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Abstract

:

The dissociation constant is an important physicochemical property of drug molecules that affects the pharmacokinetic and pharmacodynamic properties of drugs. In this study, the distribution coefficients of 16 active ingredients extracted from herbal materials were determined at different pH values in liquid–liquid equilibrium systems; the active ingredients were sinomenine, aescin A, aescin B, aescin C, aescin D, chlorogenic acid, neochlorogenic acid, cryptochlorogenic acid, isochlorogenic acid A, isochlorogenic acid B, isochlorogenic acid C, baicalin, wogonoside, calycosin-7-glucoside, astraisoflavan-7-O-β-D-glucoside, and isomucronulatol 7-O-glucoside. The dissociation constants of these active ingredients were calibrated and compared with reported values. The dissociation constants obtained were close to those reported in other studies, which means that the results of this work are reliable.
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1. Introduction


The dissociation constant (pKa) of a drug molecule affects its adsorption, distribution, and metabolism. Therefore, pKa data are important data for drug molecules. The liquid–liquid extraction [1], precipitation [2], adsorption [3], or percolation of drug compounds [4] are methods where the dissociation constants can be used in the process design and optimization. Accordingly, pKa data are useful for the pharmaceutical industry. The determination of pKa values is of great significance for the research and development of new drugs, production processes, and clinical pharmaceuticals.



Commonly used methods for determining pKa values include potentiometric titration [5], ultraviolet spectrophotometry [6], capillary electrophoresis [7], liquid chromatography [8], and conductivity methods [9]. The liquid–liquid equilibrium method can simultaneously determine the pKa and distribution coefficient (Dapp) values of multiple active ingredients in a complex mixture [10], such as an herbal extract. The Dapp data are useful for the selection of an extractant [11]. When 1-octanol is used as the extractant to reach the liquid–liquid equilibrium, the logP data of the active ingredients can also be calibrated.



Sinomenine is the main active ingredient of Caulis Sinomenii, which has anti-inflammatory and immunosuppressive, analgesic and sedative, anti-arrhythmic, and antitumor activities [12]. Aescins are the main active ingredients of Semen Aesculi, which have various activities, such as anti-inflammatory, anti-swelling, anti-exudation, improving microcirculation, antioxidation, and antitumor activities [13]. Organic acids, such as chlorogenic acid and isochlorogenic acid, are the main active ingredients of Flos Lonicerae, which have antibacterial, anti-inflammatory, antiviral, hemostatic, and immune regulation activities [14]. Flavonoids, such as baicalin and wogonoside, are the main active ingredients of Radix Scutellariae. Baicalin has the effect of scavenging superoxide free radicals, and wogonoside plays a role in protecting the cardiovascular and cerebrovascular systems [15]. Calycosin-7-glucoside, astraisoflavan-7-O-β-D-glucoside, and isomucronulatol 7-O-glucoside are the main active ingredients of Radix Astragali. They have the functions of strengthening the exterior, an antiperspirant, promoting diuresis and detumescence, improving body fluid and blood circulation, clearing stagnation and unblocking arthralgia, preventing soreness, and promoting muscle regeneration [16]. The structural formulas of the active ingredients in the above-mentioned medicinal herbs are shown in Figure 1.



However, there are few reports on the pKa value and Dapp of these active ingredients. In this work, the liquid–liquid equilibrium method was used to determine their pKa and Dapp data, which can be used to optimize the conditions for the extraction or analysis of these active ingredients.




2. Material and Methods


2.1. Reagents and Materials


Semen Aesculi was provided by the Harbin Sanctity Biological Pharmaceutical Co., Ltd. (Harbin, China). Flos Lonicerae was provided by Shanghai Kaibao Pharmaceutical Co., Ltd. (Shanghai, China). Caulis Sinomenii was purchased from Bozhou Yonggang Decoction Pieces Co., Ltd. (Bozhou, China). Radix Astragali was provided by Limin Pharmaceutical Factory of Livzon Group (Zhuhai, China). Radix Scutellariae was purchased from Gudun Chinese Medicine Clinic of Baozhentang (Hangzhou, China).



Methanol (purity ≥ 99.5%, analytically pure), ethanol (purity ≥ 99.5%, analytically pure), 1-butanol (purity ≥ 99.5%, analytically pure), ethyl acetate (purity ≥ 99.5%, analytically pure), and trichloromethane (purity ≥ 99.5%, analytical purity) were purchased from the Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Methyl isobutyl ketone (purity ≥ 99.5%, analytical purity) and ethylenediamine (purity ≥ 99%, chromatographic purity) were purchased from the Aladdin Chemical Reagent Co., Ltd. (Shanghai, China). Methanol (purity ≥ 99.9%, chromatographic purity) was purchased from Merck Chemical Technology Co., Ltd. (Darmstadt, Germany). 1-Octanol (purity ≥ 99.5%, analytical purity) was purchased from Shanghai Rhawn Chemical Technology Co., Ltd. (Shanghai, China). Sodium aescinate (33.5% aescin A, 31.4% aescin B, 17.8% aescin C, 14.2% aescin D) was purchased from the China Institute for Food and Drug Control. Sinomenine (≥98%), neochlorogenic acid (>99%), chlorogenic acid (>99%), cryptochlorogenic acid (>99%), isochlorogenic acid B (>99%), isochlorogenic acid A (>99%), isochlorogenic acid C (>99%), isomucronulatol 7-O-glucoside (>99%), astraisoflavan-7-O-β-D-glucoside (>99%), calycosin-7-glucoside (>99%), baicalin (>99%), and wogonoside (>99%) were purchased from the Shanghai Winherb Medical Technology Co., Ltd. (Shanghai, China).




2.2. Preparation of Medicinal Material Extract


2.2.1. Preparation of Caulis Sinomenii Extract


A total of 100.0 g of Caulis Sinomenii medicinal powder and a certain amount of 0.3 mol/L of hydrochloric acid were placed into a beaker to swell for 1 h. Then the mixture was transferred into a percolation tube to immerse for 12 h. Finally, about 800 mL Caulis Sinomenii extract was obtained using a percolation process with 0.3 mol/L of hydrochloric acid as the solvent solution at a flow rate of 4 mL/min.




2.2.2. Preparation of Semen Aesculi Extract


About 100.0 g of Semen Aesculi powder was extracted using 200.0 g of ether at room temperature with stirring for 3 h. After filtration, 200.0 g of ether was added to the filter residue to continue the extraction with stirring for 3 h. After filtration, 300.0 g of 60% ethanol was added to the filter residue to allow for extraction with stirring for 12 h. After filtration, the filtrates were concentrated to an appropriate amount at 40 °C. The Semen Aesculi extract was obtained via drying in a vacuum drying oven at 65 °C.




2.2.3. Preparation of the Flos Lonicerae, Radix Scutellariae, and Radix Astragali Extracts


A total of 40.0 g of Flos Lonicerae and 500 mL of water were mixed to allow for reflux extraction for 3 h at room temperature. The Flos Lonicerae extract was obtained after filtration. A total of 40.0 g of Radix Scutellariae and 1000 mL of water were mixed to allow for boiling extraction for 2 h. The Radix Scutellariae extract was obtained after filtration. A total of 50.0 g of Radix Astragali and 800 mL of water were mixed and decocted for 4 h. The Radix Astragali extract was obtained after filtration.





2.3. Liquid–Liquid Equilibrium Extraction Experiment


2.3.1. Liquid–Liquid Equilibrium Experiment of Caulis Sinomenii


About 30 g of Caulis Sinomenii extract and 30 g of organic extractant were placed into each Erlenmeyer flask with different amounts of NaOH solution being added to adjust the pH value, which was measured using a pH meter (S40, Mettler-Toledo Instruments Co., Ltd., Shanghai, China). Erlenmeyer flasks were placed in a constant temperature water bath oscillator (DSHZ-300, Taicang City Experimental Equipment Factory, Taicang, China) at 30 °C and shaken at 110 rpm for 12 h. Then, the organic and aqueous phases in the mixed solution were separated using a centrifuge (5804R, Eppendorf, Shanghai, China) at 4200 rpm for 15 min. The pH value of the aqueous phase was then measured. The aqueous phase was diluted with 0.3 mol/L of hydrochloric acid and the organic phase was diluted with methanol. After filtering with a 0.22 μm microporous membrane (Fitmax Syringe Filter 13 mm 0.22 μm Nylon 100/pk, Dikma, Beijing, China), the subsequent filtrate was taken out for high-performance liquid chromatography (HPLC) (FL5090, Zhejiang Fuli Analytical Instrument Co., Ltd., Taizhou, China) analysis. Experiments were carried out in different extraction systems, where the experimental conditions are shown in Table 1.




2.3.2. Liquid–Liquid Equilibrium Experiment Using Semen Aesculi


About 0.25 g of Semen Aesculi extract, 30.0 g of water, and 30 g of 1-butanol were added to each Erlenmeyer flask with different amounts of 1% hydrochloric acid and 1% NaOH solution added to adjust the pH value. Then, Erlenmeyer flasks were placed in a constant-temperature water bath oscillator at 30 °C and shaken at 140 rpm for 12 h. After centrifugation, the organic and aqueous phases in the mixture were separated, and the pH value of the aqueous phase was measured. The two phases were diluted with methanol separately. These solutions were filtered through a 0.22 μm filter membrane and analyzed using HPLC.




2.3.3. Liquid–Liquid Equilibrium Experiment Using Flos Lonicerae


A total of 15 mL of Flos Lonicerae extract and 10 mL of 1-octanol were placed into each Erlenmeyer flask. Different amounts of 1% hydrochloric acid solution were used to adjust the pH value. Then, Erlenmeyer flasks were placed in a constant temperature water bath oscillator at 30 °C and shaken at 140 rpm for 12 h. The solution was centrifuged at 3000 rpm for 20 min to separate the two-phase solution, and the pH value of the aqueous phase was measured. The concentrations of the neochlorogenic acid, chlorogenic acid, cryptochlorogenic acid, isochlorogenic acid B, isochlorogenic acid A, and isochlorogenic acid C in each phase were determined using HPLC (1100, Agilent Technology, Beijing, China).




2.3.4. Liquid–Liquid Equilibrium Experiment Using Radix Scutellariae


A total of 15 mL of the Radix Scutellariae extract and 10 mL of 1-octanol were added to each Erlenmeyer flask, and different amounts of 1% hydrochloric acid solution were used to adjust the pH value. Then, Erlenmeyer flasks were shaken for 10 h at 140 rpm at 30 °C. The aqueous and organic phases were separated via centrifugation at 3000 rpm for 20 min. After being filtered with a 0.22 μm microporous membrane, the solution was analyzed using HPLC to determine the concentrations of baicalin and wogonoside in each phase.




2.3.5. Liquid–Liquid Equilibrium Experiment Using Radix Astragali


A total of 15 mL of Radix Astragali extract and 10 mL of 1-octanol were added to each Erlenmeyer flask. Different amounts of 1% hydrochloric acid solution or 0.02 g/mL of NaOH solution were used to adjust the pH value. The Erlenmeyer flasks were shaken for 10 h at 140 rpm in a 30 °C constant-temperature oscillator. The aqueous and organic phases were separated via centrifugation at 3000 rpm for 20 min. After being filtered with a 0.22 μm microporous membrane, the solution was analyzed using HPLC to determine the concentrations of isomucronulatol 7-O-glucoside, astraisoflavan-7-O-β-D-glucoside, and calycosin-7-glucoside in each phase.





2.4. Analysis Method


2.4.1. Analysis Method of Sinomenine in Caulis Sinomenii


The method was performed on a Fuli HPLC system using an Agilent ZORBAX SB-C18 column (250 mm × 4.6 mm, 5 μm) at 25 °C. The mobile phase consisted of 0.25% ethylenediamine–water (A) and 0.25% ethylenediamine–methanol (B) using (50/50, v/v) gradient program. The flow rate was 1 mL/min and the volume of the sample injection was 10 μL. The detector wavelength was set to 262 nm. The detection time was 30 min. A typical chromatogram of the Caulis Sinomenii system is shown in Figure A1 in the Appendix A.




2.4.2. Analysis Method of Aescins in Semen Aesculi


The concentrations of aescin A, aescin B, aescin C, and aescin D were determined using HPLC analysis according to the method published by Cao et al. [17]. The method was performed on a Fuli HPLC system using an Agilent ZORBAX SB-C18 column (250 mm × 4.6 mm, 5 μm) at 35 °C. The mobile phase consisted of 0.2% phosphoric acid–water (A) and acetonitrile (B) using a 63/37 (v/v) gradient program. The flow rate was 1 mL/min, and the injection volume was 10 μL. The detector wavelength was set to 220 nm. The detection time was 30 min. A typical chromatogram of Semen Aesculi is shown in Figure A2 in the Appendix A.




2.4.3. Analysis Method of Phenolic Acids in Flos Lonicerae


The concentrations of chlorogenic acid, neochlorogenic acid, isochlorogenic acids A, B, and C, and cryptochlorogenic acid were determined using HPLC analysis according to the method published by Wang et al. [18]. The method was performed on an Agilent HPLC system using an Agilent ZORBAX SB-C18 column (250 mm × 4.6 mm, 5 μm) at 30 °C. The mobile phase consisted of 0.1% phosphoric acid–water (A) and acetonitrile (B) using the following gradient program: 8–10% B from 0 to 10 min, 10–15% B from 10 to 20 min, 15–15% B from 20 to 30 min, 15–25% B from 30 to 40 min, and 25–100% B from 40 to 60 min. The flow rate was 1 mL/min and the volume of the sample injection was 10 μL. The detector wavelength was set to 325 nm. The detection time was 30 min. A typical chromatogram of Flos Lonicerae is shown in Figure A3 in the Appendix A.




2.4.4. Analysis Method of Flavonoids in Radix Scutellariae


The concentrations of baicalin and wogonoside were determined using HPLC analysis according to the method published by Zhu et al. [19]. The method was performed on an Agilent HPLC system using an Agilent ZORBAX SB-C18 column (250 mm × 4.6 mm, 5 μm) at 25 °C. The mobile phase consisted of 0.2% phosphoric acid–water(A) and methanol (B) using the following gradient program: 45–45% B from 0 to 10 min and 45–70% B from 10 to 55 min. The flow rate was 1 mL/min and the injection volume was 10 μL. The detector wavelength was set to 274 nm. The detection time was 30 min. A typical chromatogram of Radix Scutellariae is shown in Figure A4 in the Appendix A.




2.4.5. Analysis Method of Flavonoids in Radix Astragali


The concentrations of calycosin-7-glucoside, astraisoflavan-7-O-β-D-glucoside, and isomucronulatol 7-O-glucoside were determined using HPLC analysis according to the method published by Chen et al. [20]. The method was performed on an Agilent HPLC system using a Diamonsil C18 column (250 mm × 4.6 mm, 5 μm) at 35 °C. The mobile phase consisted of 0.05% formic acid–water (A) and acetonitrile (B) using the following gradient program: 15–29% B from 0 to 40 min, 29–40% B from 40 to 50 min, 40–40% B from 50 to 60 min, and 40–90% B from 60 to 70 min. The flow rate was 1 mL/min and the volume of the sample injection was 10 μL. The detector wavelength was set to 210 nm. The detection time was 30 min. A typical chromatogram of Radix Astragali is shown in Figure A5 in the Appendix A.





2.5. Data Processing


2.5.1. pKa Fitting of the Active Ingredients in Semen Aesculi, Flos Lonicerae, Radix Scutellariae, and Radix Astragali


For active ingredients in Semen Aesculi, Flos Lonicerae, Radix Scutellariae, and Radix Astragali, the nonlinear fitting formulas for     pK  a    and    D  app     derived by Gong et al. [10] were used to fit the     pK  a   , as shown in Formulas (1)–(3).


   D  app   =    C  org      C  aq     ,  



(1)




where    D  app     is the apparent distribution coefficient,  C  (mg/L) refers to the concentration of the target component, and the subscripts org and aq refer to the organic phase and the water phase, respectively.


   D  app   =    D 0  +  D 1    10   pH −   pK  a      1 +   10   pH −   pK  a      ,  



(2)




where    D 0    is the distribution coefficient of the molecule, and    D 1    is the distribution coefficient of the first-order dissociated ion. When fitting, the logarithms of both sides of the formula were taken to get the following formula:


  lg  (   D  app    )  = lg  (      10    d 0    +   10    d 1  + pH −   pK  a      1 +   10   pH −   pK  a       )   



(3)




where    d 0    and    d 1    are the base 10 logarithms of    D 0    and    D 1   , respectively.




2.5.2. pKa Fitting of Sinomenine


Sinomenine is an alkaloid and its structural formula is shown in Figure 1. It shows that the dissociable groups of sinomenine are mainly tertiary amino groups and phenolic hydroxyl groups. When 0.3 mol/L of hydrochloric acid was used to extract Caulis Sinomenii, the tertiary amino group on sinomenine reacted with hydrochloric acid to form sinomenine hydrochloride salt. When exposed to alkali, the sinomenine hydrochloride salt removes the hydrochloric acid to generate sinomenine molecules. The reaction equation is shown in Scheme 1.



With further exposure to an alkali, the phenolic hydroxyl group on the sinomenine molecule ionizes to form a salt. The sodium salt of sinomenine is soluble in water. The reaction equation is shown in Scheme 2.



Sinomenine hydrochloride can be regarded as a dibasic acid when the two pKa values of sinomenine were fitted simultaneously. The hydrochloric acid is completely removed during the first dissociation, and the phenolic hydroxyl group is ionized during the second dissociation. Based on Gong et al. [10], Formula (4) was used for the data fitting:


   D  app   =    D 0    10     pK   a , 1   − pH   +  D 1  +  D 2    10   pH −   pK   a , 2         10     pK   a , 1   − pH   + 1 +   10   pH −   pK   a , 2       ,  



(4)




where    D 2    is the distribution coefficient of sinomenine after the secondary dissociation,     pK   a , 1     is the first dissociated     pK  a    (the     pK  a    of sinomenine hydrochloride), and     pK   a , 2     is the     pK  a    of the secondary dissociation (the     pK  a    of the phenolic hydroxyl group). When fitting, the logarithm of both sides of the formula was also taken to obtain Formula (5):


  lg  (   D  app    )  = lg  (      10    d 0  +   pK   a , 1   − pH   +   10    d 1    +   10    d 2  + pH −   pK   a , 2         10     pK   a , 1   − pH   + 1 +   10   pH −   pK   a , 2        )  ,  



(5)




where    d 2    is the base 10 logarithm of    D 2   . If a value of    d 0   ,    d 1   , or    d 2    was less than −20, the corresponding distribution coefficient was considered to be extremely small. In order to facilitate the fitting of other parameters, the value of the extremely small    d 0   ,    d 1   , or    d 2    was set to −20.






3. Results and Discussion


In this work, the extracts of the medicinal herbs were prepared and extracted with organic solvents. After reaching liquid–liquid equilibrium, the concentrations of the active ingredients in the two phases were determined. The    D  app     values were calculated and fitted using Formula (3) or (5) to obtain the     pK  a    value.



3.1. Dapp and pKa of Sinomenine


The Dapp of sinomenine at different pH values in the 1-butanol-water, trichloromethane–water, methyl isobutyl ketone–water, and 1-octanol–water systems were found, as seen in Table A1. The results are shown in Figure 2.



As shown in Figure 2, when the pH value of the system was less than 10 in the four liquid–liquid equilibrium systems, the Dapp value increased as the pH value increased. When the pH value of the system was greater than 10, the Dapp value decreased as the pH value increased. When the pH value was low, such as less than the pKa of the amine group, the proportion of sinomenine in molecular form increased as the pH value increased. Therefore, the Dapp value of the liquid–liquid extraction was observed to increase. When the pH value increased to be higher than the pKa of phenolic hydroxyl ionization, the proportion of sinomenine in the salt form increased. Therefore, the Dapp value of sinomenine decreased. The maximum Dapp of sinomenine in 1-butanol–water system was more than 60. The maximum Dapp in trichloromethane–water system was more than 500, indicating that the extraction capacity of trichloromethane was very large. The maximum Dapp in methyl isobutyl ketone–water system was less than 1.1, indicating that the extraction capacity of the methyl isobutyl ketone was small. The maximum Dapp in 1-octanol–water system was about 40, which was a little lower than that of the 1-butanol system.



The experimental results were fitted using Origin software (2018, OriginLab, MA, USA) and are shown in Table 2 and Figure 2. The distribution coefficient of sinomenine salt after ionization of the phenolic hydroxyl group was too small; thus, d2 was set to −20 for the fitting. It can be seen from Table 2 that the R2adj values that were obtained by fitting the data from the four extraction systems of 1-butanol–water, trichloromethane–water, methyl isobutyl ketone–water, and 1-octanol–water were 0.996, 0.992, 0.992, and 0.969, respectively, which showed that the fitting results were in good agreement with the measured values. From the fitting results, the pKa,1 values of sinomenine conjugate acid were 8.01, 8.10, 8.40, and 8.53, respectively. The pKa,2 values of the phenolic hydroxyl dissociation of sinomenine were 11.52, 11.59, 11.25, and 10.81, respectively. The distribution coefficients of the sinomenine molecules in the 1-butanol–water, trichloromethane–water, methyl isobutyl ketone–water, and 1-octanol–water systems were 62.4, 575, 1.01, and 35.2, respectively. The distribution coefficients of sinomenine hydrochloride in the above four systems were 7.26 × 10−1, 1.20 × 10−1, 1.53 × 10−3, and 5.32 × 10−2, respectively, indicating that the four solvents had poor extraction capacities for sinomenine hydrochloride salt in water. Because 1-octanol was applied as the extractant, the logP values of sinomenine and sinomenine hydrochloride were 1.55 and −1.27, respectively.




3.2. Dapp and pKa of Aescins


The liquid–liquid equilibrium experiments of the Semen Aesculi extract were carried out with 1-butanol as the extractant. The experimental results of Dapp of aescins are shown in Figure 3 and Table A2.



In the 1-butanol equilibrium system, the change trends of the Dapp values of the four aescins were roughly the same. When the pH value increased, the Dapp value gradually decreased. The Dapp value changed rapidly between pH 3.0 and 5.0. The data obtained in the 1-butanol system was fitted, and the initial values of d0, d1, and pKa were adjusted to make the fitted curve better coincide with the actual data points. The fitting results are shown in Table 3 and Figure 3.



It can be seen from Table 3 that the Dapp results of aescins A, B, C, and D in the 1-butanol system were fitted well, with R2 values greater than 0.97. The value of d0 was higher than that of d1 because the solubility of the molecules in the organic phase was higher than that of the ions. Overall, the d0 values of the four ingredients were greater than 2.00, that is, the distribution coefficients of the molecular forms of the aescins were greater than 100. The d1 values were in the range of 0–1, which means that the distribution coefficients of the ionic form of the aescins were in the range of 1–10. This shows that the solubility of the aescins in the 1-butanol phase was quite large. In the 1-butanol system, the calibrated pKa values of aescins A, B, C, and D were 2.83, 3.42, 3.10, and 4.24, respectively.




3.3. Dapp and pKa of the Phenolic Acids in Flos Lonicerae


In the liquid–liquid equilibrium experiments using the Flos Lonicerae extract, 1-octanol was the extractant. The Dapp values of neochlorogenic acid, chlorogenic acid, cryptochlorogenic acid, isochlorogenic acid A, isochlorogenic acid B, and isochlorogenic acid C at different pH values are shown in Figure 4 and Table A3. It can be seen from Figure 4 that as the pH value decreased, the Dapp value increased. The Dapp value of isochlorogenic acid C was the largest, while the Dapp value of neochlorogenic acid was the lowest at the same pH value. The Dapp values of isochlorogenic acids A, B, and C in the 1-octanol system could reach more than 100. The Dapp values of neochlorogenic acid, chlorogenic acid, and cryptochlorogenic acid were below 10.



The obtained Dapp values were fitted, where the fitting results are shown in Table 4. It can be seen from Table 4 and Figure 4 that the fitting results agreed well with the experimental results, with R2 values higher than 0.99. The pKa values of all six phenolic acids were between 3.3 and 3.5. The logP values of chlorogenic acid, neochlorogenic acid, cryptochlorogenic acid, isochlorogenic acid A, isochlorogenic acid B, and isochlorogenic acid C were 0.85, 0.19, 0.62, 2.46, 2.01, and 2.80, respectively.




3.4. Dapp and pKa of Flavonoids in Radix Scutellariae


1-Octanol was the extractant in the liquid–liquid equilibrium extraction experiment using the Radix Scutellariae extract. The Dapp values of wogonoside and baicalin under different pH values are shown in Figure 5 and Table A4. It can be seen that the Dapp changing trends of baicalin and wogonoside were very similar. As the pH value increased, the Dapp values of wogonoside and baicalin decreased. The Dapp value of wogonoside was higher than that of baicalin, which means that the extraction capacity of wogonoside in 1-octanol was larger.



The obtained Dapp values were fitted, where the fitting results are shown in Table 5 and Figure 5. From Table 5, it can be seen that the fitting results agreed well with experimental results, with R2 values greater than 0.99. Since these two flavonoids contain carboxyl groups, the pKa values obtained were both around 2.1. The logP values of baicalin and wogonoside were 1.10 and 1.44, respectively.




3.5. Dapp and pKa of Glycosides in Radix Astragali


1-Octanol was the extractant in the liquid–liquid equilibrium extraction experiment using the Radix Astragali extract. The Dapp values of astraisoflavan-7-O-β-D-glucoside, isomucronulatol 7-O-glucoside, and calycosin-7-glucoside at different pH values are shown in Figure 6 and Table A5. It can be seen that the Dapp values of astraisoflavan-7-O-β-D-glucoside and isomucronulatol 7-O-glucoside were less than 10, but the Dapp values of calycosin-7-glucoside were less than 1. When the pH value was greater than 8.0, the Dapp of calycosin-7-glucoside and isomucronulatol 7-O-glucoside significantly decreased.



The obtained Dapp values were fitted, where the fitting results are shown in Table 6. The pKa value obtained by this fitting corresponds to the ionization of the phenolic hydroxyl group. From Table 6, it can be seen that the Dapp fitting results of isomucronulatol 7-O-glucoside, astraisoflavan-7-O-β-D-glucoside, and calycosin-7-glucoside in the Radix Astragali extract were also satisfactory, with R2 values greater than 0.94. The pKa values were between 9.1–9.8. The logP values of isomucronulatol 7-O-glucoside, astraisoflavan-7-O-β-D-glucoside, and calycosin-7-glucoside were 0.94, 0.48, and −0.26, respectively.




3.6. Comparison between the Experimental Values and Literature Values


In order to check the reliability of the test results, the logP and pKa values were predicted using Discovery Studio (V3.1, BIOVIA, Paris, France), which is widely used in ADMET (Absorption, Distribution, Metabolism, Excretion, and Toxicity), QSAR (Quantitative Structure–Activity Relationship), pharmacophore model prediction, and virtual screening [21,22,23,24]. In addition, we also compared the pKa results with those reported in the literature. The comparison between the pKa results found in this work, the prediction value from the software, and those in the literature are listed in Table 7.



In Table 7, the pKa values obtained in this work are close to the reported values, which indicates that the results obtained in this work are relatively reliable. The prediction values from Discovery Studio were also close to the results from experiments on most occasions. For many organic acids, the predicted pKa values were a little lower than those reported in this work.



The comparison between the logP results of this work and the prediction values of Discovery Studio can be seen in Table 8. The logP values of sinomenine were very close. However, for the logP values of other ingredients, the deviation was remarkable.



The determination method used in this work also has certain limitations. For example, in different solvents, the measured pKa values will have certain differences. When the extraction capacity of the solvent is too large, the concentration of the ingredient in the aqueous phase will be too low, which usually leads to difficulties in making concentration measurements.




3.7. Suitable Mobile Phase for the HPLC Analysis of Each Ingredient


Because the pH value of the mobile phase influences the dissociation of these ingredients, the pKa value of each active ingredient can be used as a reference when choosing a mobile phase for HPLC analysis. It is suggested that the pH value of the mobile phase should be smaller than the pKa when analyzing organic acids using reversed-phase HPLC [31]. Some suitable mobile phases for the HPLC analysis for these active ingredients are listed in Table 9. It can be seen from Table 9 that the pH value of the mobile phase for analyzing sinomenine was 9.0. According to the results in Table 2, most sinomenine was in its molecular form at a pH value of 9.0. The pH values of other mobile phases listed in Table 9 were measured. Most of the mobile phase was present at a low pH value, which can inhibit the dissociation of these active ingredients.





4. Conclusions


This study mainly determined the Dapp and pKa of 16 active ingredients in medicinal herbs, namely, sinomenine in Caulis Sinomenii, aescins in Semen Aesculi, phenolic acids in Flos Lonicerae, flavonoids in Radix Scutellariae, and glycosides in Radix Astragali. The pKa,1 value of sinomenine was between 8.0 and 8.6, while the pKa,2 value was between 10.8 and 11.6. Trichloromethane had the largest extraction capacity for sinomenine, with a maximum Dapp of more than 500. The pKa values of aescins A, B, C, and D were similar, which were all between 2.8 and 4.3. The pKa values of six phenolic acids in Flos Lonicerae were all in the range of 3.3–3.5. The Dapp values of isochlorogenic acids A, B, and C in 1-octanol could reach more than 100, while the Dapp values of neochlorogenic acid, chlorogenic acid, and cryptochlorogenic acid were below 10. The pKa of baicalin and wogonoside in Radix Scutellariae were both about 2.1. The pKa values obtained by fitting the three ingredients of isomucronulatol 7-O-glucoside, astraisoflavan-7-O-β-D-glucoside, and calycosin-7-glucoside in Radix Astragalus were all between 9.10 and 9.80. The pKa and Dapp values of the 16 active ingredients examined in this work can be used in the development of the extraction process and analytical methods for these ingredients.
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Figure A1. HPLC diagram of the Caulis Sinomenii aqueous phase. 
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Table A1. Experimental results of the Dapp values of sinomenine that were obtained in four liquid–liquid equilibrium systems.
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1-Butanol

	
Trichloromethane

	
Methyl Isobutyl Ketone

	
1-Octanol




	
pH

	
Dapp

	
pH

	
Dapp

	
pH

	
Dapp

	
pH

	
Dapp






	
1.871

	
0.636

	
4.925

	
0.510

	
5.071

	
0.002

	
5.053

	
0.068




	
4.188

	
0.769

	
5.156

	
0.717

	
6.804

	
0.027

	
6.258

	
0.175




	
6.197

	
2.073

	
5.180

	
0.871

	
7.015

	
0.047

	
6.729

	
0.961




	
7.366

	
10.70

	
6.609

	
24.36

	
7.520

	
0.134

	
7.562

	
2.981




	
7.596

	
16.54

	
6.862

	
37.69

	
8.309

	
0.317

	
8.236

	
11.28




	
7.826

	
27.13

	
7.062

	
46.37

	
8.429

	
0.483

	
8.703

	
20.63




	
8.264

	
39.87

	
7.071

	
55.50

	
9.226

	
0.939

	
9.688

	
24.05




	
9.413

	
59.42

	
7.471

	
82.10

	
10.03

	
1.067

	
9.730

	
40.90




	
9.523

	
56.52

	
7.990

	
165.5

	
12.50

	
0.054

	
11.82

	
4.769




	
9.954

	
64.25

	
8.788

	
481.2

	
12.63

	
0.041

	
11.83

	
2.005




	
10.08

	
62.42

	
9.723

	
574.3

	
-

	
-

	
-

	
-




	
10.20

	
57.92

	
10.99

	
571.7

	
-

	
-

	
-

	
-




	
11.00

	
44.59

	
11.42

	
348.2

	
-

	
-

	
-

	
-




	
11.19

	
44.88

	
12.11

	
123.6

	
-

	
-

	
-

	
-




	
11.94

	
18.30

	
-

	
-

	
-

	
-

	
-

	
-




	
12.13

	
11.74

	
-

	
-

	
-

	
-

	
-

	
-
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Figure A2. HPLC diagram of the Semen Aesculi organic phase (1: aescin A, 2: aescin B, 3: aescin C, 4: aescin D). 
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Table A2. Experimental results of the Dapp values of aescins in Semen Aesculi obtained in a 1-butanol system.
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	pH
	Aescin A
	Aescin B
	Aescin C
	Aescin D





	2.624
	801.4
	309.0
	-
	-



	3.332
	383.5
	431.1
	-
	-



	3.995
	75.03
	-
	130.0
	105.5



	4.030
	80.79
	121.3
	74.50
	-



	4.171
	-
	148.2
	99.03
	-



	4.223
	46.28
	55.71
	50.88
	67.76



	4.654
	21.11
	24.25
	25.16
	37.42



	4.839
	17.48
	20.06
	19.16
	32.24



	5.162
	10.04
	11.25
	13.23
	14.47



	5.331
	7.489
	8.220
	7.279
	9.521



	5.819
	5.210
	5.745
	4.554
	6.298



	6.073
	4.608
	5.036
	3.940
	5.390



	6.317
	3.942
	4.349
	3.357
	4.269



	6.737
	4.321
	4.712
	3.207
	4.121



	6.811
	4.185
	4.501
	2.954
	3.685
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Figure A3. HPLC diagram of the Flos Lonicerae organic phase (1: neochlorogenic acid, 2: chlorogenic acid, 3: cryptochlorogenic acid, 4: isochlorogenic acid B, 5: isochlorogenic acid A, 6: isochlorogenic acid C). 






Figure A3. HPLC diagram of the Flos Lonicerae organic phase (1: neochlorogenic acid, 2: chlorogenic acid, 3: cryptochlorogenic acid, 4: isochlorogenic acid B, 5: isochlorogenic acid A, 6: isochlorogenic acid C).
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Table A3. Experimental results of the Dapp values of phenolic acids in Flos Lonicerae obtained in the 1-octanol system.
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	pH
	Neochlorogenic Acid
	Chlorogenic Acid
	Cryptochlorogenic Acid
	Isochlorogenic Acid B
	Isochlorogenic Acid A
	Isochlorogenic Acid C





	4.910
	0.054
	0.254
	0.112
	2.527
	10.89
	15.80



	4.530
	0.128
	0.581
	0.270
	5.800
	25.00
	37.02



	4.200
	0.245
	1.104
	0.524
	12.24
	49.84
	73.58



	3.690
	0.552
	2.474
	1.241
	29.51
	112.3
	181.5



	3.200
	0.935
	4.201
	2.228
	54.28
	181.7
	326.9



	2.730
	1.339
	5.905
	3.326
	83.89
	259.9
	506.8



	2.350
	1.314
	6.009
	3.444
	87.93
	281.2
	545.1



	1.860
	1.435
	6.852
	3.971
	97.22
	278.2
	594.8



	1.660
	1.699
	7.606
	4.507
	106.7
	300.3
	669.1



	1.520
	1.572
	7.310
	4.337
	100.0
	271.6
	632.7
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Figure A4. HPLC diagram of the Radix Scutellariae organic phase (1: baicalin, 2: wogonoside). 
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Table A4. Experimental results of the Dapp values of flavonoids in Radix Scutellariae obtained in the 1-octanol system.
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	pH
	Baicalin
	Wogonoside





	5.360
	0.009
	0.018



	4.800
	0.031
	0.062



	4.430
	0.055
	0.122



	3.950
	0.148
	0.347



	3.690
	0.315
	0.861



	3.260
	0.777
	2.337



	2.860
	2.678
	6.800



	2.040
	7.073
	16.67



	1.680
	8.796
	19.99



	1.520
	9.658
	20.98
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Figure A5. HPLC diagram of the Radix Astragali organic phase (1: calycosin-7-glucoside, 2: astraisoflavan-7-O-β-D-glucoside, 3: isomucronulatol 7-O-glucoside). 
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Table A5. Experimental results of the Dapp values of flavonoids in Radix Astragali obtained in the 1-octanol system.
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	pH
	Isomucronulatol 7-O-Glucoside
	Astraisoflavan-7-O-β-D-Glucoside
	Calycosin-7-Glucoside





	10.96
	0.094
	2.249
	-



	10.500
	0.198
	2.245
	0.087



	10.08
	0.828
	2.449
	0.202



	10.00
	1.947
	2.538
	0.181



	9.910
	1.635
	2.513
	0.215



	9.460
	5.632
	2.645
	1.030



	9.450
	4.724
	2.753
	0.452



	8.730
	7.099
	2.914
	0.480



	7.440
	7.681
	2.990
	0.526



	6.450
	7.594
	3.001
	0.564



	5.950
	8.639
	2.987
	0.522



	5.450
	8.294
	3.042
	0.556



	5.150
	8.320
	3.094
	0.549



	4.910
	8.095
	2.882
	0.537



	4.510
	7.764
	2.964
	0.554
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Figure 1. Structural formulas of the active ingredients in various medicinal herbs, (a) Aescin A; (b) Aescin B; (c) Aescin C; (d) Aescin D; (e) Chlorogenic acid; (f) Neochlorogenic acid; (g) Cryptochlorogenic acid; (h) Isochlorogenic acid A; (i) Isochlorogenic acid B; (j) Isochlorogenic acid C; (k) Isomucronulatol 7-O-glucoside; (l) Astraisoflavan-7-O-β-D-glucoside; (m) Calycosin-7-glucoside; (n) Sinomenine; (o) Baicalin; (p) Wogonoside. 
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Scheme 1. Dissociation of sinomenine hydrochloride. 
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Scheme 2. Dissociation of sinomenine. 
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Figure 2. Experimental and fitted results of Dapp of sinomenine obtained in four extraction systems (●: 1-butanol, ▲: trichloromethane, ■: methyl isobutyl ketone, ★: 1-octanol, solid line: fitted results). 
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Figure 3. Experimental and fitted results for the Dapp of the four aescins obtained in the 1-butanol system (■: experimental results, solid line: fitted results); (a) Aescin A; (b) Aescin B; (c) Aescin C; (d) Aescin D. 
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Figure 4. Experimental and fitted results of Dapp of six phenolic acids in Flos Lonicerae (■: neochlorogenic acid, ●: chlorogenic acid, ▲: cryptochlorogenic acid, ◆: isochlorogenic acid A, ▼: isochlorogenic acid B, ★: isochlorogenic acid C, solid line: fitted results). 
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Figure 5. Experimental and fitted results of the Dapp of flavonoids in Radix Scutellariae (●: wogonoside, ■: baicalin, solid line: fitted results). 
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Figure 6. Experimental and fitted results of the Dapp of glycosides in Radix Astragali. (●: astraisoflavan-7-O-β-D-glucoside, ■: isomucronulatol 7-O-glucoside, ▲: calycosin-7-glucoside, solid line: fitted results). 
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Table 1. Liquid–liquid equilibrium extraction system.
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Number

	
Medicinal Extracts

	
Organic Extractant

	
Equilibrium Temperature






	
1

	
Caulis Sinomenii

	
Trichloromethane

	
30 °C




	
2

	
1-Butanol

	
30 °C




	
3

	
Methyl isobutyl ketone

	
30 °C




	
4

	
1-Octanol

	
30 °C




	
5

	
Semen Aesculi

	
1-Butanol

	
30 °C




	
6

	
Flos Lonicerae

	
1-Octanol

	
30 °C




	
7

	
Radix Scutellariae

	
1-Octanol

	
30 °C




	
8

	
Radix Astragali

	
1-Octanol

	
30 °C
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Table 2. The pKa fitting results for sinomenine.
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	Variable
	1-Butanol
	Trichloromethane
	Methyl Isobutyl Ketone
	1-Octanol





	d0
	−0.14 ± 0.03
	−0.92 ± 0.35
	−2.81 ± 0.10
	−1.27 ± 0.20



	d1
	1.80 ± 0.02
	2.76 ± 0.06
	0.01 ± 0.06
	1.55 ± 0.12



	d2
	−20
	−20
	−20
	−20



	pKa,1
	8.01 ± 0.04
	8.10 ± 0.08
	8.40 ± 0.08
	8.53 ± 0.18



	pKa,2
	11.52 ± 0.05
	11.59 ± 0.15
	11.25 ± 0.08
	10.81 ± 0.19



	R2adj
	0.996
	0.992
	0.992
	0.969
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Table 3. The pKa fitting results of aescins.






Table 3. The pKa fitting results of aescins.





	Aescin
	d0
	d1
	pKa
	R2adj





	Aescin A
	3.14 ± 0.13
	0.58 ± 0.04
	2.83 ± 0.14
	0.989



	Aescin B
	2.70 ± 0.13
	0.59 ± 0.07
	3.42 ± 0.16
	0.970



	Aescin C
	2.96 ± 0.78
	0.46 ± 0.05
	3.10 ± 0.84
	0.982



	Aescin D
	2.06 ± 0.11
	0.54 ± 0.06
	4.24 ± 0.18
	0.970
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Table 4. The pKa fitting results of six phenolic acid ingredients of Flos Lonicerae.






Table 4. The pKa fitting results of six phenolic acid ingredients of Flos Lonicerae.





	Phenolic Acid
	d0
	d1
	pKa
	R2adj





	Chlorogenic acid
	0.85 ± 0.01
	−1.50 ± 0.34
	3.44 ± 0.03
	0.997



	Neochlorogenic acid
	0.19 ± 0.01
	−2.57 ± 0.96
	3.46 ± 0.04
	0.997



	Cryptochlorogenic acid
	0.62 ± 0.01
	−2.08 ± 0.63
	3.33 ± 0.04
	0.997



	Isochlorogenic acid A
	2.46 ± 0.01
	−20
	3.50 ± 0.02
	0.999



	Isochlorogenic acid B
	2.01 ± 0.01
	−20
	3.31 ± 0.02
	0.999



	Isochlorogenic acid C
	2.80 ± 0.01
	−20
	3.31 ± 0.02
	0.999
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Table 5. The pKa fitting results of flavonoids in Radix Scutellariae.






Table 5. The pKa fitting results of flavonoids in Radix Scutellariae.





	Flavanoid
	d0
	d1
	pKa
	R2adj





	Baicalin
	1.10 ± 0.06
	−2.68 ± 0.35
	2.10 ± 0.08
	0.996



	Wogonoside
	1.44 ± 0.07
	−20
	2.17 ± 0.08
	0.997
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Table 6. The pKa fitting results of glycosides in Radix Astragali.






Table 6. The pKa fitting results of glycosides in Radix Astragali.





	Glycoside
	d0
	d1
	pKa
	R2adj





	Isomucronulatol 7-O-glucoside
	0.94 ± 0.06
	−20
	9.19 ± 0.10
	0.940



	Astraisoflavan-7-O-β-D-glucoside
	0.48 ± 0.01
	0.34 ± 0.01
	9.76 ± 0.10
	0.964



	Calycosin-7-glucoside
	−0.26 ± 0.01
	−20
	9.78 ± 0.03
	0.981
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Table 7. The comparison between the pKa results of this work, the prediction values using software (Discovery Studio V3.1), and those in the literature.






Table 7. The comparison between the pKa results of this work, the prediction values using software (Discovery Studio V3.1), and those in the literature.





	Active Ingredients
	Literature Values
	Prediction Values Using Software
	Results of This Work





	Sinomenine
	pKa,1: 7.98 [25]

pKa,2: 11.2 [26]
	pKa,1: 7.45

pKa,2: 7.67
	pKa,1: 8.01, 8.10, 8.40, 8.53

pKa,2: 11.52, 11.59, 11.25, 10.81



	Aescin A
	-
	2.77
	2.83 ± 0.14



	Aescin B
	-
	2.77
	3.42 ± 0.16



	Aescin C
	-
	2.77
	3.10 ± 0.84



	Aescin D
	-
	2.77
	4.24 ± 0.18



	Chlorogenic acid
	3.59 [27]

3.58 [28]

3.90 [29]
	2.66
	3.44 ± 0.03



	Neochlorogenic acid
	3.91 [29]
	2.66
	3.46 ± 0.04



	Cryptochlorogenic acid
	4.07 [29]
	2.66
	3.33 ± 0.04



	Isochlorogenic acid A
	-
	2.66
	3.50 ± 0.02



	Isochlorogenic acid B
	-
	2.66
	3.31 ± 0.02



	Isochlorogenic acid C
	-
	2.66
	3.31 ± 0.02



	Isomucronulatol

7-O-glucoside
	-
	11.9
	9.19 ± 0.10



	Astraisoflavan-7-O-β-D-glucoside
	-
	11.9
	9.76 ± 0.10



	Calycosin-7-glucoside
	-
	10.4
	9.78 ± 0.03



	Baicalin
	-
	2.86
	2.10 ± 0.08



	Wogonoside
	3.99 [30]
	2.86
	2.17 ± 0.08
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Table 8. The comparison between the logP results of this work and the prediction values using software.






Table 8. The comparison between the logP results of this work and the prediction values using software.





	Active Ingredient
	Prediction Values Using Software
	Results of This Work





	Sinomenine
	1.674
	1.55 ± 0.12



	Chlorogenic acid
	−0.340
	0.85 ± 0.01



	Neochlorogenic acid
	−0.340
	0.19 ± 0.01



	Cryptochlorogenic acid
	−0.340
	0.62 ± 0.01



	Isochlorogenic acid A
	1.687
	2.46 ± 0.01



	Isochlorogenic acid B
	1.687
	2.01 ± 0.01



	Isochlorogenic acid C
	1.687
	2.80 ± 0.01



	Isomucronulatol 7-O-glucoside
	1.249
	0.94 ± 0.06



	Astraisoflavan-7-O-β-D-glucoside
	1.249
	0.48 ± 0.01



	Calycosin-7-glucoside
	0.436
	−0.26 ± 0.01



	Baicalin
	0.608
	1.10 ± 0.06



	Wogonoside
	0.833
	1.44 ± 0.07
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Table 9. Some of the reported high-performance liquid chromatography (HPLC) analysis conditions of each ingredients.






Table 9. Some of the reported high-performance liquid chromatography (HPLC) analysis conditions of each ingredients.





	Active Ingredients
	Suitable Mobile Phase for HPLC Analysis
	pH Range of Mobile Phase





	Sinomenine in Caulis Sinomenii
	Methanol phosphate buffer (0.005 mol/L disodium hydrogen phosphate solution, 0.005 mol/L sodium hydrogen phosphate adjusted to pH 8.0, and 1% triethylamine adjusted to pH 9.0) (55:45) [32]
	9.0



	Aescins in Semen Aesculi
	Acetonitrile–water–phosphoric acid (123:277:7) [33]
	1.5



	Phenolic acids in Flos Lonicerae
	Methanol (A) and 0.1% phosphoric acid aqueous solution (B) using the following gradient program: 0–20 min, 12–30% A; 20–60 min, 30–50% A [34]
	2.0–2.7



	Flavonoids in Radix Scutellariae
	0.2% phosphoric acid-water (A) and methanol (B) using the

following gradient program: 45–45% B, 0–10 min; 45–70% B, 10–55 min [19]
	2.2–2.8



	Glycosides in Radix Astragali
	0.05% formic acid–water (A) and acetonitrile (B) using the

following gradient program: 15–29% B, 0–40 min; 29–40% B, 40–50 min; 40–40% B, 50–60 min; 40–90% B, 60–70 min [20]
	2.8–3.8
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