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Abstract

:

New cosmetic formulations are continuously requested by the market and the ingredients are constantly evolving. Recently the use of antioxidants has gained success and, in this context, analytical methods able to quickly and easily assess the antioxidant activity of cosmetics would make it possible to carry out analyses on new formulations even within the manufacturing process without the need for specialized laboratories and personnel, thus evaluating directly on-site the effectiveness and the shelf life of products. In this work, a chemiluminescent inhibition assay was developed for determining the total antioxidant activity in cosmetic products. The method was based on the luminol/enhancers/hydrogen peroxide/horseradish peroxidase chemiluminescent system, which generates light signals measurable through simple and compact instrumentation. The formation of the chemiluminescent signal is inhibited by the presence of antioxidant substances while it is restored once all the antioxidant molecules have been oxidized. The time of appearance of the light signal is related to the total antioxidant activity. The assay was carried out exploiting an integrated device comprising a microwell plate coupled with an array of amorphous silicon hydrogenated photosensors enclosed in a mini-dark box. The method was optimized in terms of concentrations and volumes of the required reagents and sample pre-treatment. A calibration curve was generated taking as a reference the antioxidant activity of ascorbic acid obtaining a detection limit of 10 µM. The developed method was applied to cosmetic products currently on the market as well as on spiked samples in order to evaluate the performance of the methods in terms of sensitivity, accuracy, and reproducibility.
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1. Introduction


Cosmetics analysis represents a rapidly expanding field of analytical chemistry, as new cosmetic formulations are increasingly in demand on the market and the ingredients required for their production are constantly evolving. In particular, the addition of antioxidants, which are well established in food, beverages, and pharmaceuticals, is becoming increasingly popular in cosmetic preparations, where they can serve as active ingredients, supplements, and stabilizers [1,2,3,4,5,6]. Indeed, their ability to scavenge free radicals provides anti-aging, photoprotective, antimicrobial, and anti-inflammatory action, along with protection against oxidative degradation of product components, such as lipid rancidity [1].



There is growing interest and consumer demand towards the use of natural sources for antioxidants cosmetics, such as extracts derived from a wide range of plants, grains, and fruits, owing to their ability to reduce oxidative stress on the skin and to exert anti-aging effects [4,7,8]. Indeed, reactive oxygen species (ROS) can alter skin components, such as lipids, DNA, and proteins, [9,10], contributing to the development of early aging, along with external factors, including air pollution, UV radiation, and pathogenic microorganisms [11,12,13,14,15].



Antioxidants also effectively contribute to product preservation, especially against preventing lipids oxidation that leads to rancidity. Indeed, they can inhibit lipid oxidation by reacting with lipid and peroxy radicals and converting them to more stable, non-radical products [16,17,18,19]. Additionally, they can deplete molecular oxygen, inactivate singlet oxygen, eliminate peroxidative metal ions, convert hydrogen into other antioxidants, and dissipate UV light [20].



Despite their numerous advantages, the selection of the proper antioxidants must be carefully considered, focusing on their hydrophilic or lipophilic nature, their stability in the formulation, and their ability to not react with other ingredients. Indeed, antioxidants are unstable and susceptible to hydrolysis and photodegradation in the presence of oxygen [21], so that formulating antioxidant-added cosmetic products that are able to maintain activity and aesthetic acceptability over time is very difficult [22,23]. In addition, the optimal antioxidant concentration must be evaluated to maximize their activity and bioavailability.



A valid analytical method to determine the capacity of the antioxidant and to evaluate its activity and stability over time is therefore necessary. In this context, this research focuses on the development of innovative techniques that allow a rapid, economical, and sensitive measurement of the antioxidant activity in complex cosmetic matrices using simple instruments that do not require specialized laboratories and personnel, thus constituting a valid approach for monitoring supply chains.



The determination of the specific antioxidant activity is difficult and often not possible due to the presence of synergistic effects. However, a wide variety of methods have been proposed to evaluate the total antioxidant capacity (TAC), which considers all compounds with antioxidant activity present in the sample for their application on complex matrices, such as food, beverages, and biological fluids. There is no consensus on a reference assay for measuring TAC, as well as on the expression of the assay results, which can be reported in terms of equivalent content of standard antioxidants, such as trolox, ascorbic acid, or gallic acid. For these reasons, very different results can be obtained, depending on the method used and the antioxidant selected for assay calibration [24].



The tests, which are generally based on the ability of antioxidants to neutralize free radicals, fall into two main groups: tests based on electron transfer reactions (ET) and reactions involving the transfer of hydrogen atoms (HAT) [25]. Most of these methods rely on spectrophotometric measurements. Other optical detection principles are exploited, such as fluorescence (e.g., oxygen radical absorbance capacity, ORAC), or chemiluminescence (CL) (e.g., the total radical-trapping antioxidant parameter, TRAP, and enhanced chemiluminescence, ECL) [26].



The above reported methods are mainly used to assess the antioxidant properties of natural extracts to be used as active ingredients, rather than their activity within the formulation [27,28]. Nevertheless, given the complexity of the composition of cosmetics, it is very important to evaluate the TAC of the final product, as this can vary significantly compared to the activity of the ingredients analyzed individually. Moreover, a method applicable to finished products is required to evaluate their conservation of TAC over time. A commercial kit based on the ABTS reaction was exploited for assessing the antioxidant capacity in a typical cosmetic formulation containing a blend of emulsifiers with a mixture of antioxidants [29]. The assay involved the use of peroxidase (HRP) and hydrogen peroxide (H2O2) which convert ATBS into a radical cation. In this state, ATBS forms a chromogen that can be measured spectrophotometrically at 600 nm, but in the presence of antioxidants, this color formation is inhibited. Using this commercial assay, they were able to assess the antioxidant potential of the final cosmetic formulation. The same approach was exploited by Mapoung et al. [30] for the evaluation of antioxidant activities of functional creams available on the Thai market, while the FRAP test was used to determine the antioxidant activity of some cosmetic creams available on the Syrian market [31]. Nevertheless, traditional methods for TAC evaluation require an equipped laboratory and trained personnel, thus increasing the cost of the analysis. Therefore, there has been an increasing demand for the development of easy-to-use, cheap, fast, and portable sensors for point-of-need measurement of TAC in cosmetic samples. For this aim, portable sensors based on electrochemical measurements have been proposed. Beissenhirtz et al., [32] reported about a sensor based on a gold wire electrode functionalized with cytochrome c. Antioxidant capacity was measured as a function of the decrease in the superoxide concentration present in the system. The same research group also developed a system for the simultaneous detection of superoxide and H2O2 and their possible scavengers [33]. Othman et al. [34] proposed a sensor based on selective redox reaction. They developed a colorimetric sensor suitable for naked-eye detection for assessing the total antioxidant activity and traceability of active ingredients in cosmetic products. The device comprises a surface functionalized with ceria nanoparticles that reacts specifically with antioxidants and generates distinct colors representative of their antioxidant activity. The platform is based on the interaction between cerium oxide nanoparticles and antioxidants, involving a combined surface oxidation and chemical binding process leading to the formation of highly colored charge transfer complexes [35,36]. As an alternative, chemiluminescence (CL) detection has been proposed as an ideal method for miniaturization and point-of-need biosensor development thanks to its inherent sensitivity, specificity, and rapidity [37,38,39,40,41], and it has been successfully applied to TAC measurements in food and biological samples [24,42]. In particular, the enhanced horseradish peroxidase (HRP)-catalyzed luminol reaction has been exploited in order to obtain assays characterized by detectability, amenability to miniaturization, and short assay times. The reaction involves the oxidation of luminol (L) by H2O2 [43], usually taking advantage of the presence of enhancers, such as 4-iodophenol, which is an aromatic hydrogen (AH) donor and is able to stabilize and amplify the CL signal. H2O2 oxidizes AH, which works as substrate for HRP. The produced radical (A •) is able to subtract electrons from luminol (L), which is the compound responsible for the light generation, forming the radical L •. Upon this reaction, a diazachinone (AQ) is formed thanks to the transfer of electrons between two L • and this species is oxidized by H2O2. The produced aminophthalate is an excited state (AP*) and the return to the fundamental state is characterized by the emission of blue light. Since antioxidants (AO) have a reduction potential lower than that of luminol, their presence leads to an electron transfer between L • and AO •. This means that AO competes with luminol in donating electrons and protons to neutralize L •. This means that the formation of AQ and consequently of the CL signal is blocked. Therefore, the luminescence will be extinguished as long as the AOs are present in the mixture and will be recovered as soon as all the AOs are oxidized. To quantify the TAC of the sample, the delay (recovery time) in the light emission is used. The antioxidative capacity can be calibrated and expressed in terms of the concentration of a reference pure antioxidant substance.



CL assays are particularly suited for the development of miniaturized and portable analytical devices, as the instrumentation required for the readout of the CL signal is very simple, mainly requiring a photon detection device and a dark chamber to avoid interference from ambient light. Indeed, light imaging systems based on a charge-coupled device (CCD) camera [44,45,46] or even a smartphone’s complementary metal-oxide semiconductor (CMOS) sensor [47,48,49,50,51] were employed and integrated into a compact and portable device for photon detection [39].



As an alternative, thin-film photodiodes can be implemented into microfluidic systems and they make it possible to reach ultrasensitive detection, reducing the cost of diagnostic platforms. Hydrogenated amorphous silicon (a-Si:H) photodiode arrays [52] and organic photodiodes (OPDs) [53] have been used to develop microfluidic analytical devices for detecting UV absorbance [54], fluorescence [55,56], and CL signals [57,58,59,60,61,62,63,64].



In this work, a CL inhibition assay was developed to determine the TAC in cosmetic products. This method is based on the luminol–H2O2–HRP–enhancer CL system, in which the presence of antioxidants involves the quenching of the CL reaction for a time that depends on antioxidant concentration.



The method developed involved the use of an integrated lab-on-a-chip platform in which the assay was carried out exploiting a device composed by a microwell plate coupled to a matrix of a-Si:H photosensors, which convert the incident light signal into electric current signals. This system was used to measure the light emission resulting from CL reactions and follow their kinetics in real time.



The method was optimized in terms of concentration and volumes of the required reagents. A calibration curve was then generated using ascorbic acid as the reference antioxidant substance. Procedures for the pretreatment of the sample were also evaluated taking into consideration the great variability of the cosmetic matrices and the need for developing a protocol that could be performed by unqualified personnel and outside specialized laboratories. To this end, several formulations were prepared and tested exploiting different pre-treatment protocols in order to find the most rapid and easy-to-use method for the TAC measurements. The developed method was finally applied by determining the TAC of cosmetic products currently on the market, declared to exhibit antioxidant properties expressed in terms of ascorbic acid equivalents.




2. Materials and Methods


2.1. Reagents


The horseradish peroxidase (HRP) enzyme in freeze-dried powder, antioxidant L-(+)-Ascorbic acid powder, Triton X, isopropyl alcohol, glycerol, and Xanthan gum were purchased from Sigma-Aldrich (St. Louis, MO, USA). The CL substrate (Super Signal ELISA Femto) was purchased from Thermo Fisher Scientific (Rockford, IL, USA). The black 384 microplates with a transparent bottom (Greiner Multiwell Plates-384) were purchased from Incofar (Modena, Italy). For all dilutions, 0.1 M phosphate saline buffer (PBS) was used, at a pH = 8 and was prepared from pure reagents for analysis. Cosmetic samples were purchased from local dealers.




2.2. Analytical Device


The analytical device used for antioxidant activity measurements is based on the use of an integrated platform consisting of a disposable 30-well black microplate with a transparent bottom (maximum volume 25 µL) aligned to a grid of photosensors that monitor the CL signal from each well (Figure 1). The photosensor array comprises a 5 × 6 matrix of a-Si:H diodes, with each photosensor being a p-type/intrinsic/n-type structure cultivated on a glass substrate through a three-chamber high-vacuum plasma-enhanced chemical vapor deposition (PECVD) process. The manufacturing process involves the following steps: a. Cleansing a 5 × 5 cm2 glass substrate with a piranha solution. b. Applying and shaping a 200 nm thick layer of Indium Tin Oxide (ITO) through magnetron sputtering and photolithographic techniques, serving as the front electrode for the a-Si:H photosensor. c. Depositing the a-Si:H layers. d. Employing vacuum evaporation to create a 30/150/30 nm thick stack of Al/Cr/Al as the back contact. e. Defining the geometries of the photosensors by patterning the metal stack and a-Si:H layers. d. Applying and shaping a 5 µm thick layer of SU-8 3005 as an insulation layer. e. Utilizing vacuum evaporation and patterning to establish a 30/150/30 nm thick stack of Al/Cr/Al, defining the electrical connections to the metal pad of the back contact. In this device setup, light penetrates the a-Si:H photosensor through the glass and ITO layer. The 30 a-Si:H photosensors are depicted as light grey squares in the center of the image. The C-shaped line represents the shared metal back contact for all photosensors, while the ITO transparent front contacts (one for each diode) terminate with brief metal contacts visible at the lower edge of the glass substrate. These metal contacts aid in aligning the photosensor array with the card edge connector (SAMTEC MB1–150–01–L–S–02–SL, SAMTEC, New Albany, IN, USA)), which links to the read-out electronic through a straightforward interface board. The input stage of the read-out circuit employs an 8-channel, 20 bit analog-to-digital converter (DDC118 from Texas Instruments, Dallas, TX, USA). It captures currents generated by the photodiodes, converts them into voltage using a charge sensing amplifier, and digitizes the data through an internal sigma–delta modulator. The outcomes are displayed at the output of a synchronous serial interface driven by a clock signal. The master of the read-out circuit is a PIC18F4550 microcontroller (from Microchip, Chandler, AZ, USA) with dual functions: (1) providing timing and control signals to the DDC; and (2) ensuring communication with a PC. Software running on the computer configures measurement parameters via a USB port, stores, and visualizes the measurement data.




2.3. Assay Procedure


2.3.1. Sample Pretreatment


Given the complexity of the cosmetic matrices and the high variability of the physical form in which they can be found, different solvents were tested for sample pretreatment of the sample. In particular, three approaches were compared by applying them on cosmetic formulations prepared in laboratory comprising different ingredients. The three pretreatment procedures were applied as follows:




	
A total of 0.1 g of sample was dispersed in 1 mL of PBS, vortexed for 1 min and filtrated. The obtained mixture was suitably diluted with PBS at the time of analysis in order to obtain the appearance of the CL signal within the linearity range of the calibration curve.



	
A total of 0.1 g of sample was dispersed in 1 mL of Tris buffer solution (0.1 M, pH 8.6) containing 1 mM Triton X-100 (Sigma-Aldrich, St. Louis, MO, USA) and 2 mM CaCl2 (TriCaT) and vortexed for 1 min. The obtained mixture was suitably diluted with the TriCaT buffer at the time of analysis in order to obtain the appearance of the CL signal within the linearity range of the calibration curve.



	
A total of 0.1 g of sample was dispersed in 1 mL of a solution composed by Isopropyl alchol (60%) and PBS (40%) (IA-PBS) and vortexed for 1 min. The obtained mixture was suitably diluted with PBS at the time of analysis in order to obtain the appearance of the CL signal within the linearity range of the calibration curve.









2.3.2. Analytical Procedure and Data Elaboration


To carry out the analysis, 12 µL of standard or suitably pre-treated and diluted sample, 4 µL of CL cocktail substrate (consisting of 2 µL of luminol/enhancers and 2 µL of H2O2), 4 µL containing the enzyme HRP 5 pg were added to the wells aligned on the photosensors array so that the CL reaction of each microwell is monitored by a precise photosensor. The measurement of the CL signal was started after the mini-dark box was closed, to ensure that the signal measured by the photosensors is not affected by exposure to ambient light. For all the measurements carried out, the CL signal was monitored through consecutive acquisitions lasting 200 ms for a total duration of maximum 15 min.



Since the photosensor chip makes it possible to simultaneously acquire the signal coming from the different photosensors, for each analysis of standard and sample, the following parameters were evaluated simultaneously:




	-

	
The instrumental background signal by measuring the signal relative to an empty well;




	-

	
The background signal due to the CL substrate in the absence of sample and HRP (4 µL of CL substrate and 16 µL of PBS);




	-

	
The blank signal obtained in the absence of antioxidants which serves as a control to verify the correct kinetics of the CL luminol–H2O2–HRP–enhancers system. In this case, 12 µL of PBS, 4 µL of CL substrate, and 4 µL containing the HRP 5 pg/mL enzyme were added to the well.









In order to obtain quantitative information, a calibration curve was generated using ascorbic acid as a standard solution in a concentration range between 5 and 100 µM. The kinetics related to the appearance of the CL signal in the presence of an antioxidant show a peculiar sigmoidal trend. Applying the first derivative on this kinetic curve, a graph in which the maximum point represents the inflection point of the sigmoid was obtained. This point was used as a parameter for the construction of the calibration curve at the different standard concentrations. Through the equation of the curve, it was possible to calculate by interpolation the TAC of the analyzed samples. The limit of detection was estimated as the minimum concentration of ascorbic acid that made it possible to delay the CL signal for a sufficient time to start the measurement. Indeed, the time required for injecting the reagents did not make it possible to record very short inhibition times corresponding to low concentrations of antioxidant. The limit of quantification was estimated considering the minimum time required for starting the measurement after mixing the reagents plus 10 times the standard deviation and interpolating the obtained value on the calibration curve.





2.4. Formulations Tested and Samples


The formulations used for optimizing the sample pre-treatment were prepared by mixing the ingredients in the following proportion:



A1. Water 97.5%, Xantam gum 0.5%, Ascorbic Acid 2%;



A2. Water 91.5%, Xantam gum 0.5%, Ascorbic Acid 8%;



Blank A. Water 99.5%, Xantam gum 0.5%;



B1. Water 95.5%, Xantam gum 0.5%, Glycerol 2%, Ascorbic Acid 2%;



B2. Water 89.5%, Xantam gum 0.5%, Glycerol 2%, Ascorbic Acid 8%;



Blank B. Water 97.5%, Xantam gum 0.5%, Glycerol 2%;



C1. Water 85.5%, Xantam gum 0.5%, Glycerol 2%, sunflower oil 10%, Ascorbic Acid 2%;



C2. Water 79.5%, Xantam gum 0.5%, Glycerol 2%, sunflower oil 10%, Ascorbic Acid 8%;



Blank C. Water 87.5%, Xantam gum 0.5%, Glycerol 2%, sunflower oil 10%.



The ingredients were mixed and gently shaken for a few minutes and stored at room temperature. The samples purchased from local dealers were selected in order to test matrices with different physical properties (micellar water, toner, and face cream).





3. Results


The developed method is based on the quenching of the CL reaction of the luminol–H2O2–HRP–enhancers system in the presence of antioxidant compounds (Figure 2).



The assay was optimized taking into account that the method should be used outside an equipped laboratory at room temperature with benchtop instrumentation that requires specialized personnel for its operation. The procedures for the pre-treatment of the sample, for analysis, and for data processing must therefore be very simple and rapid. In the case of cosmetics, it is important to consider the high complexity of the matrix which can contain a large number of ingredients in a variety of different formulations, thus generally requiring considerable preanalytical treatments (i.e., solubilization, extraction, preconcentration, or purification). Moreover, in recent years, the trends has been to develop simple, sustainable, and environmentally friendly methodologies by applying liquid-based and ultrasound-assisted extraction technologies making it possible to pretreat the sample, exploiting procedures suitable for performing the analysis on-site with easy-to-use instrumentation [65].



Starting from the need to meet these requirements, different parameters were optimized such as reagent concentrations and volumes, reaction times, and sample pre-treatment. A calibration curve was generated taking as a reference the antioxidant activity of ascorbic acid and real samples of cosmetic products currently available on the market were analyzed.



3.1. Assay Optimization


There is a great variety of antioxidant substances that are currently added to cosmetic formulations and the total antioxidant activity in these samples can vary significantly depending on the selected antioxidant, its concentration, the other ingredients, and the physical form of the product itself. One of the fundamental requirements for an analytical method for TAC measurement is to cover a wide dynamic range to enable the analysis of samples with very different antioxidant activities. On the other hand, particularly low detection limits are not necessary as, generally, the TAC reported for cosmetic products are of the order of magnitude ranging from µM to M, expressed in terms of equivalent content of standard antioxidants, such as Trolox, ascorbic acid, or gallic acid [29,34].



Starting from these assumptions, the method was optimized using ascorbic acid as a standard in a range of concentrations between 5 and 100 µM. The parameters evaluated for optimizing the assay were the concentration of HRP enzyme, the volumes of the reagents (luminol/enhancers/H2O2), and the sample to be used during the analysis. In this context, in order to find the best conditions for the analysis, some aspects must be considered. In particular, if the concentration of reactants (luminol/enhancers/H2O2) is too high, the CL reaction will occur even in the presence of antioxidant species. Indeed, since the luminol radicals are very numerous, the probability that radicals are sequestered from the antioxidant instead of reacting with each other becomes very low. Therefore, even at relatively high antioxidant concentrations, the recovery time of the CL signal would be very short. At the same time, by excessively decreasing the concentrations of the reagents, the CL signal would become too weak and the recovery time, estimated through the inflection point of the curve that reports the CL signal with respect to time, would be not vary appreciably and would be difficult to identify. It is, therefore, necessary to reach a compromise between these factors by testing different concentrations of HRP enzyme in the presence of different volumes of substrate and antioxidant.



Solutions containing ascorbic acid in a concentration of 50 µM were therefore tested in the presence of HRP at different concentrations (Figure 3a). The following volumes were used: 10 µL of ascorbic acid standard, 5 µL of substrate and 5 µL of HRP at concentrations of 2.5 pg mL−1 (dark grey curve), 5 pg mL−1 (green curve), 10 pg mL−1 (black curve), and 20 pg mL−1 (light grey curve). The results showed that, at high concentrations of enzyme, the recovery time were too low, while at the concentration 2.5 pg mL−1 the CL signal was weak and the inflection point less detectable.



Using the HRP 5 pg mL−1 concentration, different reaction volumes were tested in the presence of 50 µM of ascorbic acid (Figure 3b): (a) 10 µL of standard, 5 µL of HRP, and 5 µL of substrate (black curve); (b) 12 µL of standard, 4 µL of HRP, and 4 µL of substrate (grey curve); (c) 16 µL of standard, 2 µL of HRP, and 2 µL of substrate (green curve). The optimal condition was represented by case (b) as the CL signal was sufficiently high and the recovery time for the 50 µM ascorbic acid concentration was acceptable. Indeed, considering this as an intermediate concentration of the range of interest, the recovery time must be high enough to allow the detection of lower concentrations, but not too long, in order to measure higher concentrations in a reasonable time for a rapid analytical method.




3.2. Calibration Curve


Using the previously optimized conditions and following the protocol described in Section 2.3, three calibration curves were generated by adding concentrations of ascorbic acid comprised in a range between 5 and 100 µM in the different solvents tested for the pre-treatment of the sample. Ascorbic acid was selected as standard since vitamin C is one of the antioxidants most added to cosmetic products.



The curves shown in Figure 4c were obtained by taking into consideration, for each standard concentration, the time corresponding to the inflection of the sigmoid curve relating to the appearance of the CL signal (Figure 4a,b).



The calibration curves obtained in PBS and IA-PBS (the black and green curves, respectively) were comparable, while a significative difference was observed in the case of TriCaT buffer (grey curve), which showed a higher curve slope. However, the limit of detection (LOD) for the measurement of ascorbic acid is 10 µM for each calibration curve. The 5 µM concentration was not detected as the recovery time was less than the time required to start the measurement through the photosensors. In this case, indeed, the LOD was not determined by a signal difference between the blank and the standard, but by the difference in the emission times of the CL signal. In the absence of the antioxidant, the signal appeared immediately following the addition of the reagents, while, in the presence of an antioxidant, this was delayed. The delay decreased with the decrease in the concentration of the antioxidants in the sample and, therefore, low concentrations were difficult to detect. The factor that limited the LOD, therefore, was the time taken by the operator to inject the sample into the well and start measuring the signal [66]. The limit of quantification (LOQ) was estimated as 20 µM. The curves were obtained using the least squares approximation method and the parameters, R2 = 0.9983 for PBS, R2 = 0.9972 for IA-PBS, and R2 = 0.9957 for TriCaT buffer, showed an excellent correlation between the points of the curves.



Also, the linear ranges were the same for all the solvents and they comprised between 10 and 100 µM. At higher concentrations, linearity was not maintained and there was also an increase in the standard deviation, which made measurements less reliable. Good reproducibility was achieved by repeating the calibration curves, with percentage standard deviations associated with each point on the curve ranging from 0.5 to 20%.




3.3. Pretreatment of the Sample


The pretreatment of the sample represents a critical step since the aim of the work is to develop a rapid analytical method, which can be used by non-specialized personnel outside of centralized laboratories, thus requiring a suitable pretreatment protocol. Furthermore, the complexity of cosmetic products is very high both from the point of view of the chemical composition and the variety of physical forms in which they can be found. Indeed, antioxidants are generally added to facial treatment products that include micellar water, toners, and creams that are very different from each other from a chemical–physical point of view.



In light of these aspects, different pre-treatments reported in the literature [29,32,43] were tested on formulations prepared as reported in Section 2.4, which were characterized by different compositions and complexities to verify that the proposed protocols can be suitable for a wide range of cosmetic products.



The prepared formulations were obtained by adding 2% and 8% of ascorbic acid (corresponding to 0.1 M and 0.4 M, respectively) with different ingredients. For each formulation a blank control without ascorbic acid was prepared and tested to verify that the other ingredients had no antioxidant activity.



In the case of samples containing 2% of ascorbic acid a dilution of 1:2000 was required for obtaining a signal into the dynamic range of the calibration curve (corresponding to 55 µM) while a dilution of 1:8000 (corresponding to 57 µM) was necessary for the formulations containing ascorbic acid at 8%. By interpolating the recovery time obtained on the calibration curves related to the different solvents used for the pre-treatment, the concentrations of ascorbic acid were calculated. The obtained results were compared, and the recovery was calculated for each sample as shown in Table 1. For all the blank control samples, the CL signal started from the beginning of the acquisition even when they were not diluted. Therefore, there was no antioxidant activity from the other components of the formulations or, at least, it was below the LOD.



Pretreatment with PBS showed low efficacy, with recovery values from 76 to 131%. Furthermore, the use of PBS did not allow the complete solubilization of formulations B and C, which were characterized by the presence of different ingredients and required an additional step of filtration before analysis.



The IA-PBS solvent improved the performance with respect to the use of PBS, but the recoveries were still not in the range reported by the AOAC manual for the peer-verified methods program [67], which are from 80 to 110%. The TriCaT buffer showed the best recoveries in a range between 87 and 103% and it did not show a worsening of its effectiveness with the increasing complexity of the formulations.



Paired t-tests were also performed to evaluate the difference between the real concentration and the obtained values, finding that for all the pre-treatment protocols there were no significative differences for all the analyzed samples (n = 3 and p = 0.01). The assay also showed a satisfactory precision, providing a mean coefficient of variation (CV%) below 10%.




3.4. Evaluation of Accuracy and Precision


Quality control (QC) samples were tested in order assess the validity of the analytical method. The QCs were obtained by spiking ascorbic acid in two different formulations that contain no antioxidants. Then, they were pre-treated with the TriCaT buffer. Five concentration levels were tested within the calibration curve range: the concentration corresponding to the LOD (10 µM), within three times of the LOD (30 µM), at the medium point of the calibration curve (45 µM), at 75% of the calibration curve (67.5 µM), and at the upper limit of the calibration curve (100 µM). Accuracy and precision were determined by analyzing three replicates per run at each QC concentration level over 2 days (Table 2). Since the accuracy at each concentration level should be within ±20% of the nominal values, except for the LOD and the upper limit, which should be within ±25% of the nominal value as reported by the ICH guideline on bioanalytical method validation [68], the obtained results showed good accordance with these requirements. In the same way, the precision parameter was also compliant with the guidelines since the precision of the QC concentrations determined at each level did not exceed 20%. Furthermore, recoveries were between 83 and 116%, confirming the good performance of the pretreatment procedure.




3.5. Analysis on Real Samples


To verify the applicability of the method to cosmetic products, four commercial samples containing antioxidants were tested. In particular, different matrices (micellar water, toner, and facial cream) were selected in order to assess the suitability of the proposed method towards different physical forms of the sample (Table 3).



The first sample was from a commercial micellar water containing natural extracts of green coffee. Micellar water is a very simple cosmetic product based on colloidal suspension of micelles composed of surfactants in water, used generally as a cleanser. This sample usually has a viscosity close to that of water, so it was considered to be the simplest cosmetic matrix. Following pretreatment with the TriCat buffer, a final dilution of 1:10 was enough to obtain a signal in the range of the calibration curve. An equivalent of antioxidant activity of ascorbic acid of 0.4 mM was measured.



Another sample of micellar water containing antioxidant components from olive leaves was analyzed. The antioxidant activity of this sample was comparable to the previous one, since it corresponded to 0.2 mM of ascorbic acid equivalent.



Then, the method was applied on a skin toner, which is a lotion designed to cleanse, protect, and refresh the skin, and shrink the appearance of pores, usually applied on the face. It is mainly made up of water but, compared to micellar water, this also contains humectants (such as glycerine) and alcohols. The sample analyzed with the proposed method contained antioxidant molecules extracted from the Kakadu prune. The dilution required to obtain a recovery time comparable with the linear range of the calibration curve was 1:150 and the concentration of 2.2 mM of ascorbic acid equivalent was found.



Finally, a sample of facial cream was analyzed. This matrix is very complex since it contains, in addition to water, also oil, emulsifier, and thickening agents. This cream declares on the label a concentration of vitamin C equal to 30%. Following the pretreatment with the TriCat buffer, a final dilution of 1:30,000 was necessary to obtain a signal in the range of the calibration curve. A concentration of 1.4 M was found, which corresponds to a percentage of 25%, thus obtaining a recovery of 83%.





4. Conclusions


Considering the need for user-friendly, rapid, and affordable assays for on-site total antioxidant activity measurements, we proposed a chemiluminescent inhibition assay for evaluating the TAC in cosmetic products. Exploiting a portable detector based on a-Si:H photodiode array, an easy-to-use platform has been developed to be used by non-skilled personnel for real-time and on-site analysis. Since the cosmetic matrices are very complex and they can vary from each other in physical form, depending on the ingredients present, a pre-treatment protocol was evaluated in order to make all of the analytical steps suitable for performing the method in a non-laboratory environment. The assay was optimized for analyzing cosmetic products containing different concentrations of antioxidant substances and it was applied on several commercial products available on the market.



This assay can thus represent a reliable and cost-effective monitoring tool for antioxidant activity in cosmetic products that could be employed in manufacturing processes for simultaneously evaluating several formulations characterized by the use of different antioxidant species and/or different concentrations as well as for assessing their shelf life. Indeed, among the possible uses of the developed assay, there is the possibility of categorizing samples based on their antioxidant capacity, verifying the claimed performance of a cosmetic product, and assessing the possible degradation of active ingredients over time. Furthermore, it paves the way for a new generation of portable and easy-to-use devices for the analysis of cosmetic products and for detecting the presence of counterfeit ingredients or harmful substances that can be present in raw materials or finished products.
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Figure 1. Scheme of the portable device. (a) Photodiode array enclosed in the dark box; (b) Photodiode array coupled with the dark microplate well with a transparent bottom. Each photosensor is aligned with a microwell plate. 
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Figure 2. Scheme of the working principle of the proposed method based on the luminol–H2O2–HRP–enhancers CL system, in which the presence of antioxidants involves the quenching of the CL reaction for a time that depends on antioxidant concentration. 
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Figure 3. (a) Selection of the optimal concentration of HRP: 2.5 pg mL−1 (dark grey curve), 5 pg mL−1 (green curve), 10 pg mL−1 (black curve), 20 pg mL−1 (light grey curve). (b) Selection of the optimal reagent volumes: 10 µL of standard, 5 µL of HRP, and 5 µL of substrate (black curve); 12 µL of standard, 4 µL of HRP, and 4 µL of substrate (grey curve); 16 µL of standard, 2 µL of HRP, and 2 µL of substrate (green curve). 
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Figure 4. (a) CL signal measured for the different concentrations of ascorbic acid: 10 (light grey), 25 (dark grey), 50 (green), 100 µM (black). (b) Graph of the first derivative applied to kinetic curves relative to the different concentrations of ascorbic acid (10 (light grey), 25 (dark grey), 50 (green), 100 µM (black)) in which the maximum point represents the inflection point of the kinetic sigmoidal curve. (c) Calibration curves generated in different solvents: PBS (black curve): y = 0.1348x − 1.087 (R2 = 0.9972); IA-PBS (green curve): y = 0.1460x − 1.015 (R2 = 0.9983); TriCaT buffer (grey curve): y = 0.2016x − 1.825 (R2 = 0.9957). 
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Table 1. Results obtained by analyzing several formulations employing different sample pretreatment procedures.
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Concentration (µM± SD 1)

	
Recovery (%) 2




	

	
PBS

	
IA-PBS

	
Triton

	
PBS

	
IA-PBS

	
Triton






	
Formulation A

	

	

	

	

	




	
A1

	
72 ± 1

	
64 ± 4

	
48 ± 3

	
131

	
116

	
87




	
A2

	
73 ± 7

	
65 ± 6

	
59 ± 1

	
128

	
113

	
103




	
Formulation B

	

	

	

	

	




	
B1

	
65 ± 2

	
74 ± 1

	
50 ± 1

	
118

	
135

	
91




	
B2

	
44 ± 5

	
59 ± 1

	
51 ± 4

	
76

	
104

	
90




	
Formulation C

	

	

	

	

	




	
C1

	
71 ± 3

	
66 ± 1

	
53 ± 1

	
129

	
120

	
96




	
C2

	
57 ± 1

	
53 ± 2

	
51 ± 5

	
101

	
92

	
90








1 Mean value of three independent measurements. 2 Concentration of ascorbic acid measured/amount of ascorbic acid in the formulation.













 





Table 2. Results obtained by analyzing quality controls obtained by spiking ascorbic acid into two formulations that contain no antioxidant.
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Concentration (µM± SD 1)

	

	




	

	
10

	
30

	
45

	
67.5

	
100






	
Formulation 1

	

	

	

	




	
Day 1

	
11 ± 1

	
33 ± 4

	
48 ± 3

	
62 ± 5

	
116 ± 9




	
Day 2

	
12 ± 3

	
25 ± 3

	
50 ± 4

	
61 ± 7

	
98 ± 7




	
Formulation 2

	

	

	

	




	
Day 1

	
9 ± 2

	
32 ± 3

	
41 ± 4

	
73 ± 7

	
110 ± 8




	
Day 2

	
12 ± 2

	
27 ± 4

	
47 ± 5

	
75 ± 8

	
104 ± 7








1 Mean value of three independent measurements.













 





Table 3. Results obtained by analyzing commercial samples containing antioxidants. Different matrices (micellar water, toner, and facial cream) were selected in order to assess the suitability of the proposed method towards different physical forms of the sample.
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	Sample
	Dilution Factor
	Concentration (mM ± SD 1)
	Recovery (%) 2





	Micellar water containing natural extracts of green coffee.
	1:10
	0.4 ± 0.02
	Data about the real concentration not known



	Micellar water containing antioxidant components from olive leaves
	1:10
	0.2 ± 0.04
	Data about the real concentration not known



	Skin toner containing antioxidant molecules extracted from prune Kakadu
	1:150
	2.2 ± 0.1
	Data about the real concentration not known



	Facial cream containing a concentration of vitamin C equal to 30%.
	1:30,000
	1.4 ± 0.4
	83%







1 Mean value of three independent measurements. 2 Concentration of ascorbic acid measured/amount of ascorbic acid in the formulation.
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