to. (b) Box-and-whisker plot showing the distribution of the determined contents in relation to
the label claims. The box represents the interquartile range (IQR), the line inside the box indicates the
median, the “×” marks the mean, the whiskers represent the minimum and maximum values, and
the points indicate outliers.

Stability assessment was also extended to a selected range of the analyzed commercial
cosmetics, including nine products containing AA, four containing AP, three containing
AG, three containing AE, two containing AA and AE, and one containing AA and AG.
These products were exposed to long-term and accelerated storage conditions, and the
results are summarized in Figure 7. No significant degradation was observed during
the four-week period under either long-term or accelerated storage conditions for AP in
product No. 4, AA in products No. 8 and 10, AE in products No. 28 and 32, and AG in
product No. 31 (Figure 7). The determined contents in these products also correlated well
with their label claims (95.5–116.1%). Since storage in a refrigerator is recommended by the
manufacturer for cosmetic products No. 24 (containing AA and AG) and 32 (containing AA
and AE), stability testing for these two products was also performed at a lower temperature
(2–8 ◦C). The results, presented in Figure 8, together with those obtained at higher tempera-
tures (25 ◦C and 40 ◦C), support this recommendation, demonstrating a stabilizing effect
of the lower temperature on AA, whereas AG and AE showed no noticeable difference in
their stability between 2–8 ◦C and 25 ◦C.
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Figure 6. Relative change in the remaining content from the initial value (%) (average± standard deviation,
n = 3) of ascorbic acid (AA), ascorbyl 2-glucoside (AG), ascorbyl 2-phosphate (AP), and 3-O-ethyl ascorbic
acid (AE) in individual standard solutions (1%, m/V) after 1, 2 (3 in the case of AA), and 4 weeks of storage
under accelerated storage conditions (front) and long-term storage conditions (back).

Figure 7. Initial (first bar) and remaining content (%, m/m) (average ± standard deviation, n = 3) of ascorbic
acid (AA), ascorbyl 2-glucoside (AG), ascorbyl 2-phosphate (AP), and 3-O-ethyl ascorbic acid (AE) after
4 weeks of storage of selected cosmetic products at 40 ◦C (front) and ambient temperature (back), shown
in relation to their price (EUR/30 mL) (pink line on the upper graph). The black dots indicate the initial
determined content in relation to the labeled claim (%) of the analyzed products, except for AP in product
No. 6, AE in products No. 28 and No. 32, and AG in product No. 31, which have no declared contents.
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Figure 8. Relative change in the remaining content of ascorbic acid (AA), ascorbyl 2-glucoside (AG),
and 3-O-ethyl ascorbic acid (AE) from their initial values (%) after 4 weeks of storage at 40 ◦C (front),
ambient temperature (middle) and 2–8 ◦C (back).

Along with content determination, the organoleptic properties of the 22 cosmetic
products were also assessed as part of the stability study. In products No. 15, 16, 19, 26,
28, 34, 36, and 40 in Figure 7, which contain AA, a gradual change in color from white
to yellow was observed, whereas the odor of these products remained unchanged. In
products No. 16, 36, and 40, a change in consistency (phase separation or stratification) was
also observed.

4. Discussion
The primary purpose of this study was to determine the quality and stability of

a diverse sample of commercial cosmetic products containing vit. C available on our
market. A review of the commercially available products on our market showed that
AA is the most predominant vit. C form used as an active ingredient, followed by its
hydrophilic derivatives AP, AG, and AE. This trend has also been reported globally in a
market review [16] and by the cosmetic industry [1,20]. Therefore, the focus of this study
was on these four vit. C forms, with an emphasis on evaluating their intrinsic stability,
as well as their content and stability in commercially available cosmetic products. The
foundation for this work is an appropriate analytical method. Because no suitable methods
for the simultaneous analysis of AA, AP, AG, and AE in cosmetic products, allowing their
assay and stability evaluation, were found in the scientific literature, the first stage of this
study was the development and validation of a simple and selective HPLC-UV method. To
our knowledge, the developed method is the first reported to provide proper separation
of all four hydrophilic vit. C forms used in commercial cosmetics, and it is also suitable
for stability evaluation, as demonstrated by its confirmed selectivity in the presence of
degradation products. Moreover, the method showed excellent linearity, precision, and
accuracy within the expected working ranges as well as sufficient sensitivity, allowing the
detection of at least 0.002–0.007% (m/m) of the evaluated analytes in cosmetic products,
as shown in method validation (Section 3.2). The selection of an appropriate solvent
(0.1 mM EDTA) ensured sufficient stability of the evaluated vit. C forms in the prepared
samples, while high sample preparation repeatability and recovery were achieved through
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the selection and optimization of the sample preparation procedure. Overall, the complete
analytical procedure was confirmed as suitable for the evaluation of AA, AG, AP, and AE in
commercial cosmetic products and was thus applied for their assay, content-related quality
control, and stability evaluation.

Based on a market review, a sample of 41 leave-on facial commercial cosmetic products
containing AA, AG, AP, and/or AE in different formulations, price ranges, and points of
purchase was selected for analysis (Section 2.6). The selected sample of cosmetic products
reflects the distribution of the vit. C forms in products on the market, with AA being the
most commonly labeled form, followed by its derivatives: AG, AP, and AE. A key selection
criterion was the labeled quantitative content of AA, AG, AP, and/or AE in 31 products,
which is a rising trend in the cosmetics market, contributing to increased consumer trust in
product quality, yet may be potentially misleading in cases of inappropriate quality, which
is generally not routinely monitored. Overall, the sampling strategy, based on a market
review and predefined inclusion criteria rather than random sampling, as well as the
analysis of a single batch of the tested cosmetic products, which restricted the assessment
of batch-to-batch variability and manufacturing-related variations, represent a limitation of
this study, which may reduce the representativeness of the sample and the generalizability
of the results.

The initial step in the quality control process was to evaluate the actual presence of
the labeled vit. C forms in the tested cosmetics, which was confirmed in 32 (78.0%) of
the 41 tested products. Labeling inconsistencies in the remaining nine cosmetics were
not limited to the lower-priced products (≤10 EUR/30 mL) but were also observed in the
highest-priced products (30–90 EUR/30 mL), indicating that price alone is not a reliable
indicator of product quality. Overall, the finding that 22.0% of the tested cosmetic products
did not contain the labeled vit. C form, and that it had been replaced by another vit. C form
(AP or AE) in two of them (Section 3.3), is noteworthy, as prior investigations of specific vit.
C forms in smaller samples of cosmetic products have consistently confirmed the presence
of the labeled form (AA in eight serums [21], three [22,23] and two cosmetic products [24];
AP in three [23], two [25], and one product [24]; AG in two [26] and one product [23]; and
AE in one cosmetic product [27]), except for the study by Wang et al., which revealed the
absence of AA in 8 of the 11 analyzed cosmetic products [28]. More generally, comparable
or even higher levels of labeling errors and inconsistencies, in up to almost half of the
tested cosmetic products, have been reported for other groups of active ingredients in
commercial cosmetics, such as other skin-whitening agents [28], retinoids [29,30], and vita-
min E and coenzyme Q10 [31], which is concerning and warrants stricter regulation in the
cosmetics field.

The detected vit. C forms were also quantified (Figures 3 and 4), generally revealing
higher contents than those reported by the industry within the FDA’s Voluntary Cosmetic
Registration Program (VCRP), as well as by other researchers. When present, AA was
quantified at 2.3–31.7%, with an AV of 11.9% and a median of 10.5% (n = 18). Reported
AA contents, provided by the industry, in almost 400 AA-containing formulations, tra-
ditionally ranged from 0.00001% to 10% [1], with more recent data indicating contents
of up to 17% [20], whereas a majority of the labeled AA contents in the tested product
range are well above 10%, with some even above 20%. In research articles, contents of
up to 20% have been determined [24], which is often regarded as the upper concentra-
tion limit in cosmetics [2,4,21], supported by an in vitro study showing that percutaneous
AA absorption increases up to 20%, whereas higher contents result in decreased tissue
levels [32]. Therefore, the rationale and effectiveness of using the two cosmetic products
with determined AA contents of >20% are questionable and, according to some reports,
may be associated with an increased likelihood of irritation [21,33]. Nevertheless, the
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remaining 89% of the determined AA contents (Figures 3 and 4) fall within concentration
ranges with demonstrated efficacy (2–20%) [3,7,34,35], with typical concentrations between
2 and 12% (Figure 4). A similar trend of increasing content was also observed for AP,
which was quantified at 0.9–10.6% (AV = 4.2%, median = 3.2%, n = 7), whereas contents
up to 3% have been reported by the industry [1,20] and also in research studies [23]. Its
clinical efficacy has been shown at concentrations of 1–5% [36–39], which corresponds well
with the contents typically determined in this study (Figures 3 and 4). At higher AP con-
tents up to 10%, no signs of irritation or other adverse effects have been reported [20].
The determined AG contents between 0.03% and 11.5% (AV = 2.0, median = 0.5%,
n = 8) also exceed both the previously highest determined AG content (≈2%) [26] and
the highest reported content (5%) by the industry [40]. However, most of the tested prod-
ucts contained AG in concentrations below the documented range for clinical efficacy
(1.8–5%) [41,42]. One product contained a considerably higher AG concentration (11.5%),
which can still be considered safe, owing to its favorable safety profile, with no skin irrita-
tion or sensitization observed at concentrations up to 10% [40]. The use of AE (quantified
at 0.5–14.7%, with an AV of 3.0 and a median of 0.9%, n = 7) has recently been increasingly
embraced in commercial cosmetics. Consequently, it has not been included in the VCRP
reports, whereas research articles report its content at around 2% [27]. Due to limited
data demonstrating its efficacy only at 10% [43] and 30% [44], the efficacy of the tested
products remains uncertain. Also, the safety of these products, especially the one with high
AE content (14.8%), is questionable, since several case reports have documented allergic
contact dermatitis caused by AE in cosmetic products, with patch testing confirming its po-
tential as a contact allergen at concentrations of 0.05–10% in susceptible individuals [45–51].
However, all contents reported within the VCRP program, as well as the contents used for
efficacy and safety assessment, are based on theoretical concentrations, which may differ
significantly from the actual contents, as demonstrated in this study.

The labeled and determined contents were further evaluated with regard to the fi-
nancial aspect. As shown in Figure 3, products in the lower price range (<10 EUR/30 mL)
declared the highest contents (up to 30%), yet the determined contents were typically
much lower, by up to 5%, with two exceptions (products No. 8 and 10 in Figure 3). In
the medium price range (10–30 EUR/30 mL), contents up to 23% were labeled and the
determined contents ranged from 0 to 20%. In the highest price range (>30 EUR/30 mL),
more moderate contents (up to 12.5%) were both labeled and contained (0–12%). However,
given the occurrence of the two highest determined contents in lower-priced products and
the very low determined contents (≤0.05%) in six of the highest-priced products, it can be
concluded that price is not a reliable indicator of higher content. This finding contrasts
with the observations of a study from Brazil, which reported a positive correlation between
AA content and price in a smaller sample of commercially available cosmetic products
(n = 8) [21]. Nevertheless, it is consistent with our previous findings on other groups of
active ingredients in commercial cosmetics (retinoids [30,31], vitamin E [31], coenzyme
Q10 [31], and B-complex vitamins [52]).

The majority of the tested products (75.6%) not only listed and advertised the evaluated
vit. C forms as ingredients but also provided quantitative information on their content. For
these products, by comparison of the determined contents with their quantitatively stated
ones on the products, we evaluated their content-related quality control. For the purposes
of the present study, good agreement between the labeled and determined contents was
considered as a difference within ±20% of the labeled claim, which was observed in
57.1% of the determined contents. The remaining 42.9% of the analyzed products exhibited
substantially lower contents, ranging from 0% to 80% of the labeled claim (Figure 5). One-
fifth (20.0%) of the determined contents were below 50% of the labeled claims. Notably, all
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these products belonged to the lower price range, indicating differences in content-related
quality across price ranges, in contrast to other quality attributes, as previously observed
in the evaluation of labeling and content. Although reported for other groups of active
ingredients (e.g., retinoids [31] and nicotinamide [52]), such discrepancies between the
labeled and actual content of vit. C and its forms in commercial cosmetics have not been
described. The available studies on smaller sets of products report very good agreement
and differences up to 13% between the determined and labeled vit. C content. These include
AP in two products [25] and one product [24]; AG in two products [26]; and AA in three
serums [22], two products [24], and an additional two products, while in the third product
tested in this study, only AA, of the three labeled vitamin C forms, was detected and
accounted for ≈50% of the total labeled content [21]. Considering the intrinsic instability of
these compounds, a possible reason for the commonly determined lower content than that
labeled is their degradation during manufacturing and storage, in addition to inaccuracies
in the manufacturing process. Nevertheless, the determined contents of AA, which is
the most unstable form, were generally more consistent with the labeled claims than the
contents of the other three vit. C forms (Figure 5b). To explore this further, stability studies
in standard solutions as well as in cosmetic products containing all four evaluated vit. C
forms were further performed.

Stability testing initially encompassed forced degradation testing of individual solu-
tions of the evaluated vit. C forms, which were exposed to typical hydrolytic, oxidative,
thermal, and photolytic forced degradation conditions in accordance with ICH guideline
Q1A(R2) [17]. The results confirmed the widely recognized instability of AA, evidenced by
its almost complete degradation in all tested samples, including the control (Table 2). These
results are consistent with previously published data and the known susceptibility of AA to
oxidation to dehydroascorbic acid and further degradation products [13]. The findings of
the forced degradation study also supported the previously described enhanced stability of
the derivatives AG, AP, and AE compared with AA [2,14,15], while additionally providing
a quantitative assessment, which has not yet been reported. Their enhanced stability arises
from chemical modification of the enediol moiety, which is the primary oxidation site of
AA. Substitution at either the C2 position (AP and AG) or the C3 position (AE) decreases
the electron-donating capacity of the enediol system, thereby improving oxidative stability
compared with AA. As supported by the results, substitution at the C3 position (AE) may
provide enhanced oxidative stability compared with AA and C2-substituted derivatives
because of the critical role of the C3 hydroxyl group in the formation of monodehydroascor-
bate and its resonance stabilization [53,54]. Moreover, the findings provide a basis for
identifying key factors affecting the stability of the evaluated vit. C derivatives, namely,
oxidizing agents in the case of AP, AG, and AE and alkaline conditions in the case of AE
and AG (Table 2).

The stability studies were further extended with testing of 22 selected commercial
cosmetic products, as well as individual 1% (m/V) AA, AG, AP, and AE standard solutions
in UPW, simulating their typical contents in commercial products under long-term and
accelerated storage conditions. The stability testing was performed in accordance with
ICH Q1A(R2) [17] and Cosmetics Europe guidelines [19]. Consistent with the results from
the forced degradation study (Table 2), stability testing of the standard solutions under
both long-term and accelerated storage conditions confirmed the intrinsic instability of AA,
with complete degradation occurring even under milder conditions (40 and 25 ◦C) within
one month (Figure 6). Compared with AA, the greater stability of the three derivatives,
observed in the forced degradation study (Table 2), was also confirmed, as AP and AE
remained stable under long-term and accelerated storage conditions, and AG showed
a lesser extent of degradation (up to 17% under long-term and 35% under accelerated
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conditions) (Figure 6). The observed instability also demonstrates the importance and
need for appropriate stabilization within the formulation, which was further explored.
Moreover, the temperature dependence of the instability (Figure 6) also suggests a potential
stabilization approach through storage at lower temperatures, which has recently been
implemented by certain manufacturers.

To investigate possible reasons for the lower-than-labeled contents and to assess the
efficacy of stabilization within the formulations, additional stability testing was conducted
on 22 selected commercial cosmetics. The results are consistent with the findings from the
stability study in standard solutions (Figure 6), demonstrating the high susceptibility of AA
to degradation in 10 of the 12 tested products, with losses of up to 68% under long-term
storage and complete degradation under accelerated storage conditions. Among the three
derivatives, AG showed the most pronounced degradation (up to 10% under long-term and
up to 67% under accelerated conditions) in three of the four tested products, followed by AP
(up to 27% degradation under accelerated conditions), whereas AE remained mostly stable
in the tested products, with up to 10% degradation under accelerated conditions. It should
be noted that the stability study under accelerated storage conditions was performed
in closed plastic tubes instead of the original cosmetic packaging. Applying the same
storage conditions to all tested products minimized the influence of different packaging
materials and designs and ensured comparability of the results. However, in addition to
temperature, other storage conditions (e.g., headspace, oxygen exposure, and packaging
material) also differed from those applied in the study under long-term conditions and may
have influenced the results. Overall, considering the results from the forced degradation
study (Table 2) and the stability testing of the standard solutions under long-term and
accelerated storage conditions (Figure 6), the storage temperature was found to particularly
affect AA stability in the tested formulations as well. This is evident in Figure 7 and
even more clearly demonstrated in Figure 8, which shows the stability of AA, AG, and
AE at three temperatures in two cosmetic products for which storage in a refrigerator is
recommended by the manufacturer and justified in terms of ensuring AA stability. In
addition to temperature, other factors may also affect the stability of the evaluated vit. C
forms, such as the time of storage before opening and analysis, repeated exposure to air
and light during the study, as well as the packaging material and its properties. Most of the
tested products, including all products in the stability study except products No. 12 and 31,
were packed in amber containers. Also, most containers were glass bottles. Interestingly,
the two most stable products with AA (No. 8 and 10) were packed in plastic containers,
indicating that formulation-related factors are likely to play a more important role. Thus,
the identification of these two stable products with AA represents a novel insight into
the stability of AA in commercial cosmetic products, as a prior study from 2022 reported
significant AA degradation (33–87%) within one month of storage at ambient temperature in
all eight tested products [21]. Considering that both products are water-free, the improved
AA stability is most likely associated with the anhydrous nature of the formulations, which
enhances AA stability and indicates that effective AA stabilization can be achieved through
appropriate formulation. Since these two products contained the highest determined AA
amounts (26.7% and 31.8%) and considering the established concentration dependence
of AA stability [55], the initial content of the individual vit. C form was evaluated as
a potential factor affecting their stability. Among the remaining ten products with AA
(Figure 7), a trend toward improved stability at higher labeled and also actual AA content
was observed, although this was not consistent across all products, indicating different
levels of stabilization among the formulations. Based on a review of the composition of
these products, AA stability was highest in water-free formulations (products No. 8, 10,
and 34, Figure 7), followed by oil-in-water emulsions and aqueous solutions, containing
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co-solvents, such as propanediol and/or other antioxidants and stabilizers (e. g., EDTA,
ferulic acid, glutathione, tocopherol, sodium sulfite, and metabisulfite) (products No. 19,
28, and 40 in Figure 7). On the other hand, products No. 15, 16, and 26 (Figure 7), which
exhibited the greatest AA degradation, were aqueous solutions without specific stabilizers.
In the evaluation of the remaining tested products containing each of the three derivatives
AG, AE, and AP, the potential stabilizing effect of their higher initial content could not be
confirmed, as the products with the lowest contents were identified as stable. Moreover, in
two products with AP (No. 23 in Figure 7) and AG (No. 24 in Figure 7), a greater extent
of degradation was observed than in their 1% standard solutions (Figure 6), despite their
higher content (3.4% AP and 1.5% AG). Based on the composition of these two water-
based formulations, pH adjustment with sodium hydroxide or tromethamine as well as the
presence of plant-derived extracts were identified as potential factors contributing to the
reduced stability of AG and AP compared with their standard aqueous solutions. However,
the potential contribution of these factors remains to be elucidated.

The instability demonstrated in most of the tested products highlights the need for
appropriate stabilization, particularly of AA, to ensure sufficient content for product efficacy.
It is also the most probable reason for the lower-than-labeled contents observed in products
No. 24, 26, 28, 32, 36, and 40 (AA); 24 (AG); and 23 (AP) (Figure 7). However, this does
not apply to AE, for which the detected instability in products No. 12 and 20 was not as
pronounced as the difference between the labeled and determined contents (Figure 7). Other
possible reasons for the lower initial content include manufacturing inaccuracies, incorrect
labeling, and batch-to-batch variability, which was not assessed in this study. Considering
the financial aspect, as observed in Figure 7, higher prices of cosmetic products do not
ensure better stabilization of the contained vit. C forms. This is most clearly illustrated by
the extensive (>50%) or even complete AA degradation within 4 weeks of storage under
accelerated storage conditions in the highest-priced products (No. 26, 28, 32, 36, and 40;
Figure 7). In contrast, no significant degradation was observed in the two most affordable
products with AA (No. 8 and 10; Figure 7), indicating that certain manufacturers have
addressed the instability issues, despite the low prices of their products.

5. Conclusions
AA is one of the most widely used ingredients in cosmetic products, with various

beneficial effects on the skin. Nevertheless, from a formulation perspective, a key limitation
is its instability, which has led to increased use of its derivatives, such as AP, AG, and
AE. Over the past few years, there has also been a notable increase in cosmetic products
that specify the quantitative contents of these vit. C forms. In the absence of regular
quality control by the authorities, this study focused on the evaluation of the quality and
stability of a comprehensive sample of 41 vit. C commercial cosmetics, available on the
Slovenian market, using an original analytical approach based on HPLC-UV, confirmed as
appropriate for their assay and stability evaluation. Quality control revealed inappropriate
labeling in 22% of the tested products, mostly involving the absence of the labeled vit.
C form and contents below 80% of the labeled claim in nearly half (43%), as well as less
than 50% of the labeled claim in one-fifth of the 31 tested products with specified content.
To assess potential reasons for the determined inappropriate contents, stability testing
was performed, initially encompassing forced degradation testing, which confirmed the
intrinsic instability of AA and identified key factors affecting the stability of its deriva-
tives, among which AE was found to be most stable. This pattern was also confirmed
within stability studies of both standard solutions and selected cosmetic products under
long-term and accelerated storage conditions. In general, among the tested cosmetics,
AA showed the most frequent and pronounced degradation, which is a likely reason
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for its inappropriate contents in relation to the label claims. However, as appropriate
formulation was shown to ensure sufficient stabilization of the evaluated vit. C forms,
especially AA, manufacturers should strive to improve the quality of their cosmetic prod-
ucts through proper formulation design. Furthermore, based on the presented results,
stricter control and regulatory measures in the field of cosmetics are warranted to prevent
misleading consumers.
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Abbreviations
The following abbreviations are used in this manuscript:

AA Ascorbic acid
ACN Acetonitrile
AE 3-O-ethyl ascorbic acid
AG Ascorbyl 2-glucoside
AP Ascorbyl 2-phosphate
AV Average
DL Detection limit
EDTA Ethylenediaminetetraacetic acid
HPLC High-performance liquid chromatography
IQR Interquartile range
No. Number
QC Quality control
QL Quantitation limit
R2 Coefficient of determination
RSD Relative standard deviation
SD Standard deviation
UPW Ultra-pure water
VCRP Voluntary cosmetic registration program
Vit. C Vitamin C

Appendix A

Table A1. Summary of the analyzed cosmetic products with their labeled information (product type
and price, labeled vit. C forms, and their declared contents).

No. Product Type Formulation Type Vit. C Form (Content) Price (€/30 mL) Packaging

1 C EB AG (2%) 3.6 Am. Pl.
2 T EB AP (ns) 4.6 Tr. Pl.
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Table A1. Cont.

No. Product Type Formulation Type Vit. C Form (Content) Price (€/30 mL) Packaging

3 C EB AP (ns) 4.6 Am. Pl.
4 P EB AP (2%) 5.1 Am. Pl.
5 S Aq. AG (1%) 6.0 Am. Gl.
6 Spr. Aq. AP (ns) 6.9 Am. Gl.
7 S Aq. AA (20%) 7.0 Am. Gl.
8 S WF AA (23%) 7.5 Am. Pl.
9 S EB AA (15%) 8.0 Am. Pl.
10 S WF AA (30%) 8.0 Am. Pl.
11 S EB AA (ns), AP (ns) 8.7 Am. Gl.
12 S Aq. AE (15%) 9.0 Tr. Gl.
13 S Aq. 15% AA + AG * 9.5 Am. Gl.
14 S Aq. AP (5%) 10.0 Am. Gl.
15 S Aq. AA (10%) 10.9 Am. Gl.
16 S Aq. AA (3%) 11.0 Am. Gl.
17 S EB AA (15%) 13.5 Am. Gl.
18 S EB AA (12.5%) 13.6 Am. Gl.
19 S Aq. AA (20%) 13.9 Am. Gl.
20 S Aq. AE (1%) 14.6 Am. Gl.
21 C EB AG (ns) 16.5 Am. Pl.
22 S Aq. AG (15%) 17.0 Am. Pl.
23 S Aq. AP (5%) 18.6 Am. Pl.
24 S Aq. AA (5.5%), AG (ns) 19.2 Am. Gl.
25 S Aq. AP (10%), AA (ns) 21.8 Am. Gl.
26 S Aq. AA (12%) 22.0 Am. Gl.
27 S WF AE (15%) 22.5 Am. Gl.
28 S Aq. AA (23%), AE (ns) 22.6 Am. Pl.
29 C Aq. AA (ns) 25.6 Am. Gl.
30 C Aq. 5% AG + AE 27.0 Am. Pl.
31 S Aq. AG (ns) 28.2 Tr. Gl.
32 S Aq. AA (13%), AE (ns) 28.2 Am. Gl
33 S WF AP (ns) 33.3 Tr. Gl.
34 S WF AA (8%) 33.3 Am. Gl.
35 S EB AA (10%) 35.1 Am. Gl.
36 S Aq. AA (12.5%) 38.4 Am. Gl.
37 S EB AA (10%) ** 44.0 Am. Gl.
38 S Aq. AG (ns) 50.4 Am. Gl.
39 S Aq. AG (ns) 60.0 Am. Pl.
40 S EB AA (10%) 65.4 Am. Pl.
41 S Aq. AA (ns), AE (ns) 89.0 Am. Gl.

* Total content is only labeled; ** not specifically labeled but can be inferred from the product name. Abbreviations:
Am., amber; Aq., aqueous; C, cream; EB, emulsion-based; Gl., glass; ns, not specified; P, primer; Pl., plastic; S,
serum; Spr., spray; T, toner; Tr., transparent; WF, water-free.

Figure A1. Representative chromatogram of a quality control sample containing ascorbic acid
(retention time 1.9 min), ascorbyl 2-glucoside (2.6 min), ascorbyl 2-phosphate (4.9 min), and 3-O-ethyl
ascorbic acid (5.9 min) at 254 nm, overlaid with the blank solvent (0.1 mM EDTA in ultra-pure water).
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