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Abstract

Oleanolic (OA) and maslinic (MA) acids are two natural triterpenoids with a wide range
of beneficial effects for human health. However, their low solubility and permeability
make their application in the food or pharmaceutical industry difficult. The complexation
of OA and MA with a- B-, y-, HP-a-, HP-- and HP-y-CDs under different pH and
temperature conditions has been studied. Neither a- nor HP-a-CDs formed inclusion
complexes, while B-, HP-B- and HP-y-CDs provided AL type and y-CDs Bs phase
solubility diagrams. Complexation was shown to be more stable in the case of MA but
complexation efficiency was greater for OA. Increasing the pH and temperature of the

complexation media tended to improve the complexation process with triterpenic acids.

1. Introduction

Oleanolic acid (OA) and maslinic acid (MA) are two natural pentacyclic
triterpenoids widely distributed in nature (Fig. 1 Ai and Fig. 2 Ai). Many previous studies
indicate that these compounds are naturally present, in both free and glycosylated forms,
in hundreds of plants species (Somova, Nadar, Rammanan & Shode, 2003; Fai & Tao,
2009; Gao, Tang & Tong, 2012; Lin, Yan & Yin, 2014), as well as in other organisms
such as bacteria, fungi and yeasts (Parra et al, 2014). One of the plant species in which
these compounds are particularly plentiful is the olive tree, and significant quantities are
found in the by-products resulting from the olive oil extraction. Chouaib et al. (2015)
studied the concentration of OA and MA in olive pomace from different olive tree
varieties, finding values of between 0.19 and 3.40 mg/g DW, and between 0.29 and 8.50

mg/g DW for OA and MA, respectively.

The biological and chemical properties of natural triterpenes, as well as their
derivatives, have been widely studied in recent years. Around 40 % of all scientific
publications related to the biology and chemistry of these compounds were published

between 2010 and 2015 (Sommerwerk, Heller, Kuhfs & Csuk, 2016), with an upward
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trend between these dates (Tasca & Baggio, 2017). The huge interest in OA and MA lies
in their broad spectrum of biological properties. Many studies highlight their role as
hepatoprotectives (Chen, Liu, Yang, Zhao & Hu, 2005; Yan, Yang, Lee & Yin, 2014),
inhibitors of rheumatoid arthritis (Choi et al., 2016), and their antimicrobial (Kurek,
Nadkowska, Pliszka & Wolska, 2012; Chouaib et al., 2015), anticarcinogenic (Lin et al.,
2014; Chouaib et al., 2016), anti-inflammatory (Chouaib et al., 2016), antidiabetic
(Castellano, Guinda, Rada, Delgado & Cayuela, 2013) and antiviral (anti-HIV) (Parra et

al., 2014) actions.

The main disadvantage of these compounds for application in food or
pharmaceutical industry as functional ingredients is their low aqueous solubility and
permeability. A variety of values for the water solubility of OA have been reported by
different authors. Jager, Winkler, Pfiiller and Scheffler (2007) established the water
solubility of OA as 0.02 pg/mL, and Li, Quan, Liu, Wei, Zhang and Xu (2009) concluded
that its aqueous solubility was lower than the detection limit of their methodology used
(<0.1 pg/mL). However, other authors indicated higher aqueous solubility values,
including 4.61 pg/mL at 20 °C (Gao et al., 2012). No values for the aqueous solubility of
MA have been found in the literature. The permeability value of OA (Papp = 1.1-1.3 x
10 cm/s in the apical-to-basolateral direction at 10 and 20 uM) has been mentioned by
some authors (Jeong et al., 2007). This combination of low solubility and permeability
means that these triterpenoids are of low bioavailability. Another disadvantage associated
with poor aqueous solubility is the need to use organic solvents such as cyclohexane,
ethyl acetate, methanol, acetonitrile or acetone for their extraction from plant material
(Bernatoniene, Cizauskaite, Ivanauskas, Jakstas, Kalveniene & Kopustinskiene, 2016;

Tasca & Baggio, 2017).
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Several efforts have focused on improving the bioavailability and extractability of
OA and MA by increasing their aqueous solubility. Chen, Zhong, Tan, Wang and Wnag
(2011) determined that solid-liquid nanoparticles improve the bioavailability of the OA.
An increase in pH has also been proposed for increasing the solubility of these
compounds. For example, Jager et al. (2007) increased the water solubility of OA to 77.2
ug/mL by increasing the water pH to 11.5. Jiang, Yang, Du, Zhang and Zhang (2016)
significantly increased the solubility of OA by the formation of solidified phospholipid
complexes with hydroxyapatite. Other techniques studied to increase the aqueous
solubility of these compounds have been the particle size reduction, solid dispersion,
cosolvency, salt formation and the combination of any of them (Loftsson, Jarho, Masson

& Jarvinen, 2005).

Complexation with cyclodextrins (CDs) has been widely used to increase the
aqueous solubility of different compounds (Lucas-Abellan, Fortea, Gabaldon & Nuiiez-
Delicado, 2008; Mercader-Ros, Lucas-Abellan, Fortea, Gabaldon and Nufniez-Delicado,
2010a; Mercader-Ros, Lucas-Abellan, Gabaldon, Fortea, Martinez-Cacha, Nuiez-
Delicado, 2010b), and to improve the extraction of compounds with a poor aqueous
solubility from food by-products (Lopez-Miranda et al., 2016). Chen, Wu, Li and Cheng
(2010) improved the extraction of OA from leaves of Chaenomeles speciosa by using
HP-B-CDs. Li et al. (2009) observed that the concentration of extracted OA increased
from 0.08 mmol/L to 2.15 mmol/L when the concentration of HP--CDs increased from
5 mmol/L to 60 mmol/L. In a study developed by Quan, Liu, Li, Zhang, Qian and Xu
(2009), it was observed that the combination of HP-B-CDs with water soluble polymers

(HPMC and PVP) improved the aqueous solubility of OA and its isomer ursolic acid.

CDs may be regarded as suitable tools for improving the aqueous solubility of

triterpenic acids, especially OA and MA. However, previous studies have mainly focused

4
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on OA and its interaction with HP--CDs, and there is no information about other CDs
types or different complexation conditions. For this reason, it was thought necessary to
improve our knowledge on the complexation mechanism between OA and MA with
different types of CDs, as well as different complexation conditions such as pH or

temperature.

The aim of this work was to study the complexation behavior of OA and MA with
natives o- - or y-CDs as well as their modified HP-a-, HP-B- or HP-y-CDs, and the

effect of pH and temperature on the complexation process.

2. Material and Methods

2.1. Reagents and standards

OA (94% purity) and MA (83.4 % purity) were commercial extracts provided by
Nutrafur S.A. (Murcia, Spain). Acetonitrile and water of HPLC grade were purchased
from JT Baker (The Netherlands). The a- B-, y-, HP-a-, HP-B- and HP-y-CDs were
purchased form Winplus International Limited (China). Reagent grade acetic and boric
acids were purchase from Sharlau (Tarragona, Spain), and potassium di-hydrogen

phosphate (reagent grade) were purchased from Panreac (Barcelona, Spain).

2.2. Complexation and phase solubility diagrams

The complexation process of OA and MA were evaluated by developing phase
solubility diagrams, according to a modified method of that described by Higuchi and

Connors (Higuchi & Connors, 1965). Excess amounts of OA and MA were added to 10

mL of aqueous solutions of increasing concentrations from 0 to 13 mM for 3-CDs and 0
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to 50 mM for a-, y-, HP-a-, HP-B- and HP-y-CDs. The different phase solubility diagrams
were prepared in glass test tubes and maintained in an ultrasonic bath (Ultrasons H.P.

Selecta, Spain) for 60 min to reach equilibrium.

The effect of temperature on the complexation process was studied by developing
solubility experiments in distilled water at different temperatures (4 °C, 25 °C and 65 °C).
The effect of pH on the complexation process was studied by developing solubility
diagrams in buffered solutions of CDs at pH 3.0 (sodium acetate buffer), 6.5 (sodium

phosphate buffer) and pH 9 (sodium borate buffer).

After 60 min of ultrasound treatment, solutions were centrifuged in a
microcentrifuge (Eppendorf Centrifuge S415D, Germany) at 10000 xg for 10 minutes and
filtered using 0.45 pm nylon membrane filters (Chromafil. Macherey-Nagel, Germany).

Phase solubility diagrams were made in triplicate.

The complexation constant Kc between the triterpenic acids and CDs was
calculated from the slope of the phase solubility profile and the solubility of the triterpenic

acid in aqueous solution (So) by using the equation (1):

slope

- S, (1—slope) M

c

The complexation efficiency (CE) is the ratio between dissolved complex and free
CDs concentration. It is independent of So, and was calculated from the slope of the phase

solubility profiles by using the equation (2).

disolved — complex] _ S, *K, = _slope 1009 )
[co];

ce - _
(1-slope)

The molar ratio OA:CD and MA:CD was calculated using the CE value with the

equation (3).
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2.3. Thermodynamic parameters of the complexation process

The thermodynamic parameters calculated were the Gibbs free energy transfer
(AG"), standard free energy change (AG"), standard enthalpy change (AH’), and standard

entropy change (AS?).

The AG represents the free energy of transferring a compound from water to the

CD hydrophobic cavity, and was calculated by equation (4).

AGY = —RT-lnSi(4)

0

in which S is the molar solubility of OA or MA in a CDs aqueous solution, R is the gas

constant and T is the absolute temperature in K.

The AG® values of the complexation reaction were calculated from the Kc using

the equation (5).
AG” =-2.303RT-logK.(5)
The AH? values were also calculated from Kc by using the van’t Hoff equation

(6):

0

LogK. =- AH

—+C
2303RT ©)

The AS° could be also calculated by using the equation (7):

AG" = AH® —T-AS°(7)
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2.4. OA and MA determination by HPLC

OA and MA were quantified by HPLC analysis using an HPLC Agilent
Technologies model 1200 equipped with a DAD detector set at 203 nm, injecting 20 pL.
of centrifuged and nylon filtered complexes. Separations were carried out on an
endcapped (5 pum) HPLC Cartridge 250-4 LiChospher 100 RP-18. The column
temperature was set to 30 °C, and the flow rate was 1 mL/min. The mobile phase used
was water (A) versus acetonitrile (B) for a total running time of 26 min, during which the
gradient changed as follows: solvent B was maintained at 70 % from 0 to 10 min, then
increased to 80 % and maintained for 13 min, before returning to initial conditions in 3
min. Time retentions were 9.1 min for MA and 19.9 min for OA. The data were processed
by Agilent ChemStation software, and the OA and MA concentrations were expressed in

mM.

3. Results and discussion
3.1. Complexation of OA and MA

In order to study the ability of CDs to increase the aqueous solubility of OA and
MA, phase solubility studies were carried out in distilled water at 25 °C with different
types of native and modified CDs. The results obtained by using these types of CDs are

shown in Fig. 1 and 2 (m) for OA and MA, respectively.

The presence of a- or HP-a-CDs did not increase the aqueous solubility of OA or
MA, indicating that inclusion complexes were not formed, probably due to the small size

of the hydrophobic cavity of these two types of CDs (data not shown).

In the case of - and HP-B-CDs, the phase solubility diagrams showed an AL type
profile, for both OA (Fig. 1A and 1B) and MA (Fig. 2A and 2B), indicating that water

8
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soluble complexes were formed. The slope value was lower than 1 in all cases, indicating
the 1:1 stoichiometry of the complexes (Higuchi & Connors, 1965), whereby each
molecule of OA or MA enters one molecule of the CD. Li et al. (2009) observed an AL-
diagram for OA and HP-B-CDs and suggested that this kind of diagram could be normal

for compounds with low water solubility.

Assuming the formation of 1:1 complexes, the complexation constant (Kc) was
calculated by using linear regression analysis from the phase solubility diagrams

according to equation (1). Kc values in water at 25 °C are shown in table 1 (T 25 °C).

The Kc value obtained was higher for native than for modified CDs in both OA
and MA, indicating a greater affinity of the native B-CDs for the triterpenic acids
compared to their modified HP-B-CDs. The Kc value obtained for the B-CDs-OA
complex was 825 M™! whereas in the case of HP-B-CDs the Kc value was 201 M. In the
case of MA, the Kc values were quite similar: 2653 and 2537 M™! for B- and HP-B-CDs,
respectively. Chemical modification by adding hydroxypropyl groups to native f-CDs
does not favour its capacity to entrap OA or MA in the hydrophobic cavity. These results
agree with those obtained for oxaliplatin, when B-CDs showed higher Kc (1438 M) than
HP-B-CDs (664 M) (Zhang et al., 2016). However, the results contrast with those
obtained for many other compounds, such as resveratrol (Lucas-Abellan et al., 2008) or
diazepam and nitrazepam (Hadziabdi¢, Elezovi¢, Rahi¢ & Mujezin, 2012). It is important
to note that the stability of the complexes formed between B- or HP-B-CDs and MA were
higher than those formed with OA as their Kc values indicated. This fact might well be
due to the presence of an additional OH group in the chemical structure of MA, which

would interact with the surrounding OH groups of the CD cavity.

In the case of native y-CDs, phase solubility diagrams obtained for both OA and

MA were of the Bs type (Fig. 1C and 2C). This type of phase solubility diagrams indicated
9
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that the solubility of triterpenic acids increased with CDs concentration until reaching a
maximum, before remaining constant or decreasing for higher CDs concentrations. The
complexes formed with y-CDs presented limited solubility (approx. 0.15 mM),
decreasing in the presence of y-CDs concentrations above 2.5 mM for OA (Fig. 1C), and
5 mM for MA (Fig. 2C). This effect could be explained by the formation of
supramolecular complexes of high molecular weight that precipitate (more than one y-
CDs is added to formed complexes). This Bs type phase solubility diagram contrast with
those of the AL type obtained for the complexation of picoplatin (Zhang et al., 2014),

fisetin (Zhang et al., 2015) or oxaliplatin (Zhang et al., 2016) with y-CDs.

The value of Kc for y-CDs was calculated from the initial linear portion of the
phase solubility diagrams, from 0 to 1 mM (Fig. 1Ci and 2Ci), for which the slope value
was lower than 1, indicating that the stoichiometry of the complexes formed was 1:1. The
Kc values obtained were 4895 M! for OA and 18723 M™! for MA (Table 1, T 25 °C),
which indicated that the interaction between the triterpenic acids and y-CDs was much
stronger than the corresponding interactions observed in the case of B-CDs. It is also
important to point that the complexes formed between MA and y-CDs were more stable
than those formed with OA, as indicated by the higher Kc value obtained. As in the case
of B-CDs, this could also be due to the presence of an additional OH group in the chemical
structure of MA, which would interact with the surrounding OH groups of the CD cavity.
The Kc values obtained between y-CDs and OA or MA were higher than those obtained
for oxaliplatin (1322 M™!, Zhang et al., 2016) or fisetin (196 M™!, Zhang et al., 2015),
while in the case of picoplatin (10318 M™!, Zhang et al., 2014), OA showed a lower Kc

value, and MA a higher value.

As regard the behaviour of HP-y-CDs, AL type diagrams were obtained for both

OA and MA (Fig. 1D and 2D), indicating the high water solubility of the complexes

10
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formed in contrast with those obtained for native y-CDs. The slope of the diagram was
lower than 1 for both triterpenic acids, thus indicating a 1:1 stoichiometry of the
complexes formed (Higuchi & Connors, 1965), as usually occurs in the case of modified
CDs (Zhang et al., 2016). The Kc values for HP-y-CDs complexes formed in pure water
were 645 M and 5474 M™! for OA and MA, respectively (Table 1, T 25 °C). The value
obtained for OA was similar and that obtained for MA was higher than that obtained for
oxaliplatin (664 M) (Zhang et al., 2016). These values are much lower than those

obtained with the native y-CD.

The Kc value describes the strength of the interaction between any compound and
CDs, and can be used to compare the affinity of any compound for different CDs types.
But a more accurate parameter for the determination of the solubilizing effect of CDs is
their complexation efficiency (CE) because it is independent on So (Li et al., 2009). CE
represents the molar ratio between complex and free CDs concentration (Loftsson &
Hreinsdottir, 2007). For 1:1 complexes, the CE can be calculated from the slope of phase
solubility diagram with equation (2) (Loftsson & Brewster, 2010; Loftsson & Brewster,

2012).

The comparison of CE parameters is more convenient than comparing Kc values
when the study involves different types of CDs or different complexation conditions for
the same compound. In this study, CE was also used to calculate the OA:CD and MA:CD
molar ratio in solution with equation (3), which can be correlated to the expected increase
in compound solubility with different CDs (Loftsson & Hreinsdottir, 2007). The values

obtained for CE and molar ratio are shown in table 1 (T 25 °C).

For the complexation of OA in water at 25 °C, the CE values obtained ranged from
0.52 % for HP-B-CDs to 12.7 % for y-CDs. The most effective CDs in the complexation

of OA were y-CDs, indicating that about one of every 9 y-CDs molecules in solution is

11
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forming water soluble complexes, as the molar ratio value indicated for this CD type
(Molar ratio of 1:9, Table 1, T 25 °C). However, only one of every 193 HP-B-CDs
molecules in solution forms water soluble complexes with OA (Molar ratio 1:193, Table

1, T 25°C).

The same behaviour was observed for MA, in which the lowest value of CE was
obtained for HP-B-CDs (0.89 %) and the highest for y-CDs (6.25 %), indicating that y-
CDs are also the most effective for the complexation of MA. About one in every 16 -
CDs molecules in solution forms water soluble complexes with MA (Molar ratio 1:16,
Table 1, T 25 °C), while one in every 113 HP-B-CDs molecules in solution forms water

soluble complexes (Molar ratio 1:113, Table 1, T 25 °C).

Comparing the OA and MA results obtained for y-CDs, OA showed a higher CE
(12.7 % vs 6.25 %) and a lower molar ratio (1:9 vs 1:16) than MA, indicating that
complexation with OA was more effective, although MA-y-CDs complexes were more

stable as indicated its higher Kc value (4895 M! for OA vs 18723 M™! for MA).

3.2. Effect of temperature on complexation of OA and MA. Thermodynamic parameters

The influence of temperature on the complexation process of OA and MA with
native or modified CDs was also studied. As can be seen in table 1, the Kc value for the
triterpenic acids with each type of CDs used increased with temperature, indicating that
higher temperatures favour entrapment of the triterpenic acids in the hydrophobic cavity

of CDs.

The thermodynamic parameters were calculated from phase solubility diagrams
in the presence of increasing concentrations of CDs at several temperatures (Fig. 1 and

2). The Gibbs free energy of transfer (AG%:) represents the free energy of transfer of a

12
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compound from water to the CDs cavity and provides information about whether the
reaction condition is favourable or unfavourable for the solubilisation in the aqueous
carrier solution. The AG%: values with increasing concentrations of CDs were calculated

using equation (4) (Hadziabdi¢ et al., 2012).

The negative values of AG%: obtained in all cases indicated the spontaneous
inclusion of OA and MA in each type of CD (Table 2). Moreover, in all the CD types
studied AG®: values were more negative as CDs concentration increased, indicating that
the reaction was more favourable as the CD concentration increased. Similar results were

described for diazepam and nitrazepan (Hadziabdi¢ et al., 2012).

All the thermodynamic parameters obtained are shown in table 2, where it can be
seen that OA and MA solutions in the presence of B-, y-, HP-B- or HP-y-CDs were
characterized by negative AG® values, indicating the spontaneous complexation of the
triterpenic acids in the hydrophobic cavity of each CD (Karathanos, Mourtzinos,
Yannakopoulou & Andrikopoulos, 2007). Similar results have been described for
diazepan, nitrazepan or carvacrol (Hadziabdi¢ et al., 2012; Santos, Kamimura, Hill &
Gomes, 2015). The AG® values increased in the following order for OA: y-CDs< B-CDs<
HP-y-CDs< HP-B-CDs and for MA: y-CDs< HP-y-CDs< B-CDs< HP-B-CDs. In both
cases, the order agrees with the order in the decrease of Kc values. In other words, the

lower the AG?, the higher the Kc value.

Moreover, the positive values of AH? obtained for OA or MA with all the CD
types used also indicated the endothermic reaction (Connors, 2002). The values of AH°
increased in the same order as AG? and so in the reverse order of the Kc values, indicating
that complexation with higher Kc values were less endothermic and had more negative

values for AG? (more spontaneous reaction).
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The positive values obtained for AS could be due to the entry of OA or MA in
the hydrophobic cavity of CDs governed by hydrophobic interactions, which involve a
breakdown of the water structure around the OA or MA, creating a large positive AS® and
a small positive AH’. These results agree with those described for diazepam and

nitrazepan (Hadziabdi¢ et al., 2012).

3.3. Effect of pH on complexation of OA and MA

Different pH values determine the presence of neutral or protonated OA or MA
forms in the solution. Ionization may significantly influence their solubility and the
complexation process. The solubility of these triterpenic acids was tested in a pH range
from 3.0 to 9.0 and was seen to slightly increased with pH in both cases (Table 1), as
previously observed by Jager et al. (2007) for OA. To study the influence of OA and MA
ionization on their complexation process with CDs, phase solubility diagrams were

carried out at different pH values (3.0, 6.5 and 9.0) (Fig. 3 and 4).

With each type of CDs used, the phase solubility diagram profile obtained was
similar to that obtained when using pure water. The experimental data showed that the
Kc increased with the pH of the media (Table 1), indicating the influence of the OA or
MA ionization in the complexation process. These results were similar to those obtained
in the case of risperidone (Jug, Kos & Becirevi¢-Lac¢an, 2009). Despite the fact that
ionized forms of triterpenic acids (pH 9.0) were slightly more soluble than the non-
deprotonated forms, the higher Kc values obtained at pH 9.0, were probably due to that
the protonated form establishing stronger interactions with the hydrophobic cavity of each
CDs. OA and y-CDs at pH 9.0 showed the highest Kc value, 38482 M (20-fold higher

than at pH 3.0) (Table 1).
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As solubility and Kc values varied with the pH value of the medium, it was
thought that the CE would also be affected by this parameter. Indeed, for all the CD types
studied, CE clearly increased with pH value for both OA and MA (Table 1). The highest
CE value obtained was 134 % for OA and y-CDs at pH 9.0, indicating that at this basic
pH one of every 2 y-CDs molecules in solution forms water soluble complexes (molar
ratio 1:2, Table 1). This CE value was 47-fold higher than that obtained for OA and y-
CDs at pH 3.0. In contrast, the lowest CE value obtained was 0.15 % for MA and B-CDs
at pH 3.0, indicating that at this acid pH one in every 668 B-CDs molecules in solution is

forming water soluble complexes with MA (molar ratio 1:668, Table 1). HP-B-CD and

MA showed similar values to those observed for 3-CD.

In conclusion, this paper shows that, due to their low aqueous solubility and
chemical structure, OA and MA are complexed by p-, y-, HP-p- or HP-y-CDs, but not by
a- or HP-a-CDs. Contrary to expectations, native - and y-CDs exhibited higher Kc
values than their corresponding HP modified CDs, indicating the higher strength of the
interaction between OA or MA with native than with modified CDs. In both OA an MA,
v-CDs showed a Bs type phase solubility diagram, and presented the highest Kc values
(6-fold greater than that presented by B-CDs for OA and 7-fold in the case of MA). As
CE values represent the solubilizing potential of CDs, the values obtained indicate that a
high Kc value does not always correspond with a high CE value because of the influence
of So on the Kc value. For this reason, it is more accurate to use the CE to study the effect
of physical or chemical parameters which affect So in the encapsulation process. The pH
and temperature affected to the complexation process of OA and MA. The deprotonate
form of OA or MA at pH 9.0 forming the most stable union with y-CDs. Moreover, an
increase in the temperature of the medium resulted in an increase in complex formation

with both OA and MA. Therefore, these results pointed to the fact that in order to extract
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both OA and MA from food by-products like those derived from olive oil production,
basic pH, temperatures from 50 to 60 °C and y-CDs should provide properly results for

industry scale extractions.

Acknowledgments

This research was supported by the Agencia de Ciencia y Tecnologia de la Region de

Murcia under the project PFEseneca/06/10.

We kindly appreciate the support of Nutrafur S.A. (Murcia, Spain) for providing us the

triterpenic acid extracts.

References

Bernatoniene, J., Cizauskaite, U., Ivanauskas, L., Jakstas, V., Kalveniene, Z. &
Kopustinskiene, D. (2016). Novel approaches to optimize extraction process of
ursolic, oleanolic and rosmarinic acids from Rosmarinus officinalis leaves.

Industrial Crops and Products, 84, 72-79.

Castellano, J.M., Guinda, A., Rada, M., Delgado, T. & Cayuela, J.A. (2013). Biochemical
basis of the antidiabetic activity of oleanolic acid and related pentacyclic

triterpenes. Diabetes, 62, 1791-1799.

Connors, K. (2002). Thermodynamics of pharmaceutical systems: An introduction for

students of Pharmacy. John Wiley & Sons, Inc., Hoboken, pp. 52-55.

Chen, Y., Liu, J., Yang, X., Zhao, X. & Hu, H. (2005). Oleanolic acid nanosuspensions:
preparation, in-vitro characterization and enhanced hepatoprotective effect. Journal

of Pharmacy and Pharmacology, 57, 259-264.

Chen Q.S., Wu, J,, Li, W. & Cheng, B. (2010). Extraction of oleanolic acid from leaves
of Chaenomeles speciosa and processing techniques of its HP-B-cyclodextrin

inclusiéon compound. Zong Yao Cai, 33, 804-807.

16



390
391

392
393
394
395

396
397
398

399
400
401
402

403
404

405
406
407

408
409
410
411

412
413

414
415
416

417
418
419
420

Chen, M., Zhong, Z., Tan, W., Wang, S. & Wnag, Y. (2011). Recent advances in

nanoparticle formulaltion of oleanolic acid. Chinese Medicine, 6, 20.

Choi, J., Kim, S., Kim, D., Lee, J., Lee, S., Oh, H., Ha, Y, Yoo, J., Park, P., Shin, T.,
Kwon, T., Rho, M. & Kim, S. (2016). Oleanolic acid acetate inhibits rheumatoid
arthritis by modulating T cell immune responses and matrix-degrading enzymes.

Toxicology and Applied Pharmacology, 290, 1-9.

Chouaib, K., Hichri, F., Nguir, A., Daami-Remadi, M., Elie, N., Touboul, D., Jannet, H.
& Ali Hamza, M. (2015). Semi-synthesis of new antimicrobial esters from the

natural oleanolic and maslinic acids. Food Chemistry, 183, 8-17.

Choulaib, K., Romdhane, A., Delemasure, S., Dutartre, P., Elie, N., Touboul, D., Ben
jannet, H. & Ali Hamza, M. (2016). Regiospecific synthesis, anti-inflammatory and
anticancer evaluation of novel 3,5-disubstituted isoxazoles from the natural

maslinic and oleanolic acids. Industrial Crops and Products, 85, 287-299.

Fai, Y.M. & Tao, C.C. (2009). A review of presence of oleanolic acid in natural products.

Natura Proda Medica, 2, 77-290.

Gao, D., Tang, S. & Tong, Q. (2012). Oleanolic acid liposomes with polyethylene glycol
modification: promising antitumor drug delivery. International Journal of
Nanomedicine, 7, 3517-3526.

Hadziabdi¢, J., Elezovi¢, A., Rahi¢, O. & Mujezin, 1. (2012). Effect of cyclodextrin
complexation on the aqueous solubility of diazepam and nitrazepam: Phase-
solubility analysis, thermodynamic properties. American Journal of Analytical
Chemistry, 3, 811-819.

Higuchi, T. & Connors, K. A. (1965). Phase solubility techniques. Advances in Analytical
Chemistry and Instrumentation, 4, 56-63.

Jager, S., Winkler, K., Pfiiller, U. & Scheffler, A. (2007). Solubility studies of oleanolic
and betulinic acid in aqueous solutions and plant extracts of Viscum album L. Planta
Medica, 73, 157-162.

Jeong, D. W., Kim, Y. H., Kim, H. H,, Ji, H. Y., Yoo, S. D., Choi, W. R., Lee, S. M.,
Han, Ch. & Lee, H. S. (2007). Dose-linear pharmacokinetics of oleanolic acid after
intravenous and oral administration in rats. Biopharmaceutics and Drug
Disposition, 28, 51-57.

17



421
422
423
424

425
426
427

428
429
430

431
432
433

434
435
436

437
438
439

440
441

442
443

444
445
446

447
448
449

Jiang, Q., Yang, X., Du, P., Zhang, H. & Zhang, T. (2016). Dual strategies to improve
oral bioavailability of oleanolic acid: Enhancing water-solubility, permeability and
inhibiting cytochrome P450 isozymes. European Journal of Pharmaceutics and
Biopharmaceutics, 99, 65-72.

Jug, M., Kos, 1. & Becirevic-Lacan, M. (2009). The pH-dependent complexation between
risperidone and hydroxypropyl-p-cyclodextrin. Journal of Inclusion Phenomena
and Macrocyclic Chemistry, 64, 163-171.

Karathanos, V., Mourtzinos, 1., Yannakopoulou, K. & Andrikopoulos, N. (2007). Study
of the solubility, antioxidant activity and structure of inclusion complex of vanillin

with beta-cyclodextrin. Food Chemistry, 101, 652-658.

Kurek, A., Nadkowska, P., Pliszka, S. & Wolska, K.I. (2012). Modulation of antibiotic
resistance in bacterial pathogens by oleanolic acid and ursolic acid. Phytomedicine,

19, 515-519.

Li, R., Quan, P., Liu, D., Wei, F., Zhang, Q. & Xu, Q. (2009). The influence of cosolvent
on the complexation of HP-f-cyclodextrins with oleanolic acid and ursolic acid.

AAPS PharmSciTech, 10, 1137-1144.

Lin, C.,, Yan, S. & Yin, M. (2014). Inhibitory effects of maslinic acid upon human
esophagus, stomach and pancreatic cancer cells. Journal of Functional Foods, 11
581-588.

Loftsson, T., Jarho, P., Masson, M. & Jarvinen, T. (2005). Cyclodextrin in drug delivery.
Expert Opinion in Drug Delivery, 2, 335-351.

Loftsson, T. & Hreinsdottir, D. (2007). The complexation efficiency. Journal of Inclusion

Phenomena and Macrocyclic Chemistry, 57, 545-552.

Loftsson, T. & Brewster, M.E. (2010). Pharmaceutical applications of cyclodextrins:
basis science and product development. Journal of Pharmacy and Pharmacology,
62, 1607-1621.

Loftsson, T. & Brewster, M.E. (2012). Cyclodextrins as functional excipients: methods
to enhance complexation efficiency. Journal of Pharmaceutical Sciences, 9, 3019-
3032.

18



450
451
452

453
454
455
456

457
458
459

460
461
462

463
464
465
466
467

468
469
470
471

472
473
474

475
476
477

478
479
480

Lopez-Miranda, S., Serrano-Martinez, A., Herndndez-Sanchez, P., Guardiola, L., Fortea,
I, Gabaldon, J. & Nuiez-Delicado, E. (2016). Use of cyclodextrins to recover
catechin and epicatechin from red grape pomace. Food Chemistry, 203, 379-385.

Lucas-Abellan, C., Fortea, M.I.,, Gabaldon, J.A. & Nuiez-Delicado, E. (2008).
Complexation of resveratrol by native and modified cyclodextrins: Determinations

of complexation constant by enzymatic, solubility and fluorimetric assays. Food

Chemistry, 111, 262-267.

Mercader-Ros, M.T., Lucas-Abellan, C., Fortea, M.1., Gabaldon, J.A. & Nuifiez-Delicado,
E. (2010a). Effect of HP-B-cyclodextrins complexation on the antioxidant activity
of flavonols. Food Chemistry, 118, 769-773.

Mercader-Ros, M.T., Lucas-Abellan, C., Gabaldon, J.A., Fortea, M.1., Martinez-Cacha,
A. & Nuinez-Delicado, E. (2010b). Kaempferol complexation in cyclodextrins at
basic pH. Journal of Agricultural and Food Chemistry, 58, 4675-4680

Parra, A., Martin-Fonseca, S., Rivas, F., Reyes-Zurita, F., Medina-O’Donnell, M.,
Martinez, A., Gracia-Granados, A., Lupiafiez, J. & Albericio, F. (2014). Semi-
synthesis of acylatedtriterpenes from olive-oil industry wastes for the development
of anticancer and anti-HIV agents. European Journal of Medicinal Chemistry, 74,
278-301.

Quan, P., Liu, D., Li, R., Zhang, Q., Qian, Y. & Xu, Q. (2009). The effects of water-
soluble polymers on hydroxypropyl-p-cyclodextrin solubilization of oleanolic acid
and ursolic acid. Journal of Inclusion Phenomena and Macrocyclic Chemistry, 63,
181-188.

Santos, E., Kamimura, J., Hill, L. & Gomes, C. (2015). Characterization of carvacrol beta-
cyclodextrin inclusion complexes as delivery systems for antibacterial and

antioxidant applications. LWT-Food Science and Techonology, 60, 583-592.

Somova, L., Nadar, A., Rammanan, P. & Shode, F. (2003). Cardiovascular,
antihyperlipidemic and antioxidant effects of oleanolic and ursolic acids in

experimental hypertension. Phytomedicine, 10, 115-121.

Sommerwerk, S., Heller, L., Kuhfs, J. & Csuk, R. (2016). Urea derivates of ursolic,
oleanolic and maslinic acid induce apoptosis and are selective cytotoxic for several

tumor cell lines. European Journal of Medicinal Chemistry, 119, 1-16.

19



481
482

483
484
485

486
487
488
489

490
491
492

493
494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

Tasca, S. & Baggio, S. (2017). Ursolic acid from apple pomace and traditional plants: A
value triterpenoid with functional properties. Food Chemistry, 220, 477-489.

Yan, S., Yang, H., Lee, H., Yin, M. (2014). Protective effect of maslinic acid against
alcohol-induced acute liver injury in mice. Food and Chemical Toxicology, 74, 149-
155.

Zhang, D., Zhang, H., Jiang, K., Li, K., Cong, Y., Pu, S., Jin, Y. & Lin, J. (2016).
Preparation, characterization and antitumor activity of - y- and HP-f-cyclodextrin

inclusion complexes of oxaliplatin. Spectrochimica Acta Part A: Molecular and

Biomolecular Spectroscopy, 152, 501-508.

Zhang, J., Jiang, K., An, J., Ren, S., Xie, X., Jin, Y. & Lin, J. (2015). Novel water-soluble
fisetin/cyclodextrins inclusion complexes: Preparation, characterization, molecular
docking and bioavailability. Carbohydrate Research, 418, 20-28.

Zhang, J., Li, K., Cong, Y., Pu, S., Zhu, H., Xie, X., Jin, Y. & Lin, J. (2014). Preparation,
characterization and bioactivity evaluation of the inclusion complex formed

between picoplatin and y-cyclodextrin. Carbohydrate Research, 396, 54-61.

20



509
510
511
512

513

514

515

516

517

518

519

520

521

Table 1. Aqueous solubility (So), complexation constant (Kc), correlation coefficient of

the phase solubility diagram (r%), complexation efficiency (CE) and Molar Ratio (D:C),

of oleanolic and maslinic acid for different CDs, Temperatures (T) and pH. £SD. Standard

deviation of triplicate diagrams.

Oleanolic Acid

Maslinic Acid

s ke e R | S Ke e S R
W o) O ey | e () 0
4°C 14+0.9 729+15 0.966 1.02 1:99 2.8+0.2 2119+102 0.999 0.59 1:169
T 25°C | 26+1.2 825+17 0.990 2.15 1:47 3.5+0.4 2653482 0.989 0.93 1:108
65°C | 33+0.9 953+7 0.998 3.15 1:33 4.0+0.3 30624465 0.997 1.22 1:83
p-cD 3.0 14£1.0 605+21 0.975 0.85 1:119 2.1+0.2 7152.1+68 0.968 0.15 1:668
pH 6.5 24+1.3 613+20 0.970 1.53 1:66 3.0+0.4 4493+194 0.964 1.35 1:75
9.0 35+2.5 1882+14 0.992 6.59 1:16 5.0+0.7 11909+507 0.990 5.95 1:18
4°C 14+0.9 71.5£10 0.974 0.10 1:1001 2.84+0.2 1758+77 0.990 0.49 1:204
T 25°C | 26+1.2 201+11 0.995 0.52 1:193 3.5+0.4 2537462 0.994 0.89 1:113
65°C | 33+0.9 322+43 0.991 1.06 1:95 4.0+0.3 3293+181 0.997 1.32 1:77
HP-p-CD 3.0 14£1.0 518£10 0.981 0.73 1:139 2.1+£0.2 763+68 0.975 0.16 1:625
pH 6.5 24+£1.3 340+9 0.999 0.82 1:123 3.0+0.4 1911£72 0.998 0.57 1:176
9.0 35+2.5 796+41 0.936 2.79 1:37 5.0+0.7 1288+57 0.987 0.64 1:157
4°C 14+0.9 47214578 0.999 6.61 1:16 2.8+0.2 17496+278 0.998 4.90 1:21
T 25°C | 26+1.2 4895+207 0.999 12.7 1:9 3.5+0.4 18723+1559 0.999 6.25 1:16
65°C | 33+0.9 51474293 0.997 17.0 1:7 4.0+0.3 21355+441 0.995 8.54 1:12
7-eP 3.0 14£1.0 2020+133 0.991 2.83 1:36 2.1+0.2 91734805 0.994 1.93 1:53
pH 6.5 24+1.3 8468+486 0.981 20.3 1:6 3.0£0.4 17914+968 0.997 5.37 1:19
9.0 35+2.5 38482+3141 0.954 134 1:2 5.0+0.7 14247+195 0.997 7.12 1:15
4°C 14+0.9 591+67 0.963 0.83 1:122 2.84+0.2 5365+130 0.991 1.50 1:68
T 25°C | 26+1.2 645+20 0.994 1.68 1:61 3.5+0.4 54744314 0.990 1.92 1:53
65°C | 33+0.9 1220+186 0.977 4.03 1:26 4.0+0.3 7493+187 0.993 3.00 1:34
HP-CD 3.0 14£1.0 1548+52 0.992 2.17 1:47 2.1+£0.2 5686+84 0.998 1.19 1:84
pH 6.5 24+£1.3 2050+88 0.973 4.92 1:21 3.0+0.4 5248+49 0.991 1.57 1:64
9.0 35+2.5 8077+£362 0.943 28.2 1:5 5.0+0.7 4499+44 0.989 2.25 1:45
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522  Table 2. Thermodynamic parameters: Standard Free Energy Chance (AG’), Standard
523  Enthalpy Change (AH’) and Standard Entropy Change (AS®). Gibbs free energy of
524  transfer (AG%) for the solubilisation process of Oleanolic and Maslinic Acids at 4, 25 and

525 65 °C and at different cyclodextrin (CD) concentration (mM).

526
Oleanolic Acid Maslinic Acid
Cyclodextrin AG® AHC AS? AG? AH® AS?
(kJ/mol) (kJ/mol) (J/mol) (kJ/mol) (kJ/mol) (J/mol)
B-CD -16.64 3.403 67.26 -19.54 4.546 80.81
HP-B-CD -13.14 18.369 105.74 -19.42 7.783 91.30
y-CD -21.05 1.098 74.33 -24.38 2.563 90.40
HP-y-CD -16.03 9.617 86.07 -21.33 4.466 86.56
AG®; (kJ/mol) AG®; (kJ/mol)
CD mM
4°C 25°C 65°C 4°C 25°C 65°C
2.5 -1.51 -2.37 -3.23 -5.09 -4.87 -5.29
5.0 -3.07 -3.74 -4.63 -6.46 -6.37 -7.19
B-CD
10.0 -4.92 -5.40 -6.56 -7.91 -8.39 -9.05
13.0 -5.05 -6.15 -7.23 -8.44 -8.82 -9.94
5 -0.70 -1.96 -2.68 -6.02 -6.59 -7.49
15 -2.40 -3.43 -4.77 -8.39 -9.39 -10.47
HP-B-CD
30 -3.54 -4.97 -6.70 -9.68 -10.58 -12.17
50 -4.09 -5.87 -8.35 -11.15 -12.03 -13.86
0.10 -0.96 -1.01 -1.19 -2.97 -2.65 -3.20
0.25 -1.81 -1.72 -2.27 -4.56 -4.18 -4.48
y-CD
0.50 -2.65 -2.88 -3.19 -6.04 -5.55 -6.35
1.00 -3.90 -4.15 -4.74 -7.36 -7.26 -7.94
5 -4.49 -3.92 -6.00 -8.63 -9.01 -10.11
15 -6.27 -6.13 -8.64 -11.23 -11.38 -12.81
HP-y-CD
30 -7.39 -7.51 -9.95 -12.59 -12.58 -14.88
50 -8.30 -8.57 -- -13.53 -13.82 -15.96
527
528
529
530
531
532
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548  Figure 1. Phase solubility diagrams of oleanolic acid with 3-CD (A), HP-B-CD (B), y-CD
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Figure 2. Phase solubility diagrams of maslinic acid and B-CD (A), HP-B-CD (B), y-CD

(C and Ci) and HP-y-CD (D) in aqueous solution at 4 °C (e), 25 °C (m) and 65 °C (A).

Maslinic acid chemical structure (Ai).
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Figure 4. Phase solubility diagrams of maslinic acid and p-CD (A), HP-B-CD (B), y-CD
(C and Ci) and HP-y-CD (D) at pH 3 (e), pH 6.5 (m) and pH 9 (A) at 25 °C.

26



