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Abstract

:

Monacolin K (MK), in red yeast rice (RYR) in the forms of lactone (LMK) and hydroxy acid (AMK), is known for its anti-hypercholesterolemic activity. Under the rising demand for natural bioactive molecules, we present a green ultrasound-assisted extraction (UAE) optimization study for MK in RYR. The development and validation of a fast, sensitive, selective, reproducible, and accurate ultra-high-performance liquid chromatography (UHPLC) method coupled to diode array detection for LMK and AMK allowed us to evaluate the MK recovery in different extract media. Firstly, the ethanol comparability to acetonitrile was assessed (recovery of 80.7 ± 0.1% for ethanol and 85.5 ± 0.2% for acetonitrile). Then, water/ethanol mixtures, with decreasing percentages of organic solvent, were tested by modulating temperature and extraction times. Water extractions at 80 °C for 10 min produced MK yield > 85%. Thus, UAE conditions were optimized by a DOE study using a water-based formulation (mouthwash). The optimal total MK extraction yield (86.6 ± 0.4%) was found under the following conditions: 80 °C, 45 min, 5 mg mL−1 (RYR powder/solvent). Therefore, the new single-process green approach allowed the simultaneous direct extraction of MK and mouthwash enrichment (MK concentration = 130.0 ± 0.6 µg mL−1), which might be tested for the prevention and treatment of periodontitis or oral candidiasis.
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1. Introduction


Red yeast rice (RYR), obtained by fermenting white rice in the presence of fungal Monascus strains, has been used for centuries as food in Asian cuisine and as a preparation in traditional medicine [1,2].



Currently, RYR is considered the most effective food supplement in the prevention of vascular diseases and is used as the first nutraceutical approach in patients suffering from dyslipidaemia [1,2,3]. In 2022, the global red yeast rice market was valued at USD 387.97 million and will only increase [4].



Indeed, RYR contains monacolins, and Monacolin K (MK) is the most abundant active component. The increasing demand of RYR and the related MK is prompting research towards the fermentation optimization conditions by testing different Monascus strains, medium compositions, and types of solid matrixes (millet, corn, barley, wheat). This is to ensure a large-scale factory production and to foster market competitiveness [5,6].



Specifically, in RYR, MK can be found not only in the lactone form (LMK) but also in the hydrolyzed hydroxy acid form (AMK) [7].



AMK acts as a competitive inhibitor of 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMGCR). This enzyme catalyzes the conversion of (3S)-hydroxy-3-methylglutaryl-CoA (HMG-CoA) to mevalonic acid, the rate-limiting step in the synthesis of cholesterol. Most importantly, LMK (Figure 1), which shows the same chemical structure as the synthetic drug Lovastatin, is not active on HMGCR, but is characterized by a higher bioavailability than AMK. In vivo, in the liver, the hydroxyl esterase catalyzes the opening reaction of the LMK ring (Figure 1, molecule A) in which water hydrolyzes the ester bond opening, giving rise to the corresponding 5-hydroxy-1 carboxyl acid AMK (Figure 1, molecule B). AMK is the real inhibitor of HMGCR. In addition, LMK improves the quantity and quality of low-density lipoprotein (LDL) receptors on the cell membrane surface, promoting LDL degradation and facilitating cholesterol transport from blood to peripheral tissues. Interestingly, MK has demonstrated additional properties, such as it being immunomodulatory, anti-inflammatory, and antimicrobial.



Immunomodulatory activity is related to the ability to decrease the levels of intermediate metabolites in cholesterol synthesis [8]. Furthermore, MK has been proven to simultaneously promote anti-inflammatory processes via the inhibition of the synthesis of pro-inflammatory cytokines [including interleukins tumor necrosis factor-alpha (TNF-α), interferon-gamma (INF-γ)] in different cell types, by increasing the degree of phagocytosis or the production of neutrophil extracellular traps, or by inhibiting the escape mechanism of the pathogen from the phagosome [9,10].



Concerning the antimicrobial effect, MK is endowed with antifungal activity. Indeed, AMK arrests the growth of several fungal genera, including Saccharomyces cervasie, Candida spp., Aspergillus spp., and Cryptococcus spp. AMK inhibits HMGCR, depleting ergosterol synthesis, which is the cholesterol fungal counterpart. Moreover, when used in combination with other antifungal agents, such as itraconazole or fluconazole, MK is able to eliminate Candida albicans strains which are resistant to traditional active ingredients [3,11,12,13]. In addition, LMK demonstrated Porphyromonas gingivalis (at 2 µg mL−1) and Fusobacterium nucleatum (at 20 µg mL−1) bacteriostatic action. These are bacteria associated with the dysbiosis of oral microbiota and periodontitis [8].



Synthetic Lovastatin, which possesses the same chemical structure of LMK, is used in pharmaceutical formulations for cardiovascular diseases, but cannot be used in nutraceuticals and cosmetics [14].



Thus, given the interest of natural ingredients in nutraceutical and cosmetic products [15], this work aimed to repurpose MK as an active agent in nutraceutical/cosmetic formulations by providing a green single-step extraction approach, taking advantage of MK’s health-protective properties. Specifically, the final aim would be to exploit the MK extract as a formulation for mouth hygiene to prevent or alleviate periodontal diseases or to counter oral candidiasis in patients receiving cancer treatment [8].



As for the extraction, it is known that organic solvents are the primary cause of the environmental impact, posing safety risks due to their volatility and flammability. Hence, in this optimization study of MK extraction from RYR, we followed one of the twelve principles of green chemistry outlined by J.C. Warner et al., focusing on the investigation of solvents that increase extraction efficiency, minimize energy usage, and have minimal toxicity and environmental impact throughout their life cycle [16]. Firstly, we performed a comprehensive study concerning green UAE of MK from RYR. The ethanol extractive power was compared with acetonitrile (ACN), an organic solvent in which MK is very soluble. Then, the study proceeded with greener solutions by evaluating the influence of ethanol percentage in water-based mixtures, modulating temperature and extraction time in a single-factor test, and using the extraction yield as the parameter to be increased. Finally, the MK direct extraction from RYR was optimized using a representative aqueous formulation (mouthwash) under a Design of Experiment (DOE) study. This approach was explored as a fast, efficient, and more biocompatible extraction method to directly enrich the formulation with the natural molecule [17]. To evaluate the yields of extraction, a new reversed phase ultra-high-performance liquid chromatography method coupled to diode array detection (UHPLC-DAD) was developed and optimized for the determination of MK in both the LMK and AMK forms [18,19,20]. This fast UHPLC method was validated regarding accuracy, sensitivity, selectivity, linearity, and reproducibility. Finally, once the extraction conditions were optimized, the MK stability in the final mouthwash formulation was assessed.




2. Materials and Methods


2.1. Materials


ACN ≥ 99.8%, methanol ≥ 99.8%, water HPLC grade, absolute ethanol ≥ 99.8%, acetic acid 99%, lactone MK phyproof® reference substance, Lovastatin sodium salt ≥ 95%, saccharin ≥ 99%, sodium benzoate BioXtra, ≥99.5%, chlorhexidine digluconate 20% aqueous solution were supplied by Merck (Darmstadt, DE, Germany). Commercial mouthwash (ingredients: aqua, xylitol, peg-40 hydrogenated castor oil, glycerin, propylene glycol, malva sylvestris, chlorhexidine digluconate, sodium benzoate, sodium saccharin, aroma, citric acid, C.I. 19,140, C.I. 42,090) was kindly provided by Ghimas S.p.A. (Bologna, Italy).



RYR bulk product as a red fine powder (particle size: NLT 95% through 80 mesh, loss on drying 5%) containing MK at 3% (w/w) of the dried weight of the powder was provided by Ghimas S.p.A. (Bologna, Italy).




2.2. Standard Solutions


For the preparation of the LMK stock solution, approximately 1.5 mg of powder was accurately weighed and solubilized in 1 mL of mobile phase composed of ACN and acid water (0.1% acetic acid) at a ratio of 50:50 (v/v). Fresh LMK stock solutions were prepared every time and immediately used for the analysis.



The purchased AMK aqueous stock solution, 4.4 mg mL−1, was divided into 5 aliquots of 200 μL upon arrival and stored at −80 °C. The AMK stock solution aliquots were diluted 1:10 (0.44 mg mL−1) in mobile phase before use.



For the preparation of sodium benzoate and saccharin stock solutions, 1 mg of powder was solubilized in 1 mL of mobile phase to obtain 1 mg mL−1 concentration for both solutions. A 1:100 dilution of both the sodium benzoate and saccharin stock solution was performed before analysis by UHPLC-DAD.



A commercial chlorhexidine digluconate 20% aqueous solution was diluted (1:105) with a mixture composed of ACN and formic acid 1% 20:80 (v/v) and was used as the reference standard for the identification and quantification of the active ingredient contained in the mouthwash during the stability study.




2.3. UHPLC-DAD Method for the Determination of LMK and AMK Extracted from RYR


The analyses were carried out using a Jasco X-LC (Jasco Europe, Cremella, Italy) consisting of a binary pump (3185PU), an autosampler (3059AS), a temperature controller column compartment (3067C0), a degasser module (3080DG), and a detector X-LC™ 3110 MD diode array. A reversed phase column C4 (Kromasil, Nouryon, Amsterdam, The Netherlands, 100, 50 × 3 mm, 2.5 µm) was equilibrated with a mobile phase consisting of ACN and acidic water (0.1% acetic acid) 50:50 (v/v). The column temperature was kept at 25 °C. The UV detection wavelength was set at 237 nm. The optimized chromatographic separation of LMK and AMK was performed under isocratic elution at a flow rate of 0.2 mL min−1 with a total runtime of 15 min. The resolution between sequential peak pairs was calculated as follows:


Rs = 2 (Rt2 − Rt1)/(W1 + W2) Rt = retention time W = chromatographic peak width











Besides the retention time, analyte identification was also assessed by comparing UV spectra acquired on standards peaks with those obtained from sample analysis.




2.4. Validation of the UHPLC-DAD Method for the Determination of LMK and AMK


The proposed method for the chromatographic identification and quantification via the UHPLC-DAD of LMK and AMK was validated in terms of linearity, sensitivity, repeatability, accuracy, and recovery.



After each sample analysis, the solvent was injected twice to demonstrate the absence of any carry-over effect.



2.4.1. Linearity


Standard calibration curves were prepared via the linear least-squares regression of the peak area versus the concentrations of five mixes of LMK and AMK standard solutions diluted in mobile phase in a range of 1.25–10.00 µg mL−1 and 0.50–8.00 µg mL−1, respectively.




2.4.2. Sensitivity


The limit of detection (LoD = 3 × SE/m) and the limit of quantification (LoQ = 10 × SE/m) were obtained through a statistical evaluation considering the signal deviation of the LMK and AMK standards. In particular, the LoD value was calculated by multiplying the standard error (SE) obtained from the calibration line of the standard solutions by a factor of three, and then dividing by the slope of the line. The standard error was obtained from the regression analysis of the calibration line. The LoQ value was calculated by multiplying the SE from the same calibration line by a factor of 10 and dividing by the slope of the line.




2.4.3. Repeatability


Intra-day and inter-day repeatability were evaluated by analyzing standard solutions of LMK and AMK at three concentrations as follows: 1.25 µg mL−1, 5.00 µg mL−1, and 10.00 µg mL−1 for LMK and 0.50 µg mL−1, 2.00 µg mL−1, and 8.00 µg mL−1 for AMK. The UHPLC-DAD analysis was carried out in triplicate on the same day (n = 3) and on three different days (n = 3) for intra-day and inter-day repeatability, respectively. The coefficient of variation (CV) of the measurements was calculated as follow:


CV% = (Standard Deviation/Average Value) × 100












2.4.4. Accuracy


The accuracy was determined by calculating the percentage of the deviation between the experimental concentrations of LMK and AMK and the nominal ones (relative error%). This was evaluated by analyzing standard solutions of LMK and AMK at three concentration levels (low, medium, and high) in the range studies: 1.25 µg mL−1, 5.00 µg mL−1, and 10.00 µg mL−1 for LMK and 0.50 µg mL−1, 2.00 µg mL−1, and 8.00 µg mL−1 for AMK. The UHPLC-DAD analysis was carried out in triplicate on the same day (n = 3) and in the same week on three different days (n = 3) for intra-day and inter-day accuracy, respectively. Relative error% between the measured value and nominal concentration was calculated using the following formula:


Relative Error% = absolute error/measured value × 100 = [(measured Value − nominal Value)/measured value] × 100












2.4.5. Recovery


The recovery represents the percentage of analyte recovered by applying the developed method and allows for the determination of analyte losses, therefore expressing the accuracy of both the extraction and UHPLC-DAD determination method. Furthermore, recovery was calculated by comparing the amount of total MK extracted with the HPLC-DAD method and the amount declared by the company that provided the RYR powder. The recovery% was calculated as the mean value of three different extractions ± standard deviation.





2.5. UAE of MK from RYR Using Different Solvents: Comparison between ACN, Ethanol, and Water


The UAEs were carried out using Elmasonic S60H sonicator, (Elma, Singen, DE, Germany) (ultrasound power of 250 W), and the samples were centrifuged using a CL10 centrifuge (Thermo Scientific, Waltham, MA, USA).



2.5.1. Extractions by ACN and Ethanol


About 5 mg of RYR powder was weighted in a falcon tube. A volume equal to 5 mL of ACN and ethanol was applied for the MK extraction, respectively. The suspension was vortexed for 1 min and subjected to UAE in the ultrasound bath at 25 °C for 30 min. Then, the sample was centrifuged (5 min, 4000 rpm) and the supernatants were volumetrically collected. The UAE cycle was repeated three times. All the extracts were collected, and 4 mL of the total volume was withdrawn and dried with a rotatory evaporator. The obtained powder was solubilized in 4 mL of mobile phase ACN/H2O (50:50) (v/v) (0.1% acetic acid). The solubilized extracts were filtered by a nylon syringe filter (0.22 µm) before being analyzed by the UHPLC-DAD system.




2.5.2. Extractions by Ethanol and Water Mixtures


The study was carried out by testing solutions composed of water and ethanol containing different percentages of organic solvent (0%, 50%, and 99%). The efficacy of the three extracting solutions was evaluated at different temperatures (25 °C, 50 °C, and 80 °C) and times (10, 30, and 60 min). In order to carry out the extraction under the reported conditions, 10 different samples were prepared by diluting about 1 mg of RYR powder in 1 mL of solvent. Each suspension was vortexed for 1 min. The samples were then subjected to UAE under the different experimental conditions reported in the worksheet (Table S1). Then, after each UAE cycle, the extracts were centrifuged at 4000 rpm at 25 °C for 5 min, and the supernatants were collected after each extraction (n = 3) in a falcon tube and stored in the fridge (4 °C). The total extract was transferred in a round bottom flask and dried by a rotatory evaporator. The dried extract obtained for each sample was then solubilized in 1 mL of mobile phase and filtered by a nylon syringe filter (0.22 µm) before the analysis in the UHPLC-DAD system. LMK and AMK concentrations were determined using the calibration curves equations, and, considering the dilution factor, their content in the extract was determined.





2.6. DOE for the Optimization of LMK and AMK Extraction from RYR Using a Standard Mouthwash Formulation


To investigate the best UAE conditions of MK from RYR by using a commercial mouthwash as the extraction phase (composition reported in Section 2) a DOE study was conducted. MODDE® Pro 13 Software v.UT-MS-0138 (Sartorius Data Analytics, Goettingen, DE, Germany) was exploited for this study. For the DOE, an optimization design, D-optimal (3 levels), was selected. The total extraction yield of MK, determined by UHPLC-DAD analysis, was selected as the response to be maximized. Three main multilevel factors were considered as follows: temperature, time, and quantity of sample powder. Each factor was evaluated at three levels as follows: temperature = 25, 45, 80 °C; time = 10, 30, 45 min; quantity of RYR sample powder = 5, 50, 100 mg in 1 mL of mouthwash (matrix/solvent ratio: 5 mg mL−1, 50 mg mL−1, 100 mg mL−1).



Furthermore, the worksheet describing the experiments to be performed was generated producing 15 experiments and 3 center points (Table S2). Then, extractions were carried out by weighting the RYR powder and by adding 1 mL of mouthwash. Each suspension was then vortexed for 1 min. After stirring, the sample was ultra-sonicated under the time and temperature conditions suggested by the DOE. After each UAE cycle, the samples were centrifuged for 5 min at 4000 rpm, then the supernatant was withdrawn and collected in a round bottom flask. This extraction procedure was repeated 3 times.



The extracts were then dried by a rotatory evaporator and solubilized with 2 mL of mouthwash to verify by the UHPLC-DAD analysis also the interference between the MK forms and the mouthwash components.. Each of the obtained solutions was filtered with a nylon syringe filter (0.22 µm) and then diluted 1:10 using the mobile phase. Each extract was injected twice in the UHPLC-DAD system.



The chromatographic peak areas determined for LMK and AMK were interpolated into the standard calibration curves to evaluate the extracted quantities. Therefore, the yields values obtained for the 18 extractions were compared by applying the following equations:


LMK% = mass LMK (µg) × 100/RYR powder (µg)



(1)






AMK% = mass AMK (µg) × 100/RYR powder (µg)



(2)






Total MK% = % of LMK + % of AMK found in RYR powder



(3)






MK yield = (% of Total MK found × 100)/% of MK declared in RYR powder



(4)







Then, the DOE worksheet was filled with all the data obtained for the MK yields (Equation (4)). Results were processed again by MODDE® Pro 13 software, and the optimal extraction parameters for sample preparation were determined.



Finally, to study the stability of MK in the mouthwash extract, three independent extractions from RYR samples were performed following the DOE-optimized conditions. Each extract was stored at room temperature for 10 days (t10) and then analyzed twice in the UHPLC-DAD system under the chromatographic conditions described in Section 2.3 (t0). The degradation rate of LMK into AMK was estimated by the following equation:


% LMK hydrolysis = 100 − [(Peak area LMK t10 − Peak area LMK t0) × 100]













3. Results and Discussion


Recently, the antimicrobial, anti-inflammatory, and immunomodulatory actions of statins have been considered in the periodontal field. In particular, various studies reported that statins can improve the clinical profile of periodontitis, including gingival bleeding and loss of bone density in the teeth [10,21].



In line with these findings, MK contained in RYR, whose lactone form shares the same chemical structure of the drug Lovastatin, has been proven to exhibit antimicrobial and anti-inflammatory properties, in addition to the previously known anti-hypercholesterolemic activity. Thus, in this work, the feasibility of MK green extraction from RYR was explored by the development of a new UHPLC-DAD method for AMK and LMK determination in the different extracts: organic solvents, aqueous solutions, and commercial mouthwash.



Moreover, the enriched mouthwash with MK might be applied as an antiseptic formulation for mouth hygiene, specifically in cases of periodontal disease or oral candidiasis.



Specifically, the UAE method was selected for its ability to extract active substances via the cavitation effect, thus enhancing contact between the active substances and the solvent for a more effective extraction [21,22,23]. In addition, when considering a large-scale industrial extraction, the ultrasound apparatus is less expensive and easier to be used in comparison to the microwave apparatus [24].



In order to determine the LMK and AMK extraction yield in the different conditions, a UHPLC method with DAD detection was optimized and validated.



Firstly, it was proven that ethanol has an extraction efficacy comparable to traditional organic solvents such as ACN. This evidence justified the extractive study using a mixture of ethanol and water, evaluating the influence of temperature, time, and solvent percentage on the extraction yield of MK from RYR in a single-factor experiment. Then, since the results for water extraction in terms of MK yield were encouraging (yield% = 85.9 ± 1.2), it was directly used a mouthwash formulation as the extraction solvent. In this way, it was possible to have both a biocompatible and environmentally friendly extraction and a simplified, less laborious single-step procedure, by which extraction and dissolution in the mouthwash occur simultaneously in an accurate and reproducible manner.



Since traditional univariate optimization is unable to assess individual and combined interactions between process parameters, statistical modeling techniques such as response surface methodology (RSM) are better and increasingly more common approaches for process optimization [21,25,26]. Therefore, mouthwash extraction parameters (time, temperature, and solvent-to-solid ratio) were optimized by a DOE study.



3.1. UHPLC-DAD Chromatographic Method Optimization for the Determination of LMK and AMK


Several analytical methods based on HPLC with UV detection for the quantification of monacolins, in both the acid and lactone forms, in RYR have already been described in the literature [19,27,28,29,30]. However, aiming to improve resolution and time of analysis, a new fast UHPLC-DAD method was developed. Separative conditions were optimized to avoid any interferences by the other RYR components and the ingredients of the water-based formulations, selectively determining the lactone and acid forms of MK in a very short and convenient time.



In more detail, preliminary chromatographic analyses were performed by a HPLC-DAD Agilent 1260 Infinity LC System (Santa Clara, CA, USA) with a C4 column (Kromasil, Nouryon, Amsterdam, The Netherlands 100, 50 × 3 mm, 2.5 µm). Then, the chromatographic conditions were optimized based on selectivity, peak resolution, and elution time in a RP-UHPLC-DAD system (JascoX-LC, Jasco Europe, Cremella, Italy). The effects on the chromatographic analysis, determined by the type of organic modifier (methanol, ACN), its percentage in the mobile phase composition, the grade of acidity, and the type of stationary phase (C18-C8-C4), were evaluated (data not reported). ACN was chosen as the organic modifier due to less viscosity and the minor back pressure of the mobile phase when compared to methanol. Firstly, the analyses were performed using a mobile phase composed of ACN and water 80:20 (v/v) at a flow rate of 0.4 mL min−1, with a C18 column (Kinetex, Phenomenex, Torrance, CA, USA, 50 × 2.1, 1.7 µm) as the stationary phase, which is widely reported in the literature as suitable for the chromatographic separation of monacolin species [19,29].



However, in these conditions, acid and lactone MK eluted too early and the acid form peak was not completely resolved from the front. Decreasing the ACN percentage from 80 to 50, the MK chromatographic peaks were well separated and the acid and lactone forms eluted at retention times of 0.88 min and 1.59 min, respectively. Then, the UHPLC analyses were also focused on the separation of the two MK forms from the mouthwash excipients. In these chromatographic conditions, saccharin and sodium benzoate eluted too early, even decreasing the ACN percentage from 50 to 20, meaning that a satisfying resolution of the excipients was not obtained. Therefore, to improve the separation, a C8 column (Kinetex, Phenomenex, Torrance, CA, USA, 50 × 2.1 mm, 2.6 µm) was tested, but the resolution of the peaks was not improved even when the ACN amount was further decreased to 30% in the mobile phase. C18 and C8 columns demonstrated to be too lipophilic and less efficient in the separation of the mouthwash excipients from the analytes. Then, a C4 column (Kromasil, Nouryon, Amsterdam, The Netherlands 100, 50 × 3 mm, 2.5 µm) was selected. A good resolution was attained by using a mobile phase consisting of ACN and water (0.1% of acetic acid) 50:50 (v/v) at a flow rate of 0.2 mL min−1, with UV detection at 237 nm. Under these chromatographic conditions, the retention times of saccharin and sodium benzoate were 1.2 min and 2.3 min, respectively, while AMK and LMK eluted at 6.7 min and at 11.7 min, respectively. Moreover, the reduction in the flow rate to 0.2 mL min−1 ensured less solvent consumption in a chromatographic run (15 min) that is faster than the previously reported HPLC methods which require at least 20 min [19,29].



In addition, a UHPLC-DAD method (conditions reported in par. 4 of SI) was developed to determine chlorhexidine digluconate in the MK mouthwash extract for verifying its stability during DOE-optimized conditions.




3.2. Validation of the UHPLC-DAD Method for the Determination of LMK and AMK


3.2.1. Linearity and Sensitivity


The standard calibration curves for LMK and AMK were obtained by plotting the peak area of five incremental standard mix solutions versus the corresponding concentrations in the ranges 1.25–10.00 µg mL−1 and 0.50–8.00 µg mL−1, respectively. Satisfactory correlation coefficients (R2 > 0.999) were obtained for both analytes’ calibration curves (Table 1, par. 3.1. SI, Figure S2).



The LMK LoD and LoQ values were found to be 0.211 ± 0.089 µg mL−1 and 0.703 ± 0.297 µg mL−1, respectively. AMK LoD (0.169 ± 0.003 µg mL−1) and LoQ (0.533 ± 0.011 µg mL−1) values were obtained.



LoD and LoQ values demonstrated that the UHPLC-DAD method was more sensitive when compared to the literature data [29]. Indeed, this method was also found to be twice more sensitive in terms of LoQ values in comparison to other methods previously reported [30]. Moreover, the developed UHPLC-DAD method showed a satisfactory resolution between two sequential peak pairs (Rs = 3.76) also in the presence of the mouthwash ingredients (Figure 2).




3.2.2. Repeatability and Accuracy


The determination of intra-day and inter-day repeatability was carried out on standard solutions. The variation coefficients (CV%) for the intra-and inter-day precision of AMK and LMK standard solutions, tested at three different concentration levels, were found to be acceptable since the CV% average value were less than 15% (Table 2), thus in agreement with Food and Drug Administration guidelines [31].



Accuracy (less than 15%), at the three different concentration levels, was calculated as the relative error between the experimental concentrations of LMK and AMK and the nominal concentrations (Table 2), thus confirming the closeness between experimental and true values [31].




3.2.3. Recovery


The recovery, expressed as yield% (amount of MK extracted/amount of MK declared%), resulted to be 97.6 ± 2.0% for the ethanol/water mixture and 86.6 ± 0.4% for the mouthwash formulation. The high level of recovery confirmed that the water-based mouthwash can be considered a convenient green solvent for the extraction of MK.





3.3. MK UAE


The main goal of this work consisted of the optimization of the UAE of MK from RYR using non-toxic and biocompatible solvents following one of the twelve principles of green chemistry [16]. The extraction of MK (AML and LMK forms) from RYR bulk powder using organic solvent (particularly with ACN, methanol, and ethanol) was already reported in previous studies (both with classical extraction systems and UAEs) [19,30,32,33].



Therefore, the ethanol extractive efficiency was firstly compared to ACN following the procedure described in par. 2.5.1. Data obtained regarding the MK extraction yields performed with the two solvents showed a recovery of 80.7 ± 0.1% with ethanol. Furthermore, the latter showed to be only slightly less efficient than ACN (85.5 ± 0.2%), reporting a 5% difference in recovery in the same extractive conditions (time, temperature, and matrix/solvent ratio). Since ACN and ethanol demonstrated to be comparable in terms of MK yield, ethanol was selected as a suitable and green solvent for evaluating the influence of temperature, time, and solvent percentage in the extraction yield of MK from RYR.



In the literature, MK extraction from RYR has been investigated using variable ethanol concentrations (i.e., 40%, 50%, 60%, 70%, 80%, and 95% (v/v)) at two temperature conditions (i.e., room temperature and 60 °C); in the same study, the extractions were conducted by weighting RYR powder in an Erlenmeyer of 50 mL containing the ethanol solution, then the suspension was agitated in a shaker incubator for 2 h [32].



Therefore, in our current knowledge, there is only one study in which MK extraction was optimized by UAE using a 15 mL ethanol/water mixture (v/v) (75:25) for 150 mg of RYR powder and in which the procedure demonstrated the same extraction efficacy (recovery around 98%) of a mixture as ACN–buffer (pH = 7) [19].



Hence, aiming to enlarge the study about the ethanol and water mixture, 10 UA MK extractions from RYR at modulating times and temperatures in different mixture percentages of ethanol and water in single-factor experiments were carried out. For each extractive condition, results were analyzed in terms of the MK total yield (%) and as the ratio between the discovered amounts of lactone and acid MK forms (%). Data also demonstrated that time and temperature did not affect the total MK yield when the extractive solvent mix contained a percentage of ethanol higher than 50%. On the contrary, when increasing the percentage of water in the extractive mixture (more than 50%), temperature became more influent to improve the MK yield. Overall, as it is reported in Table S1 and Figure S1, the higher MK yield rates were found to be 97.6 ± 2.0% and 96.6 ± 0.8% by using, respectively, 50:50 (v/v) water and ethanol at 50 °C for 30 min and 1:99 (v/v) water and ethanol at 80 °C for 60 min, with the solid/solvent ratio equal to 1 mg mL−1.



In view of researching a greener and more biocompatible extractive strategy, the data obtained in the extractions with 100% water were evaluated, and it was found that, at room temperature (25 °C), even when increasing the time of extraction (60 min), there was no improvement in the MK yield (around 50%). Interestingly, when increasing the temperature up to 80 °C, a comparable and acceptable MK yield (higher than 85%) was obtained after only 10 min.



Even if in water-based extractions, the hydrolysis rate is increased and MK is mainly present as AMK; the presence of AMK is advantageous for topical action.



These data were found to be encouraging for investigating the feasibility of single-step MK extraction from RYR using a commercial water-based mouthwash.




3.4. DOE for the Optimization of LMK and AMK Extraction from RYR Using a Mouthwash


The optimization of the UAE of MK from RYR using a water-based mouthwash was performed through a DOE study. Exploiting MODDE® Pro 13 Software (Sartorius Data Analytics), a three-level D-optimal design in the optimization DOE study was set and the best extraction conditions were evaluated. The total yield of MK was selected as the response to be maximized since the two forms are both active. The sonication temperature, time, and the ratio quantity of the RYR powder/solvent volume were selected as factors to be evaluated. The performed center points demonstrated that, in the experimental domain, the experimental error was acceptable as it was less than 30% of the response variation. The response distribution showed a bell-shaped normal distribution; therefore, it did not need to be transformed according to the skewness test. The analysis of the coefficient plot evaluated the primary effects of the quantity of RYR powder, the sonication times and temperatures, the interaction effects (mass × time, temperature × mass, time × temperature), and the quadratic effects (time × time, temperature × temperature and mass × mass of each factor). To improve the regression (R2) and prediction (Q2) parameters of the statistical model, the interaction effects of temperature × time and mass × time and the quadratic effects of time × time and mass × mass were eliminated as they did not appear to be significant (Figure 3a).



The coefficient regression model (R2 = 0.870) demonstrates the strength of the linear relationship, while the prediction coefficient of the model (Figure 3b) confirmed the goodness of the model to be applies for future predictions (Q2 = 0.788) (Model Validity = 0.290). The 2D response contour of the total yield of MK was obtained by plotting time (x axis) and temperature (y axis). The color scale reported in 2D and 3D response contour (Figure 4a,b), highlighted the best extraction conditions in the red area. It was clear that the parameters ensuring the higher extraction yield of total MK in the studied experimental domain were temperature = 80 °C, time of extraction = 45 min, and mass = 5 mg of RYR powder in 1 mL of mouthwash (5 mg mL−1)



In comparison to previous works, this optimization study allowed us to reduce the time for each UAE cycle (45 min) and also to use a smaller amount of RYR powder (5 mg) and solvent (1 mL) [19,30,32]. Moreover, in a single procedure, the MK extraction and the enrichment of the final formulation were combined.



By using the data collected during the DOE study, the total MK yield was calculated and reported in Figure 5, showing an important variation in yield, with a minimum of 24.2 ± 0.1% up to over 86.6 ± 0.4%, depending on the extraction conditions.



The optimal conditions in terms of the total MK yield UAE were found to be in N4: 80 °C for 45 min with 5 mg mL−1 of RYR powder/solvent (Figure 5, Table S2). This result is in line with the data reported in the literature [27].



Hence, since the yield% obtained using the mouthwash as extraction solvent (86.6 ± 0.4%) was shown to be comparable to that obtained using 50:50 ethanol/water (97.6 ± 2.0%), a quick process to prepare an oral formulation based on MK directly extracted from the RYR was optimized using a commercial water-based mouthwash.




3.5. Stability of Mouthwash Final Formulation


In order to exclude the hydrolysis of chlorhexidine digluconate, a common ingredient present in the mouthwash formulation, during the extraction procedure, its stability was verified in the adopted best extraction conditions (80 °C for 45 min with 5 mg mL−1 of RYR powder/solvent). Aqueous solutions of chlorhexidine are mostly stable within the pH range of 5–8. The hydrolysis that leads to the formation of the toxic p-chloroaniline is reduced at room temperature, but it is increased above 100 °C, especially at alkaline pHs [34].



In light of this, the attention was focused on the potential degradation of chlorhexidine digluconate. It was verified that increasing the temperature did not induce its conversion into the toxic p-chloroaniline product during the optimized extraction of MK from RYR by mouthwash. Thus, chlorhexidine digluconate solution was subjected to the three cycles in the ultrasound bath at 80 °C for 45 min and analyzed under the UHPLC conditions, as described in par. 4 of SI.



The UHPLC analysis did not reveal an additional peak corresponding to the degradation product, and the recovery of chlorhexidine digluconate, calculated considering the peak area before and after the thermal process, seemed to be higher than 99%. Hence, chlorhexidine digluconate was considered stable in the final formulation.



Then, the stability of MK in the mouthwash extract was studied by analyzing the results obtained from three independent extractions of RYR samples carried out using the DOE-optimized conditions. The samples stored at room temperature for 10 days (t = 10) were then analyzed under the optimized UHPLC-DAD conditions (par. 2.3). The total amount of MK was unchanged. Only about 7% of LMK was hydrolyzed to the acid form, which, however, represents the active form.





4. Conclusions


The present study aimed to evaluate green methods to extract MK as LMK and AMK from RYR to finally enrich water-based formulations by performing a single-step extraction.



For this purpose, a new UHPLC-DAD method was developed and validated to determine the acid and lactone form of MK after the UAEs. The development and validation of an easy separative UHLPC-DAD method based on a C4 RP column and isocratic elution provided the best resolution of LMK and AMK at decreased elution times. This UHPLC method showed better performance and required a smaller quantity of solvents in comparison to other HPLC methods reported in the literature.



Moreover, the study about green UAEs was enlarged using a ethanol and water mixture and by evaluating a wider range of experimental conditions, such as % ethanol (99–0%) and temperature (25–80 °C), and, in the meantime, the powder/solvent ratio was optimized, reducing the required RYR matrix/solvent ratio (5 mg mL−1).



Hence, starting from a “one-factor-at-a-time” approach, the influence of temperature, time, and solvent percentage in the extraction yield of MK from RYR was studied using greener ethanol and water mixtures. Regarding UAEs with 100% water, the data demonstrated that by increasing the temperature up to 80 °C for 10 min, a comparable and acceptable MK yield (higher than 85%) demonstrating LMK hydrolysis to AMK (LMK/AMK = 2.06 ± 8.57 × 10−5) was obtained. In this case, hydrolysis is favorable since AMK is the preferred form for topical activity. Finally, the work focused on a faster method to combine MK extraction and the enrichment of a water-based formulation in a single step. Via a DOE study, the optimal conditions for the UAE of MK from RYR by a mouthwash formulation were found to be 80 °C for 45 min at a 5 mg mL−1 solid/liquid ratio, resulting in an 86.6 ± 0.4% MK yield. Thus, a final stable formulation containing MK (130.00 ± 0.60 µg mL−1) was obtained with the advantage of excluding organic solvents and reducing production processes in a green approach, proving that LMK and AMK at active concentrations can be added in water-based formulations by a single-step extraction. Hence, further investigations could focus on the application of the prepared water-based formulation in the periodontal field and to counteract oral candidiasis.
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Figure 1. Investigated MK chemical structures: lactone LMK (A) and hydroxy acid AMK (B). 
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Figure 2. UHPLC-DAD analysis of the RYR water formulation extract. Chromatographic conditions: C4 stationary phase, mobile phase: ACN and water (0.1% of acetic acid) 50:50 (v/v), flow rate 0.2 mL min−1; detection at 237 nm: (1) saccharin, (2) sodium benzoate, (3) AMK, and (4) LMK. 
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Figure 3. (a) Coefficient plot reports the primary effects of temperature, time, mass, and the interaction effect of temperature × mass for the MK yield of extraction; (b) Summary of Fit reports values regarding R2, Q2, model validity, and reproducibility of the performed DOE. 
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Figure 4. Three-dimensional response contours of MK extractions with time, temperature, and yield at a solid/solvent 5 mg mL−1 ratio. 
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Figure 5. LMK + AMK yields after UAE under DOE experimental conditions. 
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Table 1. Linearity parameters for AMK and LMK calibration curves by UHPLC-DAD analyses.
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	Analyte
	Calibration Curve
	R2





	LMK
	y = (169,743 ± 7667.00)x + (14,678 ± 3846.66)
	0.999



	AMK
	y = (146,940 ± 243.00)x + (762 ± 1699.13)
	0.999










 





Table 2. Table reports the intra-day and inter-day variation coefficients and accuracy of LMK and AMK. CV = variation coefficient; RE = relative error.






Table 2. Table reports the intra-day and inter-day variation coefficients and accuracy of LMK and AMK. CV = variation coefficient; RE = relative error.





	LMK Concentration

µg mL−1
	Intra-Day Repeatability

CV%
	Inter-Day Repeatability

CV%
	Intra-Day Accuracy

RE%
	Inter-Day Accuracy

RE%





	1.25
	0.294
	0.10
	4.30
	−2.41



	5.00
	0.348
	1.32
	−0.92
	−2.54



	10.00
	0.788
	2.99
	0.20
	−1.98



	AMK concentration

µg mL−1
	Intra-day repeatability

CV%
	Inter-day repeatability

CV%
	Intra-day accuracy

RE%
	Inter-day accuracy

RE%



	0.50
	0.384
	0.839
	6.71
	7.26



	2.00
	0.138
	1.800
	−0.79
	−2.49



	8.00
	0.104
	0.042
	0.43
	0.49
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