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Abstract

:

Turmeric is a traditional Indian spice that has recently become very popular worldwide because it contains a powerful ingredient called curcumin, which has strong anti-inflammatory properties. Hence, dietary supplements containing extracts rich in curcumin have gained great popularity. The main problems related to curcumin-containing dietary supplements are poor water solubility and the fact that they are often faked by using synthetic curcumin instead of the plant extract. In this article, we propose the use of the 13C CPMAS NMR method to control the quality of dietary supplements. The analysis of 13C CPMAS NMR spectra supported by GIPAW computations allowed us to identify a polymorphic form present in dietary supplements (which affected the solubility of curcumin) and to point out a dietary supplement that could be faked by using synthetic curcumin. Further PXRD and HPLC investigations confirmed that the examined supplement contained synthetic curcumin instead of the genuine extract. Our method can be used for routine control, especially because the investigation is performed directly from the capsule/tablet content and does not require any special sample preparation.
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1. Introduction


Until recently, curcumin (CUR) was treated merely as an orange pigment responsible for the intensive yellow color of the spice known as turmeric, being one of many spices. Today, on the basis of numerous investigations performed worldwide, we know that it is one of the strongest substances with an anti-inflammatory activity [1,2,3,4,5,6]. By its anti-inflammatory and antioxidation activity, it also exhibits antirheumatic properties [7,8,9]. Moreover, it was also found to exhibit an anticancer activity [10,11,12,13,14,15,16,17,18]. The Food and Drug Administration (FDA) and European Food Safety Authority (EFSA) have recognized curcumin as a substance safe for humans, based on the data from performed clinical studies and available publications [19,20,21]. Curcumin is a substance of enormous therapeutic potential, exhibiting no serious side effects but with very low water solubility [22]. In the future, it could become an alternative to the drugs currently available on the market. All this explains the huge popularity of curcumin as a component of dietary supplements.



A dietary supplement is defined as any vitamin/mineral substance or an added chemical material, herbal product, botanical, amino acid, or any other foodstuff that is introduced into the diet to improve human health. Supplements are universally used and represent a wide range of products [23]. The market of these products is presently rapidly developing. Their great popularity is mostly due to their general availability (you can buy them in drugstores, herbal stores, or online shops), their global presence in mass media, and a relatively easy procedure to introduce them into the market. Concerning the safety of dietary supplements, it should be remembered that first of all, they should contain no impurities and forbidden substances; their quality and the real value of the declared components are also important, as in the case of curcumin and its extract. The selective control of the market and the lack of detailed guidelines concerning the parameters of different forms of supplements leave considerable freedom to the manufacturers, at the same time permitting them to launch on the market products of dubious quality that can even be dangerous to consumers by being completely devoid of a pro-health activity. In view of the growing interest of consumers in this group of products, in this work we present a method of fast evaluation of the quality of the extract present in dietary supplements.



As yet, curcumin has not been registered as a medicinal substance. However, there are many curcumin-containing dietary supplements available on the market. A study of the quality of such supplements is a very important analytical task of practical aspects [24]. In order to analyze the dietary supplements containing curcumin, it is worth applying the results obtained from structural investigations using nuclear magnetic resonance. 13C CPMAS solid-state NMR (ssNMR) is commonly used in pharmaceutical analyses [25,26]. Previously, a few studies reported its application in distinguishing between different polymorphic forms of API present in final pharmaceutical dosage forms [27,28,29]. It allows the analysis of the polymorphic form in the final product due to the possibility of the conversion from one form to another. It is highly important in the case of slightly soluble substances or when one polymorphic form has fundamentally better or lower solubility than others (see the case of ritonavir [30,31]). Curcumin has three described polymorphic forms differing in solubility in water, with Form I being the worst soluble [22]. DFT calculations support NMR analyses and are frequently used in combination with NMR spectra interpretations [32,33,34,35]. The GIPAW method includes the periodic boundary conditions of a studied crystal lattice, unlike the still-popular GIAO method [36].



Thanks to earlier studies (three polymorphic forms deposited in The Cambridge Structural Database (CSD) [37]), it was possible to determine which of the polymorphic forms of curcumin was present in the analyzed supplements. The aim of the study was to show that NMR spectroscopy could be used to carry out a standard analysis of the composition and quality of foodstuff, the purpose of which was to supplement a normal diet, known as dietary supplements. Curcumin-containing preparations were used in this study as an example.




2. Results and Discussion


The 1H and 13C NMR spectra in the CDCl3 and 13C CPMAS spectra of curcumin were acquired. In the spectra recorded in CDCl3 (both in 1H and 13C NMR), other signals were visible apart from the signals of curcumin (Figure 1). Their occurrence was probably related to the purity of the examined substance.



The applied standard contained over 65% pure curcumin, but also its derivatives demethoxycurcumin and bisdemethoxycurcumin were present. Hence, for purification purposes, a recrystallization from isopropanol was performed. The choice of the solvent was due to the fact that the two main derivatives of curcumin were more easily dissolved when cold in isopropanol than the curcumin itself (Table 1) [38].



After crystallization, a series of 13C CPMAS NMR spectra was registered again; of the substance before purification, then after purification, and of the residue after solvent evaporation to crystallization (Figure 2). After crystallization, narrower signals occurred in the spectra, with a better-shaped structure of double signals. In the case of residue after crystallization (Figure 2c), which mainly contained demethoxycurcumin and bisdemethoxycurcumin, the signals were much broader; in the case of a few signals (e.g., those from carbonyl carbons C2 or C2’ or methoxyl carbons C11 or C11’), no clear double signal was visible, which could be observed in the case of the 13C CPMAS NMR spectra for CUR.



The purified curcumin after crystallization was used for further investigations. The spectra presented in Figure 3 corresponded with the standard 13C CPMAS NMR experiment and with the experiment using a dipole filter. A reduced intensity of the signals originating from the CH and CH2 groups could be seen whereas the intensity of the signals originating from the quaternary carbon atoms and the methoxyl group remained unchanged.



The greatest differences in chemical shift values between the spectra in the solution and in the solid state were observed for the carbon atoms C1 and C2 (C2’) as well as C5 (C5’) and C6 (C6’). They corresponded, respectively, with the carbon atom with the attached acidic proton (C1), the C=O groups (C2 and C2’), and also the quaternary carbon atom from the aromatic ring attached to the aliphatic fragment (C5 and C5’) and the vicinal aromatic carbon (C6 and C6’). The doubling of practically all signals indicated that, in the examined sample, two different and not-overlapping conformations of curcumin were present side by side. In the case of double signals C2 (C2’) and C5 (C5’), considerable differences between the chemical shift in the solution and solid state could be observed for only one of the components of the 13C CPMAS NMR divided signal. The greatest differences for the signals C1 and C2 (C2’) may have been related to the engagement of this molecule fragment in the formation of intermolecular hydrogen bonds whereas the differences in the aromatic ring may have resulted from the arrangement of molecules with respect to each other, or perhaps from the “twisting” of one of the rings with regard to the chain, which did not occur in the solution. In order to better know the reasons, an analysis using theoretical calculations for curcumin molecules was performed, described in a later part of the paper.



In the literature, three polymorphic forms of curcumin have been described so far [37,39]. In order to establish which of those forms was present in the examined sample, GIPAW computations were performed for periodic systems, taking into account the three forms deposited in The Cambridge Structural Database [37]. The structures present in the database are shown in Table S1 in Supplementary Materials.



Based on the analysis of parameters of the individual results from The Cambridge Structural Database, they were classified into three polymorphic forms. Most of them, as many as eleven results (BINMEQ, BINMEQ1, BINMEQ2, BINMEQ3, BINMEQ4, BINMEQ5, BINMEQ9, BINMEQ10, BINMEQ11, BINMEQ13, and BINMEQ14), corresponded with Polymorph I. The measurements were performed at different temperatures, but the unit cell parameters were comparable. BINMEQ6, BINMEQ8, and BINMEQ12 corresponded with Polymorph II whereas BINMEQ7 corresponded with Polymorph III.



For each polymorphic form, one result was selected for the calculations. As BINMEQ5, BINMEQ6, and BINMEQ7 were registered at the same temperature, they were chosen to be the representatives of the particular polymorphs. Thus, it was possible to reduce the effect of temperature on the obtained unit cell parameters.



The first step in the computations was to choose the appropriate functional, which could affect the obtained results. Therefore, computations were performed using such functionals as the general gradient approximation (GGA); the PBE (Pedrew–Burke–Ernzerhof) exchange-correlation functional, taking into account Grimme’s or Tkatchenko–Scheffler (TS) dispersion corrections; the Pedrew–Wang potential (PW91) with the Ortmann–Bechstedt–Schmidt (OBS) correction; and the Wu–Cohen (WC), the modified PBE (RPBE), or PBESOL for the solid state.



According to our knowledge, GIPAW computations have not been published for all three polymorphic forms. They were performed for Polymorphs I and II in order to verify the assignment of chemical shift values in ssNMR [39]. Matlinska et al. carried out GIPAW calculations for I and II polymorphic forms [40], employing OTFG pseudopotentials. The obtained chemical shift values presented for Polymorph II were comparable with our results. The calculated chemical shifts for Polymorph I are not included in the manuscript or in the Supplementary Materials. The results of several investigations were published in which the DFT calculations were performed for an isolated molecule in a vacuum [41]. According to our knowledge, no computations for Polymorph III have been performed so far, and computation results have not been applied to the analysis of dietary supplements.



The computations using ten different methods were performed for BINMEQ5. The best functional was chosen based on the results of Polymorph I only, because the calculations for Polymorphs II and III required much more time and computing power. The obtained unit cell parameters for BINMEQ5 using different functionals are presented in Table 2.



A criterion of choosing the best functional was to find the best possible match of the value of the unit cell volume with data from the crystallographic database. In Table S1, which presents all the results present in the database whilst searching for the curcumin molecule, it can be observed that with the decrease in measurement temperature, the unit cell volume was slightly reduced. That is why, as the volume of BINMEQ7 was equal to 1759.76 Å3, the result obtained in the calculations (for a temperature of 0 K) should have been a little below that value.



The greatest differences between the theoretical and experimental values occurred in the case of functionals GGA RPBE (2973.8 Å3), GGA WC (2411.54 Å3), and GGA PW91 (2391.67 Å3). The closest result was obtained for GGA PBE TS (1755.64 Å3), which, according to expectations, was a little smaller than the experimental value (1759.76 Å3). Hence, this functional was chosen as the best one for periodic calculations; the system optimization and the calculation of the NMR parameters. The obtained theoretical results in comparison with the experimental ones are presented in Table 3.



In order to better illustrate the calculated chemical shift values for particular polymorphs and those obtained experimentally, Table 4 shows the differences between the theoretical and experimental results. Neither of the simulated spectra fully mapped the spectrum of the examined substance. However, the spectrum corresponding with Polymorph I was the most similar.



When we compared the chemical shift values collected in Table 4, it could be seen that the smallest differences between the experimental and theoretical values occurred for Polymorph I. This was particularly visible in the case of carbon atoms C1, C6, and C6` where the differences for Polymorphs II and III were much bigger than those for Polymorph I (Table 4). The key signal that made it possible to distinguish Polymorph I from the other ones was the signal originating from carbon atom C1 (the central atom in the molecule). In the case of Polymorph I, it occurred in the spectrum at the chemical shift value of below 100 ppm (δ of about 98 ppm) whereas for the other two polymorphs, it was in the range of δ 105–107 ppm. Thus, this signal could be acknowledged as the key diagnostic signal to distinguish Polymorph I from the remaining ones.



The obtained results for the substance assumed to be the standard induced us to use the same approach when analyzing complex products such as dietary supplements. That is why the next stage of our studies was to apply NMR spectroscopy to investigations of curcumin-containing dietary supplements. The 13C CPMAS NMR spectra of four selected dietary supplements were registered. Three of them were in the form of capsules (S1–S3) and one (S4) was in the form of a tablet. The obtained spectra are shown in Figure 4.



On the basis of earlier conclusions, it could be supposed that in all dietary supplements, curcumin occurred as Polymorph I because in each of the 13C CPMAS NMR spectra there occurred a single signal from the C1 carbon atom at δ of about 98 ppm.



The 13C CPMAS NMR spectrum for supplement S1 (Figure 5a) considerably differed from the remaining ones. All the signals were narrower than in the other spectra and, concerning the doublets, they were better resolved than in the other dietary supplements examined. This may have been due to the fact that this sample was more crystalline [42]. Concerning the other products, their signals were broader and comparable with the spectrum of the pure substance. In the case of the only tablets examined (Figure 5d), in the spectrum there was also a very broad signal at δ of about 70 ppm. In this range, the filling substances of the tablet such as cellulose or lactose could be seen, or the polymers forming the shell [43]. As the signal was very broad and so single components could not be observed, the auxiliary substances present in the tablet could not be identified either.



If we compared the 13C CPMAS NMR spectra of the four examined dietary supplements in relation to pure curcumin after recrystallization, it could be observed that the spectrum visible in Figure 5a was considerably different from the other ones as well as from the pure substance. The extremely narrow and well-resolved signals indicated that the examined supplement had a more crystalline form than the remaining ones. However, it was interesting to observe that the recrystallized standard substance purified from curcumin derivatives provided a 13C CPMAS NMR spectrum with broader signals than those of the supplement for which the spectrum was performed straight from the capsule content. It seemed evident that the plant extract should be less purified and more amorphic than the pure standard substance.



In view of the obtained results and the information that in curcumin-containing dietary supplements, the manufacturers happened to substitute artificial curcumin (because of its lower price) for the genuine one, it is worth considering the assumption that the examined supplement might contain such artificial curcumin. The chemical synthesis performed in the lab aimed to selectively obtain one product with a high yield whereas in the plant, there are numerous secondary metabolites and, apart from the main product, at least several of its derivatives were present.



By the 13C CPMAS NMR method, it was impossible to unequivocally state if the obtained spectrum showed only the crystallinity of the sample or if it also pointed to its purity, quality, or technology of fabrication. However, when we dissolved the sample and performed the experiment in a solution, the sample crystallinity no longer had any effect on the spectrum appearance whereas the number of resonance lines and their shape could have been related to the purity of the sample. That is why, for each of the supplements, the 1H NMR spectra were registered after dissolving them in DMSO-d6. The same spectrum was also registered for the curcumin standard after crystallization (Figure 5).



Similarly, as in the case of the spectrum in the solid phase, the spectrum obtained in the solution for S1 (Figure 5a) was different from the other spectra. Both in the case of the reference substance (Figure 5e) and the remaining supplements (Figure 5b–d), at a signal (singlet) of the chemical shift of δ 6.07 ppm, which corresponded with the proton at C1, there was a small signal on its right-hand side. No such signal was present in the case of supplement S1. Several other signals of small intensity could also be observed, which may have pointed to the presence of other compounds accompanying natural curcumin that did not occur in the spectrum of supplement S1. These signals were visible in the extended fragment of the aromatic range (Figure 6). They were characterized by a low intensity in the range of 6.65–6.75 ppm, a signal on the slope of the signal at δ 7.60 ppm, and a clear doubling of the doublet components (7.15 ppm), which were only lightly outlined in the case of supplement S1 (Figure 6a).



The analysis of the 1H NMR spectra of the examined supplements suggested that our earlier supposition that one of the supplements might contain pure synthetic curcumin (i.e., be faked) could be true. This was additionally confirmed by the obtained diffractograms (using powder X-ray diffraction (PXRD)). In order to compare and observe certain differences, the crystallization of curcumin was also performed directly from the dietary supplement. The obtained diffractograms for the crystallized curcumin standard and the crystallized supplement (S1) differed from each other, which also confirmed a different origin of the two samples (Figure 7).



In order to verify the supposition that the examined S1 sample was faked by using pure synthetic curcumin instead of the genuine extract, the HPLC method was used. The registered chromatograms of samples S1, S2, and the curcumin standard are presented in Figure 8.



In the case of the extract obtained from the plant, peaks derived from curcumin as well as from demethoxycurcumin (13.7 min) and bisdemethoxycurcumin (12 min) were observed on the chromatogram [44,45]. The purification of the extract in order to obtain pure curcumin without its derivatives is very laborious and time-consuming. The use of column chromatography makes it possible to obtain curcumin with a purity of 84–95% [46]. Crystallization allows one to obtain curcumin with a purity of about 99% [47]; using a combination of the crystallization and chromatographic methods, as much as 100% pure curcumin can be obtained. In the chromatogram of the curcumin standard, one intensive peak was visible (corresponding with curcumin) and another very small peak, which may have been the residue of curcumin derivatives (Figure 8). In the case of supplement S1, only the peak originating from curcumin was visible, which meant that the examined sample contained only curcumin with no derivatives. In the case of all other supplements (S2–S4), three peaks could be observed, corresponding with curcumin, demethoxycurcumin, and bisdemethoxycurcumin.



The raw plant material (curcumin) is the source of a complex of curcuminoids [46]. It is impossible to obtain an extract that would contain curcumin only without its derivatives. Such a degree of purity can only be reached using special purification methods (in particular, crystallization and column chromatography). In the case of the dietary supplements, this would considerably increase the costs of production; thus, it is rather unlikely that the manufacturer would carry out the purification of the extract to remove curcumin derivatives, especially as there was information on the package stating that the supplement contained the extract from turmeric rhizome standardized at 95% content of curcuminoids, including a minimum of 70% curcumin. Hence, it could be supposed that the manufacturer falsified the supplement by using synthetic curcumin. During synthesis, demethoxy and bisdemethoxy curcumin derivatives are not formed [48]. Synthetic curcumin is sold as a single molecule, with a lower cost compared with natural curcumin. The FDA has rejected the GRAS safety status for using synthetic curcumin in food [49].



So far, no scientific publications have been published that describe the application of ssNMR for a fast assessment of the quality of curcumin-containing dietary supplements. The 1H NMR technique in a solution can be successfully applied for a quantitative and qualitative investigation of curcumin-containing dietary supplements [50]. However, it requires an earlier dissolution of the sample in a solvent. The method proposed by us makes it possible to perform the analysis directly from the capsule content. Similarly, another study using the HPLC-PDA method to identify supplements containing synthetic curcumin required a sample extraction and special sample preparation [51].




3. Materials and Methods


Curcumin (CUR, C1386) was purchased from Sigma-Aldrich (Steinheim, Germany)). Four samples of curcumin-containing food supplements (S1–S4) were randomly selected from Polish pharmacies. A detailed description of the supplements provided by the manufacturers is included in Table 5.



Isopropyl alcohol was purchased from Avantor Performance Materials Poland S.A (Gliwice, Poland) and deuterated solvents (CDCl3 and DMSO-d6) from ARMAR Chemicals (Dottingen, Switzerland).



The 1H spectra for the CDCl3 and DMSO-d6 solutions were recorded at 300 MHz on a Varian VNMRS-300 spectrometer using a standard Varian pulse program. The 13C magic angle spinning (MAS) NMR spectra of solid samples were recorded on a Bruker DRX-400 Advance spectrometer using a Bruker PH MAS VTN 400WB BL4 probehead in the magnetic field of 9.4 T at 400.13 MHz (1H) and 100.62 MHz (13C). Samples were packed in a 4 mm ZrO2 rotor (Kel-F cap) and spun at 10 kHz. Standard 13C CPMAS spectra were obtained with a 1H 90° pulse length of 2.0 μs, with continuous wave (CW) proton decoupling. A contact time of 2 ms, a repetition time of 20 s, and a spectral width of 20 kHz were used for the accumulation of 800 scans for the standard 13C MAS experiments. 13C chemical shifts were calibrated indirectly through the glycine CO signal recorded at 176.50 ppm relative to TMS. The conventional 1H−13C CP pulse sequence with a reversal of the spin temperature in the rotating frame was applied with high-power proton decoupling during the signal acquisition. The dipolar dephased experiment was performed with a dipolar filter to suppress the ssNMR signals from the 13C nuclei, which were strongly coupled to protons (CH and CH2). Using a 60 µs delay before an acquisition caused the selective dephasing of the methine and methylene groups.



PXRD patterns were recorded using a Bruker D8 Advance diffractometer. Data were collected in the Bragg–Brentano geometry between 5° and 60° in steps of 0.25°. Data were collected under standard laboratory conditions of temperature and humidity.



The HPLC-DAD qualitative analysis of curcumin extracts was carried out using a Hitachi Chromaster HPLC system with DAD detector and a Purospher STAR RP-18 (5 μm, 4 × 250 mm) column at 30 °C. The analysis of curcumin in supplements was carried out under the following isocratic conditions: mobile phase, 50% acetonitrile with formic acid (0.1 vol%); flow rate, 1 mL/min; time, 0–25 min. The chromatograms were monitored at 430 nm. Figure 8 shows the chromatograms of curcumin standards (RT 14.7 min) and samples of supplements S1–S3 (Table 5).



The density functional theory (DFT) calculations of geometry optimization and NMR properties under periodic boundary conditions were carried out with the CASTEP program [52], implemented in Materials Studio 2017 software [53] using plane-wave pseudopotential formalism.



On the fly-generated (OTFG) ultrasoft pseudopotentials were generated using the Koelling–Harmon scalar relativistic approach [54].



The experimental X-ray structure of curcumin Polymorph I (refcode BINMEQ05), Polymorph II (refcode BINMEQ06), and Polymorph III (BINMEQ07) from The Cambridge Structure Database (CSD) [37] were used as the initial for calculations. During geometry optimization, all atom positions and cell parameters were optimized. The convergence criteria were set at 5∙10−6 eV/atom for the energy, 1∙10−2 eV/Å for the interatomic forces, 2∙10−2 GPa for the stresses, and 5 10−4 Å for the maximum displacement. The fixed-basis set quality method for the cell optimization calculations and the 5 10−7 eV/atom tolerance for SCF were used.



The electronic parameter kinetic energy cutoff for the plane waves (Ecut) and number of Monkhorst–Pack k-points during sampling for a primitive cell Brillouin zone integration were set to 630.0 eV and 2 × 4 × 1 (for BINMEQ5), 1 × 3 × 2 (for BINMEQ6), and 2 × 3 × 1 (for BINMEQ7), respectively.



The Perdew–Burke–Ernzerhof (PBE) [55] exchange-correlation functional, pure or with either a Tkatchenko–Scheffler (TS) [56] or Grimme [57] dispersion correction; the Perdew–Wang (PW91) exchange-correlation functional [58], pure or with the Ortmann–Bechstedt–Schmidt (OBS) [59] dispersion correction; the revised Perdew–Burke–Ernzerhof (RPBE) [60], Wu–Cohen (WC) [61], or solid design version of the PBE (PBESOL) [62] exchange-correlation functionals, defined within the generalized gradient approximation (GGA), were used as well as the local exchange-correlation functional of Perdew and Zunger [63] with the parameterization of the numerical results of Ceperley and Alder [64] (LDA CA-PZ), with or without the OBS method of dispersion correction.



The computation of shielding tensors was performed using the gauge-including projector augmented-wave (GIPAW) density functional theory method of Pickard et al. [65]. To compare the theoretical and experimental data, the calculated chemical shielding constants (σiso) were converted to chemical shifts (δiso) using the following equation: δiso = (σGly + δGly) − σiso, where σGly and δGly stand for the shielding constant and the experimental chemical shift, respectively, of the glycine carbonyl carbon atom (176.50 ppm).
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Figure 1. NMR spectra of curcumin in CDCl3 (a) 13C and (b) 1H with an extended section of 4.7–4.2 ppm (a) and 181–187 ppm (b). Numbers correspond with carbon or hydrogen atoms in curcumin structure. 
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Figure 2. The 13C CPMAS NMR spectra of curcumin: (a) after crystallization from isopropanol, (b) before crystallization, and (c) the residue after crystallization. The differences at the key chemical shifts are marked on spectra. 
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Figure 3. The 13C CPMAS NMR spectra of curcumin with the dipole filter (a) and standard (b). 
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Figure 4. The 13C CPMAS NMR spectra of dietary supplements: (a) S1; (b) S2; (c) S3; (d) S4. 
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Figure 5. 1H NMR spectra in DMSO-d6 of dietary supplements, the aromatic fragment obtained for (a) S1, (b) S2, (c) S3, (d) S4, and (e) curcumin; the reference substance after crystallization from isopropanol. 
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Figure 6. The extended aromatic fragment of the 1H NMR spectra in DMSO-d6 obtained for (a) S1, (b) S2, (c) S3, (d) S4, and (e) curcumin; the standard substance after crystallization from isopropanol. 
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Figure 7. The PXRD diffractograms for the S1 supplement and the standard substance (after crystallization from isopropanol). 
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Figure 8. The chromatograms of curcumin standards (retention time, 14.7 min) and supplements S1–S3. 
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Table 1. The solubility of curcumin and its derivatives in ethanol, acetonitrile, and isopropanol.
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Ethanol

	
Acetonitrile

	
Isopropanol






	

	
Solubility (g/L)




	
Curcumin

	
3.9

	
7.2

	
0.91




	
Demethoxycurcumin

	
45

	
26

	
16.2




	
Bisdemethoxycurcumin

	
53

	
11

	
8.2
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Table 2. Unit cell parameters obtained using different functionals.
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	Functional
	a (Å)
	b (Å)
	c (Å)
	α (°)
	β (°)
	γ (°)
	Volume (Å3)





	GGA PBESOL
	12.375
	7.567
	20.771
	90
	90.510
	90
	1945.03



	LDA CA-PZ
	12.178
	6.765
	19.572
	90
	94.745
	90
	1607.00



	LDA CA-PZ OBS
	11.970
	5.975
	18.671
	90
	96.386
	90
	1327.06



	GGA PBE
	12.838
	8.394
	21.171
	90
	89.149
	90
	2281.16



	GGA PBE TS
	12.625
	6.983
	19.985
	90
	94.826
	90
	1755.64



	GGA PBE Grimme
	12.533
	6.824
	19.891
	90
	95.137
	90
	1694.48



	GGA RPBE
	13.479
	9.988
	22.124
	90
	86.774
	90
	2973.81



	GGA PW91
	13.001
	8.631
	21.321
	90
	88.326
	90
	2391.67



	GGA PW91 OBS
	12.273
	6.523
	19.207
	90
	96.289
	90
	1528.42



	GGA WC
	12.433
	9.070
	21.419
	90
	86.695
	90
	2411.54
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Table 3. The experimental and theoretical chemical shift values (ppm) for three polymorphic forms of curcumin. Polymorph II * denotes the second molecule located in the independent part of the unit cell because for Polymorph II, Z` = 2.
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	C Atom Number
	Experiment
	Polymorph I
	Polymorph II
	Polymorph II *
	Polymorph III





	1
	98.6
	97.9
	105.3
	107.5
	105.6



	2
	186.8
	181.0
	183.0
	180.1
	180.3



	2’
	182.4
	174.4
	171.8
	172.9
	171.9



	3
	122.8
	122.5
	120.1
	119.6
	121.0



	3’
	122.8
	118.9
	118.4
	118.0
	114.9



	4
	140.2
	139.9
	137.9
	138.9
	138.0



	4’
	140.2
	138.7
	135.2
	136.5
	138.1



	5
	128.8
	126.3
	125.1
	122.7
	121.6



	5’
	129.7
	125.7
	125.9
	124.6
	124.5



	6
	124.8
	122.7
	113.0
	114.5
	114.3



	6’
	124.8
	120.1
	112.7
	114.5
	113.1



	7
	114.1
	109.2
	110.0
	112.0
	114.4



	7’
	114.9
	112.1
	111.9
	111.5
	109.6



	8
	148.1
	151.3
	146.3
	148.9
	147.7



	8’
	148.1
	149.5
	145.1
	146.8
	147.4



	9
	148.1
	145.7
	144.2
	145.8
	145.7



	9’
	148.1
	147.0
	144.6
	144.4
	144.8



	10
	108.2
	104.8
	109.5
	114.4
	113.5



	10’
	109.8
	112.1
	111.9
	111.5
	109.6



	11
	54.9
	49.8
	51.0
	52.2
	51.4



	11’
	56.8
	52.3
	49.7
	54.1
	52.6



	MAE
	
	3.25
	4.83
	4.66
	4.68
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Table 4. The calculated differences between the experimental and theoretical values for each of the polymorphic forms. The blue color denotes the smallest values and red denotes the largest ones. Less intensive colors correspond with the smallest differences.
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	C Atom Number
	δEXP-δCALC I
	δEXP-δCALC II
	δEXP-δCALC II *
	δEXP-δCALC III





	1
	0.7
	−6.7
	−8.9
	−7



	2
	5.8
	3.8
	6.7
	6.5



	2’
	8
	10.6
	9.5
	10.5



	3
	0.3
	2.7
	3.2
	1.8



	3’
	3.9
	4.4
	4.8
	7.9



	4
	0.3
	2.3
	1.3
	2.2



	4’
	1.5
	5
	3.7
	2.1



	5
	2.5
	3.7
	6.1
	7.2



	5’
	4
	3.8
	5.1
	5.2



	6
	2.1
	11.8
	10.3
	10.5



	6’
	4.7
	12.1
	10.3
	11.7



	7
	4.9
	4.1
	2.1
	−0.3



	7’
	2.8
	3
	3.4
	5.3



	8
	−3.2
	1.8
	−0.8
	0.4



	8’
	−1.4
	3
	1.3
	0.7



	9
	2.4
	3.9
	2.3
	2.4



	9’
	1.1
	3.5
	3.7
	3.3



	10
	3.4
	−1.3
	−6.2
	−5.3



	10’
	−2.3
	−2.1
	−1.7
	0.2



	11
	5.1
	3.9
	2.7
	3.5



	11’
	4.5
	7.1
	2.7
	4.2







II * denotes the second molecule located in the independent part of the unit cell because for Polymorph II, Z` = 2.
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Table 5. Characteristics of dietary supplements used in the study.
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	No.
	Form
	Declared Content





	S1
	Capsule
	250 mg turmeric rhizome extract (curcumin min. 70%); 2.5 mg black pepper extract (piperine 95%)



	S2
	Capsule
	350 mg turmeric rhizome extract (266 mg curcumin); 5 mg black pepper extract (4.75 mg piperine)



	S3
	Capsule
	332 mg curcumin (95%)



	S4
	Tablet
	300 mg curcumin (95%); 5 mg piperine (95%)
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Intensity [a.u.]

curcumin

s1

T T T
10 20 30

2theta ()

T T
40 50 60





media/file4.png
(c) |

(f\).ffuk\______ J\J A

(a) J
P~ N—-Aw

%é%s>]
:

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30
ppm





nav.xhtml


  molecules-28-03442


  
    		
      molecules-28-03442
    


  




  





media/file16.png
Curcumin

| |
S1 11\ lll'.,
S2

|
A
S3 AN
J"I \j kU N
0 2 4 6 z 10 12 14 16 18

Retention time [min]





media/file2.png
11,17

42 41 40 39 38 3.7

“ppm
10,100 7.7 3,3
" 6,6 :
(b) ' A . ‘
‘.9 51.8 5'.7 5.6

78 77 76 75 74 73 72 7.1 70 69 68 6.7 66 65 64 63 6.2 6.1 6.0 5
ppm

2,2

S S S S

187 185 183 181
ppm

11,11

145 135 125 115
ppm





media/file5.jpg
88
5.9

55
66 7,7
3,310,101

w0 e m po do 0 W Do mo o w0 ® W o 0 0w B





media/file3.jpg
()

@)

2 10 w0 0 W 5o te Bo 0 g0 W0 % n @ % 4





media/file1.jpg
nar






media/file7.jpg
o A M
—A

@ AR

1 180 0 160 10 40 130 120 10 100 % 8 M & % 4 0 «
oom






media/file10.png
i

(e)

(d)

5 =

(a)

71 70 69 68 67 66 65 64 63 62 61 6.0
ppm

7.2

7.3

7.4

7.5

7.6

7.7





media/file12.png
~ — —~ ~~ \m-l

[F) ~—
~— ~— S’ N





media/file9.jpg
)
o M m

C
o I

.
Ju






media/file0.png





media/file14.png
Intensity [a.u.]

-

L .

R e i S S

20 30 40 50 60
2 theta [?]





media/file8.png
(d)

(b) M

2L e

190 180 170 160 150 140 130 120 110 100 9 80 70 60 S0 40 30 2
ppm





media/file11.jpg
LT

_—_
Ly

D VAN

y

L

© |/ __JLM_J Ul

(d)

© /J

()

@ J






media/file6.png
8,8

9,9

5,5

190

180

170

160

150

140

130

120

110
ppm

100

90

80

70

60

50

40

30





media/file15.jpg
Curcumin

S1

S2

s3 A
Y AV AV A
e A e

Retention time [min]





