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ABSTRACT. Triterpenoids are among the largest groups of functional plant secondary 

metabolites but with intrinsically low water solubility. Because of their rigid backbone, multiple 

chiral centers, and functional groups, they are suitable for synthesizing water-soluble and 

conformationally rigid triterpenoid amphiphiles with unique self-assembly behavior. In this 

context, we present the aqueous self-assembly, structural transition and antimicrobial properties 

of nanoscale oleanolic acid spermine conjugates (2–4). The conjugates contain either one or two 

spermine moieties connected through a 1,4-disubstituted 1,2,3-triazole linker. We use cryogenic 

transmission electron microscopy (cryo-TEM) imaging to show that the conjugates 2 and 3 self-

assemble in water initially into kinetically favored metastable micellar nanoparticles (d ~ 6–10 

nm). The nanoparticles further reorganize to form thermodynamically stable helical nanofibers. 

Notably, cryo-TEM imaging also suggests the formation of spherulite-like structures. Time-
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dependent infra-red (IR) spectroscopy reveals the role of hydration and dehydration in the 

structural transition of initial micelle-like structures into thermodynamically stable nanofibers. The 

electronic and vibrational circular dichroism (ECD and VCD) spectroscopy in the solution state 

suggests the formation of chiral superstructures with a left-handed helical twist. The conjugates 

display antibacterial properties with high selectivity against Gram-positive bacterial strains. The 

results help us to understand fibrillar network formation in supramolecular gels, and demonstrate 

that the position and number of spermine groups influence the self-assembly behavior of the 

conjugates in aqueous media, and their biological properties.  

KEYWORDS. Triterpenoids, amphiphiles; micelle; nanofibers; chirality; self-assembly, Gram-

positive, antibacterial 

 

INTRODUCTION  

Molecular self-assembly evolved as a sophisticated approach to construct a wider range of soft 

nanostructures with emerging properties.1 A majority of synthetic molecular self-assemblies lead 

to thermodynamically stable structures such as metal-ligand complexes,2 supramolecular 

polymers,2,3 and coordination polymers.1-3 The self-assembly, driven by weak non-covalent 

interactions including hydrogen bonding,4 hydrophobic/solvophobic effects,5 electrostatic 

interaction,6 metal coordination,7 and van der Waals forces,8 allow the reversibility and stimuli 

responsiveness of self-assembled structures. At the same time, these non-covalent interactions are 

strong enough to hold different building blocks together while ensuring stability in the solution.9 

In recent years, the focus has been shifted towards kinetically trapped assemblies,10 and out-of-

equilibrium systems.11 Kinetically trapped structures are unstable, and they can be potentially 
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transformed into thermodynamically stable structures,12 either with time (i.e., aging-induced 

transition) or by supplying adequate activation energy and/or by change of pH,13 solvent,10 

temperature,14 and additives.15 Tuning the physicochemical properties of self-assembled structures 

offers practical applicability such as enhanced solubilizing and encapsulating drugs poorly soluble 

in water, delivery vehicles and confined catalysis relying upon the morphological features of the 

self-assembled structures.2 

The self-assembly behavior of steroidal conjugates synthesized from bile acids, cholesterol, and 

plant sterols has been studied widely in the literature as conformationally rigid surfactants.16,17 The 

computational simulation studies have shown that bile salts and peptide amphiphiles follow 

analogous self-assembly pathways, where water plays a significant role in directing the final 

structure.18,19 In contrast, despite their natural abundance and renewability plant triterpenoids and 

their derivatives, have not been studied for their self-assembly behavior in aqueous conditions. 

The existing studies are mainly focused on thermodynamically stable self-assembled structures in 

organic solvents.20,21 Due to their rigid backbone, the conjugates of triterpenoids are attractive 

candidates for designing a new class of conformationally rigid amphiphiles. 

Among triterpenoids, oleanolic acid [(3β)-3-hydroxyolean-12-en-28-oic acid, (1) is one of the 

naturally abundant pentacyclic triterpenoids (Figure 1) which can be found e.g., in the leaves of 

Olea europaea (olive tree). Despite several important biological activities of 1, it has low oral 

bioavailability due to its lipophilic properties.22,23 So far, the derivatives prepared using 

modifications on the hydrophobic scaffold of 1 have shown limited success in improving water 

solubility.23 Recently, we have demonstrated that by selective chemical transformation, 

amphiphilic oleanolic acid–spermine conjugates (2–4, see Figure 1) can be prepared in a good 

yield with unique self-assembly and material properties in organic solvents.24 These amphiphilic 
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conjugates, synthesized through the formation of new 1,4-disubstituted 1,2,3-triazole rings 

between the spermine molecules and the propargyl substituent at C(3)-OH (to prepare 2), C(17)-

COOH (to prepare 3), and both C(3)-OH and C(17)-COOH (to prepare 4), have been shown to 

self-assemble into highly entangled fibrillar networks resulting in thixotropic and self-healing 

organogels.24 However, the aqueous self-assembly behavior, structural characterization, the origin 

of helical fiber formation and possible mechanistic insights are yet to be understood. A systematic 

study offers a profound understanding of the oleanolic-spermine conjugate self-assembly pathway. 

Further, it provides knowledge for exploring other triterpenoid derivatives as sustainable and 

renewable building blocks for self-assembled functional materials. 

 

Figure 1. The chemical structures of nanoscale oleanolic acid amphiphiles investigated in this 

work. Oleanolic acid (1) and oleanolic acid-triazole-spermine conjugates 2, 3 and 4. 

This work focuses on the self-assembly and structural transitions of oleanolic acid-spermine 

amphiphiles (2–4) in aqueous media. Specifically, we show structural transitions of their 

aggregates in relation to the location and the number of spermine units (Figure 1). We use 

cryogenic transmission electron microscopy (cryo-TEM) imaging to show that the conjugates 

display the time-dependent sequential structural changes from kinetically trapped structures to 
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thermodynamically stable superstructures. The cryo-TEM images suggest that the initial spherical 

nanoparticle formation was followed by a mixed population of micelles, 2D sheets and nanofibers, 

which finally transformed into helical nanofibers. Importantly, we also noticed the presence of 

spherulite-like structures that are relevant to explain highly entangled fibrillar networks and 

junction formation in molecular gels.24-27 Furthermore, to reinforce a formation of self-assembled 

structures in the solution, we provide complementary experiments using 1H-NMR spectroscopy, 

pulsed-field gradient (PFG) diffusion ordered (DOSY) NMR spectroscopy, dynamic light 

scattering (DLS,) infrared (IR) spectroscopy, electronic (ECD) and vibrational circular dichroism 

(VCD) spectroscopy. Finally, the antimicrobial activity of the conjugates (2–4) suggests their 

selectivity against Gram-positive (G+) bacteria. 

RESULTS AND DISCUSSION 

Self-assembly in aqueous media and cryo-TEM imaging 

Oleanolic acid is insoluble in water due to its lipophilic nature. However, the oleanolic acid–

spermine conjugates (2–4) were readily dispersible in aqueous media at a concentration 1.0% 

(note: all % refer to w/v of solute/solvent) and resulted in clear solutions. We have recently shown 

that the conjugates (2–4) undergo self-assembly into a highly entangled fibrillar network, leading 

to self-healing organogels when dissolved in alcoholic solvents at low concentration (note: to 

clarify in our previous report all experiments and studies were performed in organic solvents at a 

concentration 1.0% and below. No experiments were performed in aqueous systems).24 However, 

no gelation was observed in aqueous media under similar conditions. On the other hand, the cryo-

vitrification and imaging of the freshly prepared 1.0% aqueous solutions of 2–4 showed a 

formation of micelle-like structures of 6–10 nm in size (Figure 2a, 2e, and Figure S1d). To 

investigate the structural changes over time, the conjugates were dissolved in water and cryo-
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vitrified after 1 h, 24 h, 4 days, 10 days and 28 days and imaged. Representative cryo-TEM images 

of 2 and 3 are presented in Figure 2 and Figure S1–S6. For 2, predominantly spherical particles 

were observed after 1 h (Figure S1a). These structures were still present even after 24 h along with 

some fibrillar assemblies (Figure 2b, see Figure S2 for additional details). After four days, wire-

like assemblies were accompanied with sheet-like assemblies (Figure S3a–c); however, the 

micellar structures were still present (Figure S1b, see Figure S3a, b for additional images). After 

10 days, nanosheets were partially disrupted, presumably the first sign of transition into fibrillar 

assemblies (Figure 2c, see Figure S4 for additional images). Further transition into helical 

nanofibers was observed after 28 days (Figure 2d). For 3, along with micelles, nanosheets were 

observed already after one hour (Figure S1e, see Figure S5 for additional details), the amount of 

which increased significantly after 24 h (Figure 2f, see Figure S6 for additional images). Cryo-

vitrification and imaging after 4 days a similar mixture of structures was still present (Figure S1f). 

After 10 days, fibrous structures were observed (Figure 2g). Similar to 2, further transition in 

morphology into helical nanofibers was observed after 28 days (Figure 2h). Therefore, the cryo-

TEM results suggest that the initially formed micellar structures of 2 and 3 are not 

thermodynamically stable. On the other hand, 4 remained unchanged and even after four days, 

only micellar structures were observed under cryo-TEM imaging (Figure S1d and S1h). These 

findings are in line with our previous results on gelation studies, where 4 is a non-gelator in organic 

solvents.24 The difference in the structural transition between 2 and 3, and the stability of micellar 

structures of 4 can be ascribed to the number and position of spermine units. In 2, the presence of 

the carboxylic acid group results in hydrogen bonding dimers (see details in the IR section). On 

the other hand, in 3, the hydroxyl group is a relatively weak intermolecular hydrogen bonding 

formation unit compared to carboxylic acid. Therefore, 2 and 3 differ in their intermolecular 
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hydrogen bonding and their hydrogen bonding with water molecules. These differences affect the 

initial solvation and rearrangement of water molecules during micelle to nanofiber formation.18 In 

our previous work, helical nanofibers were observed for organogels derived from 2 and 3 in 

alcoholic solvents in their dried state.24 Furthermore, the gel network was comprised of attractions 

at junctions and junction zone or bundling. Understanding the formation of fiber branching, and 

the nature of networks in molecular gels is fundamentally essential to explain their rheological 

behaviors.24 The fiber formation may follow a nucleation growth mechanism resulting in 

individual fiber networks originating from the nucleation center. In some cases, spherulite-like 

structures are formed with clear boundaries with intense branching due to the radial growth of fiber 

arms from the nucleation center. Often there exist no clear boundaries due to limited branching 

and inter-penetration of the fibers due to non-radial growth from the nucleation center.28 In 

organogels derived from 2 and 3 the networks showed limited branching without clear boundaries 

(i.e., no spherulite-like structures). 

Interestingly, in aqueous media in cryo-TEM images, we observed spherulite-like structures after 

28 days for both 2 and 3 along with fibers (Figure 2i and 2j). The spherulite-like structures are 

highlighted with yellow dashed lines and nanofibers with blue arrows in Figures 2i and 2j. 

Therefore, it is evident that their growth mechanism may differ significantly irrespective of similar 

helical fibers formed in organogels and water. In alcoholic solvents, the fibers were presumably 

due to a single fiber network. Each fiber originated from a nucleation center and, upon growing, 

resulted in limited branching (i.e., non-radial growth). In aqueous media, the observed spherulites 

suggest possible multi-arm branching from a nucleation center.  
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Figure 2. Cryo-TEM imaging and structural transition. a) Freshly prepared aqueous dispersion of 

2 (1.0%); b) after 24 hours; c) after 10 days; d) after 28 days; e) freshly prepared aqueous dispersion 

of 3 (1.0%); f) after 24 hours; g) after 10 days; h) after 28 days; i) aqueous dispersion of 2 (1.0%) 

after 28 days in a bigger scale; j) aqueous dispersion of 3 (1.0%) after 28 days in a bigger scale. 

Role of water in structural transition and amplification of supramolecular chirality 

To gain more detailed information about self-assembling processes, particularly the role of water 

molecules in structural transitions and amplification of chirality, molecular spectroscopic 

techniques (IR, ECD and VCD spectroscopies) were employed.  

Infrared spectroscopy: interactions involved in self-assembly 

The IR spectra of thin films prepared from the solution of 2 displayed the most intense spectral 

band at ~1690 cm-1 corresponding to the carbonyl stretching vibration (C=O) (Figure S7a). This 
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suggests the presence of carboxylic acid dimers (i.e., hydrogen bonding due to the presence of free 

-COOH groups).29 On the other hand, the carbonyl stretching frequencies for 3 and 4 were 

observed at ~1726 cm–1 typical for carboxylic acid esters. A spectral band around 1593 cm-1 can 

be assigned to a 1,2,3-triazole ring vibration in combination with a deformation vibration of the 

NH+ functional group of spermines [(NH2)
+, (NH3)

+],29,30 and spectral band at 1461 cm–1 to a 

deformation vibration of CH2 groups of 2–4. Interestingly, a new spectral feature with an intense 

band appeared at 1637 cm–1 for films prepared one hour after the sample dissolution (Figure S7b). 

This could be assigned to vibrations of water molecules adsorbed by molecular superstructures 

(hydration) [(H2O)].29,30 The IR spectra of the films prepared from solutions (2–4) after one day 

displayed similar spectral features as that of fresh samples (Figure S7c). However, for 2–4 there 

was a notable decline in the intensity of the spectral band at ~1637 cm–1 (i.e., dehydration) after 

one day (Figure S7c) or longer time scale (observed for 2 further, Figure S8). It can be seen in 

Figure S7c that the most significant decrease in the intensity of the spectral band at ~1637 cm–1 is 

observed for 3. This already hints for an explanation of the rapid transformation of micelles to 

nanosheets after one hour for 3, contrary to 2. Finally, IR spectra of 10% solution also displayed 

similar spectral features as that of the thin films prepared lower concentration solutions (Figure 

S9, bottom figures). The time-dependent change in the intensity at ~1637 cm-1 indicates the role 

of the absorbed water in the formation and aging of molecular assemblies. The role of water 

ordering in the self-assembly of peptide amphiphiles into micelles and the micelle-to-fiber 

transition has been studied extensively for using computational methods.18 It has been shown that 

the micelle formation in peptide amphiphiles is controlled by the water cage formation and 

breakage near the hydrophobic groups. Furthermore, it was hypothesized that the micelle to fiber 

transition was stimulated by the enhanced structural ordering of water molecules near hydrophilic 
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groups.18 In oleanolic acid conjugates, due to the amphiphilic nature of 2 and 3, similar water cage 

formation around hydrophobic backbone is expected (i.e., the hydration observed in IR spectra of 

the thin film). The breakage of the water cage will expose the hydrophobic backbone and rearrange 

the amphiphiles by fusing micelles, promoting the fiber formation. This transition will result in the 

expulsion of water molecules (i.e., the dehydration observed in IR spectra of the thin film). 

Furthermore, IR spectra of 2 also suggest carboxylic acid dimerization, such hydrogen bonding is 

often associated with the desolvation of water molecules. On the other hand, 4 is a bolaamphiphile-

like structure and has two hydrophilic units. The presence of higher number of charges stabilizes 

the micellar structure and consequently, its solvation and assembly behavior significantly differ 

from 2 and 3.  

Electronic circular dichroism spectroscopy 

According to the literature, the ECD spectrum of 1 (dissolved in methanol) is characterized by 

a negative Cotton effect at ~220 nm attributed to the n–* transition of the carbonyl group and a 

positive Cotton effect below 200 nm due to the unsaturated bond on the triterpene skeleton.31 The 

ECD spectrum of freshly prepared 1.0% aqueous solution of 2 displayed a negative Cotton effect 

at ~224 nm and an intense positive signal around ~200 nm (Figure S10a). These spectral 

manifestations (including intensity of the negative Cotton effect at 224 nm) resemble the ECD 

spectrum reported for 1. The observed slight spectral shift could be due to a different solvent (water 

vs. methanol) used in this study. For all samples (2–4), besides the above-mentioned spectral 

manifestation, an additional low-intensity positive exciton-like ECD couplets [250 nm (–), 280 nm 

(+)] with vibronic structures (negative bands at 244, 254, and 264 nm for 2, at 254 and 263 nm for 

both 3 and 4) were observed after one week (Figure S10b, in dashed lines). The most pronounced 

vibronic structure was observed for 2. For all conjugates, additional bands were observed in this 
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region in their corresponding absorption spectra (Figure S10c, in dashed lines). These spectral 

changes could be due to the formation of larger molecular aggregates described above. An increase 

in the intensity of these additional bands (both in absorption and ECD spectra) with time was the 

most pronounced for 2 (Figure 3a, 3b), which might indicate the formation of chiral assemblies.32 

Temperature-dependent ECD spectra of 2 measured between 15 °C to 60 °C show a decrease of 

spectral intensity of the negative signal at ~250 nm (Figure S11a, b). On the other hand, only slight 

changes were observed for 3 (Figure S11c, d). This suggests that the molecular assemblies formed 

by compound 2 lose their stability at higher temperatures. It should be emphasized that while a 

progressive breaking of intermolecular hydrogen bonds occurs upon increasing the temperature, 

an increase in the hydrophobic effect is usually expected. The hydrophobic effect plays an 

important role in the structural transition.14 This finding is in good agreement with our previous 

study on their gelation properties.24 
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Figure 3. Circular dichroism and amplification of chirality. (a and b) time-dependence of 

electronic circular dichroism, and absorption spectra in UV region, respectively, of 1.0% aqueous 

solution dispersion of 2; (c and d) time-dependence of vibrational circular dichroism and infrared 

absorption spectra in the mid-IR region, respectively, of 10.0% aqueous solution dispersion of 2. 

Vibrational circular dichroism spectroscopy 

The VCD spectroscopy was used as an additional tool for studying the chirality of the 

assemblies formed in aqueous solutions of 2–4. Recently it has been shown that the formation of 

fibrillar structures may enhance VCD intensity in the dipole coupling of carbonyl groups stretching 

vibrations.33 Therefore, VCD is useful to study the role of carbonyl groups in supramolecular 

structure formation. The VCD spectra of 2–4 and the corresponding IR spectra measured in 

solutions after 1 h, 24 h and 7 days are shown in Figure S9. Prominent changes were monitored in 

both ECD and VCD spectra of 2. Therefore, more detailed studies were performed for 2 to compare 

ECD and VCD data. The time-dependent changes in the VCD and IR absorption within one week 

are shown in Figures 3c and 3d, respectively. The VCD spectra of the samples prepared 1 h after 

dissolution displayed three VCD bands in the region of carbonyl stretching vibrations (centered 

around the IR band at ~1685 cm–1 which is characteristic for COOH dimers) at ~1700 (+), 1685 

(–) and 1662 (+) cm–1. Additionally, three other VCD bands (centered at about the 1636 cm–1 IR 

band) at ~1642 (–), 1628 (+) and 1612 (+) cm–1 were formed. With time, the negative band at 

~1685 cm–1 becomes a dominant VCD feature (see Figure 3c). We observe a formation of a +–++ 

spectral pattern together with amplification of the signal intensity (~15-fold), indicating growth of 

chiral superstructures (fibrils) with a left-handed (counterclockwise) twist.34-36 The overall 

increase of VCD intensity can be correlated with the above-described intensity decrease of the 

corresponding IR band at ~1637 cm–1 assigned to adsorbed water (Figure 3d). 
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In both ECD and VCD, the amplification of the signal was observed mostly for compound 2. 

The observed VCD spectral pattern together with time dependent VCD and IR spectral changes 

suggests the formation of assemblies with left-handed helical twists driven by dehydration of 

molecular aggregates. The differences observed for 2–4 could be due to the different 

conformational freedom of triterpene moieties. Moreover, for 2 steric accessibility of carbonyl 

groups might enable mutual coupling of C=O vibrations, leading to an enhancement in ECD and 

VCD spectra.33  

Variable Temperature (VT) and variable concentration (VC) 1H NMR spectroscopy  

The variable concentration (VC) and variable temperature (VT) 1H NMR spectroscopy of 2–4 in 

D2O were measured to obtain more detailed information about the interactions involved in self-

assembly. Relatively sharp 1H NMR resonance peaks were observed at 0.15% concentration for 

all samples 2–4. As the concentration of the conjugates increased to 2.15%, the signals became 

broader or even remained NMR silent with a slight downfield shift. The signal broadening is more 

pronounced for 2 (Figure 4a) compared to 3 and 4 (Figure S12 and S13). The broadening of some 

of the peaks, accompanied with the invisible nature of certain signals for compounds 2, 3 and 4 

above a certain concentration, is ascribed to the large size of aggregates. Apart from the slight 

downfield shift observed in the beginning, the signals tend to show a slight upfield shift above a 

certain (~0.85%) concentration. This finding suggests that the signals observed come from mostly 

mobile, i.e., free, molecules as has been reported previously for self-assembled systems.37-39 The 

1H NMR spectra for compounds 2–4, is downfield shifted for all signals with increasing 

temperature compared to the 1H NMR spectrum at 15 °C. Changes in the respective chemical shift 

values (Δδ = δ50-δ15) of different hydrogen atoms (Tables S1–S3) were 0.37, 0.38 and 0.39 ppm 

approximately for 2–4. A large change in the chemical shift values was observed for 26-CH3 of all 
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studied compounds. This downfield shift of the methyl group in the oleanolic acid core (H-26) 

could be interpreted in terms that the methyl groups are hidden or buried inside the molecules or 

molecular assemblies at room temperature. As the temperature increases, the assemblies are 

disrupted (indicated by the peak sharpening), exposing the methyl groups, thereby showing a 

downfield shift (Figure 4b for VT 1H NMR of 2, Figures S14 and S15 for VT 1H NMR of 3 and 

4). Well resolved signals allowed assignment of peaks in 3 and 4. However, it remained a challenge 

to assign the peaks at room temperature for 2. Nevertheless, a few peaks were resolved at 50 °C, 

suggesting that there were aggregates affecting the molecular tumbling. It is important to note that 

during VT 1H NMR measurements the 1H signal arising from HDO was used for calibration (fixed 

at 4.8 ppm, Figure S16). 
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Figure 4. a) VC 1H-NMR of 2 in D2O at 25°C, an expanded version of VC 1H-NMR of 2 (below); 

b) VT 1H-NMR of 16.1 mM (1.15%) 2 in D2O; an expanded version of VT 1H-NMR of 2 (below). 

Diffusion ordered NMR spectroscopy (DOSY) studies 

Self-assembly of surfactants affects the diffusion behavior of a given species, and the variation 

in the diffusion coefficient gives information about the size and shape of the aggregates.40,41 DOSY 

NMR is a non-invasive pseudo-two-dimensional technique that can virtually separate various self-

assembled structures present in a given solution. The size of spherical aggregates can be obtained 

using DOSY NMR by applying the Stokes-Einstein equation.42 Therefore, DOSY NMR studies 

can provide further evidence on the aggregation of amphiphiles.43-46 In the DOSY experiment, the 

diffusion coefficients of 2–4 decreased with increasing concentration, indicating that the size of 

the particles, expressed using the hydrodynamic radius r, increased for all these compounds (Table 

S4 for measured diffusion coefficients and calculated r values of 2–4). The 2D DOSY contour 

plots of 2–4 (Figures S17a–c) indicate a concentration-dependent change in the size of the 

aggregates (Figures S18–S26 for individual VC DOSY plots of 2–4). For 2, a sudden change in 

the size of aggregates was observed between 0.15% (2.3 mM, d ~3.2 nm) to 0.5% (6.9 mM, d ~6.6 

nm). Further, above this concentration, a steady increase in the size of the aggregate was observed. 

Similarly, for 3, a sudden change in the size of aggregates was observed between 0.15% (2.3 mM, 

d ~ 2.6 nm) to 0.5% (6.9 mM, d ~ 4.4 nm). Further increase in the concentration resulted in a 

steady increase in the size of the aggregates (Figures S27a–b). On the contrary, for 4 a steady 

increase in aggregate size was noticed until 11.5 mM. Interestingly, above this concentration, a 

rapid change in the aggregate size was observed (Figure S27c), suggesting that the CAC (critical 

aggregation concentration) of 4 is above 11 mM. Compound 4 is a bolaamphiphile-like structure 

(accommodating two hydrophilic water-soluble groups placed at both ends of a hydrophobic 
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skeleton). The presence of the second head group makes the compound more soluble in aqueous 

media in comparison to 2 and 3 and the aggregates from 2 and 3 are metastable (Figure S27a–b).  

 

Figure 5. Overlay of 2D DOSY plots of a) 2; b) 3; c) 4 in D2O at different temperatures. 

Therefore, the determination of exact critical aggregation concentration values is challenging. 

The diffusion coefficient increased steadily with temperature for a given concentration, whereas 
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the particle size decreased, suggesting that the assembled structures (for 2–4) are disrupted upon 

heating. An overlay of 2D VT DOSY contour plots of 2–4 at 16.1 mM at 15, 30 and 50 oC, 

respectively, are presented in Figures 5a–5c and the individual VT DOSY plots in Figures S28–

S36. The change in particle size as a function of temperature was not linear, as shown in Figure 

S37a–c further suggesting the stepwise disruption of the assemblies (see Table S5 for measured 

diffusion coefficients and calculated r values of 2–4 at variable temperature).  

Dynamic light scattering (DLS) studies 

Due to the unstable nature, a mixed population of aggregates and structural transition limits the 

evaluation of size distribution using dynamic light scattering (DLS) studies in pure water. 

However, DLS studies for freshly prepared 1.0% solution of 2 and 4 in aqueous buffer (PBS) 

narrow size dispersed particles were observed (Figure S38). On the other hand, 3 behaved 

differently and the size distribution profile suggests larger aggregates, which is also consistent with 

the cryo-TEM results. After 24 h, 4 remained unchanged in its size distribution profile, whereas 2 

and 3 showed a clear change in the size distribution, and larger aggregates were formed (Table S6 

for details). In fact, the pH directs the charge of the molecules, and its alteration is anticipated to 

control strong intermolecular electrostatic interactions and molecular reorganizations.13 

Antimicrobial activity 

Amphiphilicity and cationic structures have been shown to be a common characteristic of many 

antimicrobial molecules.47 A distinct difference exists between susceptibility of Gram-negative 

(G–) and Gram-positive (G+) bacteria in antimicrobial research. The presence of an outer 

membrane in G– organisms makes them less susceptible to antibiotics. Beside this, hydrophilic 

periplasmic space influences penetration and the fate of antibiotics.48 For the most successful 

antibiotics currently in use, five main categories of the mode of action are known, i.e., inhibition 
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of enzyme activity (antimetabolites), disruption of cell wall synthesis, plasma membrane 

interference, prevention of protein synthesis at ribosomes, and inhibition of DNA transcription and 

replication.48 Polyamine natural products and squalamine mimics were widely studied in the past 

and are known to target bacterial cell membranes.49 We have previously reported several 

triterpenoid derivatives and their antimicrobial activities.50-53 More importantly, some of the 

derivatives showed self-assembly induced/enhanced biological effects.53 It has recently been 

observed that self-assembled lipopeptides can disassemble reversibly on negatively charged 

membrane surfaces, and exhibit high bactericidal activity with reduced cytotoxicity to human 

cells.54 This finding suggests that, apart from improving water solubility of poorly soluble 

biologically important molecules, there has been a need to control the aggregation behavior of 

such derivatives as the self-assembled structures significantly alter antibacterial properties. All 

three tested compounds (2–4) demonstrated high antimicrobial activities against G+ bacterial 

strains used in this screening test (Table 1). The bolaamphiphile-like compound 4 showed the 

highest activity of all three compounds against S. aureus (both used strains), S. mutans, and B. 

cereus (MIC < 1.54 µg·mL-1). In turn, 2 exhibited the highest antimicrobial activity in L. 

acidophilus and C. perfrigens (MIC < 1.13 µg·mL-1). Compounds 3 showed similar antimicrobial 

activity in most of the tested bacterial strains as compound 2 (Table 1). Additional results of a 

broader variety of tested bacterial strains (both G+ and G–) are presented in Table S7. The activity 

of compounds against G– bacterial strains was much lower than activity against G+ bacterial strains 

in general. One exception was observed for compound 4, which showed the highest and selective 

activity against Pseudomonas aeruginosa (MIC = 6.18 g.mL-1) compared to compounds 2 and 3 

(Table S7). Some speculations can be made about the antimicrobial activities of oleanolic acid-

spermine conjugates (2-4) considering their structures and related literature studies. Studies carried 
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out on cationic antimicrobial peptides, regardless of their precise mode of action, have been 

reported to display activity through the electrostatic binding between the peptide and the cell 

membrane in the first step.55 It has been suggested that, for G– strains, electrostatic interactions 

occur between the cationic peptides and negatively charged phosphate groups in the LPSs. For G+ 

strains the interactions occur between lipoteichoic acids present in the cell membrane's outer 

surface. Amphiphilicity and cationic structure of amicrobial peptides have been shown to play a 

key role in their interaction with the cell membrane of bacteria.47 In another study, experiments 

carried out with “claramine A1” revealed that activity against G+ bacteria could be simulated by 

the carpet model (previously suggested model for cationic peptide antibiotics, explaining the 

disruption of the bacterial membrane with a detergent-like effect of micelle formation).47,56 On the 

other hand, its activity against G– strains is associated with the permeabilization of bacteria cell 

membranes.56 Alhanout et al.57 suggested a “detergent-like” mechanism for the activity of 

squalamine or its parent derivatives as well. In the case of G– bacteria, squalamine or its parent 

derivatives are shown to disturb the membrane integrity of bacteria by interaction with negative 

charges of phosphate groups of the LPS at the surface of the outer membrane.58 A similar 

mechanism of action can be proposed for compounds studied in this work due to their cationic 

nature and amphiphilicity. As compound 4 with two spermine arms, exhibited the highest activity 

in this series against most of the studied bacterial strains, we could speculate that it relates to the 

formation of 4 stable micelles in the aqueous media contrary to the metastable nature of compound 

2 and compound 3. In addition to this finding, the presence of two spermine units in compound 4 

provides a higher number of positive charges for a possible interaction with the cell membrane 

components of studied bacteria. Further studies are underway to reveal the mechanism of action 

of these compounds in detail.  
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Table 1. Antimicrobial activity of 2–4. 

Standard reference 

bacterial strains 

2 3 4 

MIC (g.mL-1) 

Staphylococcus 

aureus 

CCM 

3953 
2.26 2.26 <1.54 

Staphylococcus 

aureus 

CCM 

4223 
2.26 2.26 <1.54 

Streptococcus 

mutans 

CCM 

7409 
2.26 2.26 <1.54 

Lactobacillus 

acidophilus 

CCM 

4833 
< 1.13 2.26 <1.54 

Listeria 

monocytogenes 

CCM 

4699 
2.26 2.26 24.72 

Bacillus cereus 
CCM 

2010 
2.26 2.26 <1.54 

Clostridium 

perfringens 

CCM 

5744 
< 1.13 18 24.72 

Note: MIC = minimal inhibitory concentration (the lowest concentration of test compound that 

inhibited visible growth of the microorganism)  

 

Self-assembly mechanism 

The self-assembly of conventional surfactants is controlled by a balance between attractive and 

repulsive intermolecular interactions.59 Wherein, the “packing parameter” P, has been used to 

provide a correlation between the molecular/surfactant and observed morphology of 

assemblies.60,61 However, the conjugates investigated here do not have the structural features or 

molecular shapes of conventional surfactants (Figure 6). In the literature, steroidal derivatives, 

including bile acid salts, are known to deviate from the conventional surfactants in their structure 

and self-assembly behavior.19,62,63 On the other hand, appropriate functionalization has been shown 
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to affect the molecular shape resulting in spherical micelles, supermicelles,16 and micelle to fiber 

transition.64 Moreover, due to unconventional molecular structure the application of packing 

parameter, thereby the prediction of morphologies, is still a challenge. To gain insights into the 

molecular structures, we used computational energy minimized structures of conjugates using the 

HyperChem software.24 The rigid core, and the 1,2,3-triazole motifs, led to distorted L-shaped 

structures to 2 and 3 and distorted U-shape for 4 (Figure 6). It has been shown that 1 crystallizes 

in the monoclinic space group (P21) as an ethanol solvate. In its solid state an extended head-to-

tail chain-like assemblies are stabilized by intermolecular hydrogen bonding between hydroxyl 

group hydrogen [C(3)-OH] and the carboxylic acid [C(17)-COOH].65 In the conjugates, similar 

hydrogen bonding is not possible. However, the presence of a carboxyl group on C(17) in 2 may 

allow dimerization, which has been supported by IR spectroscopy. On the other hand, time 

dependent changes in the steric accessibility of carbonyl groups due to changes in hydrophobic 

interactions might enable mutual coupling of C=O vibrations, leading to an enhancement in ECD 

and VCD spectra. These changes could induce the formation of the chiral assemblies with the 

involvement of water molecules. In the case of compound 3 containing C(3)-OH group, the 

formation of a relatively weak hydrogen bonding compared to that of C(17)-COOH is not 

excluded. Unlike for 2 and 3, for 4, both hydroxyl and carboxylic acid groups are substituted and 

thus no similar interaction can be established. Based on the VT 1H NMR studies, it is evident that 

26-CH3 is shielded upon aggregation and deshielded at higher temperatures. Therefore, the 

possible explanation for micelle formation in 2 and 3 is the side-side overlap leading to primary 

aggregates (Figure 6a). Further, aggregation results in micelles with a hydrophobic core and polar 

spermine chains facing outside (Figure 6a). However, upon aging of the samples, kinetically 

trapped micellar assemblies for compounds 2 and 3 undergo reorganization, eventually leading to 
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stable fibrillar structures. On the other hand, 4 can form stable micelles due to the higher number 

of cationic charges, resulting in a stable shell of the micelles (Figure 6b). Future studies using 

sophisticated computational simulations are necessary to provide more insights into the self-

assembly behavior and structure property relationships. 

 

 

Figure 6. Schematic representation showing possible self-assembly pathways in aqueous media: 

a) for 2; b) for 3 and 4. 

Conclusions 

Pentacyclic triterpenoids being naturally abundant, offer an excellent platform for designing 

functional soft materials. However, triterpenoids are inherently insoluble in aqueous media. 

Therefore, appropriate chemical modifications are necessary to improve their bioavailability. More 

importantly, derivation of triterpenoid molecules provide a novel class of building blocks with 

unique self-assembly, material properties, and structural features. The arrangement of lipophilic 

core and polar side chains led to multifaceted nanoscale self-aggregated structures. This strategy 

can be applied to other triterpenoids and open a new area to study triterpenoid amphiphiles. In 

addition, all three investigated compounds exhibited high antimicrobial activity against a number 

of G+ bacteria (MIC < 1.54 µg·mL-1), and have the potential to become important multifaceted 



 24 

supramolecular nanostructures applicable as selective antimicrobial agents. Further, their 

incorporation in high touch surface coatings may reduce the spread of infectious agents. 

 

EXPERIMENTAL 

1. Cryogenic Transmission Electron Microscopy (Cryo-TEM) 

The cryo-TEM images were collected using a JEM 3200FSC field emission microscope (JEOL) 

operated at 300 kV in bright field mode with Omega-type Zero-loss energy filter. Prior to sample 

preparation, 200 mesh copper grids with lacey or holey carbon support film (Electron Microscopy 

Sciences) were plasma cleaned using Gatan Solarus (Model 950) plasma cleaner for 30 seconds. 

The samples for cryo-TEM imaging were prepared by placing 3 µL of a freshly prepared aqueous 

dispersion of the sample on plasma treated TEM grids and plunge-freezed into -170 °C 

ethane/propane mixture using Leica automatic plunge freezer EM GP2 with 2 s blotting time under 

100% humidity. The vitrified specimen was cryo-transferred to the microscope. The images were 

acquired with Gatan Digital Micrograph® software while the specimen temperature was 

maintained at -187 °C.  

2. Electronic circular dichroism (ECD) and absorption spectroscopy  

 ECD experiments were carried out on a Jasco J-815 spectropolarimeter (Tokyo, Japan) equipped 

with a Peltier type temperature control system PTC-423S/L. The spectra of the studied samples at 

1.0% concentration were collected from 210 to 350 nm at room temperature and in the temperature 

interval from 15°C to 60°C in 0.1 cm quartz cell (2 scans, 0.5 nm steps, 20 nm/min speed, 8 s time 

constant, 1 nm spectral bandwidth). After baseline subtraction, the final data were expressed as 

differential absorption (ΔA) and absorption (A), respectively. 

3. Infrared (IR) and vibrational circular dichroism (VCD) spectroscopy 
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IR spectra were recorded on a Nicolet 6700 spectrometer (USA) equipped with a standard mid-IR 

source, a KBr beam-splitter and a DTGS detector and with a cell compartment purged by dry 

nitrogen. For the measurements of the IR spectra of films, the ATR attachment (ATR-MIRacle™; 

Pike Technologies, USA) equipped with a single reflection diamond horizontal ATR prism was 

used (with 4 cm–1 spectral resolution, Happ–Genzel apodization function, 512 scans) in the 4000–

400 cm–1 spectral range. Films were prepared from aqueous solutions of 2–4 (1.0%) by desiccating 

of a 20 mL drop on the surface of ATR crystal at room temperature. In transmission mode, the IR 

spectra were measured in a 6 µm CaF2 BioCell (BioTools, Inc., USA) at 10.0 % concentration 

(with 4 cm–1 spectral resolution, Happ–Genzel apodization function, 512 scans) in the 4000–400 

cm–1 spectral range.  

The VCD spectra were measured on a dual source,66 dual PEM67 VCD spectrometer ChiralIR-

2X™ (BioTools, Inc., USA) at room temperature in a 6 μm CaF2 cell (BioCell™, BioTools, Inc., 

USA; 10 % sample concentration, sample volume ~8 µL). Each spectrum was recorded for ~1 h 

(6000 scans) at 8 cm–1 resolution. The cell was rotated at a constant velocity around the IR beam 

axis using SyncRoCell™ (BioTools, Inc., USA). The spectra were processed in Grams/AI software 

(Thermo Electron, USA). Solvent scans (water) were subtracted as background. Baseline was 

corrected using a linear function. The VCD spectra were smoothed with a second order Savitzky-

Golay filter using a 9-point window.  

Data are presented in the 1800–1400 cm–1 spectral region which includes the most informative 

signals of carbonyl stretching vibrations and deformation vibrations of water. All the IR spectra 

were normalized to the spectral band of CH2 deformation vibrations at ~1470 cm–1 with respect to 

the number of the CH2 methylene groups in 2–4. VCD spectra are normalized using the same 

normalization factor as the parent IR spectra. 
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4. Diffusion-ordered spectroscopy NMR (DOSY) 

The 1H DOSY NMR spectra were measured on an FT-NMR spectrometer Bruker AVANCE-600 

(600.1 MHz for 1H) equipped with TCI 5 mm cryoprobe. Clean and dried NMR tubes obtained 

from Sigma and ARMAR chemicals were used. Deuterium oxide (D2O; 99.8 atom % D, Armar 

Chemicals, Switzerland) was used as solvent, for standardization of NMR spectra the line of 

solvent signal (δ 4.80) was used. DOSY spectra were measured using standard parameter sets and 

longitudinal eddy current delay bipolar gradient pulse sequence (ledbpgp2s)68 delivered by 

producer of the spectrometer without rotation. The experiments were done using freshly dissolved 

samples (600 µL of D2O and a known amount of solid (1 mg, 3 mg, 5 mg, 7 mg, 9 mg, 11 mg, 13 

mg) at 298.15 K for variable concentration DOSY experiments. The temperature was changed 

from 323.15 K to 288.15 K with interval of 15 K, for variable temperature DOSY NMR 

experiments. In case of compound 2 and 3, 7 mg of substances in 600 µL of D2O were used, in 

case of compound 4, 5 mg of substance was used in 600 µL of deuterium oxide. Data were analyzed 

using MestreNova software (v 1.13). Calculations to obtain diffusion coefficient values were made 

by taking integrations approximately from the region between 2.4–2.9 ppm (exact region was 

determined based on presence/absence of signals during the measurement). 

 

5. Size, Zeta potential and pH measurements 

Dynamic light scattering (DLS) size and zeta () potential measurements were performed on a 

Malvern Zetasizer Nano ZS (Malvern Instruments, Ltd., Worcestershire, UK) with scattering angle 

173° at 20 °C. For all measurements, samples were prepared by dissolving 10 mg of solid in 1 mL 

of water or PBS (1x) (Welgene, Fresh Media) buffer. The solutions were left on a shaker for 15 

minutes, followed by sonication for a minute (in degassing mode at room temperature) and filtered 
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through using a membrane filter (Advantec, Dismic-25 CS, pore size: 0.20 m). Solutions were 

left in room temperature for 24 h and measurements were performed again. Zeta potentials in PBS 

(1x) buffer were measured using disposable folded capillary zeta cell, and pH values were 

determined using a pH/MV/Temperature Bench-Top Meter in PBS and water using same solutions 

prepared for size measurements. 

6. Biological Activity Tests Experimental 

Standard reference bacterial strains, Enterococcus faecalis CCM 4224 and CCM 4647, 

Staphylococcus aureus CCM 3953 and CCM4223, Streptococcus mutants CCM 7409, 

Lactobacillus acidophilus CCM4833, Listeria monocytogenes CCM4699, Bacillus cereus 

CCM2010, Clostridium perfringens CCM 5744, Actinomyces odontolyticus CCM 4740, (all G+ 

bacteria strains), Pseudomonas aeruginosa CCM 3955, Escherichia coli CCM 3954 and CCM 

4225 (all G– bacteria strains) from the Czech Collection of Microorganisms (CCM), Faculty of 

Science, Masaryk University Brno, were used for testing of antimicrobial activity. The 

experimental procedure was already described.53 
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ABBREVIATIONS 

VCD, vibrational circular dichroism, ECD, electronic circular dichroism, DLS, dynamic light 

scattering, PFG, pulsed-field gradient, DOSY, diffusion ordered spectroscopy, SAFIN, self-

assembled fibrillar network, DMSO, dimethyl sulfoxide, D2O, deuterium oxide, MIC, minimal 

inhibitory concentration, CCM, Czech Collection of Microorganisms, ledbpgp2s, longitudinal 

eddy current delay bipolar gradient pulse sequence. 
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