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Background: Curcumin (CUR) is a functional ingredient from the spice turmeric. It has attracted considerable attention recently,
owing to its diverse biological activities. However, curcumin has low water solubility, which limited its applications. Some sugar
molecules were found to be able to solubilise poorly water-soluble compounds by forming micelles in aqueous solutions.

Purpose: To improve the water solubility and oral absorption of CUR, using a non-nutritive natural sweetener, namely, Mogroside
V (Mog-V).

Methods: A solid dispersion of CUR in Mog-V was prepared using a solvent evaporation method. The solid dispersion was
characterised by using X-ray diffraction and differential scanning calorimetry. The solid dispersion can dissolve in water to form
micelles with a diameter of ~160 nm, which were characterised by using dynamic light scattering. To find out the mechanism of
solubilisation, the aggregation behaviour of Mog-V molecules in aqueous solution was investigated using nuclear magnetic resonance
spectroscopy. Finally, oral absorption of CUR in the solid dispersion was evaluated using a rodent model.

Results: A solid dispersion was formed in a ratio of 1 CUR to 10 Mog-V by weight. Upon dissolution into water, CUR laden micelles
formed via self-assembly of Mog-V molecules, which increased the solubility of CUR by nearly 6000 times compared with pure CUR
crystals. In rats, the solid dispersion increased the oral absorption of CUR by 29 folds, compared with CUR crystals. In terms of
solubilisation mechanism, it was found that Mog-V self-assembled into micelles with a core-shell structure and CUR molecules were
incorporated into the hydrophobic core of the Mog-V micelles.

Conclusion: Mog-V can form a solid dispersion with CUR. Upon dissolution in water, the Mog-V in the solid dispersion can self-
assemble into micelles, which solubilise CUR and increase its oral absorption.
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Introduction
Curcumin (CUR) is a hydrophobic polyphenol derived from the rhizome of the widely utilised spice turmeric (Curcuma
longa).l’2 It has diverse biological activities, such as anti-inﬂammation,3 antioxidation,4 antiproliferation5 and anti-tumor.® The
proven clinical safety and efficacy of CUR make it a popular functional food ingredient.” However, the oral absorption of CUR is
limited by its poor solubility (0.25 pg/mL in water). To address these issues, a number of formulation strategies have been
developed, such as solid dispersions,8 cyclodextn'ns,9 microemulsions,’' nanopanicles,w liposomes,]1 and micelles'? (Table 1).
One way to solubilise CUR is to formulate CUR into nanoscale formulations, such as nano-spheres and nano-
capsules.® Among nano-formulations, micelles are self-aggregated colloids formed by amphiphilic molecules.'* Below

a certain concentration, namely, critical micellar concentration (CMC), the amphiphilic molecules exist as single
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molecules. When their concentration exceeds the CMC, the molecules self-assemble into micelles, which consist of
a lipophilic core and a hydrophilic shell. Drug molecules can be encapsulated inside the lipophilic core to achieve
increased solubility and absorption into human. As a nanoscale drug delivery system, the advantage of micelle is its

Table | Solubilisation of CUR Using Different Formulations

Preparation Formulation Fold Fold Change Ref.
Change Bioavailability
Solubility
Solid dispersions CUR: Mog-V=1:10 6712 29 -
CUR: HPMC=1:I - 17 [8]
CUR:TPGS: mannitol= 1:10:15 - 65 [36]
Cyclodextrins p-CD 23 - [9]
Microemulsions Kolliphor RH40 - 4.0 [37]
Nanoparticles TPGS, Brij78 - 12.3 [38]
Liposomes T™C - 1.6 [39]
Carbopol - 22 [40]
Micelles Pluronic - - [12]

Abbreviations: HPMC, Hydroxypropyl Methylcellulose; B-CD, B-Cyclodextrin; TPGS, D-Alpha-Tocopheryl Poly (Ethylene Glycol)
Succinate 1000; Brij78, Alkyl-PEO; TMC, N-Trimethyl Chitosan Chloride.
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relatively small size of a few hundred nanometres and simple preparation methods that are scalable to industrial
manufacturing.'* Non-ionic surfactants, such as Pluronic, can form micelles in aqueous solutions.'? The micelles and/
or vesicles can be prepared by thin film hydration or heating methods. However, surfactants may not be preferable for
oral applications, though they can be used in topical products to enhance skin permeability. Apart from non-ionic
surfactants, certain sugar molecules can also form micelles to solubilise CUR and other poorly water-soluble compounds.
Many compounds with low water solubility showed pronounced improvement in their solubility after being co-
formulated with glycosides, as shown in Table 2.

To prepare solid dispersions, commonly used methods include solvent evaporation, hot melting, and mechanical milling. '
For hot melting method, the elevated temperature may cause degradation of the active pharmaceutical ingredient and
excipients. For milling methods, though no solvent or high temperature is involved, specialised equipment is needed,
which may not be readily available. Solvent evaporation method, on the other hand, is easy to perform, especially when
ethanol is used to minimise potential hazards from organic solvent residues.

Previously, we studied the solubilisation effects of glycosylated hesperidin,'® glycosylated rutin,'” and glycosylated
stevia.'® The glycosylated compounds were prepared by trans-glycosylating the parent sugar molecules using an enzyme,
namely, cyclomaltodextrin glucanotransferase, via a complex process.

Alternatively, we can also use glycosidic ingredients extracted from plants.'*** Among them, Mogroside V (Mog-V), the
main triterpene saponin compound extracted from Siraitia grosvenorii, has been shown to be effective to solubilise silybins,
a natural flavonoid from the plant milk thistle (Figure 1A)."° As a non-nutritive sweetener, Mog-V is found in monk fruit and has
the status of Generally Recognised as Safe (GRAS) according to US-FDA (United States - Food and Drug Administration)."

Non-nutritive sweeteners become increasingly popular as food additives, owing to their potential health benefit of reduced
calorie intake. But synthetic sweeteners can lead to intestinal microbiome imbalance and glucose intolerance, causing
metabolic system disorders.?>** Natural sweeteners, on the other hand, such as stevioside, were better tolerated in human.?

Recently, we found that Mog-V can increase the water solubility of silybin, from 1 pg/mL to 2000 pg/mL, a 2000-
fold increment.'® This was achieved by mixing a small amount of silybin with a large portion of Mog-V to form a solid
dispersion, which was then dissolved in water. It was postulated that mog-V could form micelles, which encapsulated
silybin in the aqueous solution.

The findings have motivated us to investigate Mog-V further to find its solubilisation capability for other compounds
with poor water solubility. In addition, we are also interested to study its mechanism of solubilisation via micelle
formation in aqueous solutions. CUR was selected as a model compound owing to its significance in food industry and its
well-known poor water solubility (Figure 1B). We hypothesise that Mog-V can self-assemble into micelles with core-
shell structure to solubilise CUR in the hydrophobic inner core of the micelle (Figure 1C), with a similar mechanism to
those glycosylated sugar compounds for solubilisation.

To test our hypothesis, we first prepared the solid dispersion powders (SDPs) of Mog-V and CUR. The SDPs were
characterised by using powder X-ray diffractometry (PXRD) and differential scanning calorimetry (DSC), to verify if the
CUR has been dispersed and distributed inside Mog-V at molecular level. Afterwards, the SDPs were dissolved in
deionised water and the aggregation behaviour of Mog-V in the aqueous solution was assessed by studying the
concentration-dependent chemical shift changes. Then'H nuclear magnetic resonance (NMR) and two-dimensional
(2D) '"H-'H nuclear Overhauser effect spectroscopy (NOESY) were employed to evaluate the spatial localisation of
CUR and discussed the solubilisation mechanism of Mog-V for CUR. Lastly, we tested the oral absorption of the SDPs in
rats and measured the concentration of CUR in plasma.

Methods and Materials

Materials

CUR was purchased from Sigma-Aldrich (St. Louis, MO, USA). Glibenclamide, used as the internal standard (IS) in
plasma assay, was bought from Tansoole (TCI, China). Mogroside V (Mog-V, MW = 1287.43) was provided by Chengdu
Biopurify Phytochemicals Ltd. (Chengdu, China). All other chemicals and solvents were of analytical grade and used
without further purification.
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Table 2 Studies Using Glycosides to Solubilise Poorly Water-Soluble Drugs

Glycoside Molecular CMC Active Ingredients to Glycoside Micelle Size | Solubility Enhancement Ratio of | Enhancement Ratio | Reference
Weight (mg/mL) Ratio (w/w) (nm) (mg/mL) Solubility® of AUC?
Hesperidin-G 772.7 5.0 Naringenin: Hesperidin-G =1:20 - 3.5+ 0.2 77 - [41]
Flurbiprofen: Hesperidin-G =1:10 - 0.5 10 28 [42]
Probucol: Hesperidin-G =1:10 - 0.005 1000 53 [43]
Glibenclamide: Hesperidin-G =1: 5 - - - 6 [44]
Naringenin: Hesperidin-G =1:10 - 1.4 30 - [16]
Rutin-G 759 5.0 Tranilast: Rutin-G=1:10 29 0.04 322 36.4 [45]
Ipriflavone: Rutin-G=1:10 - 0.003 3 4.3 [46]
Folic acid: Rutin-G= 1:2 <100 | 100 - [47]
Flurbiprofen: Rutin-G =1:10 - - - 22 [17]
Stevia-G 965.0 12 Propolis: Stevia-G =1:10 350 - - 6.4 [48]
Curcumin: Stevia-G=1:10 - 0.5 1600 - [29]
Curcumin: Stevia-G: PVP K-30=1:10:0.5 - 4.1 13,000 6.7 [29]
Indomethacin: Stevia-G=1:10 - 0.04 5 - [49]
Flurbiprofen: Stevia-G=1:10 - 0.06 1.6 2.2 [43]
Probucol: Stevia-G=1:10 - 0.007 1340 9.8 [43]
Mefenamic acid: Stevia-G: LTAC=1:10:1 - - - - [50]
Naringenin: Stevia-G=1:10 3 1.8 36 - [18]
Quercetin: Stevia-G: PVP =[:10:5 - 0.1 5 - [51]
Stevioside 804.9 49 - 4.7 1.0 45 - [52]
Rebaudioside A 967.0 - Naringenin: Rebaudioside A=1:24 5.2 24.6 2198 2.1 [53]
Mogroside V 1287.4 5.5 Silybin: Mog-V =1:20 206 22 1931 24.5 [19]
Curcumin: Mog-V=1:10 154 1.4 5712 29 -
ssP-glucan - - Quercetin: ssp-glucan=1:10 - - - - [54]
Naringin-G 7425 - Pranlukast hemihydrate: Naringin-G =1:5 27 - - 22 [55]
Rubusoside 642.7 - Curcumin: Rubusoside=1:20 8 23 2318 - [20]

Note: *After Solubilisation /Untreated Drug.

Abbreviations: PVP, Polyvinylpyrrolidone; Hesperidin-G, a-Glucosyl Hesperidin; Rutin-G, a-Glycosyl Rutin; Stevia-G, a-Glucosyl Stevia; Naringin-G, a-Glycosylated Naringin; LTAC, Lauryl Trimethyl Ammonium Chloride.
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Figure | Chemical structures of (A) Mogroside V (Mog-V) and (B) Curcumin (CUR) with protons of representative chemical shifts numbered. Schematic representation of
the solubilisation mechanism: self-assembly of Mog-V micelles in aqueous solution to encapsulate CUR (C).

Preparation of Physical Mixtures (PMs) and Solid Dispersion Powders (SDPs)

The PMs were prepared by physically mixing CUR and Mog-V at a weight ratio of 1:10 in a glass vial using a vortex
mixer. The CUR/Mog-V SDPs were prepared using a solvent evaporation method. CUR (10 mg) and Mog-V (100 mg)
were dissolved in the ethanol/water solution (4:1 v/v) with sonication (KQ-250DE Sonorex, Jiangsu, China), followed by
rotary evaporation (EYELA N-1100, Shanghai, China) in a water bath at 50 °C for 1 h to remove the solvent. All the

powders were stored in a desiccator before their physicochemical properties were tested.

Powder X-Ray Diffraction (PXRD)

PXRD analysis of all samples (CUR, Mog-V, CUR/Mog-V PMs, and CUR/Mog-V SDPs) was performed at ambient
temperature using the D8 X-ray diffractometer system (Bruker AXS, Madison, WI, USA) and Cu Ka radiation (generator
setting: 40 kV and 40 mA). Diffraction data were collected at the 20 scanning, ranging from 3° to 40° with the scanning
speed of 4°/min.

Differential Scanning Calorimetry (DSC)

DSC measurements of all samples (CUR, Mog-V, CUR/Mog-V PMs, and CUR/Mog-V SDPs) were performed using
a Netzsch Thermal Analysis DSC 204 (NETZSCH, Germany). Accurately weighed sample (5 mg) was placed in
standard aluminum pans and heated at a scanning rate of 10 °C/min from 30 to 300 °C under the nitrogen purging

gas. Each run was repeated at least twice.
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Particle Size Analysis

The volumetric particle size distribution of the micelle was determined by dynamic light scattering (DLS) method using
a NanoBrook Brookhaven 90 Plus Zeta (Brookhaven Instruments Ltd., USA). The Mog-V and CUR/Mog-V SDPs were
dispersed in deionised water, respectively, and then sonicated for 2 min before measurements. The mean particle size was
the average value of 3 replicates.

Solubility Measurement

The apparent solubility of crystalline CUR and CUR/Mog-V SDPs was determined in a flask. Excess samples were
added in deionised water, and then mixed at 50 strokes/min at 37 °C. After 24 h, the samples were filtered using
a membrane syringe filter (pore size = 0.45 um). The concentration of CUR was determined using a high performance
liquid chromatography (HPLC) system (LC-2010C HT, Shimadzu Co., Ltd., Kyoto, Japan). A Phenomenex C;g column
(4.6 mm x 250 mm, 5 um) was used, with a mobile phase consisting of 2% glacial acetic acid:methanol (23:77 v/v) at
a flow rate of 1 mL/min. The detection wavelength was set at 424 nm. All solubility measurements were performed in
triplicates.

Dissolution Test

The dissolution test was carried out in 100 mL of pH 1.2 and pH 6.8 phosphate buffer solutions (each containing 0.2%
Tween 80) under a stirring speed of 50 rpm at 37 °C. The crystalline CUR and CUR/Mog-V SDPs were weighed to keep
an equal amount of 2 mg CUR. During the study, 0.5 mL samples were withdrawn at specified time intervals (5, 10, 20,
30, 60, 120, 180, 240 and 300 min), simultaneously replacing the equal volume of the pure medium of 37 °C. The
samples were filtered through a 0.45 um membrane filter and analyzed using the HPLC system as described above. Three
replicates for each sample were assayed.

NMR Measurements

All NMR experiments were performed at 37 °C on a Bruker AVIII-500 NMR spectrometer (Bruker Corporation,
Germany). The samples were prepared in D,O. As an external reference, 0.05% 3-(trimethylsilyl) propionic-2,2,3,3-d,4
acid sodium salt (TSP) was used to calibrate the NMR chemical shifts. The spectra were analyzed with reference to the
internal signal of TSP-d 4 protons at 0 ppm. Resonance assignments for Mog-V were made according to 2D
'H-"H COSY, 'H-"*C HMBC, and 'H-'*C HMQC NMR spectra and the reference data.>* The chemical shifts of protons
in Mog-V were recorded as a function of the concentrations (1, 2, 3, 4, 5, 8, 10, 15, 20, 30 and 50 mg/mL).

The 2D 'H-'H NOESY spectra for 1.0 and 50 mg/mL Mog-V solutions were measured to check the molecular
conformation of Mog-V in the aqueous solution. Under similar conditions, '"H NMR spectra and 2D 'H-'H NOESY
spectra of CUR/Mog-V SDP solutions (concentration equivalent to 50 mg/mL of Mog-V) were also recorded to validate
the interaction positions between CUR and Mog-V molecules. The peaks of CUR were assigned based on prior reports.?

Oral Absorption in Rats
Male Sprague-Dawley (SD) rats weighing 200 + 20 g were obtained from Qinglongshan Ltd. (Nanjing, China). The rats
housed under standard conditions were fasted overnight prior to the drug administration, and water could be obtained ad
libitum. Experimental procedures on animals were undertaken following the National Guidelines and under the approval
of the animal care committee of China Pharmaceutical University for project 81473357.

A total of 8 rats were randomly divided into two groups (4 animals in each group) for oral absorption study. Group
I received CUR crystals suspended in 0.5% carboxy methyl cellulose by intragastric gavage at a dose of 100 mg/kg, as
illustrated in Supplementary Information (SI). Group II was orally administered CUR/Mog-V SDP aqueous solution at

the same dose of CUR, which was freshly prepared by dissolving CUR/Mog-V SDPs in deionised water. Blood samples
(0.3 mL) were collected immediately from the suborbital vein under light ether anaesthesia and placed in heparinised 1.5
mL polythene tubes at 5, 15, 30, 60, 120 and 240 min post dosing. Each blood sample was immediately centrifuged at
14,000 rpm for 10 min and the separated plasma samples were stored at —20 °C until further assay.
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Plasma Sample Assay

The internal standard, namely, 20 pL glibenclamide solution (400 ng/mL), and 130 pL of acetonitrile were added into 50
pL plasma samples after thawing, the mixture was vortexed for 5 min and centrifuged at 14,000 rpm for 10 min. Ten
microliters of the supernatant were injected into a LC-MS/MS system for analysis.

The chromatographic separations were performed on a Phenomenex C;g column (4.6 mm x 250 mm; 5um) using an
Agilent 1260 Series liquid chromatography (Agilent Technologies, Palo Alto, CA, USA). The column was maintained at
room temperature during analysis. The mobile phase consisted of 0.1% formic acid solution and methanol (20: 80, v/v).
The flow rate was set at 1 mL/min.

The LC effluent was split and introduced into an Agilent triple quadrupole mass spectrometer (Agilent Technologies,
USA). The ESI source was operated in the positive mode. The ion transitions of m/z 368.9 — 177.0 (CUR) and m/z 494.3
— 369.1 (IS) were chosen for the quantitative analysis while undergoing multiple reaction monitoring (MRM). To
separate and determine CUR and IS, the MS analysis detection was optimised when the collision energy was at 20 eV for
both analytes. The fragmentors were 110 V for CUR and 135 V for IS, respectively. Other optimal parameters were as
follows: dwell time, 300 ms; capillary voltage, 4 kV; cell accelerator voltage, 7 V; gas temperature, 300 °C; nebuliser gas,
15 psi; gas flow, 11 L/min. The data analysis was performed by Agilent Mass Hunter Software.

Statistical Analysis

The data were analysed using SPSS (version 26.0 for mac). The pharmacokinetic parameters were calculated with the
non-compartmental model of DAS software version 3.2.7 (Shanghai, China). The experimental data are presented as
mean + standard deviation (SD).

Results and Discussion

Solid State Characterisation

Amorphous solid dispersion (ASD) is a popular strategy to increase the solubility of insoluble drugs.® ASD is a single-
phase amorphous system, where the active ingredient is molecularly dispersed in an excipient matrix. The amorphous
state is responsible for their improved dissolution properties because of its higher Gibbs free energy than the crystalline
state, as the drug crystal lattice at amorphous state can be broken freely.”’-*®

Previous work has shown that a-glucosyl stevia and rubusoside could enhance the solubility of CUR.?>* In the
current study, PXRD was used to confirm the crystalline form of the obtained samples. The PXRD pattern (Figure 2) of
crystalline CUR exhibited sharp diffraction peaks, while Mog-V showed a broad amorphous band. The superimposition
of the diffraction peaks of CUR and Mog-V was observed in the PXRD pattern of the PMs. For the SDPs, the diffraction
peaks disappeared, and a characteristic halo pattern was observed, proving that crystalline CUR was successfully
changed into amorphous state, indicating the formation of amorphous solid dispersions.

The PXRD alone may not be sufficient to confirm the amorphous form due to the possibility of formation of small
traces of crystallinity and nanocrystals.*® Therefore, a DSC test was performed to confirm the results. DSC thermograms
(Figure 2) revealed the endothermic peak of CUR crystal and Mog-V at a temperature of 178.8 °C and 174.3 °C,
respectively. This value is in line with the reported melting temperature of CUR.>' The DSC curve of the PMs remained
as a superimposed DSC pattern of CUR crystal and Mog-V. In contrast, the endothermic peak of SDPs was observed at
152.8 °C, and the melting peak of CUR disappeared, indicating that the crystalline CUR transited to the amorphous state.

Particle Size Distribution in Aqueous Solutions

In this study, micelles were formed by the self-assembly of Mog-V. The poorly water-soluble CUR molecules were
encapsulated in the hydrophobic core and solubilised in the aqueous solution. To find out the Mog-V micelle size
distribution, the Mog-V powders and SDPs were added to water, respectively. After the solids were fully dissolved, the
micelle size was determined using DLS method. It was found that Mog-V self-aggregated and formed micelles. As
shown in Figure 3A, Mog-V molecules without CUR can form micelles with a diameter of ~160 nm. In the presence of
CUR, Mog-V also formed micelles with a slightly smaller diameter of ~154 nm.
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Figure 2 Power X-ray diffraction diagrams and differential scanning calorimetry thermograms of (A) SDPs, (B) PMs, (C) Mog-V, and (D) CUR.

Solubility & Dissolution Test

The solubility of untreated CUR was determined to be 0.25 ug/mL in deionised water after incubation at 37 °C for 24h,
while the solubility of CUR in SDPs dramatically increased to 1428 pg/mL, a 5712-fold increase. The dramatic increase
of CUR solubility can be ascribed to the fact that CUR inside SDPs is in amorphous state with higher Gibbs free energy
than in crystalline state, and the molecular crystal lattice at amorphous state can be broken freely.

Apart from 24-h solubility, the dissolution rate of CUR was also determined from time 0 to 5 h in both acidic and
basic solutions. Figure 3C and D show the dissolution profile of CUR from SDPs in pH 1.2 and pH 6.8 buffer solutions
compared to untreated CUR. The dissolution rate of crystalline CUR was slow in pH 1.2 (22% released in 300 min). In
contrast, for SDPs, the concentration of dissolved CUR rapidly increased to 54% in 5 min. In the pH 6.8 buffer solution,
the trend was similar, i.e., the CUR from SDPs dissolved quickly, while CUR crystal showed a slow dissolution rate.

Aggregation Behaviour of Mog-V in Aqueous Solutions

To study the aggregation of Mog-V in aqueous solutions, NMR is used. In NMR, the "H chemical shift is often sensitive
to subtle changes in the local environment of the molecule and is usually used to study molecular associations.*?
Figure 4A shows the "H NMR spectra of Mog-V at various concentrations. Changes of the chemical shifts of all protons
with increased concentrations were observed, partial protons (6) from the tetracyclic triterpenoid skeleton tend to move
up-field, while some protons (2) exhibited downfield shifts, confirming the formation of aggregates as the Mog-V
concentration increased.

The chemical shift changes were used to calculate the CMC. In this study, the CMC was used as the index parameter
of the self-assembly formation. If the concentration is below the CMC, the observed chemical shift (3,) is the chemical
shift of the pure monomer (8,,,,) since the protons are surrounded by solvent molecules. If the concentration is above the
CMC, b, is the weighted average of chemical shifts of the monomer and micelle (8,,,) when the exchange of
monomers and micelles in the solution is faster than the NMR time scale. In this case, the observed chemical shift is

expressed as (Equation 1) using the mass-action law model, where C is the total concentration.>?
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CMC)
Therefore, the fitting lines on both sides of the CMC can be obtained by plotting d.,s against 1/C (Figure 4B). The value
of CMC is corresponding to the intersection points. The CMC of Mog-V was calculated to be ~5.5 mg/mL.

The chemical shift changes were further used to find the aggregation number (N,q,) of Mog-V. If the molecules exist
as monomers or aggregates (with given N,,,), the self-aggregation equilibrium model can be described as (Equation 2),
where K represents the equilibrium constant, n represents the aggregation number, M and M,, represent the monomer and
micelle.

K = [M]""M,] 2)
Equation (3) can be obtained by combining equations (1) and (2):
10g[C(Smon —Bobs )]= n10g[C(Sobs —Omic )] +1log(nK)+(1— n)log(Smon—obs) 3)

According to (Equation 3), two fitting lines on both sides of the CMC can be obtained by plotting log [C(Smon— Oobs)]
against log [C(Sops— Omic)] (Figure 4C), and the slope of the fitting lines represented Nagg.3 * It was found that when the
Mog-V concentration was below the CMC, the N4, was 2, implying dimer formation of Mog-V, while above the CMC,
the N,g, of Mog-V was 8.

To further investigate the aggregation behaviour of Mog-V in water, the structure of Mog-V molecules in non-
aggregated and aggregated states was examined by using 2D "H-"H nuclear Overhauser Effect Spectroscopy (NOESY).*
The nuclear Overhauser effect (NOE) is the transfer of nuclear spin polarisation from one population of spin-active
nuclei to another. NOE is an important NMR parameter for conformational analysis, as the magnitude of the NOE is
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Figure 4 '"H NMR spectra of Mog-V solution at concentrations of 1-50 mg/mL recorded in D,O (A). Plots of (B) 8ops against |/C and (C) log (C(8obs-dmon)) against log
(C(Bmic-Sobs)) for the H-30 peak from the 'H NMR spectra. 2D 'H-'"H NOESY spectra of Mog-V at (D) | mg/mL (below CMC) and (E) 50 mg/mL (above CMC).

inversely proportional to the interproton distance. In NOESY, the NOE is manifested as a cross-peak between two
resonances indicating that the two protons are near in space.

For the Mog-V solution of 1 mg/mL, its NOESY spectrum showed a few weak cross-peaks only among sugar proton
pairs, which could be ascribed to intramolecular interaction (Figure 4D). However, we did not observe any NOE cross-
peaks between the glucose group and the basic skeleton protons of Mog-V. The results showed that the Mog-V was likely
in a non-aggregated state. The result is expected as the CMC of Mog-V was ~5.5 mg/mL. At such low concentration of
1 mg/mL, Mog-V molecules are in free form.

When the concentration of Mog-V increased to 50 mg/mL, additional correlation peaks were observed (Figure 4E),
indicating dense packing of the molecules in the aggregates. Most of the new cross-peaks appeared in the hydrophobic
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region, which can be ascribed to the hydrophobic core formation, implying the hydrophobic interaction of the tetracyclic
triterpenoid skeleton of the Mog-V molecule. At the same time, the cross-peak intensity of sugar protons among
hydrophilic portion was increased in comparison with that under the non-aggregated state. It is worth noting that there
were no NOE interactions between tetracyclic triterpenoids skeleton and the hydrophilic portion of the Mog-V.

Collectively, these results showed that Mog-V molecules self-associated into micelles at higher concentrations, with
the tetracyclic triterpenoids skeleton forming a hydrophobic core, and surrounding sugar groups forming the shell, as
depicted in Figure 1C. The core-shell structure provided the mechanism of solubilising compounds with poor water
solubility.

In our previous studies, it was shown that micelles of glucosides played an important role in the improvement of the
apparent solubility of drugs.'®'® Moreover, the nanostructure of micelles self-assembled by various glucosides displayed
different properties. For example, the CMC of Rutin-G was 5 mg/mL, while that of Stevia-G was 12 mg/mL; the aggregation
number of Rutin-G above the CMC was 4, while that of Stevia-G was 12. In the current study, the CMC of Mog-V was found
to be 5.5 mg/L and the aggregation number was 8, when the concentraion is above CMC. Thus, it is necessary to study the

properties of nanosized micelles and aggregation behaviour of glucosides during the formulation development process.

Solubilisation Mechanism of CUR
To understand the interaction of Mog-V with CUR in water, the '"H NMR and 2D '"H-"H NOESY NMR spectra of Mog-
V and CUR/Mog-V SDPs were recorded (Figure 5). In '"H NMR spectra, the peaks of CUR from SDPs were clearly
detected, indicating CUR was in molecular-dispersed state rather than crystal state. Furthermore, the proton peaks of the
tetracyclic triterpenoid skeleton (H-3, 6, 11, 15, 19, 21, 24, 26, 27, 28, and 29) from SDPs exhibited upfield shifts
compared with that of the untreated Mog-V, while the glucose protons showed no significant change.

This result revealed the interaction of the tetracyclic triterpenoid skeleton of Mog-V with CUR. In the 2D
"H-'"H NOESY NMR spectra, the key NOE cross peaks, used to infer the possible interaction sites between Mog-V
gar (27.2&15)(‘23‘29)
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and CUR, are marked. The aromatic protons and olefinic protons of the CUR (a, b, d, e, g, h, i and j) exhibited NOE
correlations with those of the tetracyclic triterpenoid skeleton (H-3, 6, 11, 15, 19, 21, 24, 26, 27, 28, and 29) of Mog-V. In
contrast, there were no NOE cross-peaks between the CUR protons and the glucose units of Mog-V. Taken together, the
NOE interactions showed that CUR was solubilised due to the inclusion into the Mog-V hydrophobic core of Mog-V
micelles.

Oral Absorption of CUR Crystal and SDPs in Rats

To evaluate the oral absorption of CUR, the CUR powders and CUR/Mog-V SDPs were administered to rats,
respectively, at the same dose of 100 mg CUR/kg. The plasma concentration—time profiles of CUR are shown in
Figure 6 and Table 3. The plasma concentration of CUR/Mog-V SDP group rapidly reached a maximum of 663.1 + 331
ng/mL at 15 min, which was 111-fold higher than that of CUR group. The area under the curve (AUC,_) obtained for
CUR/Mog-V SDPs was 29-fold higher than that of CUR group.

The significant increase (p < 0.05) of both C,;,ox and AUC (o clearly demonstrated the effectiveness of Mog-V for
enhancing the oral absorption of CUR.

The oral absorption results are consistent with those obtained in the dissolution study, in which CUR dissolved much
faster and achieved higher solubility in SDPs compared with CUR powders. With more solubilised CUR molecules in the
Mog-V micelles, the CUR can be better absorbed into blood circulation, possible via passive diffusion mechanism.
Additionally, the results also indicated that the SDPs are a useful formulation for oral delivery of CUR.

Conclusion

It was shown that, CUR and Mog-V can form a solid dispersion at a ratio of 1:10. When dissolved in water, the solid
dispersion self-assembled into Mog-V micelles to solubilise CUR by nearly 6000-fold. The CMC of Mog-V was found to
be 5.5 mg/mL, and the aggregation number was 8§ when the concentration was above CMC. With a diameter of ~160 nm,
the Mog-V micelles exhibited a core-shell structure, in which the tetracyclic triterpenoid skeleton was segregated from

Table 3 The Oral Absorption of CUR Crystal and CUR/Mog-V SDPs in Rats

Group Cumax (ng/mL) Tomax (min) AUC,_. (ng min/L)
CUR/Mog-V SDPs 663.1+331 1540 45,665+14,926
CUR crystal 5.992+3.6 10£5.8 15774491

Note: Data represent the rean + SD of 4 rats.
Abbreviations: C,,,,, Maximum CUR concentration in plasma; T.x Time to maximum concentration;
AUC, 7, Area under the curve.
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the aqueous exterior to form a core to encapsulate CUR. In rats, the solid dispersion increased the oral absorption of CUR
by 29-fold compared with CUR crystals. Mog-V can be a useful carrier to increase the solubility of hydrophobic
molecules, such as CUR.
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