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dihydroxy-triterpenoid corosolic acid†
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Corosolic acid, a natural ursane-type 6-6-6-6-6 pentacyclic dihydroxy triterpenic acid, is a well known

antidiabetic compound extractable from leaves of Psidium guajava. In this manuscript we have reported the

self-assembly properties of corosolic acid in different liquids. The compound undergoes self-assembly to

give vesicular morphology in different aqueous organic liquids. Supramolecular gels were also obtained in

some aqueous binary liquids such as ethanol–water and dimethyl formamide–water. The morphology of

the self-assemblies of corosolic acid were characterized by using different microscopic techniques like

optical microscopy, field emission scanning electron microscopy, transmission electron microscopy,

atomic force microscopy as well as XRD and FTIR studies. We also demonstrated the application of

vesicular self-assemblies for the entrapment and release of fluorophores including an anticancer drug.
1. Introduction

Molecular self-assembly is a process of spontaneous organization
of disordered small molecules in a medium by virtue of various
non-covalent interactions yielding supramolecular nano to micro-
sized self-assemblies and somaterials. Research investigations in
this area have gained tremendous signicance in recent times
both from academic as well as industrial perspectives.1–9 The
supramolecular so materials are highly responsive to different
external stimuli e.g., temperature, pH, ultrasound, light, etc.10–15

The vesicles, bers, rods, tubes and gels16–21 obtained by self-
assembly of low molecular weight compounds are utilized in
diverse elds like sensors,22 tissue engineering,23 nanotech-
nology,24 drug delivery,25 etc.26 Spontaneous self-assembly of
natural triterpenoids, the 30C plant secondary metabolites, in
liquids yielding different supramolecular architectures of nano to
micrometer dimensions has emerged as a promising area of
research in recent years because of their natural abundance,
structural and functional group diversities, medicinal signicance
and amphiphilic character.27–35 Self-assembly property of several
triterpenoids such as arjunolic acid,36 betulinic acid,37 betulin,38

oleanolic acid,39 glycyrrhetinic acid,40 have been reported in
different liquids by us and others, even without further functional
transformations.41–43 Derivatization of the functional triterpenoids
has produced esters, ketals and alkali metal salts of triterpenoids
having interesting self-assembly properties and applications in
drug entrapment, pollutant capture, thermochromic materials,
liquid crystals, etc.44–49
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One of the most interesting observation in the self-assembly
of triterpenoids is that, minute variation in the triterpenoid
backbone as well as the functional groups oen lead to different
morphology in liquids. For example, the monohydroxy tri-
terpenic acids betulinic acid yields gel in organic liquids via
brillar networks but oleanolic acid yields gels via mostly vesic-
ular self-assembly.37,39 Literature search reveals that through the
self-assembly of a few oleanane type 6-6-6-6-6 triterpenoids have
been reported, the self-assembly of ursane type triterpenoid are
rare.50,51 Corosolic acid, a natural 6-6-6-6-6 pentacyclic ursane-
type triterpenoid is extractable from the leaves of Psidium gua-
java (Fig. 1). This compound contains extraordinary antidiabetic
property52,53 along with anticancer activity.54,55 Presence of two
hydroxy groups at one end and the carboxy group at the other end
with a ursane-type triterpene skeleton providing hydrophobic
backbone makes it an interesting amphiphile for the study of its
self-assembly properties in different liquids. Herein we report the
rst self-assembly properties of corosolic acid in liquids. The
ursane-type dihydroxy triterpenoid formed vesicular self-
assembly in all the aqueous binary liquid mixtures studied
yielding gels at higher concentrations. The morphology of the
self-assemblies was characterized by optical, electron and atomic
force microscopic techniques and X-ray diffraction studies.
Entrapment of uorophores inside the vesicular self-assemblies
and their subsequent release has also been demonstrated.
2. Results and discussion

Corosolic acid 1 was obtained by solvent extraction of the
powdered matured leaves of Psidium guajava followed by puri-
cation of the crude extract by column chromatography (see
Experimental section). It is a rigid molecule containing fused 6-
6-6-6-6 pentacyclic ursane-type hydrocarbon backbone along
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Schematic representation of self-assembly of corosolic acid 1,
extracted from Psidium guajava yielding vesicular morphology and its
use in drug entrapment.

Table 1 Self-assembly of corosolic acid 1

Entry Solvent Statea MGCb Tgel
c (�C)

1 DMSO–water(1 : 1) CS 46.1 —
2 THF–water (1 : 1) CS 34.9 —
3 DMF–water (2 : 1) G 20.5 51
4 Ethanol–water (2 : 1) G 18.6 48

a G ¼ gel, CS ¼ colloidal suspension. b MGC ¼ minimum gelator
concentration (mM). c Tgel ¼ gel to sol transition temperatures at MGC.
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with two hydroxyl groups at 2- and 3-positions and one carboxyl
group at the 28-position. Energy minimized structures of the
molecule obtained by both DFT method56 (Fig. 2) and Allinger's
MMX algorithm57 revealed the molecular length as 1.48 nm
(Fig. S1and S2 ESI†).
2.1 Study of self-assembly properties

Corosolic acid 1 was insoluble in water or in common organic
solvents like chloroform, dichloromethane but soluble in polar
solvents like DMSO, DMF, THF, ethanol, etc. This solubility
behaviour might be due to the presence of rigid hydrocarbon
backbone and several polar groups at the extreme ends of the
molecule. A hot clear solution of compound 1 (2 mg) in DMSO
(50 mL) on treatment with water (50 mL) followed by cooling at
room temperature became cloudy. The mixture was re-dissolved
by heating and kept at room temperature and observed visually
aer 6 h. A viscous colloidal suspension was observed visually.
Similarly, self-assembly of 1 was carried out in ethanol–water,
DMF–water and THF–water (Table 1). Opaque gels were ob-
tained in DMF–water and ethanol–water and colloidal suspen-
sion was obtained in THF–water.
Fig. 2 Energy minimized structure of corosolic acid dimer (held
together by H-bonding) obtained by DFT calculation.

This journal is © The Royal Society of Chemistry 2019
2.2 Study of the morphology of the self-assemblies

The morphologies were characterized by different techniques
like optical microscopy, eld emission scanning electron
microscopy (FESEM), atomic force microscopy (AFM), high
resolution transmission electron microscopy (HRTEM), X-ray
diffraction (XRD) and FTIR studies.

AFM study of 1 carried out with the dried self-assemblies of 1
in DMF–water (2 : 1, 1.69 mM) revealed the formation of closely
packed spherical self-assemblies (Fig. 3a and b) of 38–154 nm
diameters with average size 90.32 nm calculated from 150
spheres (Fig. S3 ESI†) and heights 20–60 nm. The 3D image
conrms spherical nature of the self-assemblies. Similarly AFM
study of 1 in ethanol–water (2 : 1, 1.69 mM) also indicated the
generation of spherical self-assemblies (Fig. S4 ESI†). The
measured heights of spherical self-assemblies were smaller
Fig. 3 AFM images (a: 2D, b: 3D) of dried self assemblies of corosolic
acid in DMF–water (2 : 1, 1.69 mM).

RSC Adv., 2019, 9, 15190–15195 | 15191
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Fig. 6 (a) Schematic presentation of bilayer vesicle formation, (b, c, d)
HRTEM images of self-assemblies prepared from 1 in DMF–water
(2 : 1, 3.1 mM).
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compared to their radii due to distortion by the AFM tip. This
observation also supported that the spherical morphologies
were so in nature.58

FESEM studies of dried self-assemblies of 1 (4.23 mM)
prepared from ethanol–water (3 : 1) clearly indicated the
formation of densely packed spherical morphologies (Fig. 4a–d)
having diameter 300–900 nm calculated from 150 spheres and
average diameter 580 nm (Fig. S5 ESI†).

Optical microscopy study was carried out by placing the
colloidal sample on a glass slide covered with cover slip for
reducing the evaporation of liquid. Optical microscopy studies
revealed that micro sized densely packed spherical morphol-
ogies were formed by self-assembly of 1 in DMSO–water (1 : 1,
46.15 mM), THF–water (1 : 1, 34.9 mM) and ethanol–water
(3 : 1, 46.1 mM) (Fig. 5). The average diameter of the spherical
self-assemblies were 2.0–2.6 mm (Fig. S6 and S7 ESI†).

To get further insight into the spherical morphologies,
HRTEM study was carried out with the dried self-assemblies of 1
from the colloidal suspensions in DMF–water (2 : 1, 3.1 mM).
Dark spherical objects observed in the HRTEM images indi-
cated the formation of so-vesicles (Fig. 6).59,60 Spherical objects
with distinct membrane structure were also observed conrm-
ing the vesicular nature of the self-assemblies (Fig. 6b and c).
The thickness of the membrane observed by HRTEM was
2.72 nm (Fig. 6c). This matches with the length (2.72 nm) of the
Fig. 4 (a–d) FESEM images of a dry self-assemblies prepared from CA
in EtOH–water (3 : 1, 4.23 mM).

Fig. 5 Optical microscopy images of self-assemblies prepared from
CA in (a) DMSO–water (1 : 1, 46.15mM), (b) THF–water (1 : 1, 34.9mM).

15192 | RSC Adv., 2019, 9, 15190–15195
H-bonded dimer of corosolic acid obtained by energy minimi-
zation (Fig. 2). The vesicular bilayer morphology was also sup-
ported by 2q¼ 3.25� peak in X-ray diffraction studies of colloidal
sample in DMF–water corresponding to a d spacing of 2.72 nm
(Fig. S8 ESI†). A schematic representation for the formation of
gel via bilayer vesicular self-assembly is given in Fig. 6.

The self-assembly process is generally driven by non-covalent
interactions like H-bonding among the hydroxyl groups and
also the van der Waals interactions with the triterpenoid
backbones. We have carried out FTIR studies and compared the
FTIR spectra of dried self-assemblies produced from DMF–
water and ethanol–water with the neat powder of 1. The ‘O–H’

stretching frequency of the powder sample appeared at
3379 cm�1 whereas that from the dried self-assemblies ob-
tained from DMF–water and ethanol–water appeared at 3311
and 3344 cm�1 respectively (Fig. S9 ESI†). But there was no
signicant change of the ‘C]O’ stretching frequency for the
powder sample and the dried self-assemblies. Hence, the
decrease in the “O–H” stretching frequencies of the dried self-
assemblies compared to that in the powder sample might to
be attributed to the intermolecular H-bonding among the ‘O–H’

groups.

2.3 Thermo-reversibility of gels of corosolic acid in DMF–
water and ethanol–water

Since the gels derived from corosolic acid were thermally
reversible, we plotted Tgel against the gelator concentration
(mM) to investigate the thermodynamic parameters. The Tgel
value increased with increase in the gelator concentration
indicating that stronger intermolecular interactions are present
at higher concentrations of gelator. In ethanol–water (2 : 1), the
Tgel value at minimum gelator concentration (MGC, 18.6 mM)
was 48 �C and increased to 78 �C (Fig. 7a) at concentration
45.2 mM. Similarly, the Tgel value in DMF–water (2 : 1) at MGC
(20.5 mM) was 51 �C and increased to 70 �C (Fig. 7b) at
This journal is © The Royal Society of Chemistry 2019
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Fig. 7 Plot of Tgel vs. concentration (mM) of 1 in (a) 2 : 1 ethanol–water
(---) and (b) 2 : 1 DMF–water (-D-).

Table 2 Thermodynamic parameters (DH�, DS�, DG�) for gel to sol
transition of gels of corosolic acid 1 in different liquids at 298 K

Liquid DH� (kJ mol�1) DS� (J mol�1 K�1) DG� (kJ mol�1)

Ethanol–water 27.336 51.55 11.97
DMF–water 65.64 168.95 15.29
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concentration 76.1 mM. The plot of Tgel vs. gelator concentra-
tion allowed us to evaluate the thermodynamic parameters
(DH�, DS�, DG�) at 298 K (Table 2). The positive value of Gibbs
free energy change indicated that gel to sol transformation is
thermodynamically unfavorable and the gels were highly stable.
2.4 Entrapment of uorophores inside the vesicular self-
assemblies

Vesicular self-assemblies have drawn great attention in last
decade in biomedical applications as nano carriers for entrap-
ment and controlled release of drugs into the targeted cell.61–63
Fig. 8 Epifluorescent microscopy images (a) entrapped CF (21.15 mMCA
B) and (c) entrapped DOX (23.27 mM CA and 0.46 mM DOX) into coros

This journal is © The Royal Society of Chemistry 2019
The vesicular morphologies produced by renewable non toxic
amphiphilic molecules are interesting candidates as carriers of
chemotherapeutic drugs due to their in general biocompatible
nature with minimum side-effects.64–68

Different microscopic images revealed that self-assembly of
corosolic acid lead to the formation of vesicular morphologies.
To investigate the capability of vesicular assemblies towards
entrapment of uorophores, we attempted to entrap the
cationic uorophore rhodamine B (0.02 mM) inside the vesic-
ular self-assemblies of 1 in ethanol–water (3 : 1, 9.8 mM). The
bright spherical uorescent images under epiuorescent
microscope (Fig. 8) clearly indicated the entrapment of Rho-B
inside the spherical self-assemblies of 1. Then we investigated
the entrapment of the anionic uorophore 5,6-carboxy-
uorescein (CF) (0.42 mM) inside the self-assemblies of 1 in
ethanol–water (3 : 1, 21.15 mM) which also indicated the
entrapment of CF into the vesicular self-assemblies (Fig. 8a).
These observations inspired us to examine the entrapment of
the anticancer drug doxorubicin (0.46 mM) into the vesicular
self-assemblies of 1 in ethanol–water (3 : 1, 23.27 mM). In this
case also, the epiuorescent microscopy images revealed that
the drug was encapsulated inside the vesicular assemblies
(Fig. 8c).

Fluorescence emission spectroscopy study further conrmed
the entrapment of Rho-B into vesicular self-assemblies of 1. The
uorescence emission intensity (lex 576 nm) of free Rho-B was
quenched aer the addition of corosolic acid (Fig. S10 ESI†).
This is due to the entrapment of Rho-B inside the vesicular self-
assemblies of corosolic acid with concomitant decrease in the
emission intensity of Rho-B arising due to self-quenching.

2.5 Study of release of uorophores by rupture of vesicles

Triton X-100, a non-ionic surfactant containing a branched
chain octylphenyl group attached with a polyoxyethylene long
chain. It is generally utilized to isolate membrane protein
complexes and also as lysing agent to release intracellular
materials.69–71 When the vesicular self-assemblies of 1 loaded
with Rho-B was treated with Triton X-100, the disruption of
vesicular assemblies was observed (Fig. 9) under epiuorescent
microscope.
and 0.42mMCF), (b) entrapped Rho-B (9.8 mMCA and 0.02 mM Rho-
olic acid in ethanol–water (3 : 1).

RSC Adv., 2019, 9, 15190–15195 | 15193
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Fig. 9 Epifluorescent microscopy images of Rho-B loaded self-
assemblies of corosolic acid in ethanol–water (3 : 1): (a) before and (b)
after the treatment of Triton-X 100.
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3. Conclusions

In conclusion, rst self-assembly of a natural ursane-type
dihydroxy triterpenoid corosolic acid has been reported. To
our knowledge, this is also the rst report of vesicular self-
assembly and gel of a ursane-type dihydroxy triterpenoid in
aqueous binary liquids. Optical, electron and atomic force
microscopic studies followed by X-ray diffraction studies
supported the formation of a bilayer vesicular morphology.
The energy minimized structure of corosolic acid dimer held
together by H-bonding among the hydroxyl groups of coro-
solic acids carried out by DFT calculation also supported the
bilayer vesicular self-assembly. The vesicular assemblies
could successfully entrap uorophores including the
chemotherapeutic drug doxorubicin. Release of the entrap-
ped uorophore was also demonstrated via rupture of vesi-
cles making the self-assemblies useful for targeted drug
delivery.
4. Experimental
4.1 Isolation of corosolic acid 1

Matured leaves of Psidium guajava were air dried and nely
powdered using a grinder. The powdered leaves (60 g) was
suspended in ethyl acetate (400mL) and stirredmagnetically for
10 h and then ltered. The residue was soaked again in ethyl
acetate (300 mL) and reuxed for 2 h, cooled and ltered. The
crude product (4.0 g) obtained aer removal of the volatiles was
puried repeated column chromatography (Si-gel) using 10–
50% ethyl acetate as the eluent followed by decolorization on
treatment with charcoal to yield corosolic acid as colorless solid
(0.2 g, 0.3% yield) solid. MP ¼ 248–253 �C. Rf: 0.61, ethyl
acetate–dichloromethane (1 : 1). 1H NMR (400 MHz, DMSO-d6)
d: 5.14 (1H), 4.41–4.34 (1H, m), 2.73 (1H, d, J ¼ 7.2 Hz), 2.5 (1H,
s), 2.1 (H-18, d, J¼ 11 Hz), 1.98–1.15 (triterpenoid protons), 1.08
(3H, S), 1.01 (3H, d), 0.91 (3H, s), 0.87 (3H, s), 0.82 (3H, d), 0.73
(3H, s), 0.70 (3H, s). 13C NMR (100 MHz, DMSO-d6) d: 178.77,
138.7, 124.94, 82.73, 67.64, 55.18, 52.84, 47.5, 47.44, 47.3, 45.91,
42.15, 41.23, 39.89, 39.4, 38.87, 38.02, 36.77, 33.08, 30.62, 29.27,
27.94, 24.24, 23.7, 23.4, 21.52, 18.47, 17.62, 17.45, 16.86. FTIR
(KBr, cm�1): 3379 (w), 2923 (s), 1689 (s), 1458 (s), 1453 (s), 1376
(s), 1051 (s). MS (EI): calculated for C30H48O4 472.4, found 472.4.
15194 | RSC Adv., 2019, 9, 15190–15195
4.2 Self-assembly studies

Typically, corosolic acid (2 mg) was weighed in a vial (1 cm id)
and dissolved in an organic solvent (50–100 mL) by heating with
magnetic stirring. Then distilled water (20–40 mL) was added to
the hot solution dropwise until cloudiness appeared. Then the
mixture was re-dissolved by heating and then allowed to cool at
room temperature under sealed condition. The formation of gel
was examined visually by turning the vial upside down aer 6 h.
No gravitational ow of the material indicated the formation of
a gel.
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