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ABSTRACT. Natural and abundant plant triterpenoids are attractive starting materials for the
synthesis of conformationally rigid and chiral building blocks for functional soft materials. Here
we report the rational design of three oleanolic acid-triazole-spermine conjugates, containing
either one or two spermine units in the target molecules, using Cu(I)-catalyzed Huisgen 1,3-
dipolar cycloaddition reaction. The resulting amphiphile-like molecules 2 and 3, bearing just one
spermine unit in the respective molecules, self-assemble into highly entangled fibrous network
leading to gelation at a concentration as low as 0.5 % in alcoholic solvents. Using step-strain
rheological measurements, we show rapid self-recovery (up to 96 % of initial storage modulus)
and sol < gel transition under several cycles. Interestingly, rheological flow curves reveal
thixotropic behavior of the gels. To the best of our knowledge this kind of behavior was not
shown in the literature before, neither for a triterpenoid nor for its derivatives. The conjugate 4,
having bolaamphiphile-like structure, was found to be a non-gelator. Our results indicate that the
position and number of spermine units alter the gelation properties, gel strength, and their self-
assembly behavior. Preliminary cytotoxicity studies of the target compounds 2—4 in four human
cancer cell lines suggest that the position and number of spermine units affects the biological
activity. Our results also encourage exploring other triterpenoids and their derivatives as
sustainable, renewable and biologically active building blocks for multifunctional soft organic

nanomaterials.
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Introduction

Supramolecular gels resulting from the self-assembly of low molecular mass organic
compounds represent an important class of soft materials having their potential in applications in
functional materials, catalysis, optoelectronics and sensors.!” Low molecular weight gelators
(LMWGs), undergo hierarchical assembly into highly entangled fibrous networks capable of
immobilizing a large number of solvent molecules.® Despite being predominantly comprised of
liquids, the resulting gels display solid-like mechanical properties in their rheological behavior.’
Importantly, in general molecular organo- and hydrogels offer reversible control of their
mechanical properties when perturbed by external stimuli, such as temperature,’ light,® electric
field,” pH,'* oxidation-reduction,!! or mechanical stress.'> The reversible mechanical properties

are consequences of the structural reorganization of gelators.*

The microscopic changes
occurring in molecular gels are attributed to non-covalent intermolecular interactions responsible
for the molecular self-assembly. The non-covalent interactions such as hydrogen bonding,'?
electrostatic effect,'* hydrophobic effect,!> London dispersion forces,'® van der Waals

7 charge-transfer complexation,'® metal coordination,'”! halogen bonding,?* and

interactions,’
fluorine-fluorine interactions®»** have been explored effectively for designing new gelators.
Extensive research, pursued over the last three decades on diverse building blocks, has offered
the possibilities towards the rational design of molecular gelators with unique material
properties. The building blocks ranging from long chain hydrocarbons,!’ peptides,?

2632 carbohydrates,® and metal complexes,'®?' have been studied

polyaromatics,'® steroids,
extensively. Molecular gels are generally considered as kinetically trapped metastable state, and

the gelation process can be controlled by tuning the supramolecular interactions and self-

assembly pathways to obtain different material properties.’**> It has been shown that there is a
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delicate balance between gelation and crystallization. Therefore, gelation is often considered as
failed crystallization.*®*” It has been shown that this balance between gel state and the

crystallization depends on the activation barrier.?®

Molecular gels with a wide range of morphologies including tapes, ribbons, fibers and
microcrystalline networks have been reported in the literature.!” More importantly, self-
assembly of chiral gelator molecules has also been shown to exhibit amplification of chirality

upon gelation, 4342

and in some cases formation of helical fibers, twisted tapes or ribbons have
been visualized using electron microscopy (EM).*** Molecular gels also display self-healing
and thixotropic behavior making them attractive for industrial, pharmaceutical and cosmetic
applications.*>*® Self-healing gels recover their initial properties , e.g., modulus or shape, after
subjecting for physical, chemical or mechanical perturbations.*’* Self-healing properties of
molecular gels can be determined using visual demonstration, oscillatory rheology and cyclic
compression/tensile testing.’® While visual demonstration is a qualitative method, step-strain

rheological experiments allow quantitative determination of structure recovery. Importantly,

step-strain experiments are suitable for low molecular gels even with very low solid content.

On the other hand, thixotropic gels undergo a transition from gel to solution upon applying
stress. However, they recover back to the original gel state when there is no applied shear.’!-*?
According to the IUPAC definition, thixotropy is defined as “the conmtinuous decrease of
viscosity with time when flow is applied to a sample that has been previously at rest, and the
subsequent recovery of viscosity when flow is discontinued”.>> Unlike shear thinning behavior,
i.e., decrease in viscosity upon increasing shear stress, thixotropy is a time dependent property.

Thixotropic behavior can be studied by time dependent step-strain and rate dependent shear

stress versus shear rate oscillatory rheological experiments.*’ Recovery of the gel is observed
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after shearing in rate dependent shear stress versus shear rate experiment. However, when the gel
recovers back to its original modulus, it does not follow the exact path, instead it shows a
hysteresis loop, indicating the thixotropic behavior of the gels. The thixotropic properties are
generally exhibited by molecular gels composed of the non-crystalline network.>*>¢ However,

there is no specific design strategy available to prepare such gels.”’

Irrespective of the nature of the gels and the diversity of building blocks, amphiphilicity has
been a common property in a large number of LMWGs.® Furthermore, a certain class of gelators

such as cholesterol,”’ bile acids,?® plant sterols,>®¢?

and sorbitol displays varying degree of
conformational rigidity, which facilitates a reduction in the entropic losses upon self-
assembly.®*%* Contrary to other gelators, strong hydrogen bonding interactions are absent in
several conformationally rigid gelators, and even if they are present, they contribute to a lesser
extent towards self-assembly.” However, in the field of soft materials, plant triterpenoids are a
much less explored class of conformationally rigid, naturally abundant, renewable and
sustainable resources.®> Triterpenoids, being structurally different from steroids, are a class of
triterpenes, compounds with 30 carbon atoms, either in linear structure or fused rings, but
containing additional heteroatoms or functional groups.®® They are precursors for steroids, which
compounds, contrary to triterpenoids, are characterized by at least 17 carbon atoms and bear
tetracyclic systems with three six-membered rings (A, B and C) and a five-membered ring (D).%’
This class of compounds, including cholesterol (a sterol), and bile acids, has already been

extensively studied for their self-assembly and gelation properties. !3-10:-26-32

Oleanolic acid [(3p)-3-hydroxyolean-12-en-28-oic acid, 1] is a pentacyclic triterpenoid (Figure
1) found throughout the plant kingdom in more than 120 plant species, of which especially in

Panax ginseng root and Sambucus chinensis (Chinese elder) in high concentrations.®®% It
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displays a wide range of modest biological activities, including antitumor effects.’®”* Studies on
the self-assembly of triterpenoids have been limited to betulinic acid, arjunolic acid, ursolic acid,
glycyrrhetinic acid, and oleanolic acid in a few selected organic solvents.”*’¢ At relatively high
concentrations, gelation of oleanolic acid has also been reported in organic solvents.’*”
Oleanolic acid is a lipophilic compound displaying low bioavailability,®® and the functional
group chemistry of oleanolic acid has not yet been fully exploited for the synthesis of its
derivatives. Therefore, it is desirable to address whether naturally abundant oleanolic acid can be
functionalized to obtain amphiphilic building blocks. Such a design requires a careful and
selective chemical transformation. Towards this end, naturally occurring sterol-spermine
conjugates, such as squalamine, has inspired the synthesis of spermine conjugates of fatty acids
and steroids as polycationic amphiphiles.””-’® The spermine conjugates have been shown to
efficiently bind to DNA, and act as non-viral gene carriers and ionophores.”3* The synthetic
spermine conjugates have been shown to exhibit a broad spectrum of antimicrobial activities,®>*’
and reported to self-assemble into molecular gels.’®%° Previously, the synthesis of different
triterpenoid-polyamine conjugates via the amide bond formation has been studied and the

compounds were subjected to the selected pharmacological screening tests.”*?

Herein, we aimed to explore the possibilities to design oleanolic acid-triazole-spermine
conjugates as polycationic amphiphiles, to study their self-assembly behavior, potential gelation,
morphological features and mechanical properties. To achieve this objective, we have
undertaken the following tasks. (a) The Cu(I)-catalyzed Huisgen 1,3-dipolar cycloaddition
reaction has been used as one of the key steps to prepare oleanolic acid-triazole-spermine
conjugates (Figure 1). Accordingly, three derivatives were prepared by appending spermine

conjugates at C(3)-OH (2), C(17)-COOH (3), and both C(3)-OH and C(17)-COOH (4) by
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selective chemical transformations (Scheme 1). (b) We show that the synthesized conjugates 2
and 3 act as LMWGs when tested in alcoholic solvents, resulting in highly entangled fibrous
networks. The VC and VT NMR spectroscopy, IR spectroscopy, X-ray powder diffraction
techniques, thermal analysis and electron microscopy were used to investigate supramolecular
self-assembly of the target compounds. (c¢) Using extensive oscillatory rheological measurements
and using a visual demonstration, we have shown that the gels exhibit rapid self-healing and
thixotropic behavior. (d) Finally, the target compounds 2—4 were subjected to a cytotoxicity
screening tests in four cancer cell lines, exhibiting differences in cytotoxicity values that

depended on the structure of conjugates.
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lipophilic hydrophilic

’ NH,"CI
25 ?

48 Figure 1. Chemical structures of the target compounds studied in this work. Oleanolic acid (1)
50 and its space filling model based on the X-ray single crystal structure (CSD entry: VUZVUI, top

left), space filling model of the triazole-spermine conjugate based on its energy minimized
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structure (top right), and oleanolic acid-triazole-spermine conjugates 2—4 along with their energy

minimized structures.

Scheme 1. Synthesis of oleanolic acid-triazole-spermine conjugates 2—4.

a) Benzyl bromide, K2COs, in DMF, rt; b) propargyl bromide, NaH (60 % dispersion in
mineral oil), in THF, rt; ¢) 15, CuSO4-5H>,O/TBTA, sodium ascorbate, in DCM/H>O0, rt; d) Pd/C
(10 %), Ha, in THF/EtOH rt; e) 1.0 M HCI, in ethyl acetate, rt; f) propargyl bromide, K.CO3, in
DMF, rt.
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Experimental section

General

The 'H and '*C nuclear magnetic resonance (NMR) spectra were recorded on a Bruker
AVANCE 600 MHz spectrometer at 600.13 MHz and 150.90 MHz in CDClz or CD30OD, using
tetramethylsilane (8§ = 0.0) as internal reference. 'H NMR spectral data are presented in the
following order: chemical shift (8) expressed in ppm, multiplicity (s, singlet; d, doublet; t, triplet;
q, quartet; m, multiplet), coupling constants in Hertz, number of protons. For unambiguous
assignment of both 'H and "*C signals 2D NMR 'H,"*C gHSQC and gHMBC spectra were
measured using standard parameters sets and pulse programs delivered by producer of the
spectrometer. Infrared spectra (IR) were measured with Nicolet 6700 FT-IR spectrometer (USA)
equipped with standard mid-IR source, KBr beam-splitter, DTGS detector and with the cell
compartment purged by dry nitrogen during all the measurements. Mass spectra (MS) were
measured with a Waters ZMD mass spectrometer in a positive or negative electrospray
ionization mode. Optical rotations were measured on an Autopol IV instrument (Rudolph
Research Analytical, USA) at 589 nm wavelength, and the values were corrected to 20 °C. All
other instruments used in a detailed investigation of supramolecular systems (scanning electron
microscopy, transmission electron microscopy, rheometer, X-Ray diffractometer,
thermogravimetric analyzer) are described in the Supporting Information. Thin layer
chromatography (TLC) was carried out on silica gel plates (Merck 60F2s4) and the visualization
was performed using UV detection and by spraying with the methanolic solution of
phosphomolybdic acid (5 %) followed by heating. For column chromatography, silica gel 60
(0.063-0.200 mm) from Merck was used. All chemicals and solvents were purchased from

regular commercial sources in analytical grade and the solvents were purified by general
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methods before use. Oleanolic acid was purchased from Dr. Jan Sarek — Betulinines

(www.betulinines.com).

Procedure for preparation of compound 2

Synthesis of compound 5

Benzyl bromide (235 pL, 1.97 mmol) and K>CO; (272 mg, 1.97 mmol) were added to a
solution of 1 (600 mg, 1.31 mmol) in DMF (10 mL) in a round bottom flask. The mixture was
stirred at r. t. for 17 h. The reaction was monitored using TLC and upon complete conversion of
the starting materials to product, the reaction was quenched by adding water to the reaction
medium. The reaction mixture was extracted into benzene and washed with brine solution (5 %
50 mL) using a separatory funnel. The organic layer was dried over anhydrous Na>SOg, filtered,
and removed under reduced vacuum to obtain the crude product. The crude product was column
purified on silica gel using 50/50 v/v (%) petroleum ether/chloroform to 100 % chloroform to

afford 5 in a 94 % yield as a white solid.

Synthesis of compound 6

Sodium hydride (60 % dispersion in mineral oil; 1049 mg, 26.24 mmol) was added to a
solution of 5 (896 mg, 1.64 mmol) in dry THF (15 mL) as two portions within 2 h intervals in a
round bottom flask. The mixture was stirred at r. t. for 4 h. When the color of the solution turned
creamy grey, propargyl bromide (425 pL, 4.91 mmol) was added to reaction mixture drop by
drop under the argon atmosphere. After stirring at r. t. for 5 days, excess sodium hydride was

neutralized by slow addition of water. The reaction mixture was extracted to chloroform using a

ACS Paragon Plus Environment
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separatory funnel and dried over anhydrous Na>SOs. The volatiles were removed under reduced
pressure. The crude product obtained after aqueous work up was column purified on silica gel
using 50/50 v/v (%) petroleum ether/chloroform to 100 % chloroform to afford 6 in a 76 % yield

as a white-yellowish solid.

Synthesis of compound 7

Compound 15 (529 mg, 1.0 mmol) was added to a stirred solution of 6 (450 mg, 0.77 mmol) in
DCM (7 mL) in a round bottom flask, followed by CuSO4:5H>O/TBTA (1:1) complex solution
(7.7 mL, 0.39 mmol) and stirred at r. t. for 5 min. To the above mixture, sodium ascorbate (152
mg, 0.77 mmol) was added, and the contents were mixed at r. t. for 20 h. The reaction mixture
was then extracted by CHCls and washed with water. After drying the organic layer over
anhydrous Na>SOs, the volatiles were removed under reduced pressure. The crude product
obtained after aqueous work up was column purified on silica gel using ethanol in chloroform

[from 100/0 v/v (%) to 100/5 v/v (%)] to afford 7 in a 99 % yield as a white foam.

Synthesis of compound 8

Catalyst (Pd/C (10 %); 550 mg, 0.52 mmol) was added to a solution of 7 (860 mg, 0.77 mmol)
in a THF/ethanol mixture (10/10 mL). The reaction vessel was repeatedly degassed under
vacuum and flushed with argon four times. The catalytic hydrogenation was carried out under a
hydrogen atmosphere at r. t. for 27 h. The reaction mixture was filtered using a sintered glass
funnel to remove solid. The filtrate was collected and evaporated under reduced pressure to
furnish white solid that was purified by column chromatography using a gradient mobile phase
ethanol/chloroform [from 100/0 v/v (%) to 100/2 v/v (%)] to afford 8 in a 90 % yield as a white

foam.
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Synthesis of compound 2

A solution of HCI (gas; 1.0 M in ethyl acetate; 48 mL, 47.41 mmol) was added to a solution of
8 (0.63 mmol, 1 eq.) and the reaction mixture was stirred at r. t. for 24 h. The resulting white

residue was filtered and washed with ethyl acetate to furnish 2 as a white solid in a 95 % yield.

Procedure for preparation of compound 3

Synthesis of compound 9

Propargyl bromide (115 pL, 1.31 mmol) and K>CO3 (182 mg, 1.31 mmol) were added to a
solution of 1 (400 mg, 0.88 mmol) in DMF (5 mL). The reaction mixture was stirred at r. t. for
48 h. The reaction was monitored using TLC and quenched by the addition of water to the
reaction medium. The mixture was extracted using benzene and washed brine solution (5 x 50
mL). The organic layer was dried over by Na,SOys, filtered and evaporated under vacuum. The
crude product obtained after aqueous work up was column purified on silica gel using

chloroform to afford 9 in a 98 % yield as a white solid.

Synthesis of compound 10

Compound 15 (340 mg, 0.64 mmol) was added to a stirred solution of 9 (266 mg, 0.54 mmol)
in DCM (5.4 mL), followed by CuSO4-5H>,O/TBTA (1:1) complex solution (0.27 mmol, 5.4 mL)
and stirred at r. t. After stirring for five min, sodium ascorbate (106 mg, 0.54 mmol) was added
to the mixture, and the content was mixed at r. t. for 27 h. It was extracted into CHClz and

washed with HO. After drying the organic layer over anhydrous Na>SOs, the volatiles were
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removed under reduced pressure. The crude product obtained after aqueous work up was column
purified on silica gel using ethanol in chloroform [from 100/0 v/v (%) to 100/4 v/v (%)]

affording 10 as a white foamy solid in a 99 % yield.

Synthesis of compound 3

A solution of HCI (gas; 1.0 M in ethyl acetate; 31 mL, 31.30 mmol) was added to a solution of
8 (433 mg, 0.42 mmol) and the reaction mixture was stirred at r. t. for 18 h. The resulted white
residue was filtered using a sintered glass funnel, washed with diethyl ether, and white crystals

were obtained with a 97 % yield.

Procedure for preparation of compound 4

Synthesis of compound 11

Sodium hydride (60 % dispersion in mineral oil; 129 mg, 3.23 mmol) was added to a solution
of 9 (100 mg, 0.20 mmol) in dry THF in two portions within 2 h intervals. The reaction mixture
was stirred at r. t. for 4 h. When the color of solution turned creamy grey, propargyl bromide (70
pL, 0.80 mmol) was added to the reaction mixture drop by drop under the argon atmosphere.
After stirring at r. t. for four days, excess of sodium hydride was neutralized by a slow addition
of water. The mixture was extracted into an organic layer using chloroform. After drying the
organic layer over anhydrous Na>SQOy4, the volatiles were removed under reduced pressure. The
crude product obtained after aqueous work up was column purified on silica gel using petroleum
ether in chloroform [from 50/50 v/v (%) to 0/100 v/v (%)] to afford 11 in a 91 % yield as a pale

yellowish solid.
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Synthesis of compound 12

Compound 15 (338 mg, 0.64 mmol) was added to a stirred solution of 11 (142 mg, 0.27 mmol)
in DCM, followed by a CuSO4-5H>O/TBTA (1:1) complex solution (5.33 mL, 0.27 mmol). After
stirring the reaction mixture for five min, sodium ascorbate (105 mg, 0.53 mmol) was added to
the mixture and stirred at r. t. for 24 h. It was then extracted into CHCl3 and washed with brine.
After drying the organic layer over anhydrous Na,;SOs, the volatiles were removed under reduced
pressure. The crude product obtained after aqueous work up was column purified on silica gel
using ethanol in chloroform [from 100/1.5 v/v (%) to 100/4.5 v/v (%)] afford 12 in a 96 % yield

as a white foam.

Synthesis of compound 4

A solution of HCI (gas; 1.0 M in ethyl acetate, 37 mL, 36.69 mmol) was added to a solution of
12 (389 mg, 0.25 mmol) and the reaction mixture was stirred at r. t. for 25 h. The resulting
residue was filtrated using sintered glass funnel and washed with diethyl ether to furnish 4 as a

white solid in a 95 % yield.

Procedure for preparation of compound 15

Synthesis of compounds 13 and 14

Sulfuryl chloride (13.5 g, 100 mmol) was added dropwise to an ice-cooled suspension of NaNj3
(6.5 g, 100 mmol) in acetonitrile (100 mL) resulting in a white salt formation (13). After stirring

the mixture at r. t. overnight, it was cooled over an ice bath, and imidazole (12.9 g, 100 mmol)
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was added in portion-wise and the resulting slurry was stirred at r. t. for 3 h. The initial addition
of imidazole resulted in pinkish color which turned white upon complete addition. The mixture
was diluted with ethyl acetate (200 mL) and H,O (200 mL), and the aqueous layer was separated
and discarded. The organic layer was washed with H>O (200 mL), then with saturated aqueous
NaHCOs3 (2 x 200 mL), dried over MgSOs and filtered. The yellow oily liquid 14 obtained after

evaporating the solvent was used for the next step without further purification.

Synthesis of 14-H2S04

The reaction was carried out using a slightly modified literature procedure.”** Sulfuric acid
[93 % (w/w), 5.8 mL in diethyl ether (50 mL)] was added slowly to a solution of imidazole-1-
sulfonyl azide 14 [100 mmol in diethyl ether (50 mL)] at 0 °C. The reaction mixture was stirred
at r. t. for 30 min. The precipitate was filtered, washed with diethyl ether and dried in vacuum to

give a white crystalline powder 14-H2S04 with an 80 % yield.

Synthesis of compound 15

Imidazole-1-sulfonyl azide hydrogen sulfate (14-H2SO4, 647 mg, 2.39 mmol) was added to a
mixture of the commercially available N, N* N’-tris(Boc)spermine (1.0 g, 1.99 mmol), K»COs
(0.5 mmol) and CuSO4-5H20 (5 mg, 0.02 mmol) in methanol (22 mL), and the resulting reaction
mixture was stirred at r. t. for 30 h. It was diluted with H>O (50 mL) and extracted with ethyl
acetate (3 x 50 mL). After drying the organic layer over anhydrous Na>SO4, the volatiles were
removed under reduced pressure. The crude product obtained after aqueous work up was column
purified on silica gel using ethanol in chloroform [from 100/0 v/v (%) to 100/2 v/v (%)] to afford

15 in a 93 % yield as an oily liquid.
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Results and discussion

Synthetic procedure

First, we discuss the synthesis of oleanolic acid-triazole-spermine conjugates 2—4 (Scheme 1).
To design novel structures, we used Cu(I)-catalyzed Huisgen 1,3-dipolar cycloaddition reaction
providing a facile route for 1,2,3-triazoles by selective functionalization of either hydroxyl group
[C(3)-OH] or carboxylic acid group [C(17)-COOH].”> Apart from the increased yield, the 1,4-
disubstituted 1,2,3-triazoles also share certain similarities in their structural as well as physico-
chemical properties with the amide bond.”®®” The functionalization at C(3)-OH of 1 was
achieved by carrying out the benzyl protection of carboxyl acid group and yielded 5. The
compound 5 was then reacted with propargyl bromide in the presence of sodium hydride in THF
and 6 was obtained.”® Simultaneously, tert-butoxy (Boc)-protected azide derivative of spermine
derivative 15 was prepared according to the slightly modified literature procedures®™* (see
Experimental section and the Scheme S1 in Supporting Information). Compound 6 upon in situ
generated Cu(I)-catalyzed Huisgen 1,3-dipolar cycloaddition reaction®® with 15 in DCM/H,0O at
r. t. furnished 7. Hydrogenation of 7 using 10 % Pd/C as a catalyst under H> atmosphere in a
THF/EtOH mixture resulted in a deprotection of carboxylic acid, furnishing 8. Acid hydrolysis
of 8 using 1.0 M HCI (gas) in ethyl acetate®® resulted in a preparation of 2. Compound 3 was
synthesized by reacting 1 with propargyl bromide in the presence of KoCOs to furnish 9 in the
first step. The ester 9 was then subjected to a series of transformation steps that include Cu(I)-
catalyzed Huisgen 1,3-dipolar cycloaddition reaction to obtain 10, followed by a removal of the
Boc-protecting groups using 1.0 M HCI (gas) in ethyl acetate to get the conjugate 3. To
synthesize 4, the intermediate 9 was reacted with propargyl bromide in the presence of sodium

hydride to obtain 11. Subsequently, Cu(I)-catalyzed Huisgen 1,3-dipolar cycloaddition reaction
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was applied under the above described conditions, yielding 12. A removal of the Boc-protecting
groups, present in 12, was carried out by 1.0 M HCI (gas) in ethyl acetate, furnishing 4. A
detailed synthetic and purification procedures are described in the Experimental section. The
spectral data, 1D ('H and '*C), 2D NMR ('H-"*C correlation spectroscopy), electrospray
ionization MS, IR spectra and other related characterization of intermediate and target products

are presented in Supporting Information (see also Figures S3-S15).

Gelation studies

The presence of the lipophilic core and the cationic spermine side chains impart amphiphilic
nature to the conjugates 2 and 3. The oleanolic acid core has an end to end length of 1.45 nm
based on its solid-state structure, and the triazole linked spermine in its fully stretched
conformation has a length of 1.97 nm (Figure 1 and Figure S1). Though 2 and 3 have a similar
overall structure, they differ in the position of spermine substituents, i.e., they are positional
isomers. The conjugate 2 has a free carboxylic acid group, whereas 3 has a free hydroxyl group.
On the other hand, 4 has both these groups functionalized, resulting in a bolaamphiphile-like
molecule. More importantly, oleanolic acid-triazole-spermine conjugates 2—4 differ from
conventional surfactant molecules due to the conformationally rigid and chiral triterpenoid core.
Natural bile salts (steroid compounds) and their synthetic derivatives are classical examples for
this type of unconventional surfactants and are known for their unique aggregation behavior.?6-2
Depending on the number and position of hydroxyl groups and functional transformation, bile
salts and their derivatives are known to form globules, tubules, and fibrous gel networks.!%-2¢-32
Therefore, it is desirable to investigate the self-assembly behavior of the novel amphiphilic

building blocks based on the plant triterpenoid 1. The solubility of 2—4 was tested in 23 different

solvents (Table 1). Interestingly, 2 and 3 underwent gelation — mostly in polar protic solvents —
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when tested at 1.0 % (note: from hereafter all percent values (%) are in w/v of gelator/solvent),
as suggested by vial inversion test (we have used 1.0 % as an upper limit for gelation tests).
Conjugate 2 was gelled at a concentration as low as 0.5 % in 1-butanol, and 1.0 % in 1-propanol,
2-propanol, 1-pentanol, 1-hexanol, 1-heptanol, and in polar aprotic solvents, pyridine and N,N-
dimethylformamide (DMF). Similarly, gels were obtained for 3 in 2-propanol, 1-butanol, 1-
pentanol, 1-heptanol, in polar aprotic solvents, pyridine, DMF, acetonitrile, and, surprisingly, in
a non-polar solvent (1,4-dioxane) at a concentration of 1.0 %. The resulting gels were translucent
or opaque, depending on the concentration and the type of organic solvent used for gelation
(Figure 2). In all other tested organic solvents, both 2 and 3 remained in the solutions or
precipitated after allowing to stand at r. t., or they remained insoluble (Table 1). However, 4 is
either insoluble or remaining in a solution, no gelation was observed. This finding already
suggests that the gelation is strongly affected by the number and position of the spermine units,
as well as by the presence of the unconjugated hydroxyl or carboxylic acid groups. Driving force
of the gel formation is connected with the presence of electrostatic interactions between a
quaternary amino group present in the spermine chain and a chloride anion,’! which is present in
all three conjugates. However, intermolecular hydrogen bonds between the carbonyl and the
amino groups represent an important factor when non-gelator property of 4 is taken into

consideration in contrary to those of 2 and 3.

Table 1. Solvents (non-polar, polar protic, polar aprotic, acid and bases) tested for gelation

studies of 14 (gelation concentration ¢ = 1.0 %).

Solvent / compound 1 2 3 4
benzene 1 | I I
chlorobenzene S SS SS 1
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toluene PI SS I I
carbon tetrachloride PI SS SS I
1,4-dioxane S P oG |
chloroform S SS S I
dichloromethane PI I I I
acetonitrile P P oG I
DMF S TG TG PI
DMSO S S S S
pyridine S pCG CG S
methanol oG S S S
1-propanol oG CG VS I
2-propanol S TG oG P
1-butanol S TG oG I
1-pentanol S TG oG PI
1-hexanol S pTG VS PI
1-heptanol S TG oG PI
1-octanol S P P I
formic acid PI S S S
triethylamine S I P I
N-methyl morpholine S I I I

Note. TG = Translucent gel, OG = opaque gel, pTG = partial translucent gel, pCG = partial
clear gel, P = precipitated upon cooling, S = soluble at r. t., [ = insoluble at boiling point, PI =
partially soluble at boiling point, SS = suspension, VS = viscous solution.
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Electron microscopy analysis

Scanning electron microscopy (SEM)

To investigate the structure of the supramolecular assemblies, we carried out EM (SEM or
TEM) imaging of all the studied gels of 2 and 3 (Note: only representative micrographs are
presented in main text). Ambient drying of gels (xerogels) resulted in film-like structures due to
drying artifacts (Figure S16). Therefore, aerogels were prepared using liquid nitrogen freeze-
drying technique (see Supporting Information for details). The SEM image of methanol gel of 1
(Figure 2a) showed microcrystalline structures (Figure 2). A representative SEM image of 0.5 %
1-butanol gel of 2 is shown in Figure 2e, displaying highly entangled fibrous networks with an
average lateral dimension of 35 + 5 nm and with indefinite length. To study the effect of
concentration on morphology, SEM micrographs of 1-butanol gels of 2 at four different
concentrations (0.5, 1.0, 1.5 and 2.0 %) were obtained (see Supporting Information, Figure S17).
However, the fiber diameter changed slightly upon increasing the concentration, and, the fibers
tend to be densely packed, (see Supporting Information, Figure S18, and Table S2), a property,
that is consistent with the literature reports.'°® Moreover, for gels at higher concentrations, due to
dense packing the determination of the lateral dimensions of individual fibers was challenging.
In all the solvents tested for gelation, 2 showed similar morphological features with highly
entangled network of fibers (Figure S16). A representative SEM micrograph from the 1,4-
dioxane gel (1.0 %) of 3 with highly entangled fibrous networks is shown in Figure 2f. The fiber
morphologies in aerogels of 3 are similar to those of 2. However, the lateral dimensions of the
fibers were different from those for 2. For example, aerogels derived from DMF gels of 2 and 3
showed the lateral dimensions of 43 + 5 nm and 29 + 5 nm, respectively (see Supporting

Information, Figure S19 and Table S3).
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Figure 2. Gelation and scanning electron microscopy. Electron micrographs of representative
gels a) 1 in methanol, 1.0 %, b) 2 and 3 in different solvents, 1.0 %, c) 2 in 1-butanol at different
concentrations; d) SEM micrographs of methanol gel of 1; ) SEM micrograph of freeze-dried 1-

butanol gel of 2, 0.5 %, and f) SEM micrograph of freeze-dried 1,4-dioxane gel of 3, 1.0 %.

Transmission electron microscopy (TEM)

To obtain more information about fiber morphology, TEM imaging was performed for all gels
(see Supporting Information for sample preparation). TEM micrographs of all the gels studied in
this work showed the presence of fibrous networks. Figure 3 shows the representative TEM
micrographs of 1-propanol gel of 2 (1.0 %) and 1-pentanol gel of 3 (1.0 %). More importantly, in
some cases, the helical twist was observed (Figure 3b, 3d) with a pitch length of about 90 nm and
lateral dimension varying from 15 to 25 nm (Figure 3e). The lateral dimensions observed under
TEM imaging are comparable with the results obtained from SEM imaging. The TEM

micrographs from all other gels are presented in Supporting Information (Figure S20).
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Figure 3. Transmission electron microscopy. a,b) TEM micrographs of 1.0 % 1-propanol gel of
2; c,d) TEM micrographs of 1.0 % 1-pentanol gel of 3; e) a single fiber with helical twist is

shown (left) together with its graphical representation (right).

X-ray powder diffraction and thermal analysis

To further gain insights about solid state and thermal properties of the conjugates,
thermogravimetric analysis (TGA), differential scanning calorimetry (DSC) and X-ray powder
diffraction (XRPD) studies of oleanolic acid (1), synthetic solid compounds 2—4, but aerogels

from 1-butanol gel of 2 (1.0 %) and 1-pentanol gel of 3 (1.0 %) were performed (see Supporting
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Information for experimental details and results). TGA and DSC results revealed a decreased
decomposition temperature for the conjugates and the aerogels compared to parent 1 (see
Supporting Information, Table S4, Figures S21, S22). XRPD studies revealed the semi-
crystalline nature of 1. However, the target conjugates 2—4 showed broad featureless patterns in
their powder X-ray patterns (see Supporting Information, Figure S23). These results suggest that

the synthetic solids as well as the self-assembled nanostructures in gels are amorphous.

Mechanical properties of gels

For rheological measurements, only those gels that are suitable for repeated rheological
measurements were used that can be transferred onto the rheometer without losing their
structures. Accordingly, pre-made and stabilized 1-propanol, 2-propanol, 1-butanol and 1-
heptanol gels of 2 were studied (Figure 4, see also Supporting Information for Experimental
details). The gels have already shown that the storage modulus (G’) is several folds higher than
that of loss modulus (G”’) suggesting that the systems under investigation are already in gel state
(viscoelastic) and remained constant under time sweep (30 min) experiments (Figure 4a). The
storage modulus (G’) of gels varies as a function of the frequency under frequency sweep
experiment (Figure 4b). The frequency sweep experiment provides insights into the nature and
lifetime of the bonds that are involved in network junctions.'®! The frequency dependence of the
storage and elastic moduli observed for gels derived from 2 and 3 indicates the presence of
junction networks and temporary bonds that form the networks. Such temporary bonds are
sensitive to the frequency of the mechanical stress and the lifetime of the bonds. Our results
suggest that there are junction networks as supported by SEM and TEM micrographs (Figures 2
and 3). At a given concentration the stiffness of the gels varied in the following order, 1-butanol

> ]-propanol > 2-propanol > 1-heptanol with G’ values of 1.4 kPa, 0.7 kPa, 0.5 kPa, and 0.025
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kPa, respectively (see Supporting Information, Figure S24c1). For a given solvent, the modulus
was increased as a function of concentration, a property that is typical for low molecular weight
gelators. Figure 4e, 4f shows the concentration dependent, stress and strain sweep experiments
for 1-butanol gels of 2 (for time and frequency sweep experiments see Supporting Information,
Figure S24a, S24b). For 1-butanol gels of 2, the storage modulus was increased from 0.22 kPa
for 0.5 % to 6.5 kPa for 2.0 %, which is a 30-fold increase in the stiffness (see Supporting
Information, Figure S24c2). Yield stress values were determined by tangent analysis method.
The yield stress values of 1-butanol, 1-propanol, 2-propanol, and 1-heptanol gels of 2 were found
to be 30, 24, 13 and 8 Pa, respectively (Figure 4c). Similarly, yield stress values for 1-butanol
gels of 2 at different concentrations were determined as 3, 16, 40 and 95 Pa for 0.5, 1.0, 1.5 and
2.0 %, respectively (Figure 4f). For compound 3, gels that are suitable for rheological
measurements were obtained from 1-pentanol and 1-heptanol. Time, frequency, strain, and stress
sweep experiments were performed for 1-heptanol and 1-pentanol gels of 3 and the details are
presented in Supporting Information, Figure S24. For 1.0 % gels, G’ values were found to be 1.4
kPa and 0.3 kPa for 1-pentanol and I-heptanol, respectively. The only common solvent for
rheological measurements of 2 and 3 was 1-heptanol, in which both compounds formed gel that
could be transferred onto the rheometer without losing its structure. The storage modulus of 1.0
% 1-heptanol gel was found to be 0.025 kPa (for 2), and 0.95 kPa (for 3), respectively (see
Supporting Information, Figure S24cl, S24d). The yield stress values of 1-pentanol and 1-
heptanol gels of 3 were found to be 51 Pa and 35 Pa, respectively (see Supporting Information,
Figure S24f). These results show us that 2 forms stronger gel than 3 in alcoholic solvents, in
general. Furthermore, the stiffness of gels decreases with increasing number of carbon atoms in

the alcoholic solvents. The structure of these carbon chains present in alcoholic solvents, i.e.,

ACS Paragon Plus Environment

26

Page 26 of 51



Page 27 of 51

oNOYTULT D WN =

Langmuir

whether they are branched or linear, has also an impact on stiffness of gels. Linear chains-
bearing alcoholic solvents seem to form more stiffed gels than the alcoholic solvents with
branched carbon chains. Therefore, to induce gelation, a delicate balance exists between carbon

chain length and its structural property in the used alcohols.
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Figure 4. Rheological properties of gels. a) Time sweep experiments of gels derived from 2, b)
frequency sweep experiments of gels derived from 2, c) stress sweep experiments derived from
2, d) strain sweep experiments derived from 2 [(full circles indicate G’, empty circles indicate
G’’, 1-butanol gel (black), 1-propanol gel (red), 2-propanol gel (blue), 1-heptanol gel (green)],

e),f) the effect of concentration on mechanical properties of 1-butanol gel of 2.

Self-healing properties

Step-strain rheological measurements were performed to investigate the reversible gel < sol

transition and self-recovery, under several cycles. For the step-strain experiments, controlled
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strains of 0.1 % and 150 % were applied for 60 s, respectively. The gels showed an immediate
response to increased strain by turning into sol indicated by the rapid decrease in G’ by several
folds and well below that of G” (Figure 5a). The application of increased strain also appears to
break the structure further during the 60 s experiment as shown by the gradually decreasing
elastic moduli values in the subsequent cycles. The gels recovered their original mechanical
strength almost instantaneously upon switching to lower strain (0.1 %) i.e. rapid self-recovery.
Importantly, the process can be repeated for several cycles. However, slightly lower G’ was
observed after the first high—low strain cycle, which remained constant in subsequent cycles, a
property typically observed for several low molecular weight gelators. Importantly, the gels were
able to recover up to 96 % of their original storage moduli even after four cycles. The percentage
recovery of storage moduli of 1-butanol, 1-propanol, and 2-propanol gels of 2 was found to be
96, 89 and 78 %, respectively (Figure 5a, see also Supporting Information and Figure S25 for
other gels of 2 and 3). Similarly, for 1-pentanol and 1-heptanol gels of 3, the percentage recovery

of the original storage moduli was found to be 76 and 75 %, respectively.

Thixotropic properties

To evaluate the thixotropic property of gels of 2 and 3, their flow curves were also measured
(Figure 5b, 5c¢). The measurement was carried out as follows: the shear stress was measured
while increasing the shear rate from 0 to 100 s™' and then decreased back to 0 s™!. Figure 5b and
5c¢ shows change in the viscosity and shear stress as a function of shear rate for 2-propanol gel
(1.0 %) of 2 and 1-pentanol gel (1.0 %) of 3, respectively. A clear hysteresis loop showing a

clockwise turn was observed suggesting the gels under investigation display thixotropic property.
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At macroscopic level, by manual shaking, the gel resulted in a gel < sol transition recovering

within 60 seconds, showing a rapid recovery. Figure 5d and 5e shows selected snapshots of 1-

butanol gel (1.0 %) of 2, demonstrating a rapid recovery and thixotropic properties by either

shaking or vortexing (see video S1). Thixotropic nature of gels can be explained on the basis of

the amorphous fibrous network. X-ray diffraction studies of the aerogels suggest the amorphous

nature of the gel network (Figure S23). This observation is in agreement with other thixotropic

gels reported in the literature.
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Figure 5. Self-recovery and thixotropic properties. a) Step-strain experiments showing self-

healing properties of 1-butanol gel of 2, flow tests showing viscosity v/s shear rate and shear

stress /s shear rate for b) 2-propanol gel of 2 and c) for 1-pentanol gel of 3, d, e) snapshots from

video demonstrating thixotropy by manual shaking and vortexing of 1-butanol gel of 2.
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Figure 6. VC '"H-NMR graph of a) 2 in CD;0D at 40°C, b) expanded version of VC 'H-NMR

graph of 2 in 4 different regions (right).

VC and VT 'H NMR

The VC 'H NMR spectra of 24 in CD;OD at 40°C (to mimic the conditions of gel
preparation) were measured to gain insights into the interactions involved in self-assembly. The
reason why CD30D was chosen for the VC 'H-NMR spectra measurements was the observation
of a gel even at a concentration as low as 0.5 % in the NMR tube when used other solvents than
CD;0OD, e.g., DMF. Because 2 and 3 form gels mostly in alcoholic solvents, this finding
prompted us to check their behavior in CD3;OD. Relatively sharp 'H NMR resonance peaks,
which arise presumably from the non-aggregated molecules, were observed at a low
concentration for 2—4. As the concentration increased, the peaks turned to become broader or
even remained NMR silent with a slight downfield shift. The broadening, along with the
invisible nature of certain signals is possibly due to a self-assembly of 2—4. Figure 6 shows the

VC 'H NMR spectrum in a concentration range from 0.15 % to 2.15 % of 2 (see Supporting
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Information, Figure S26 for 3 and 4). The signal broadening is more pronounced for 2 compared
to that of 3 and 4. The fact that certain NMR signals turned to become NMR silent above certain
concentration is attributed to the large size of the aggregates. The VT 'H NMR spectra of 2—4
were also measured to see the effect of temperature on aggregates. However, the maximal
temperature limit of 40 °C can be reached when CD3OD used as an NMR solvent, due to its
boiling point. As a consequence of this maximum temperature limitation, the 'H NMR
experiments carried out accordingly, revealed no important information about aggregates. In
other words, no changes in the chemical shift values of the 'H NMR resonance peaks were

observed (see Supporting Information, Figure S27).

IR spectroscopy

Inter- and intramolecular interactions can be investigated using IR spectroscopy, which is
frequently used technique in gel studies. With the aim to better understand the driving forces
leading to the gel formation, IR spectra of the aerogels prepared from 2 and 3 in different
solvents were measured. The spectra of aerogels were compared with those of the corresponding
synthetic solids in their powder form (see Supporting Information, Figure S28). The IR spectra
of the aerogels, as well as those of the synthetic solids exhibited similar characteristic peaks.
This finding suggests that the molecular structure in the gel state resembles that of the synthetic
powder form. These findings are in agreement with the XRD results. In addition, no spectral
differences were observed in the IR spectra when aerogels, prepared in different solvents, were
compared. This result is in agreement with the SEM and TEM micrographs, in which similar
entangled fibrous networks were obtained in each solvent used for the gels preparation. This type
of observation has already been described for steroidal gelators in the literature,’® however, it is a

novel knowledge found with the triterpenoid-based gelators described here.
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Cytotoxicity

The target compounds 2—4 showed cytotoxicity in the four tested cancer cell lines (Table 2; for
experimental details See Supporting Information). CDDP (cisplatin) was used as a positive
reference compound. An important difference was observed in the cytotoxicity values of 2 in
comparison with those of 3 and 4. It seems that the location and number of the spermine units on
the triterpenoid skeleton plays a key role for cytotoxicity. Substitution of the C(17)-COOH group
with the spermine substituent in 3 (C(3)-OH group remains free) and in 4 led to the one order
increase of cytotoxicity in comparison with the data obtained for 2. Surprisingly, high
cytotoxicity was found in tests of 4 in malignant melanoma cells (G-361). Melanoma cancer
belongs among the most aggressive cancer types. Even though 3—4 were toxic towards human
fibroblasts, they still exhibited better cytotoxicity profile than CDDP (a positive control) against

several cancer cell lines (3 against MCF7 and Hela, and 4 against MCF7, Hela and G-361).

Table 2. Cytotoxicity (ICso [uM]) of 2—4 in four cancer cell lines and normal human fibroblasts

after 72 h.
Compound MW Cytotoxicity (ICso [uM]; 72 h)

CEM MCF7 HeLa G-361 BJ
2 723 29.8+33 280+1.0 12.6+2.8 27.8+09 142104
3 723 2.1+0.8 3.7+1.0 3.7+0.5 6.6+04 23+0.1
4 989 7.1+ 1.1 2.7+£0.7 2.2+0.1 0.8+0.0 1.9+0.0
CDDP*? 300.05 0.8+0.1 7.7+1.7 114+3.8 45+0.6 6.9+0.9

# cis-Diamminedichloridoplatinum(II) (cisplatin), a pharmacologically used agent for treating

different cancer types, a positive reference compound.
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Conclusion

Our results showed that modifications of triterpenoids allow the rational design of novel
building blocks with unique self-assembly and material properties. The synthetic approach
presented here supports that Cu(l)-catalyzed Huisgen 1,3-dipolar cycloaddition represents a
convenient synthetic method for the facile chemical transformation of sterically hindered
functional groups of triterpenoids. In this study compounds 2—4 were synthesized starting from 1
and their structure was characterized. Conjugates 2 and 3 exhibited solvent dependent self-
assembly resulting in thixotropic and self-healing organogels with helical fibrous networks.
Gelation properties of the studied compounds were affected by the position and the number of
the spermine units. Bolaamphiphile-like compound 4 was found to be a non-gelator, and
displayed different behavior than 2 and 3 that were found to be gelators. Gels obtained from 2
and 3 exhibited different stiffness values. Our results suggest that the structural modification of
gelator and the solvents significantly affect gelation and mechanical properties of gels. The gels,
xerogels and aerogels, were characterized using multiple and complimentary microscopic and
spectroscopic methods. Further, mechanical property of gels was extensively studied using

oscillatory rheological measurements.

Cytotoxicity of 2—4 was tested in four different cancer cell lines within this investigation. The
cytotoxicity depends on the way of substitution of the oleanolic acid with the spermine side
chains. Importantly, compounds bearing spermine as a substituent in the C(17)-COOH group,
i.e., 3 and 4, showed higher cytotoxicity. Furthermore, 3 (against MCF7 and HelLa) and 4
(against MCF7, HeLa and G-361) showed somewhat improved cytotoxicity profile compared to

that of positive control CDDP.
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Overall, this work shows that there is a potential to utilize naturally abundant sustainable
oleanolic acid for new functional materials, and this approach can be extended to other
triterpenoids. More importantly, this work also opens possibilities to theoretical and
computational chemists to investigate the self-assembly of this new class of amphiphiles. Each
partial investigation in this work contributed to a formation of a complex view on characteristics
of the studied supramolecular systems with the ability to form supramolecular gels exhibiting a
potential to become promising next-generation materials for a broad range of technical and

biomedical applications.
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Self-assembly of strategically designed oleanolic acid-triazole-spermine conjugates are reported,
30 showing that these amphiphiles undergo spontaneous gelation in organic solvents displaying a

32 mixed self-healing and thixotropic properties.
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