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Abstract

Plant metabolites can serve as renewable chemicals for
the development of a sustainable society. Terpenoids are the
major component of over 500,000 plant secondary metabolites
reported till date. Monoterpenoid (C10) to tetraterpenoid (C40)
all the terpenoid have recently been shown to have nanometric
lengths. Studies on the self-assembly of terpenoids, have
drawn the attention of scientific community in recent years due
to many of its potential and realized applications in medicine,

drug delivery, pollutant capture, metal nanoparticle hybrid
material, selective damage of cancer cells, etc. In this review,
we have discussed the isolation of seven terpenoids from
plants and their self-assembly properties in different liquids,
even without functional transformation. The utilization of the
resulting supramolecular architectures such as vesicles,
spheres, flowers and fibrillar networks of nano- to micro-meter
dimensions and gels have also been discussed paving the way
for a green, renewable and sustainable world.
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1. Introduction

Terpenoids are a large and structurally diverse group of
natural products containing multiple of C5 (isoprene) units.
They are categorized by the number of C5 units as: hemi- (one
C5 unit), mono- (C10; two C5 units), sesqui- (C15; three C5
units), di- (C20; four C5 units), sester- (C25; five C5 units), tri-
(C30; six C5 units), sesquarterpenes (C35; seven C5 units)
and tetraterpenes (C40; eight C5 units). Isolation of over
50,000 terpenoids from plants has been reported so far and
these are the major components of over 500,000 plant
secondary metabolites reported till date.  These plant
secondary metabolites play an important role in self-defenses
against harmful organisms, coloring fruits and petals,
attracting pollinators, communicating with neighboring plants,
etc.”? In recent years, there has been a resurgence on the
utilization of plant metabolites as the source of raw materials
in organic chemistry research instead of the petroleum based
chemicals because such a strategy aims at the development
of a sustainable society.3456789.10

Nanoscience and nanotechnology deal with the investigation
of the properties of atomic, molecular or supramolecular
aggregates consisting of at least one of their dimensions in the
nano-metric range (usually within 1 — 100 nm).'"1213.1415 Since
1980s, syntheses of different inorganic nanoparticles including
elemental metals, metal oxides, metal sulfides, metal
selenides, and metal tellurides have been reported with
excellent control over size and shape.'®'” Initial investigations
were mainly focused on the exploration of the quantum size
effects of such materials. The applications of inorganic

nanomaterials initially centered on physics, optics, and
engineering and then slowly expanded to biology and
catalysis'®'®  Some inorganic nanomaterials have found
applications as biochemical sensors, contrast agents in
cellular or tissue imaging, drug delivery vehicles and
therapeutics.?® Nucleic acids, proteins, polysaccharides, lipids
are some of the mostly studied naturally occurring nano-sized
building blocks in bioorganic and supramolecular
chemistry 2122232425227 Gince Ruzicka's proposal of the
biogenetic isoprene rule that ‘all the triterpenoids are
biosynthesized from the common precursor squalene, the
triterpenoids containing 30C have been recognized as a very
special class of natural products.?® Investigations carried out
during the last six decades have not only supported his
hypothesis but also have provided a tool for the structural
establishment of newer triterpenoids. Recent computational
results have shown that all these C30 plant metabolites have
lengths within 1-3 nm. Thus triterenoids can serve as
renewable functional nano-entities with varied rigid and flexible
lengths.?® In this review we show that all the terpenoids
namely mono-, di-, tri- and tetra-terpenoids are nano-sized
molecules having a wide range of skeletal diversities and
functional groups. Spontaneous self-assembly of the
terpenoids in different liquids yielding vesicles, fibers, spheres,
tubules, flowers have been discussed. Utilization of the self-
assemblies for the entrapment of fluorophores including
anticancer drugs doxorubicin, removal of toxic chemicals,
generation of hybrid materials, recyclable heterogeneous
catalyst have also been discussed.
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Figure 1: Structures of representative terpenoids, their energy minimized structures and computed lengths in nanometer (nm) unit with leaves of Ficus religiosa
in the background. Left leaf: structures of limonene |, retinol Il, squalene Ill, [J-carotene IV; right leaf: energy minimized structures of I-IV along with their

computed lengths. Common natural sources of the the representative terpenoids are shown on the right.
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2. Terpenoids as renewable functional nano-
entities

Terpenoids having acyclic and cyclic structures with over
100 different skeletons have been isolated from nature.
Functional terpenoids having several centers of chirality and
functional groups such as hydroxyl, carboxyl or aldehyde
groups are very common. Computations carried out by us on
representative mono-, di, tri-, and tetra-terpenoids by
molecular mechanics calculation using Allinger's MMX
algorithm have shown that all the terpenoids are of nano-
metric lengths (Figure. 1).3° For example, the molecular length
of d-limonene, a monocyclic mono-terpene is 1.09 nm. The
very strong smell of orange is due to the presence of this chiral
monoterpene d-limonene. Retinol, a diterpenoid extractable
from spinach, is 1.80 nm long. Retinol along with the other
components of vitamin A such as retinal, retinoic acid, both of
which are also nano-sized molecules, play a critical role in
maintaining healthy vision, neurological function and healthy
skin.

Triterpenoids are the 30-carbon subset of the terpenoids.
These can exist either in acyclic or mono- to pentacyclic forms
having distinct skeletal diversities.  Detailed molecular
mechanics calculation with sixty representative triterpenoids
using Allinger's MMX algorithm and conformation search using
MacroModel and Monte Carlo technique with the MM3 force-
field revealed that all the triterpenoids have lengths exceeding
1 nm3'32 For acyclic and alicyclic triterpenoids, the nanometric
lengths are maintained even after folding. The acyclic
triterpenoid squalene is 2.73 nm long. For mono-, bi-, tri-, tetra-
and pentacyclic triterpenoids, the molecular lengths gradually
decreased and became completely rigidified in pentacyclic
triterpenoids with a length of the rigid backbone of 1.2 nm.

The tetra-terpenoid [I-carotene is 3.22 nm long. lItis a red-
orange pigment present in different plants and fruits especially
carrot. This serves as the provitamin A and once consumed,
one molecule of B-carotene is converted to two molecules of
vitamin A.

The isoprene unit can undergo polymerization to yield the
natural rubber, a biopolymer. The lengths of such biopolymers
can be over micrometers.

Thus all the terpenoids are nano-sized molecules having
wide skeletal and functional group diversities. As the
terpenoids are extractable from different parts of the plants
such as leaves, barks, flowers, fruits, roots, heavy-woods etc.,
these are an attractive choice for the use of them as renewable
functional nano-entities in various facets of nanoscience and
nanotechnology.

3. Self-assembly of terpenoids

Self-assembly is a process by which individual components
spontaneously form an organized structure via specific local
interactions among the components without external direction.
Spontaneous hierarchical self-assembly of molecules in
liquids yielding supramolecular structures of nano- to micro-
meter dimensions has been an area of intense research in
recent years for an improved understanding of different

Prayogik Rasayan

supramolecular architectures and because of their many
potential and realized technological applications.3%3435% Self-
assembly of different classes of naturally occurring
compounds such as sugars,*” amino acids,® fatty acids,®
sophorolipids,* steroids etc. have been reported in the recent
literature.*' But, in spite of the abundance of over 50,000 of
naturally occurring terpenoids,*? there was no report on the
self-assembly of terpenoids till recently.** Computational
results showed that all the naturally occurring mono-, di-, tri-
and tetra-terpenoids have nanometric lengths.

Among various plant secondary metabolites, terpenoids
are of special significance for the study of their self-assembly
properties in different liquids because of the following reasons:
(i) wide range of skeletal diversities provide lypophilic
backbone of varied rigid and flexible lengths, (ii) the presence
of one or more hydroxyl and/or carboxyl groups make them
useful as functional nano-entities, (iii) the in-built chirality with
upto ten chiral centers makes them useful as chiral building
blocks, (iv) the amphiphilic nature of the functional terpenoids
provides promising self-assembly properties even without
derivatization, (v) easy transformation of the functional groups
allows the generation of libraries of derivatives. As the
functional terpenoids were extractable from plants, we
extracted seven terpenoids from different plants and studied
their self-assembly properties in different liquids. The
functional terpenoids with diversified structures along with
varied number of hydroxyl and carboxyl groups spontaneously
self-assembled in different liquids even without derivatization
yielding nanoarchitectures such as vesicles, fibers, flowers,
spheres, tubules, etc. The self-assemblies have been utilized
for the entrapment and release of drug molecules, removal of
toxic chemicals, thermochcromic materials, generation of gel-

Croton oblongifolius Roxb.

Figure 2. Schematic representation of self-assembly of
crotocembraneic acid 1 extractable from Croton oblongifolius
Roxb yielding vesicular self-assemblies and its use in drug
entrapment studies (centre: energy minimized structure of 1).
Reprinted (adapted) with permission from ref. 45 Copyright 2017
John Wiley and Sons.
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metal nanoparticle hybrid material, heterogeneous catalysis,
etc.

3.1 Self-assembly of a macrocyclic
diterpenoid crotocembraneic acid 1

The diterpenoids are C20 subset of terpenoids derived from
geranylgeranyl. They have a highly diverse skeletal diversities
containing acyclic to mono-, bi- and tricyclic structures with
several centers of chirality having hydroxyl, carboxyl, aldehyde
and phenolic groups as common functional

groups.* Computations carried out by us have revealed that
all the diterpenoids are of nanometric lengths. In the course
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Figure 3. (a,b) Optical micrographs of Crotocembraneic acid 1 in
(a) ethanol-water (2% w/v) (b) DMSO-water (2% w/v), (c) HRTEM of
dried self-assemblies of 1 prepared from its colloidal suspension in
ethanol-water (2:1 v/v), (d) schematic representation of the formation
of bilayer membrane yielding vesicular self-assembly of 1. Reprinted
(adapted) with permission from ref. 45 Copyright 2017 John Wiley
and Sons.
of our investigations, we have successfully isolated a
macrocyclic diterpenoid crotocembraneic acid 1 (Figure. 2),
from the leaves of Croton oblongifolius Roxb. It has a unique
14-membered macrocyclic structure having four double bonds
within the macrocycle; two double bonds in the conjugated
position and two double bonds in the non-conjugated
positions.  The molecular length obtained by molecular
mechanics calculation was 1.12 nm. The molecule has an
amphiphilic nature with the carboxyl group forming a polar
‘head’ and the macrocycle forming a highly hydrophobic ‘tail’.
Thus crotocembraneic acid 1 turned out to be a unique
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diterpenoid for the study of its self-assembly properties in
various liquids.**Crotocembraneic acid 1 was extracted from
the leaves of Croton oblongifolius Roxb by following an
optimized procedure developed in our laboratory as a low
melting solid.“®4” The compound was highly soluble in polar
solvents such as ethanol, DMSO, DMF and formed
suspensions in  aqueous binary solvent mixtures.
Polydisperse spherical self-assemblies with an average size of
200 nm was observed in a colloidal suspension of 1 (1.18%
w/v) in ethanol-water (2:1 v/v) when examined by Dynamic
Light Scattering (DLS) studies. An increase in the average
size of the self-assemblies to 465 nm and 523 nm were
observed on increasing the concentration of 1 to 1.6% w/v and
2.2% wi/v respectively, with a small fraction of the assemblies
having micrometer diameters.

Thorough analysis of the self-assemblies by optical
microscopy in their native state in binary solvent mixtures such
as ethanol-water (2:1 v/v), DMSO-water (2:1 v/v) and DMF-
water (2:1 v/v) indicated micro-sized spherical self-assemblies
of average diameter of 2 ['/m (Figure. 3).

Detailed investigations of the morphology of dried self-
assemblies by atomic force microscopy (AFM) (Figure. 4),
scanning electron microscopy (SEM) and high resolution
transmission electron microscopy (HRTEM, Figure. 3)
indicated the vesicular nature of the self-assemblies. A distinct
periphery of thickness 2.24 nm was also observed by HRTEM.
The molecular length being 1.12 nm, a bilayer vesicular self-
assembly is supported (Figure. 3c-d). Such a bilayer vesicular
self-assembly is also supported by x-ray diffraction studies.

As the vesicular self-assemblies were smaller than 10 [Im,
considering their importance in prospective drug delivery
applications through blood capillaries,”® we tested the
entrapment of various cationic and anionic fluorophores
including an anticancer drug. Interestingly, the cationic
fluorophore rhodamine B (Rho-B), anionic fluorophore 5,6-
carboxyfluorescein (CF) and an well known anticancer drug
doxorubicin could be entrapped inside the vesicular self-
assemblies (Figure. 5). Availability of the diterpenoids in plenty
from nature and the simplicity of the methods of self-assembly
and drug entrapment described here makes our strategy
applicable to other naturally occurring diterpenoids.

14 X: 111 nm

Figure 4. (a,b) AFM images (2D and 3D respectively) of
spherical self-assemblies formed from 1 (0.28% w/v) in DMSO-
water (2:1 v/v). Reprinted (adapted) with permission from ref.
45 Copyright 2017 John Wiley and Sons.
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Figure 5. Epifluorescent microscopy images of (a,b) self-
assembled 1 (26.0 mM) in DMSO-water (2:1 v/v): (a)
containing CF (0.26 mM); (b) containing crystal violet
(0.463 mM), (c,d) self-assembled 1 (46.32 mM) in DMSO-
water (2:1 v/v) containing doxorubicin (0.46 mM); (a,b,c)
fluorescent images, (d) bright-field image. Reprinted
(adapted) with permission from ref. 45 Copyright 2017
John Wiley and Sons.

3.2 Self-assembly of betulinic acid 2

Betulinic acid 2 (Figure. 6d), a 1.31 nm long 6-6-6-6-5
pentacyclic monohydroxy triterpenic acid is extractable from
the bark of Ziziphus jujube. The molecule has a hydroxyl
attached at the ‘A’ ring and the carboxyl group attached at ring
junction of the trans-fused ‘D’ and ‘E’ rings having a 0.97 nm
rigid and lyphophilic triterpenoid spacer between the two
functional groups.

Figure 6. Ziziphus jujube: (a) branch (b) stem, (c) bark
powder; (d) betulinic acid 2, a 6-6-6-6-5 pentacyclic
monohydroxy triterpenic acid extractable from the bark of
Ziziphus jujube. The five rings present in the petacyclic
triterpene backbone are marked as A, B, C, D, E.
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Table 1. Gelation test results of betulinic acid 22

Entryldl  Solvent State3lP MGCl! Tge! 'C
1
1 Benzene G 2.50 >85
2 Toluene G 1.43 70-72
3 o-xylene G 1.06 75-78
4 m-xylene G 2.50 >90
5 p-xylene G 5.00 >90
6 Mesitylene G 2.04 74-76
7 Bromo benzene G 0.54 46-47
8 Chloro benzene G 2.57 >85
9 o-dichloro benzene G 0.41 44-46
10 Nitrobenzene G 0.90 62-65
11 p-methoxy benzaldehyde G 3.5 64-66
12 Methanol cs 1.25 -
13 Ethanol cs 3.4 -
14 n-Propanol G 10.0 76-77
15 n-Butanol G 10.0 >90
16 n-Pentanol G 10.0 >90
17 n-hexanol G 10.0 78-79
18 n-heptanol G 10.0 80-81
19 n-octanol G 10.0 >90
20 Chloroform cs 2.65 -
21 Carbontetrachloride G 0.48 61-63
22 1,1,2,2-Tetrachloroethane G 2.08 54-55

[a] Gelation tests were carried out with a maximum concentration of 10% w/v.
[b] G = gel, CS = Colloidal suspension; [c] MGC is the minimum gelator
concentration (% w/v) in which the gel is formed at room temperature.

05 1.0 1.5 20 25 30 35 40
% Concn. (wiv)

Figure 7. (a) Optical microscopy image of betulinic acid gel in o-
dichlorobenzene (0.41 % w/v) showing fibrillar network.; (b) FESEM
image of betulinic acid xero-gels in mesitylene (2.04% w/v), (c) AFM
images of betulinic acid in p-xylene (c = 1.25% w/v (d) Plot of Tgel vs
concentration; (e) inverted vial containing a transparent o-
dichlorobenzene gel with Ziziphus jujube leaf as the background.
Adapted with permission from ref. 53 Copyright 2011 Royal Society of
Chemistry.
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Even though the molecule was well known to the scientific
community for its anticancer, antitumor, anti-HIV and
antidiabetic activities,**%%'%2 there was no report in the
literature on its self-assembly properties. We extracted the
compound from the bark of Ziziphus jujube as a white solid
following an optimized procedure developed our laboratory. In
2011, we reported the spontaneous self-assembly property of
betulinic acid in different organic liquids without any
derivatization.5® Among the 22 organic liquids tested, the
molecule self-assembled in all liquids yielding strong gels in 19
liquids and remained as a colloidal suspension in 3 liquids
(Table 1).

Figure 8. Qualitative characterization of nuclear morphology
by fluorescence microscopy at the excitation/emission wave
lengths 490/620 nm after dual staining with EtBr/AO: (A):
PBL control, (B): PBL treated with BA; (C) KG-1A control,
(D): BA treated KG-1A cells, (E): K562 control and (F): BA
treated K562 cells.

All the 11 aromatic liquids tested formed strong gels and o-
dichlorobenzene, bromobenzene and nitrobenzene could be
gelled even at a concentration of less than 1% (w/v).

Strong gels were also obtained in higher homologous

alcohols from C3 to C8. Though chloroform did not form a gel
among the aliphatic chloro solvents tested, carbon
tetrachloride and tetrachloroethane could be gelled efficiently
by betulinic acid with carbon tetrachloride turning out to be the
best solvent for gelation with minimum gelator concentration of
0.48% (wW/v).
Detailed investigation of the morphology of self-assembled
betulinic acid in different liquids was carried out by optical
microscopy in their native state and by SEM and AFM in
xerogel state (Figure. 7). Optical microscopy in the native state
revealed micro sized fibrillar network consisting of fibers with
1-4 micrometer cross-sections. Densely packed fibrillar
network having fibers of nanometer cross sections and
micrometer lengths were observed in the xero-gel samples
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Figure 9: Self-assembled betulinic acid mediated selective
leukemic cell death through activation of ROS/TNF-a

from different organic liquids in both SEM and AFM
analyses. (Figure. 7). As the molecule was 1.31 nm long, the
dimensions of the fibers indicated that several betulinic acid
were present both in the lengths and breadths of the fibers. All
these analysis indicated that the molecule self-assembled in
organic liquids very efficiently in a 1D manner yielding fibers
which then formed an entangled 3D fibrillar network. The
mobility of the solvent molecules were lost due to entrapment
inside network yielding in a supramolecular gel.

Selective damage of cancer cells without affecting the normal
cells has been a challenge to the scientific community for
Figurehting against the deadly disease.** Betulinic acid
conjugated with folic acid was found to be selective anticancer
agent when studied on KG-1A and K562 cancer cells.%®
Selective anti-leukemic efficacy study of self-assembled
betulinic acid (SA-BA) was investigated by cell viability assay.
Probable pathway of apoptosis and mode of leukemic cell
death were monitored by measuring ROS level, pro and anti-
inflammatory cytokine status and expression of caspase-8 and
caspage-3 by immunocytochemistry.®® SA-BA was more
efficient compared non-assembled BA toward cancer cells
with no relevant toxicity to normal blood cells. Reactive oxygen
species (ROS) mediated leukemic cell death was facilitated by
SA-BA as confirmed by pre-treatment of N-acetyl- L-cysteine.
Induction of apoptosis by SA-BA treatment increased pro-
inflammatory cytokines, specifically potentiated TNF-a
mediated cell death, confirmed by expression of caspase-8
and caspage-3 by immunocytochemistry.>” This study
explored the better anti-leukemic efficacy of SA-BA over BA
and this modification will enrich the use of BA in cancer therapy
(Figure. 8, 9).
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Figure 10. Betulin 3 extracted from bark of White birch
spontaneously self-assembles affording flower-like objects
consisting of petals and fibers. Reprinted with permission from
ref. 60, Copyright 2015 American Chemical Society.

3.3 Self-assembly of betulin 3

The bark of White Birch (Betula papyrifera) is rich in betulin
3 (Figure. 10), a 1.29 nm long 6-6-6-6-5 pentacyclic dihydroxy
triterpenoid.®  Anti-tumor, anti-inflammatory and antiviral
activities of the compound has been reported.*® It has a rigid
nano-sized lypophilic backbone with uniquely positioned
secondary hydroxyl group at the ‘A’ ring and a hydroxymethyl
group at the ring junction of the trans-fused ‘D’ and ‘E’ rings.
Betulin is identical to betulinic acid 2 except that the 28-COOH
group is converted to a hydroxymethyl group at the ring
junction of thetrans-fused ‘D’ and ‘E’ rings. To gain an
understanding about how a minute functional group variation
of the triterpenoid molecule can influence it's self-assembly
property, we extracted the compound from the bark of white
barch and studied the self-assembly property of it molecule in
various organic liquids. The dihydroxy triterpenoid self-
assembled in aromatic liquids and aqueous solvent mixtures
yielding soft solid-like materials in some of the liquids.®® For
instance, an opaque gel was formed instantly in DMSO-water
(1:1) at 1% w/v. Whereas opaque gels were formed in neat
liquids such as o-xylene, m-xylene, p-xylene also yielded
opaque gels at 5% w/v, colloidal suspensions were obtained
in benzene, toluene, mesitylene and o-dichlorobenzene.
Colloidal suspensions were also obtained in mixed solvents
like EtOH-water (1:1), DMF-water (1:1) and EG-water (1:1).

Study of the morphology of the self-assemblies of betulin
carried out in native state by optical microscopy revealed
flower-like morphology of micrometer diameters. Beautiful
flower like objects of 5-20 ym were observed by Field
Emission Scanning Electron Microscopy (FESEM) in different
liquids (Figure. 11). The flowers were composed of dozens of
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petals (2D sheet) attached to a mutual center and the petals
were composed of intertwined fibers of 27-48 nm diameter.
The molecule being 1.29 nm long, several molecules are
present in the cross-section of the nano fibers. Whereas self-
assembled betulinic acid yielded simple fibrillar morphology
(as discussed in section 4.1), self-assembled betulin yielded
flower like morphology in identical environment. These studies
confirmed that minute functional variation, specially the
functional group variation at the junction of the trans-fused ‘D’
and ‘E’ rings of the triterpenoid molecule, can change the self-
assembly properties dramatically.  Shifting of the ‘—O-H’
stretching frequencies compared to that in the neat powder in
FTIR of different xerogel samples indicated that self-assembly
is driven by strong intermolecular H-bonding.

Figure 11. SEM images of dried self-assemblies of betulin
prepared from mesitylene liquid (2 % w/v).

To find out whether the porous self-assemblies of betulin
are capable of adsorbing various fluorophores, we have
studied the adsorption of rhodamine-B and the anticancer drug
doxorubicin as model compounds.®'628364  Microscopic
images under normal and fluorescence lights clearly indicated
that both the fluorophores were adsorbed on the flower like
self-assemblies of betulin (Figure.12a,b). The large surface
area of porous self-assembled betulin facilitated the
adsorption of rhodamine B and doxorubicin dyes. These
results opens up the use of self-assembled betulin in the
removal of toxic dyes, % and targeted drug delivery vehicles.
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Figure 12. Optical microscopic images of fluorophore adsorbed on
self-assembled betulin (1% w/v): (a,b) rhodamine B in isopropanol
(0.42 mM), (a) under fluoroscence light. . Photograph of dried self-
assemblies of 3: (c) prepared from o-xylene liquid, (d) after adsorption
of rho 6G, (e) after adsorption of crystal violet, (f) after adsorption of
methylene blue and (g) Plot of absorbance vs time (h) at maximum
wavelength (max) of various dye solutions. . Reprinted (adapted)
with permission from ref. 60 Copyright 2015 American Chemical
Society.

Whether the dried porous self-assemblies betulin are capable
of adsorption of dye molecules, we kept a weighed amount of
the dried porous self-assemblies in equilibrium with aqueous
solutions of the dyes and the adsorptions of the dyes were
monitored by UV-visible spectroscopy after a certain time
intervals. The reduction of the absorption intensities with time
indicated the adsorption of dye molecules on the surface of the
dried porous material. The dried porous self-assembled
material could remove the cationic dyes rhodamine 6G
(78.0%), crystal violet (99.0%), and methylene blue (62.0%)
from aqueous solution very efficiently. Photographs of the
porous materials (Figure. 12) after the adsorption of dyes
clearly indicated the adsorption of dyes.

Inspired by the spontaneous self-assembly of betulin and
betulinic acid in different liquids yielding diversified
supramolecular architectures of nano to micrometer
dimensions, we became curious to know the self-assembly
properties of other triterpenoid molecules.>® The variations in
the triterpenoid framework and the spatial dispositions of the
functional groups may have profound effect on the self-
assembly property of a triterpenoid molecule. Hence, it
occurred to us that oleanolic acid will be a suitable molecule
for such investigations.®® Oleanolic acid 4, a nano-sized 6-6-
6-6-6 pentacyclic triterpenoid (Figure.13d), is present in root
bark of Lantana camara as the free acid.%” It has tremendous
medicinal importance including anticancer and antitumor
activities.%®
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Figure 13. (a, b) Lantana camara, (c) root of Lantana camara, (d)

oleanolic acid

Figure 14. (a) TEM images (unstained) of soft vesicles from a
solution of oleanolic acid in chlorobenzene (c = 0.28% w/v) having
99.8 nm =9 nm, (b) a gel of 4 in mesitylene with Lantana camara leaf
at the background. Reprinted (adapted) with permission from ref. 66
Copyright 2012 John Wiley and Sons.
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We extracted the oleanolic acid from the root bark of
Lantana camara following an optimized procedure developed
in our laboratory. Self-assembly properties of oleanolic acid
were investigated in 25 neat organic liquids, DMSO-water and
alcohol-water mixtures.® Interestingly, compound 4 showed
excellent self-assembly properties in most of the liquids tested
and yielded strong gels in 19 liquids including alcohols,
aromatic liquids, chloro-alkanes and aqueous binary solvent
mixtures. Excellent gels were formed in all the 11 aromatic
liquids tested. Homologues alcohols from C3-C5 and C7 and
ethylene glycol could be gelled easily and ethylene glycol
turned out to be the best solvent for gelation with an MGC of
0.73% (w/v). The observation that a strong gel was obtained
in n-butanol but in t-butanol it remained in solution indicated

oy

Tt
Bilayer vesicle

Figure 15. (a-c) TEMimages (unstained) of soft vesicles from a solution
of oleanolic acid in chlorobenzene (c = 0.11% w/v) having 14 - 23 nm
diameter, (d) model proposed for the bilayer vesicle formation from
oleanolic acid, (e,f) AFM images of oleanolic acid in chlorobenzene (¢
= 0.28% w/v); spherical objects of 25-40 nm diameter . Reprinted
(adapted) with permission from ref. 66 Copyright 2012 John Wiley and
Sons.

the structural sensitivity for gelation. Among the aliphatic
chloro solvents tested, compound 4 gelled chloroform and
tetrachloroethane easily but remained insoluble in carbon
tetrachloride indicating the structural sensitivity of the liquids
towards self assembly of the triterpenoids. ** When compared
with betulinic acid 2, it is important to note that carbon
tetrachloride could be gelled easily by betulinic acid 2 but
remained insoluble in the analogues oleanolic acid 4.
Structural sensitivity of the analogues triterpenoid molecules
towards self-assembly in the same solvent is demonstrated by
this observation.

Morphological characterization of the self-assemblies of
oleanolic acid was carried out by optical microscopy in their
native state and by SEM, TEM and AFM in dry condition.
Mostly vesicular self-assemblies were observed in all the
studies (Figure. 14, 15). For example, the dried self-
assemblies of oleanolic acid 4 in chlorobenzene (0.28%) by
transmission electron microscopy revealed spherical self-
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assembly of average diameter 99.8 nm + 9 nm (calculated
from the diameters of 270 spherical objects) (Figure. 14).%° As
the molecular length of oleanolic acid is 1.45 nm, the
membrane thickness of 2.8 - 3.0 nm of the spherical objects
indicated that the spherical objects were actually bilayer
vesicles (Figure. 15b). The sharp peaks observed by x-ray
diffraction studies of the gels of 4 in chlorobenzene and
ethylene glycol corresponding to d spacings of 2.90 nm and
2.85 nm respectively also supported a bilayer vesicular
structure as observed by TEM studies also supported the
bilayer membrane. Intermolecular H-bonding between
hydroxyl and carboxyl groups in addition to the dispersive
interaction by the non-polar triterpenoid backbone are believed
to be the major driving force for the self-assembly.®®

5 pum

Figure 16. Epifluorescent microscopy images of a solution of
oleanolic acid in isopropanol (a-b): ¢ = 31.31 mM containing
0.314 mM rhodamine-B; (c-d): ¢ = 9.96 mM containing
doxorubicin (¢ = 0.33 mM); (a,c) bright field images, , (b,d)
fluorescent images. . Reprinted (adapted) with permission from
ref. 66 Copyright 2012 John Wiley and Sons.

Vesicular self-assembilies of 4 of 2.5-5.0 um in aqueous DMSO
were observed by optical microscopy media in native state.
Agueous DMSO being a biocompatible medium, we tested the
entrapment of fluorophores including the entrapment of the
anticancer drug doxorubicin. Interestingly, the cationic dye
rhodamine-B and the chemotherapeutic drug doxorubicin were
entrapped inside the vesicular self-assemblies as indicated by
epifluoroscence microscopy studies (Figure. 16). Entrapment
of the anticancer drug doxorubicin inside the vesicular self-
assemblies of 4 in a biocompatible medium paves the way for
its usefulness as a drug delivery vehicle.”® 7" 7273
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3.5 Self-assembly of ursolic acid 5

calculated from 87 spherical self-assemblies, Figure. 18a).

O,.0H

e O

Ursolic acid

Self-assembly

Bilayer vesicle Bila;

Figure 18. (a,b) Scanning electron micrographs of the é‘r’i‘é‘éi’ self-
assemblies of ursolic acid prepared from colloidal suspension in ethanol-
water (3:1): (a,b) 0.23% w/v, (c) HRTEM (unstained) of self-assembled
ursolic acid in mesitylene (0.21% w/v), (d) model bilayer vesicle, (e) tube

L ¥ = ¢
Plumeria rubra Entrapment

Figure 17. Schematic representation of self-assembly of ursolic acid
extractable from Plumeria rubra yielding nano-architectures and its
use in drug entrapment. Reprinted (adapted) with permission from
ref. 83 Convriaht 2017 Roval Societv of Chemistrv.

Ursolic acid, a naturally occurring 6-6-6-6-6 monohydroxy
triterpenic acid, is extractable from the leaves of Plumeria
rubra as a free acid having wide varieties of pharmacological
activities. 7475767778 Anticancer and antitumor activities of
ursolic acid have been reported in different cell lines.”9808182
Ursolic acid 5, a ursane type triterpenic acid extractable from
the leaves of Plumeria rubra will be an interesting molecule for
the study of its self-assembly properties in different liquids
(Figure. 17). Herein we report that ursolic acid self assembles
in different neat liquids as well as aqueous liquid mixtures
yielding supramolecular architectures such vesicles, tubes,
fibers and flowers of nano- to micro-meter dimensions.®® The
vesicular self-assemblies are capable of entrapping
fluorophores including the anticancer drug doxorubicin.
Release studies of the entrapped fluorophores including the
anticancer drug doxorubicin has also been demonstrated
making it useful as a drug delivery vehicle.

Self-assembly of compound 5 was tested in 22 organic liquids
and aqueous liquid mixtures. Among the 22 neat organic
liquids tested for the self-assembly studies, ursolic acid self-
assembled in most of the liquids in the concentration range of
1-6% w/v forming gels in 12 neat liquids. Among the three
aqueous liquid mixtures tested for the self-assembly studies,
ursolic acid self-assembled in all the aqueous liquids forming
a strong gel in DMSO-water. Atomic force microscopy of the
dried self-assemblies of 5 prepared from a solution of 5 in
ethanol-water (3:1, 0.12% w/v) indicated the formation of
spherical self-assemblies of 120 - 360 nm diameters and
heights 23-27 nm (calculated from the diameters of 149
spheres). The 3D images clearly indicated the spherical
nature of the self-assemblies. The measured heights do not
match with radius of the spherical objects due to deformation
by the AFM tip indicating a soft nature of the spherical self-
assemblies. SEM studies with the dried self-assemblies of 5
prepared from a colloidal suspension in ethanol-water (3:1,
0.23% w/v) indicated poly-disperse spherical self-assemblies
of nano- to micrometer diameters (average size of 480 nm

in ethanol-water (3:1), (f) model tube. . Reprinted (adapted) with

Tubular self-assemblies along with spherical self-assemblies
were observed in SEM images of the dried self-assemblies of
5 prepared from a solution in ethanol-water at 0.23% w/v along
with certain percentage of fibrillar network (Figure. 18b).
HRTEM images of the spherical self-assemblies clearly
indicated the vesicular nature of spherical self-assemblies
(Figure. 18c). With the membrane thickness of 2.94 nm and
the molecular length being 1.47 nm, a bilayer vesicular
structure is proposed (Figure. 18d). The membrane thickness
of the nano-tubes observed by HRTEM was also 2.94 nm
(Figure. 18e) supporting bilayer morphology of the tubular self-
assemblies (Figure. 18f). The bilayer membrane morphology
is supported by X-ray diffraction studies of a gel of 5 in m-
xylene (2.1% w/v) that revealed a sharp peak at 2©6=3.0, which
corresponds to a d spacing of 2.94 nm .

25um

Figure 19. Epifluorescent microscopy images of self-
assembled ursolic acid (a-c) in ethanol-water (3:1, 30.13 mM): (a)
containing Rodamine-B (0.30 mM) exposed under green emission
light, (b) containing Rodamine-B (0.30 mM) exposed under blue
emission light, (c) containing CF (0.30 mM) exposed under blue
emission light, (d) in ethanol-water (3:1, 22.93 mM) containing
doxorubicin (2.2 mM) exposed under green emission light.Reprinted
(adapted) with permission from ref. 83Copyright 2017 Royal Society of
Chemistry.
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Figure 20. (a) Release of the ursolic acid (55 mM) gel-entrapped
fluorophore Rho-B (0.54 mM): overlay of the UV-visible spectra of
the released Rho-B to buffers at pH 7.2 at various time intervals,
(b) release of the ursolic acid (56.1 mM) gel-entrapped anticancer
drug doxorubicin (0.51 mM) in buffer solution at (a) pH = 7.2:
overlay of the UV-visible spectra of the released doxorubicin to
buffers at various time intervals. . Reprinted (adapted) with
permission from ref. 83 Copyright 2017 Royal Society of
Chemistrv

Development of biocompatible nano carriers has been an
emerging area of research for efficient and targeted drug
delivery with an aim to minimize the serious side-effects in
chemotherapy.3485887 Whether the vesicular self-assemblies
of 5 are capable of entrapping drug molecules, we initially
examined the entrapment of the cationic dye Rhodamine B
(Rho-B) and the anionic dye 5,6-carboxyfluorescein (CF). To
our delight, we observed that the vesicular self-assemblies
were capable of entrapping both the fluorophores
(Figure.19a,b and c). Inspired by these results, we examined
the entrapment of anticancer drug doxorubicin. Reddish
fluorescence observed from the vesicular self-assemblies
indicated entrapment of the chemotherapeutic drug (Figure. 19
d).

Release study of the entrapped dye molecules to buffer
solutions at physiological pH (7.2) is an integral part of the drug
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entrapment studies for prospective use of the self assemblies
in drug delivery experiments #8991 Tg examine this, initially
a Rho-B (0.54 mM) loaded gel of ursolic acid (54.8 mM) in
DMSO-water (5:3, 0.16 mL) was covered with a buffer solution
(10 mM, 1 mL, pH 7.2) and the release was monitored by UV-
visible spectroscopy at various time intervals. A significant
release of the Rho-B (87%) was observed after 23 h 30 min
(Figure. 20a). Inspired by this observation, release study of
the anticancer drug doxorubicin was carried out from
doxorubicin-laded gel at physiological pH (7.2) and low pH
(6.6) environment of hypoxic tumor or endosomes. A
significant release of the anticancer drug doxorubicin at
physiological pH (7.2) after 30 min 75% of the drug was
released and at the low pH environment 88% released after 60
min, making it useful for prospective drug delivery (Figure
20b).

Figure 21. (a,b). Schematic representation of self-assembly of
18B-glycyrrhetinic acid 6 affording spherical and flower-like
objects yielding a gel. (b) A gel of 6 in bromobenzene with
crushed Glycyrrhiza glabra root at the background.

3.6 Self-assembly of glycyrrhetinic acid 6
18B-glycyrrhetinic acid 6 is extractable from the root of
Glycyrrhiza glabra (Figure. 21). The root Glycyrrhiza glabra is
widely used as a traditional medicine for treatment of throat
problem. On oral consumption, the sweetening agent
glycyrrhizin present in the root is converted to 18-
glycyrrhetinic acid in the human intestine.®? Application of
18(J-glycyrrhetinic acid has been demonstrated as an
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antiinflammatory, anticancer and antitumor drug and a
nutraceutical for remedying lung diseases and its in-vivo
assays have also been carried out.®*** Success in the self-
asssembly of pentacyclic triterpenoids 2-5, encouraged us to
study the self-assembly of 18(1-glycyrrhetinic acid 6 in different
liquids. It is a 1.41 nm long 6-6-6-6-6 pentacyclic mono
hydroxyl triterpenic acid with an enone moiety in the ‘C’ ring.
The structural difference with the previously studied 6-6-6-6-6
triterpenic acid 4 and 5 is the attachment of the carboxyl group
at the ‘E’-ring and not at the junction of the cis fused ‘D’ and
‘E’ rings. The hydroxyl and the carboxyl groups are 1.09 nm
apart and separated by the rigid 6-6-6-6-6 pentacyclic
backbone spacer. We isolated the compound 6 from the root
of Glycyrrhiza glabra by following an improved method
developed in our laboratory and studied its self-assembly
properties in different liquids.®

Figure 22. FESEM image of 188 -glycyrrhetinic acid xerogel in (a-c)
nitrobenzene (0.25% w/v) (d) o-dichlorobenzene (0.25% w/v)
Reprinted (adapted) with permission from ref. 95 Copyright 2012
Roval Societv of Chemistrv.

Among the 22 liquids tested for self-assembly, the
triterpenoid 6 self-assembled in most of the liquids yielding
strong gels in 15 liquids and colloidal suspensions in the 4
liquids. Morphology of the self-assemblies studied optical
microscopy and AFM revealed spherical self-assemblies.
Thorough analysis by FESEM revealed flower like self-
assemblies composed of 2D-sheets of 33—88 nm thickness.
The 2D sheets were composed of intertwined fibers of 30—-40
nm cross-sections (Figure. 22 and 23). As the triterpenoid 6 is
1.41 nm long, the dimensions of the fibers indicate that several
18(1-glycyrrhetinic acid molecules must be present in the
length and the bredth of the fibers.

The major driving force for the self-assembly of the molecules
is believed to be H-bonding involving the carboxyl and hydroxyl
groups in addition to the dispersive interactions by the
triterpenoid backbones. Evidence for the involvement of H-
bonding by the carboxyl groups was obtained by FTIR studies
where a shift of the ‘C=0’ stretching frequency was observed
from 1705 cm™ in a powder sample to 1695 cm™ in the gel
sample in o-dichlorobenzene. The stretching frequencies of
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the ‘C=0’ group in the xerogels prepared from chlorobenzene,
bromobenzene, nitrobenzene, o-dichlorobenzene appeared at
1702, 1702, 1702, 1703 cm™ respectively indicating a shift of
2-3 cm™ compared to that in the powder. The identical ‘C=0O’
stretching frequency values observed in the xerogels indicated
that the ‘C=0O’ groups were in identical H-bonded
environments.%

Figure 23. FESEM image of 18B-glycyrrhetinic acid 6 xerogel at 0.25% (w/v)
concentration in: (a,b,d) nitrobenzene (0.25% w/v) (c) o-dichlorobenzene
(0.25% wi/v), Reprinted (adapted) with permission from ref. 95 Copyright 2012
Royal Society of Chemistry.

Figure 24. HRTEM image of CdS nanoparticles deposited on 18-
glycyrrhetinic acid self-assemblie. Reprinted (adapted) with permission
from ref. 95 Copyright 2012 Royal Society of Chemistry.

Templated growth of CdS nanoparticles (CASNP) in the
form of nano and micro sized spherical objects and fibers has
become an area of intense research because of their
applications in industry as well as advanced areas such as
biological labelling, light emitting diodes, photoelectronic
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devices, etc.®”%% As the 3D flower-like self-assemblies of
1801-glycyrrhetinic acid 6 have very high surface area, we
utilized those self-assemblies for the templated growth of
CdSNPs.% When a solution of 1801-glycyrrhetinic acid 6 in
ethylene glycol (0.2 mL, 1 % w/v) and cadmium acetate (5 mM)
were kept under H,S atmosphere for 30 s instant appearance
of light yellow color in the reaction mixture indicated the
formation of CASNPs. HRTEM studies, energy dispersive X-
ray spectroscopy (EDX) and X-ray diffraction confirmed the
formation of CASNPs on the self-assembled microstructures
(Figure 24).

Figure 25. Schematic representation of the formation
of gel and gel—gold nanoparticle hybrid material from arjunolic
acid 7 extractable from the saw-dust of Terminalia arjuna
(inverted vials containing gels with the leaves of Terminalia arjuna
in the background: [A] gel of arjunolic acid in ethanol-water (3:4),
[B] gel—gold nanoparticle hybrid material. . Reprinted (adapted)
with permission from ref. 101 Copyright 2014 Royal Society of
Chemistry.
3.7 Self-assembly of arjunolic acid 7
Arjunolic acid 7 (Figure 25), a nano-sized, chiral, 6-6-6-6-6
pentacyclic trihydroxy triterpenic acid is present in the heavy
wood of the medicinal plant Terminalia arjuna as the free acid.
It has a rigid backbone with two equatorial hydroxyl and one
equatorial hydroxymethyl groups attached at the ‘A’ ring. The
carboxyl group is situated at the ring junction of the cis fused
‘D’ and ‘E’ rings. The compound was extracted from the finely
powdered heavy wood of Terminalia arjuna and purified by a
chemical route, developed in our laboratory, as a white
crystalline solid.'®
Self-assembly properties of arjunolic acid 7 in aqueous
medium and study of its utilization as drug delivery vehicle was
reported by us in 2014."°"  As anticipated, the molecule with a
rigid lypophilic backbone with three hydroxyl and one carboxyl
groups at the opposite ends, was poorly soluble in most of the
common organic liquids except in polar solvents like DMSO,
DMF, acetonitrile, etc. Interestingly, in aqueous binary solvent
mixtures such aqueous ethanol, DMSO, DMF or ethylene
glycol, arjunolic acid showed a tendency to self-assemble
yielding spherical self-assemblies and gels at certain
concentrations of arjunolic acid and solvent compositions
(Table 2). The positive free energy change (AG°) during gel to
sol transition calculated from Ty vs. concentration plots
indicated the stability of the gels'®’
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Table 2. Gelation test results of arjunolic acid 7 in aqueous
solvents

Serial No.! Medium (v/v) State MGC Tgel?!
1 EtOH/H.0 (3:4) G 0.11 34

2 DMSO/H;0 (5:4) G 7.1 67

3 DMF/H.O (5:3) G 7.1 35

4 EG/H:O (3:1) VS 2.5

Figure 26. Optical microscopy images of self-assembled arjunolic acid in
(a,b) DMSO-water (5:4) at (a) 5.55% w/v, (b) 7.1% w/v; (c,d) DMF-water
(5:2) at (c) 0.10 % w/ v (d) at 6.25 % w/v. Reprinted (adapted) with
permission from ref. 101 Copyright 2012 Royal Society of Chemistry.

Figure 27. FESEM of dried self-assemblies of arjunolic acid in (a,b)
ethanol-water (3:4, 0.11 % w/v) at MGC, (c) DMF-water (5:2, 0.71 %
w/v); (d) DMSO -water (5:2, 0.71 % w/v). Reprinted (adapted) with
permission from ref. 101 Copyright 2014 Royal Society of Chemistry.
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lipophilic triterpene backbone
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Figure 28. TEM images of self-assembled arjunolic acid in (a)

DMSO-water (1:1, 0.022% w/v); (b) ethanol-water (3:4 ratio,

0.043% w/v) with gold nanoparticles. (c) Schematic representation

of the formation of supramolecular gel via formation of bilayer
vesicles. . Reprinted (adapted) with permission from ref. 101

Copyright 2014 Royal Society of Chemistry.

Discrete spherical self-assemblies at a lower concentration
and densely packed spherical self-assemblies at a higher
concentration of arjunolic acid were observed by both optical
microscopy (Figure 26) in native state and FESEM for the
xero-gels (Figure 27). FESEM studies carried out with the
dried Self-assemblies of arjunolic acid (0.11% w/v) at its MGC
from aqueous ethanol (3:4) indicated the formation of nano-
sized spherical objects with an average diameter of 185 nm.
Sharp contrast between the centre and the distinct periphery
observed in the dried spherical self-assemblies of arjunolic
acid by HRTEM analysis indicated that the spherical self-
assemblies were actually vesicular in nature (Figure 28). The
molecular length of arjunolic acid being1.35 nm and the
measured membrane thickness of the vesicles by HRTEM
analysis being 2.7 nm, a bilayer vesicular membrane is
proposed (Figure. 28). The low angle X-ray diffraction studies
carried out with a gel sample of arjunolic acid in DMF—water
(7.1% w/v, 5:2 v/v) revealed a peak at 3.82° corresponding to
a d-spacing of 2.68 nm, also supported a bilayer membrane
structure of the vesicles (Figure. 28 b). Based on these
observations, a mechanism for the formation of gel via
vesicular self-assemblies is proposed (Figure. 28 c). The
reports of vesicular gel specially the vesicular self-assembly of
naturally occurring low molecular mass organic compounds
are not common in the literature compared to fibrillar gels.'%?
The major driving force for the self-assembly was
intermolecular H-bonding between the hydroxyl and carboxyl
groups in addition to the dispersion interaction by the
triterpenoid backbone. Evidence for the involvement of H-
bonding came from the FTIR studies, where shifting of both
the ‘C=0’ and ‘O-H stretching frequencies the powder
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sample of arjunolic acid to the lower frequency region was
observed in all the xero-gel samples indicating.

Figure 29. Epifluorescence microscopy images of (a—b) self-
assembled arjunolic acid 7 (10.23 X 10-2 M) in DMSO-water (7: 3)
containing rhodamine B (5 X10-3 mM), (c—d) self-assembled arjunolic
acid (639 mM) in DMSO-water (7:3) containing 5(6)-
carboxyfluorescein (0.25 mM) (e—f) self-assembled arjunolic acid (1.29
mM) in DMSO-water (5 : 3) containing doxorubicin (4.04 X 10-3 mM);
(a, c and e) fluorescent images; and (b, d and f) bright-field images.
Reprinted (adapted) with permission from ref. 101 Copyright 2014
Royal Society of Chemistry.

¥y

Figure 30: Schematic representation of the geneation of a
trihybrid material 1 from the extracts of two plants and its
utilization as a recyclable catalyst for organic transformations.
Reprinted (adapted) with permission from ref. 105 Copyright
2016 John Wiley and Sons.

In-situ generared
Pd-nano

Trihybrid 1

There has been an immense research interest in recent
years in the utilization of vesicles as drug delivery vehicle.'%
Entrapment studies were carried out with the cationic dye
rhodamine B, and the anionic dye CF and the well known
anticancer drug doxorubicin and examined by epifluorescence
microscopy. Highly intense fluorescence observed from the
vesicular self-assemblies under epifluorescence microscopy
indicated the entrapment of the fluorophores including the
chemotherapeutic drug (Figure 29).To examine the usefulness
of self-assembled arjunolic acid as a drug delivery vehicle,
controlled release of the entrapped drug molecules to buffer
solutions at physiological pH was carried out.’ A slow and
controlled release of the loaded doxorubicin drug from the
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arjunolic acid gel in aqueous ethanol medium to the buffer
solutions at physiological pH was observed which confirmed
its usefulness as a prospective drug delivery vehicle. In
another application, a gel-gold nanoparticle hybrid material
has been generated under very mild conditions from self-
assembled arjunolic acid, the bark extract of Terminalia arjuna
and Au(lln.™ot

4. Generation of arjunolic acid PANP tri-hybrid and study
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Figure 31. Optical microscopy image of the trihybrid material 1 in
native state, (b-c) SEM images of the dried assemblies of trihybrid
material 1, (d) XRD of xerogel of trihybrid material 1, () SPR band
of PdNPs in the trihybrid material 1. Reprinted (adapted) with
permission from ref. 105 Copyright 2016 John Wiley and Sons.

of its catalytic activities

Palladium nanoparticles (PdNPs) have drawn significant
attention in recent years because of its usefulness as catalysts
for C-C coupling reactions. Recently a few reports have
appeared on PdNPs based advanced materials synthesized
by utilizing solid organic—inorganic supports such as
graphene, zeolites, mesoporous silica, tetraalkyl ammonium
salts, ionic liquids, and polymers as stabilizers for their use as
heterogeneous catalysts . But the reports of hybrid materials
based on renewable and nontoxic precursors are not very
common in literature which is very significant for sustainable
development.

A novel organic-inorganic trihybrid material has been reported
by us recently via in-situ generation of palladium nanoparticles
(PdANPs) in a hybrid gel matrix based on renewable chemicals
(Figure 30)."% The constituents of the hybrid gel were a
pentacyclic triterpenoid arjunolic acid 7 extractable from
Terminalia arjuna and the leaf extract of Chrysophyllum cainito
(LECC) rich in flavonoids. The flavonoid molecules present in
the hybrid gel matrix to generated the advanced trihybrid gel
via in-situ reduction of doped Pd(ll) salts to stable palladium
nanoparticles (PdNPs). Detailed morphological
characterization of the trihybrid material by various
instrumental techniques confirmed the generation of discrete
PdNPs of 9 nm size along with the densely packed vesicles in
to the trihybrid material 1 (Figure 31).
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The xerogel of the trihybrid material was utilized as a
recyclable heterogeneous catalyst for two C-C coupling
reactions namely Suzuki reaction and Heck reaction and two
reduction reactions namely borohydride reductions of 3-
nitropenol and 4-nitrophenol. For both the C-C coupling
reactions, the catalyst could be recycled upto 4th cycle without
significant loss of the catalytic activities.

For the borohydride reduction reactions of 3- and 4-
nitrophenols, the trihybrid material 1 acted as a catalyst with
100% yield upto 4th cycle. For example, with 3-nitrophenol as
the substrate, the 1st, 2nd, 3rd and 4th cycles completed within
0.5 min, 2 min, 4 min and 7 min respectively with 100% yield
which confirming the excellent efficacy of the material as
catalyst. Similarly, with 4-nitrophenol as the substrate, the 1st,
2nd, 3rd and 4th cycles completed within 5 min, 13 min, 20
min, and 26 min respectively with 100% yield which again
confirming the efficacy of the material as recyclable
heterogeneous catalyst for the reduction reactions109.
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Figure 32: (a) Schematic representation of the utilization of
trihybrid material 1 as a recyclable catalyst in Heck and Suzuki
reaction and reduction reactions. (b) Plot of % yields vs no. of
cycles. Reprinted (adapted) with permission from ref. 105
Copyright 2016 John Wiley and Sons.

3.8 Self-assembly of [1-onocerin 8

Inspired by the spontaneous self-assembly of triterpenoids
2-7 in different liquids yielding supramolecular architectures
such as vesicles, fibers, flowers and tubules of nano to
micrometer dimensions, we became curious to study the self-
assembly properties of a dihydroxy seco-tetracyclic
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Figure 33. Schematic representation of self-assembly of (-
onocerin 8 yielding a gel via fibrillar network and flower-like self-
assemblies. Reprinted (adapted) with permission from ref. 107
Convriaht 2017 .John Wilev and Sons.
triterpenoid a-onocerin 8 [8, 14-seco-gammacera-8, 14-diene-
3, 21-diol]. The compound is present in the aerial part of
Lycopodium clavatum, a spore-bearing vascular plant,
growing up to 1 m in height. The molecule has a unique C2-
symmetric structure consisting of two independent trans-
decalin Cys building blocks having two hydroxyl groups at the
two ends of the molecule. The molecule 8 was extracted from
the aerial part of Lycopodium clavatum and purified by an
optimized procedure developed in our laboratory, as a white
powder'%,

As the molecule contains two hydroxyl groups at the two
opposite ends, it is expected to be involved in stabilizing the
self-assemblies by intermolecular hydrogen bonding in
addition to the dispersive interactions provided by the
lypophilic backbone®. Indeed self-assemblies were observed
in nine of the fifteen organic and aqueous-organic liquids
tested, yielding gels in six liquids'”.

The morphology of the self-assemblies of 8 prepared from
the colloidal suspensions in o- and m- xylenes (1.1 % w/v), o-
dichlorobenzene (2.1% w/v), chlorobenzene (1.0 % w/v),
bromobenzene (1.1 % w/v), dodecanol (4.2 % w/v), DMSO
(0.1 % w/v and 0.05% w/v) and DMSO-water (0.1% w/v, 1:1
v/v) were examined by scanning electron microscopy. Fibrillar
network along with flower-like self-assemblies were observed
in most of the dried self-assemblies (Figure. 34). Symmetrical
flower-like  self-assemblies were observed in o-
dichlorobenzene (2.1% w/v) with 0.4-1.64 pm diameter
(Figure. 34 a). Flower and petal-like self-assemblies were also
observed in the samples prepared from m-xylene (1.5% w/v)
and o-xylene (1.1 % w/v) (Figure. 34 b, c). Fibrillar network
was observed in DMSO-water (0.1% w/v, 1:1 v/v) and DMSO
(0.1 % w/v) with individual fibers having cross sections of 76.8
- 92.2 nm diameters (Figure. 34d) and several micrometer in
lengths. To get further insight into the morphologies of the
self-assemblies, HRTEM and AFM studies were carried out.
Intertwined fibrillar networks having fibers of nano- to micro-
meter cross-sections and micrometer lengths were observed
in the dried self-assemblies of 8 prepared from the colloidal
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Figure 34. Scanning Electron Microscopic image of 8 in: (a)
o-dichlorobenzene (2.1% w/v); (b) m- xylene (1.1 % w/v); (c)
o- xylene (1.1 % w/v); (d) (1:1 v/v) DMSO-water (0.1% w/v).
Reprinted (adapted) with permission from ref. 107 Copyright
2017 John Wiley and Sons.

suspensions in o-dichlorobenzene (0.21% w/v) by HRTEM
studies (Figure. 35 a, b). Intertwined fibrillar network having
nanometer cross-section and micrometer length were also
observed by AFM in the dried samples prepared from colloidal
suspensions of 8 in m-xylene (0.23 % w/v) and o-
dichlorobenzene (0.26 % w/v) (Figure. 35 c, d). All these
observations support the results obtained by FESEM studies
(discussed earlier). Based on these observations a
mechanism of the formation of the self-assemblies from the
individual components has been proposed as shown in
(Figure. 34).

Detailed analysis of the morphologies of the self-
assemblies discussed earlier indicated mesoporous
morphology of the self-assemblies. Porous morphology with
very high surface areas is highly accessible to neutral
molecules or ions.%% - 8 To find out whether the self-
assemblies of 8 can be utilized for the entrapment and release
of fluorophores, we examined the entrapment studies of Rho-
B in water (0.020 mL, 0.9 mM) with the self-assemblies in

/ i (o)

o

500 Am

Figure 35. (a,b) HRTEM image of 8 in o-dichlorobenzene (0.21% w/v),
(c,d) AFM images of dried self-assemblies 8 in m-xylene (0.23 % w/v);
(c) phase diagram, (d) 3D image. Reprinted (adapted) with permission
from ref. 107 Copyright 2017 John Wiley and Sons.
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Figure 36. (a) Overlay of UV-visible spectra of released CF into
buffers at pH 7.2 at various time intervals from a gel of 8 (36.1 mM)
in DMSO-water (1:1 v/v) loaded with CF (0.30 mM); (b) plot of
absorbance vs time at 495 nm; (c) photograph of inverted vial
containing CF loaded gel; (d) photograph of vial after 8 h of release.
(e) Overlay of UV-visible spectra of released doxorubicin,
entrapped in a gel of 8 (36.2 mM) in DMSO-water (1:1 v/v) loaded
with doxorubicin (5.17 mM) into buffers at pH 7.2 at various time
intervals; (f) plot of absorbance vs time at 481 nm; (g) photograph
of vial containing doxorubicin loaded gel; (h) photograph of vial after
2 h of release. Reprinted (adapted) with permission from ref. 107
Copyright 2017 John Wiley and Sons.

DMSO-water (1:1, 9.04 mM). Bright red fluorescence from the
self-assemblies when observed by epifluorescence
microscopy indicated the entrapment of the fluorophores in the
self-assemblies (Figure 30).

Successful release of the entrapped drug molecules into
the target site is an integral part of an effective drug delivery
system. To examine whether the entrapped fluorophores on
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the self-assemblies of 8 can be released, we carried out the
release studies of Rho-B and CF into PBS buffer (pH 7.2).
When a Rho-B (0.47 mM) loaded gel of 8 (28.25 mM, 0.25
mL) in DMSO-water (1:1 v/v) contained in a vial was kept in
equilibrium with a PBS buffer (10 mM, 1 mL, pH 7.2) and the
release of Rho-B was monitored by UV-visible spectroscopy at
various time intervals, significant release of Rho-B (75.3%)
was observed after 7 h. Similarly, the release studies carried
out with the anionic fluorophores CF from the CF ( 0.30 mM)
loaded gel of 8 (36.1 mM, 0.25 mL) in DMSO-water (1:1 v/v)
indicated a significant release of the fluorophore (95.6 %) into
PBS buffer (10 mM, 1 mL, pH 7.2) after 8h (Figure 36 a-d).
Being inspired by the results of the entrapment and release of
the cationic fluorophore Rho-B and the anionic fluorophore CF,
we examined the entrapment and release of the anticancer
drug doxorubicin. Interestingly, 92.4% release of the
entrapped doxorubicin was observed in 2 h when a
doxorubicin (5.17 mM) loaded gel of 8 (36.2 mM) in DMSO-
water (1:1, v/v) was kept in equilibrium with PBS buffer (10
mM, 1 mL, pH 7.2) (Figure 33 e-h) making it useful for
prospective drug delivery applications. The rate of the release
of the drug doxorubicin was much faster in this case compared
to the release of the same drug from a drug (0.31 mM) loaded
gel of arjunolic acid 7 (4.26 mM) in ethanol- water (3:4 v/v) into
PBS buffer at pH 7.2. Thus different triterpenoid systems can
be used depending upon ones requirement for effective drug
delivery applications.
The terpenoids being functionally rich with several hydroxyl
and carboxyl groups innumerable opportunities exist for the
generation of terpenoid derivatives depending upon ones
deSign al"ld reqUirementS.108’109’110’111’112’113’114’115’116’117’118 |n
this review, we have discussed only the examples of the self-
assembly properties of terpenoids without derivatizaiton.

4. Summary and Outlook

In this review, we have discussed how the naturally
occurring terpenoids can be utilized as renewable functional
nano-entities. The structural diversity of the terpenoids very
often with several centres of chirality and several hydroxyl
and/or carboxyl groups, in common, have made them very
attractive bio-based supramolecular building blocks because
these biocompatible frameworks can form diverse nano to
micro size architectures like vesicles, fibres, sheets, etc. even
without derivatization. The utilization of the self-assemblies
have been demonstrated for the entrapment and release of
fluorophores including anticancer drug doxorubicin, pollutant
capture, generation of hybrid material, etc. Utilization of self-
assembled betulinic acid and folic acid conjugate has been
demonstrated for selective damage of cancer cells when
studied with KG-1A and K562 cancer cells. The basic
structures of the terpenoids are amenable to a wide variety of
structural modifications opening up the generation of libraries
of compounds having different polarity regions and interacting
groups. Future studies on the self-assembly of newer
terpenoids will help in improved understanding of the
structure-property relationships and the development of a
green and sustainable world.
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