
Citation: Kamaris, G.; Dalavitsou, A.;

Markopoulou, C.K. Development and

Validation of an HPLC-DAD Method

for the Determination of Seven

Antioxidants in a Nano-Emulsion:

Formulation and Stability Study.

Separations 2024, 11, 43. https://

doi.org/10.3390/separations11020043

Academic Editor: Wojciech

Piekoszewski

Received: 27 December 2023

Revised: 21 January 2024

Accepted: 26 January 2024

Published: 29 January 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

separations

Article

Development and Validation of an HPLC-DAD Method for the
Determination of Seven Antioxidants in a Nano-Emulsion:
Formulation and Stability Study
Georgios Kamaris, Antonia Dalavitsou and Catherine K. Markopoulou *

Laboratory of Pharmaceutical Analysis, Department of Pharmacy, Aristotle University of Thessaloniki,
54124 Thessaloniki, Greece; kamarisg@pharm.auth.gr (G.K.); grerif3@gmail.com (A.D.)
* Correspondence: amarkopo@pharm.auth.gr; Tel.: +30-2310-997665

Abstract: Oxidative stress degrades skin collagen and elastin and causes inflammatory reactions
that affect mitochondrial DNA leading to aging. In the present study, a potential cosmetic nano-
emulsion (o/w) of seven substances (chlorogenic acid, caffeine, rutin, hesperidin, quercetin, α-
tocopherol and retinol) with antioxidant and anti-aging properties was prepared and analyzed. The
lipophilic components were entrapped in the dispersed nanoparticles (jojoba) of the emulsion while
the hydrophilic ones dissolved in the aqueous phase (glycerol/water). Suitable excipients were
selected using an experimental design methodology with two mixtures and two responses (particle
size and zeta potential). The quantitative extraction of chlorogenic acid and caffeine from Crithmum
maritimum L. plant and coffee beans (Coffea arabica L.) and their stability were also studied. The
analysis of the substances was carried out on an HPLC-DAD, with a phenyl column and gradient
elution system (solvent A: water with 0.2% formic acid and B: acetonitrile with 0.2% formic acid).
Validation of the method was performed in terms of linearity (r2 > 0.998), precision and repeatability
(%RSD < 2) while the limits of detection (LLODs) and quantification (LLOQs) were also determined.
The antioxidants were quantified after being extracted from the substrate (%recovery 96.7–102.5,
%RSD < 2).

Keywords: nano-emulsion; HPLC-DAD; antioxidants; formulation; stability study

1. Introduction

The deterioration of skin morphology and physiology is the first and most obvious
symptom of the aging process which occurs progressively with age. Aging can be described
as the gradual accumulation of lesions over time, which disrupts the function of cells, tissues
and organs, ultimately leading to disease and mortality. This process is complex and is
influenced by several indicators, such as genetic predisposition, epigenetic factors and
environmental influences. Intrinsic or chronological aging occurs naturally over time, while
extrinsic aging results from human exposure to external factors such as UV radiation [1],
smoking, air pollution and stress [2]. Mechanisms for skin aging include cell oxidation,
the actions of reactive oxygen species (ROS), autophagy, mitochondrial DNA (mtDNA)
mutations, telomere shortening and hormonal changes. Thus, in the anti-aging industry,
the need for the preparation of safe, effective and approved formulations with antioxidant
properties arises effortlessly.

In the present study, a nano-emulsion (o/w) [3] with cosmetic, anti-aging properties
for dermal use was formulated and evaluated. There are two preparation approaches for
nano-emulsions, that of high energy and low energy. The former can be carried out by
high-pressure homogenization, micro-fluidization and ultrasonication. The low-energy
approach is performed by membrane emulsification, spontaneous emulsification and phase
inversion emulsification [4].
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Chlorogenic acid, caffeine, rutin, hesperidin and quercetin (hydrophilic) were incorpo-
rated into the nano-emulsion by dissolution in the aqueous phase while vitamins A and E,
by nano-particle dispersion in the oily phase. The main actions of vitamin A (retinol) are
related to vision, cell growth, antioxidant capacity, immune improvement, and epithelial
reproduction and integrity [4]. The biological activity of vitamin E (α-tocopherol) is also
intertwined with its antioxidant properties (it inhibits the propagation of lipid peroxidation
by reacting with the lipid peroxyl radical on follicular membranes), which makes it an
excellent candidate for anti-aging formulations [5]. Rutin acts therapeutically on many
systems of the human body (CNS, endocrine, immune, cardiovascular) and on the skin
by suppressing aging-related inflammation [6]. Quercetin is a flavone with numerous
beneficial effects while at the same time, as an anti-aging product ingredient, it stands out
for its antioxidant properties. Chlorogenic acid is also a water-soluble polyphenolic phenyl
acrylate compound found in green coffee, Crithmum maritimum L. and tea extracts [7] with
antioxidant, antibacterial and anti-cancer activity [8]. A similar alkaloid is caffeine (1,3,7-
trimethylxanthine), which is considered the main active ingredient of Coffea arabica L. and
in recent years has often been found in cosmetic formulations. In addition to its stimulant
action, caffeine can prevent carcinogenesis by protecting the skin from UV radiation (an-
tioxidant) and by enhancing the apoptosis of DNA-damaged cells [9]. Finally, hesperidin
is a secondary plant metabolite, which apart from its anti-inflammatory and anti-cancer
activity, has antioxidant properties (inhibits the activities of the enzymes hyaluronidase,
collagenase and elastase) that delay the aging process and alleviate the skin pathologies
associated with it [10,11]. The amounts of active ingredients incorporated into the emulsion
were chlorogenic acid and vitamin E 4% w/w, hesperidin and vitamin A 3% w/w and
caffeine, quercetin, and rutin 2% w/w, which were determined based on the compositions
of similar commercial preparations.

The aim of the present study was to develop a reliable and flexible HPLC method for
the determination of seven active ingredients in a nano-emulsion, which will be a tool for
the qualitative and quantitative evaluation of a formulation at all stages of its preparation
(extraction, synthesis, stability and control of the final product).

After an extensive literature search on chromatographic methods for the simultaneous
determination of seven active pharmaceutical ingredients (APIs) on different substrates,
it was found that there is no corresponding reference. Of course, some of the polar com-
pounds (chlorogenic acid, rutin, quercetin, hesperidin and caffeine) have been analyzed
in various combinations, but not together with the two lipophilic vitamins (α-tocopherol
and retinol) [12]. Pascale and Papadoyannis used separate extracts of the chicory plant to
determine, with different HPLC methods, caffeine and chlorogenic acid in a fraction, with
phenolic derivatives, rutin, hesperidin and quercetin in the flavonoid fraction and vitamins
A and E in the group of vitamins [13]. The two vitamins A and E were also determined
in the presence of seven other water-soluble and non-polar vitamins after solid-phase
extraction (SPE) and RP-HPLC analysis in pharmaceutical preparations and biological
fluids [14].

In the present work, the two active compounds, caffeine and chlorogenic acid, were
quantitatively obtained from their plant extracts and then incorporated into the emulsion.
Therefore, the extraction efficiency and stability of their solutions were tested by applying
the proposed HPLC method. Next, the determination of the best nano-emulsion composi-
tion was studied by an experimental design methodology, using the “Design-Expert 11”
program, with two mixtures and responses (particle size and zeta potential). Finally, a
method was developed to extract and quantify the active ingredients from the final product.
The proposed HPLC method is reliable, robust and can be used as a tool to study and
control for a nano-emulsion at all stages of its production.
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2. Experimental Methods
2.1. Materials and Solutions

Acetonitrile (ACN) and methanol both of an HPLC gradient grade were obtained from
VWR Chemicals (Radnor, PA, USA). High-purity water (18.2 MΩ·cm resistivity) produced
by a B30 water purification system was used during this study (Adrona SIA, Riga, Latvia).
Formic acid (Sigma-Aldrich, Burlington, MA, USA) ≥ 96%, acetic acid ≥ 99.8% (Fluka,
Charlotte, NC, USA), trifluoroacetic acid 99% (Merck, Darmstadt, Germany), potassium
dihydrogen phosphate of a quality level, MQ500 (KH2PO4) (Merck) and phosphoric acid
(H3PO4 ≥ 85%) (Merck) were utilized in the mobile phase. Glycerin (AROMA LAB),
coconut oil, jojoba oil, peanut oil (Chemco; Syndesmos) and the surfactants Tween (20, 80)
and Span 20 (Chemco; Syndesmos) were used as emulsion excipients.

Reference standards, vitamin E (α-tocopherol), vitamin A (retinol), rutin, hesperidin
and chlorogenic acid were purchased from the company Sigma-Aldrich, while caffeine
from Boehringer, Ingelheim and quercetin were from Fluka Biochemika (Figure S1, Supple-
mentary Materials).

Two of the active ingredients, caffeine and chlorogenic acid, were obtained from
Crithmum maritimum L. and coffee beans (Arabica variety) using an extraction procedure.
Leaves of Crithmum maritimum were collected from a coastal area of Chalkidiki, washed
with deionized water and then left to dry for 2 h at 70 ◦C. After drying, the leaves were
cut with a cutting mill and stored in special containers. Similarly, about 5 g of coffee
beans (Coffea arabica L.) were heated in a suitable fireproof vessel for 8 min to undergo the
extraction process.

Potassium phosphate buffer, (KH2PO4) 20 mM and 40 mM at pH 7: The solution
was prepared by weighing 2.72 g (20 mM) or 5.44 g (40 mM) of KH2PO4, in a 1000 mL
volumetric flask, which was filled with HPLC water up to the mark. The pH of the solution
was adjusted to 7 by adding drops of 1 M NaOH solution under magnetic stirring. This
was followed by filtration with a 0.45 µm filter.

Sodium phosphate buffer (NaH2PO4–H2O), 20 mM at pH 2.5: An amount of 1.38 g of
sodium monobasic phosphate hydrated was accurately weighed and dissolved in 500 mL
of HPLC water. The buffer was acidified using phosphoric acid solution until the pH value
reached 2.5. The solution was then filtered with a 0.45 µm filter.

Sodium phosphate buffer (NaH2PO4–H2O), 20 mM at pH 6.7: An amount of 1.38 g of
hydrated sodium monobasic phosphate was accurately weighed and dissolved in 500 mL
of HPLC water. The pH value was adjusted to 6.7 with 0.2 M NaOH. The solution was then
filtered with a 0.45 µm filter.

Standard solutions: Total amounts of 11.10 mg quercetin, 11.20 mg rutin, 12.60 mg hes-
peridin, 9.30 mg caffeine, 9.30 mg chlorogenic acid, 9.50 mg vitamin A and 31.0 mg vitamin
E were accurately weighed in separate 10 mL volumetric flasks. The flasks were filled to the
mark with 0.2% formic acid methanolic solution. By appropriate dilutions, an intermediate
mixed stock (mix1) and then seven standard solutions (diluent: methanol with 0.2% formic
acid) were prepared and analyzed by HPLC (Table S1, Supplementary Materials).

Standard solutions for spiking: In a similar way, two intermediate mixed standard
solutions mix2 and mix3 (diluent: ethanol) were also prepared to disperse the APIs into
the oil and water phases of the emulsion. The intermediate mix2 contained the two
vitamins A and E (300 µg/mL vitamin A and 400 µg/mL vitamin E), while mix3 contained
the remaining active ingredients (200 µg/mL quercetin, 200 µg/mL rutin, 300 µg/mL
hesperidin, 200 µg/mL caffeine and 400 µg/mL chlorogenic acid).

Spiked placebo: For the preparation of the spiked placebo, 1 mL of both mixed solutions
(mix2 and mix3) were transferred to two separate tubes and evaporated (with nitrogen).
After adding 1 mL of jojoba to mix2 and 8 mL of water–glycerin 1:1.3 to mix3, the two
mixtures as well as 1 mL of Spam 20 were mixed (vortexed) and subjected to sonication
(10 min). At the extraction procedure, to 1 mL of spiked placebo sample were added 9 mL
of extractant diluent (methanol/0.2% formic acid) and the cleaning process followed.
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Control standard solution: Amounts of 1 mL of mix2 and 1 mL of mix3 solutions
were added to 8 mL of diluent (methanol/0.2% formic acid) and subjected to the same
processing (ultrasonication, stirring, cooling and centrifugation) as the unknown sample,
in order to be analyzed by HPLC.

Emulsion base: Total volumes of 3.50 mL of water, 4.50 mL of glycerol, 0.90 mL of
jojoba oil and 1.10 mL of Span 20 were used to prepare the nano-emulsion (o/w) based on
ultrasonic methodology and according to the procedure described below (Section 3.1).

Drug-free (blank): For the blank solution, 1 mL of the emulsion base was added to
9 mL of methanol with formic acid 0.2%. The mixture was subjected to the same processing
as that of the standard and unknown sample.

2.2. Instrumentation and Chromatographic Conditions

The chromatographic determination of the active ingredients was carried out by
means of a Shimadzu 220 series high-performance liquid chromatography (HPLC) system,
consisting of two pumps (LC-20AD), a degasser (DGU-14A), an automatic sampling system
(SIL-10AD), a column oven (CTO-6A) and a UV detector with photodiode array (SPD-
M20A). The detector was set up at two wavelengths (326 nm and 280 nm). LC-Solution
software, version 1.25, was then used.

The stationary phase was a phenyl column (4.6 mm × 150 mm, 5 µm), thermostable
at 40 ◦C, while the composition of the initial mobile phase was the following: phase A,
90% water (with 0.2% formic acid) and phase B, 10% acetonitrile with 0.2% formic acid.
According to the gradient elution program applied, the mobile phase increased (with
respect to phase B) linearly as follows. In the first 4 min from 10% to 20%, in the next
minute, phase B becomes 40% where it remains for 2 min (t = 7 min). Subsequently, at t = 8
min, phase B becomes 50% and in the next two minutes (t = 10 min) 60%. Then, every two
minutes the content of phase B rises linearly by 20% until it reaches 100% (t = 14 min). After
one minute (t = 15 min), phase B returns to 10% and remains until the end of the analysis
(t = 20 min). The flow rate of the mobile phase was 1 mL/min while the sample injection
volume was 50 µL.

To study the nano-emulsions and their behavior, a Zetasizer, Malvern, ZEN3600, was
used.

3. Results and Discussion
3.1. Formation Study of the Nano-Emulsion

For the preparation of the nano-emulsion (o/w), an important problem to be solved
was to ensure the stability of caffeine and chlorogenic acid, in their aqueous extracts.
Therefore, based on related reports [15,16], glycerin (1:1 v/v) was added in order to
stabilize both APIs. Then, to determine the ratio of the two phases and the emulsifier
(o/w/surfactant) to be used in the nano-emulsion, a preliminary study was carried out
with the following combinations: 50:40:10, 60:30:10, 70: 20:10 and 80:10:10:10 (w/w/w).
According to the results, the best combination was 80:10:10, due to the better stability and
texture of the emulsion. Defining the type of emulsion (o/w), the ratio of the two phases
(80% aqueous, 10% oil, 10% emulsifier) and the composition of the aqueous phase (water,
glycerol 1:1), further research was conducted to determine the remaining excipients. Thus,
coconut, peanut and jojoba oils were tested for the oleic phase [17], while Tween 20, Tween
80 and Span 20 were tested as surfactants [18]. The excipients were evaluated at 15 different
combinations (Table S2, Supplementary Materials) and the emulsions were prepared by two
different techniques: (a) the phase inversion technique where both aqueous and oleic phases
were heated separately at 40 ◦C. Under continuous stirring and keeping the temperature
constant, the oleic phase and surfactant were mixed in a beaker. Subsequentially, the
aqueous phase was added dropwise (of 1 mL/min) under continuous stirring. (b) An
ultrasonic process was used where low- or high-frequency sound waves were used to form
emulsion droplets from two immiscible liquids in the presence of a surfactant. The mixing
process of the two phases and the surfactant was analogous to that of phase inversion. The
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operating conditions were amplitude = 45%, timer = 4 min and pulse = 40 06. Having as
an emulsion stability criterion the non-separation of the two phases, four combinations
were considered optimal. In these, different amounts of surfactants were further tested
at concentration levels of 0.5 mL (5.26%) and 1.5 mL (14.28%), respectively. Hence, it was
found that the emulsion with jojoba oil and Span 20 showed less tendency to separate.
Subsequently, the proportions of these ingredients were studied by the experimental design
methodology program. Since the aqueous phase (glycerol/water) constituted 80% of the
formulation composition while the other two ingredients constituted 20%, a two-mixture
design (mixture1 × mixture2) with two responses (particle size, zeta potential) was modeled
(Table S3, Supplementary Materials). The proposed 11 experiments were performed in
duplicate (a) by the phase inversion (epi) and (b) the ultrasonic (sonics) technique where
the latter was considered as the best. The significance of the considered factors (A: ml
glycerin, B: mL H2O, C: mL jojoba, D: mL Span 20) of the two mixtures on the emulsion
quality was assessed using the analysis of variance (ANOVA). The overall evaluation of the
models was determined by the values of specific statistical parameters presented in Table 1.

Table 1. ANOVA results for the best fit models by ultrasonic technique.

Particle Size Zeta Potential

R2 0.998 0.927
Adjusted R2 0.940 0.908
Predicted R2 −0.515 0.849

Adeq Precision 131.23 128.81
F 20.68 50.80

C.V.% 13.92 15.09
p 0.0469 0.0001

The optimal emulsion composition was found by applying (a) the graphical method
of superimposing isometric curves on an overlay plot and locating the region of optimal
solutions and (b) a desirability function (Figures S2 and S3, Supplementary Materials).
According to the experimental results, the samples prepared with the ultrasonic process
presented smaller particle sizes and higher zeta potential values, while the ideal emulsion
composition was 45% glycerol, 35% water, 9% jojoba and 11% Span 20.

To further study the stability of the proposed nano-emulsion, three identical samples
were prepared and measured (zeta potential and particle size) over a period of one month
(Figures S4 and S5, Supplementary Materials). According to the results, the particle size
of the dispersion ranged between 178 and 222 nm, which allowed it to be classified as a
“nano-emulsion” [19], while the absolute value of zeta potential was >25, indicating its
stability [20].

3.2. HPLC-DAD Method Optimization

Under the present experimental conditions, it was extremely difficult to find a chro-
matographic method for the determination of seven compounds in an emulsion substrate
(o/w), which exhibited significantly different degrees of lipophilicity. Both vitamins A and
E are highly lipophilic (XlogPmax = 10.7), while rutin, caffeine, quercetin, chlorogenic acid
and hesperidin are characterized as hydrophilic (XlogPmin = −1.3) [21]. For the inves-
tigation of the chromatographic conditions, the influence of various factors was studied
considering the shape of the peaks, their resolution (Rs) as well as the elution times of
the analytes.

Regarding the stationary phase and its interaction with the analytes, reversed-phase
(RP) chromatographic columns with different dimensions and mechanisms such as C18:
Supelco Discovery HS (150 mm × 4.6 mm, 5 µm), C8: Supelco (250 mm × 4.6 mm, 5 µm),
anionic column SAX: 5 µm (125 mm × 4 mm, 5 µm), CN column Waters Spherisorb®

5 µm (250 mm× 4.6 mm, 5 µm) and phenyl ACE-ACT (150 mm × 4.6 mm, 5 µm) were
studied. For the anionic column, the problem was mainly found in the chlorogenic acid, as
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it eluted with the solvent front. In other words, the k’ of the chlorogenic acid was close to
zero. The CN column was considered unsuitable as the resolution between chlorogenic
acid and caffeine was equal to 1.3, while the k’ values were 0.1 for chlorogenic and 0.4 for
caffeine. Furthermore, it should be mentioned that the chlorogenic acid showed a double
peak and tailing. Finally, as for the C8 and C8 columns, the problem mainly appeared in
chlorogenic acid. At the base of its peak, in both columns, a double peak was presented,
which dramatically increased the resolution with caffeine. Changes in the mobile phase
(different ratios, flow rates and temperatures) did not ameliorate the results. The best
performance was obtained with the phenyl column, which was chosen as the most suitable.

Since the lipophilicity of the analyzed ingredients was significantly different, their
elution was achieved with different organic/water solvent ratios. Thus, as a first step,
under isocratic conditions, we investigated which solvents (acetonitrile: water or methanol
with water) were the most effective.

However, the “tailing” of the analyte peaks (especially in the methanol–water mo-
bile phase) led to the use of buffered solutions. Mixtures of NaH2PO4–H2O or KH2PO4
acetonitrile–aqueous solutions at different concentrations (20 mM, 40 mM) and a pH = 2.5
and 6.7 were tested as the mobile phase, but none of them was good since chlorogenic acid’s
peak was double. This problem was faced by using as a mobile phase a binary system of
0.2% formic acid aqueous solution and acetonitrile with 0.2% formic acid. Decreasing the
concentration of formic acid to 0.1% did not give satisfactory results. The same method
was tested by replacing the formic acid with trifluoroacetic and acetic acid but there was no
improvement in the chromatographic behavior of the analytes. By studying all the active
ingredients separately and isocratically, it became evident that chlorogenic acid and caffeine
had good k’ values with a lower percentage of aqueous mobile phase, while rutin, quercetin
and the two vitamins had good k’ values with a higher percentage of organic mobile phase.
Therefore, the use of a gradient system of increasing eluting power was necessary.

A factor that also had to be taken into consideration was the diluent of the analytes.
The behavior of quercetin and chlorogenic acid which usually gave double peaks played
a decisive role. Chlorogenic acid is not soluble in acetonitrile and is completely soluble
in water or in a mixture of the two solvents containing at least 25% water. However, at
this ratio, chlorogenic acid gave double peaks while an increase in the solvent in water
created solubility problems mainly in lipophilic active ingredients (vitamins A, E). Thus,
acetonitrile was replaced by methanol, in which chlorogenic is soluble, and combinations
were studied as the following: (a) methanol, 100%; (b) methanol–phosphate buffer, 20 mM
or 40 mM, at pH = 7, in a ratio of 2:1 v/v; (c) methanol–acetonitrile, in a ratio of 2:1 v/v;
and (d) methanol with formic acid, 0.1–1% v/v After investigation, it was found that the
best result was obtained in the case of methanol solution containing formic acid. The ratio
of formic acid from 0.2% to 1% did not alter the result and 0.2% was chosen for column
protection reasons (Figure 1).

Finally, regarding the choice of wavelengths (λ) and for practical reasons, API detection
was carried out at two wavelengths (280 and 326 nm). These were not the maximum (λmax:
chlorogenic acid 330 nm, caffeine 273 nm, rutin 271 nm, hesperidin 283 nm, quercetin
258/380 nm, α-tocopherol 326 nm and retinol 292 nm) but gave a satisfactory signal for all
analytes.

3.3. HPLC-DAD Method Validation

Validation of the HPLC method was performed according to the International Con-
ference on Harmonization of Technical Requirements for the Registration of Medicinal
Products for Human Use (ICH Q2) guidelines [22]. Before validation, system suitability
experiments were performed (Table 2).
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Table 2. System suitability tests.

API
Working

Wavelength
(nm)

Retention
Time (min)

Capacity
Factor (k′) Resolution Tailing

Factor

Chlorogenic
acid 280 3.55 1.0 1.5 0.9

Caffeine 280 4.49 1.2 2.4 0.9
Rutin 280 5.62 1.8 3.2 0.9

Hesperidin 280 7.01 2.5 5.1 0.9
Quercetin 280 7.36 2.6 2.0 0.9
Vitamin A 326 12.93 5.4 3.6 0.9
Vitamin E 280 14.75 6.3 – 0.9

3.3.1. Specificity

To evaluate the specificity, a blank sample containing all the excipients of the prepa-
ration was compared with the corresponding sample, spiked with the seven analytes at
the concentrations of 40 µg/mL for chlorogenic acid, 20 µg/mL for caffeine, 20 µg/mL
for quercetin, 30 µg/mL for hesperidin, 20 µg/mL for rutin, 30 µg/mL for vitamin A and
30 µg/mL for vitamin E. Figure 1 depicts the typical chromatograms of drug-free (blank)
and spiked placebo samples. The method proved to be specific for the determination of
antioxidants since no peak was observed in the chromatograms of the blank samples at the
retention time of the analytes.

Unexpected peaks due to carryover were calculated by applying the following equa-
tion: %carryover = (post-challenge blank peak area)/(peak area of the highest concentration
standard) ×100. In all cases, the areas of unexpected peaks were <2% LLOQ.

3.3.2. Linearity, LLODs and LLOQs

Linearity was investigated in seven different concentration ranges. Each standard was
analyzed in triplicate. The results of the linear regression, correlation coefficient, and limits



Separations 2024, 11, 43 8 of 12

of detection (LLODs) and quantitation (LLOQs) for each analyte are presented in Table 3.
For the calculation of the LLOD and LLOQ values, the signal-to-noise ratio was used [23].

Table 3. Data on the linear regression equations and LLOD and LLOQ values of the seven analyzed
antioxidants.

API Concentration Range
(µg/mL) Linear Regression R2 LLOD

(µg/mL)
LLOQ

(µg/mL)

Chlorogenic acid 0.93–18.60 y = 19,226 ± 770x − 957.8 ± 7564.5 0.999 0.16 0.48
Caffeine 0.47–9.30 y = 51,098 ± 2370x − 1119.6 ± 11,644.0 0.998 0.04 0.14

Rutin 0.56–11.20 y = 13,066 ± 744x − 631.8 ± 4481 0.998 0.17 0.56
Hesperidin 0.62–12.60 y = 32,502 ± 1488x − 266.2 ± 9902.2 0.998 0.04 0.12
Quercetin 0.11–2.22 y = 124,768 ± 6080x − 1003.3 ± 7097.8 0.998 0.02 0.07
Vitamin A 0.29–5.70 y = 67,155 ± 2740x − 3001.6 ± 8250.3 0.999 0.03 0.11
Vitamin E 1.55–31.0 y = 5529 ± 168x − 572.9 ± 2744.2 0.999 0.09 0.29

3.3.3. Accuracy and Precision

The accuracy of the proposed method was studied by analyzing samples at three
concentration levels (low, medium and high). Evaluation of results was based on %recov-
ery and %relative standard deviation (%RSD) values. As shown in Table 4, satisfactory
recoveries were obtained in a range of (99–101% ± 2).

Table 4. Accuracy and precision results of the proposed method.

API Concentration
(µg/mL)

Found
Concentration

(µg/mL)
%Recovery

Repeatability Intermediate
Precision

%RSD (n = 3)
Mean %RSD (n = 3)

1st Day 2nd Day 3rd Day Total

Chlorogenic acid
0.92 0.93 101.1 1.9 1.9 1.5 1.7 2.0
7.36 7.25 98.5 0.2 0.2 0.4 0.4 0.9

18.40 18.45 100.3 0.5 0.5 0.5 0.3 0.5
Average (n = 3) 100.0

Confidence interval (95%) 100 ± 1

Caffeine
0.47 0.465 97.8 1.9 1.1 1.8 1.4 1.7
3.80 3.80 100.0 0.2 0.3 0.4 0.4 0.3
9.50 9.37 98.6 0.5 0.5 0.4 0.1 0.5

Average (n = 3) 99.8
Confidence interval (95%) 100 ± 1

Rutin
0.56 0.58 103.6 1.6 1.6 1.6 1.3 1.7
4.48 4.49 100.2 1.5 1.5 1.4 1.4 1.6

11.20 11.12 99.3 0.7 0.7 0.7 0.4 0.8
Average (n = 3) 101.0

Confidence interval (95%) 101 ± 2

Hesperidin
0.62 0.61 98.4 1.4 1.4 0.8 1.8 2.0
5.04 5.00 99.2 0.4 0.4 0.5 0.3 0.4
12.6 12.41 98.5 0.4 0.4 0.3 0.1 0.4

Average (n = 3) 99.0
Confidence interval (95%) 99.0

Quercetin
0.109 0.11 100.9 1.6 1.4 0.5 0.7 1.5
0.87 0.867 99.4 0.5 0.5 0.4 0.2 0.5
2.18 2.14 98.2 0.4 0.4 0.5 0.2 0.4

Average (n = 3) 99.5
Confidence interval (95%) 100 ± 1
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Table 4. Cont.

API Concentration
(µg/mL)

Found
Concentration

(µg/mL)
%Recovery

Repeatability Intermediate
Precision

%RSD (n = 3)
Mean %RSD (n = 3)

1st Day 2nd Day 3rd Day Total

Vitamin A
0.28 0.29 101.4 1.7 1.4 1.7 1.8 1.9
2.28 2.26 99.1 0.2 0.2 0.4 0.4 0.7
5.70 5.63 98.8 0.5 0.5 0.5 0.3 0.5

Average (n = 3) 99.8
Confidence interval (95%) 100 ± 1

Vitamin E
1.55 1.54 99.7 2.0 1.6 1.6 1.6 1.7

12.36 12.16 98.4 1.7 1.7 0.4 0.2 1.8
30.90 30.74 99.5 0.2 0.2 0.5 1.1 1.2

Average (n = 3) 99.2
Confidence interval (95%) 99 ± 1

Precision was investigated in terms of repeatability and intermediate precision (Table 4).
More specifically, the repeatability (intra-day precision) was assessed by analyzing stan-
dards at three concentration levels (three replicates) by one analyst, on the same day. On
the other hand, intermediate precision was calculated by analyzing standards at three
concentration levels (three replicates) by one analyst, on three consecutive days.

3.3.4. Robustness

For robustness testing, small deliberate changes were investigated. In detail, the
column temperature was tested within the limits of 40 ± 1 to ± 2 ◦C, the initial composition
of mobile phase B at 10 ± 1% to ± 2%, the injection volume at 50 ± 1 to ± 2 µL, and the
detection wavelength λ at ± 1 to ± 2 nm. Based on the results, the tolerance of the system
was satisfactory and ensured good quality of the chromatograms.

3.4. Extraction of Chlorogenic Acid and Caffeine

For the quantitative extraction of both caffeine and chlorogenic acid, two different
procedures were followed, the first of strong heating for a short time and the second of
mild heating for a long time. In applying the methods, 8.01 g of powdered Crithmum
maritimum L. or 1.00 g of coffee beans were weighed in a 500 mL volumetric flask and
150 mL of water–glycerol at 50:50% v/v were added. This was followed by (a) heating in a
water bath at 70 ◦C for 3 h with stirring and (b) heating at 30 ◦C for 21 h with stirring. The
two techniques were compared in terms of recovery efficiency and stability of the active
ingredients.

The extracted samples were analyzed by HPLC, and their results were qualitatively
compared to choose the most efficient method (A or B). In the case of Crithmum maritimum
L., it was found that the concentration of chlorogenic acid obtained by method B was three
times lower than the corresponding of method A (chlorogenic acid 22.79 µg/mL), while
the quality of the peaks was clearly better (sharp peaks with good separation).

Respectively, for the case of Coffea arabica L., it was found that with method B, the
signals of the chromatographic peaks of both chlorogenic acid and caffeine were five times
lower in intensity than those obtained with method A (chlorogenic acid 71.07 µg/mL and
caffeine 59.59 µg/mL). According to the above, method A was chosen as the most suitable
for both cases.

As the nano-emulsion is intended for dermal use (face and neck application), the
solvents for extraction and subsequent preservation of the formulation must not be irritating
or toxic. Water was considered as the solvent of choice, since both active substances are
soluble in it, but it did not ensure the stability of the APIs. Glycerol is widely recommended
in industry as a maintenance solvent because it is biodegradable (green solvent) and can be
used without safety concerns [15].
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Thus, after obtaining the aqueous extracts of both APIs, an equal amount of glycerol
(glycerol:water 50% v/v) was added and the solution was kept at 2–4 ◦C. Next, the stability
of the chlorogenic acid and caffeine was studied over 40 days (Figure 2). According to their
stability profile, the potential of glycerin as a preservative was confirmed [16].
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59.59 µg/mL, in Coffea arabica L. extract.

3.5. Sample Purification Method

Subsequently, a second sample processing method was developed to perform purifica-
tion and quantitative recovery of APIs from the nano-emulsion. The optimization of the
extraction procedure was performed using a 1 mL spiked placebo sample. Chloroform and
ether were tested as lipophilic extraction solvents and water, acetonitrile and methanol, as
hydrophilic. Regarding chloroform or ether, they were used in a liquid/liquid extraction
method in combination with water–formic acid, 0.2%, in a ratio of 5:4 v/v. Both non-polar
solvents can mainly pick up the two lipophilic vitamins (A and E) while water was used
to collect the hydrophilic active substances. After the two phases were separated, the
organic one was collected in a tube A and evaporated, while the aqueous one was subjected
to solid-phased extraction technique with a Bond Elut C18 cartridge (conditioning, 2 mL
MeOH; equilibration, 2 mL H2O– formic acid, 0.2%; loading, 3 mL sample in water–formic
acid, 0.2%). Elution of the active compounds was carried out with 1 mL diluent (methanol–
formic acid, 0.2%) in tube A. The samples were centrifuged and analyzed. As sample
recoveries were not satisfactory, more flexible and convenient techniques were explored.

Thus, an attempt to find a solvent with broader extractive activity was carried out
using methanol, acetonitrile and/or water in various proportions and buffers. In all cases,
the purification procedure included the following steps: 9 mL of diluent was added to 1 mL
of placebo sample, the mixture was treated for 15 min in an ultrasonic bath and then it was
placed in the freezer for 20 min. This was followed by centrifugation for 5 min at 5000 rpm
and the samples were analyzed. After thorough investigation, methanol with 0.2% formic
acid was considered as the most suitable.

The treatment of the samples was further investigated by (a) varying the type and the
time of the mixing procedure (simple mixing for 20 s in a Vortex device or 30 min stirring
with a magnetic stirrer or 10 min magnetic stirrer and 5 min ultrasonic bath for one cycle,
or repeating the first cycle for an additional 2–3 cycles) and (b) using the freezing technique
at different times (20 min–3 h) [24] and centrifugation of the sample (2–10 min at 5000 rpm).
The %recovery values were calculated based on a standard solution subjected to the same
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treatment. Considering the overall %recovery values of the APIs, the two-cycle procedure
(20 min stirring, 10 min in ultrasonic bath, 20 min freezing and 5 min centrifugation) was
selected as the most suitable (Figure S6, Supplementary Materials).

The %recovery of the active compounds applying the optimal processing conditions
were calculated on five spiked samples which were analyzed by HPLC (2 replicates) under
gradient elution conditions (Figure 1). According to the results, the mean %recovery values
of the five samples for chlorogenic acid were the following: 101.5% (%RSD = 1.3%); 98.7%
(RSD% = 1.2%) for caffeine; 102.5% (%RSD = 1.7%) for quercetin; 98.4% (%RSD = 1.5%) for
hesperidin; 96.7% (%RSD = 1.3) for rutin; 99.7% (%RSD = 1.9%) for vitamin A; and 97.3%
(%RSD = 1.2%) for vitamin E.

4. Conclusions

In the context of the present study, an emulsion was prepared with seven active
substances (chlorogenic acid, rutin, quercetin, caffeine, caffeine, hesperidin, retinol and
α-tocopherol), which could be a candidate cosmetic formulation with anti-aging properties.
After determining the ingredients and composition of the emulsion (water, glycerin, jojoba
oil and Span 20 in a ratio of 3.5:4.5:0.9:1.1), the formulation was prepared and its stability
was studied for 30 days, based on the zeta potential (high charge values) and particle size
(<222 nm).

For the quantitative determination of the active substances, a chromatographic method
(RP-HPLC) was developed and validated, suitable for the evaluation of the quality of the
formulation. Emphasis was placed on the pretreatment of the samples in order to achieve
quantitative recovery of the seven antioxidants.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/separations11020043/s1, Figure S1: Chemical structures of antioxidants;
Table S1. Concentrations of the standard solutions; Table S2: Emulsion samples with different
compositions; Table S3: Design summary, limits and requirements used; Figure S2: Isometric curves
of the overlay plot; Figure S3: Optimal quantities and expected responses, based on the desirability
function; Figure S4: Emulsion stability study chart over a period of one month; Figure S5. Visual
representation of stable emulsions after one month; Figure S6: Emulsion sample after purification
procedure.
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