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Selectivity and bio-compatibility of self-assembled chiral flower-
like and helical nanostructures 
Sopan M. Wagalgave,a,f Sachin D. Padghan,a Mohammad Al Kobaisi,c Duong Duc La,d Keerti 
Bhamidipati,f,g Nagaprasad Puvvada,f,g Rajesh S. Bhosale,e Sidhanath V. Bhosale,a,f* Sheshanath V. 
Bhosaleb* 

The molecular building block NDI-LCA was synthesized by substitution of NDA at di-imide position with two lithocholic acid 
moieties. It was found that the NDI-LCA conjugate exhibits good thermal stability. The photophysical such as UV-vis and 
fluorescence spectral measurements and theoretical calculations reveal that NDI-LCA possesses stronger absorption and 
fluorescence emission properties. Furthermore, NDI-LCA derivative self-assembled into chiral flower-like structures in 
THF/MCH solvent mixture, whereas, NDI-LCA in THF/water produces chiral fibril nanostructures. The formation of 
supramolecular self-assembly in solution was characterization by UV-vis, fluorescence spectroscopy, and dynamic light 
scattering (DLS). Circular dichroism is used to study chiral induction in supramolecular structures. Scanning Electron 
Microscopy (SEM) confirms the formed structure on the silicon wafer. X-ray diffraction (XRD) clearly shows the formation 
of the crystalline nature of morphology. In addition, NDI-LCA's supramolecular structures in THF exhibit remarkable bio-
compatibility and increased cellular uptake in cancer cells. From cell morphology and uptake studies, it can be assumed 
that NDI-LCA in THF supramolecular structures can act effectively as a platform for both cell markers and as a delivery 
agent for further studies.

1. Introduction
The self-assembly of chiral synthons is driven by non-covalent 
interactions such as hydrogen bonding, hydrophobic forces, 
van der Waals and π-π interactions.1 These forces regulate the 
supramolecular chirality in self-assembled structures.2 The 
chiral assemblies are fundamentally important to understand 
the relationship between molecular structures and 
supramolecular assemblies and mimic the biological self-
assembly.3-6 It is well documented that chiral flower-shaped 
morphologies such as rose-, chrysanthemum-, peony- and 
dandelion-like were fabricated via microwave heating or a 
hydrothermal method.7-13 These methods are mainly based on 
the self-assembly of small organic molecules, peptides, and 
amphiphiles with various inorganic materials as well as pure 

organic building blocks such as a polymer, DNA, 
aminoglycoside antibiotics.14-18 The chirality of supramolecular 
nanoflowers is defined by optical activity (OA).19,20 Chiral 
flowers like nanostructures are rarely been reported in pure 
organic solvents.21-25 The chiral assemblies exhibit potential 
applications in molecular recognition, asymmetric catalysis, 
chiral separation, medicine, tissue engineering, and 
optoelectronic materials.26-31 However, it remains the 
challenging issue to fabricate the controlled chiral nanoflowers 
and the transformation of molecular chirality during such 
assembly process.21,22,24,32

     Bile acids are biologically important surfactants and are 
synthesized in the liver.33The molecular structure of bile acids 
is different than that of conventional surfactants. They exhibit 
a hydrophobic convex side and hydrophilic concave side and 
are called as facial amphiphiles.34 Lithocholic acid (LCA) is a 
secondary bile acid category. The literature search revealed 
that researchers have shown the self-assembly of   LCA leads 
to the formation of primary micelles, helical ribbons, 
nanotubes, tubular spherulites, fan-like bundles, spiral tubes, 
monodispersed nanotubes, and hydrogel and.35 The 
fabrication of these nanostructures mainly depends on the 
self-assembly conditions.36 Due to the self-assembly nature of 
lithocholic acid these nanostructures may exhibit structural 
rigidity, bio-compatibility, bio-degradability, and selectivity 
towards cancer cell lines and are thus, considered important 
for its potential application in drug delivery. 
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Naphthalene diimide (NDI) is a rylene dye. NDI is a planar n-
type semiconductor molecule.37 Recent studies have shown 
the self-assembly of NDI strongly depends on the substituents 
present on its imide/core positions. It has been shown that 
NDIs and their derivatives can self-assemble into chiral 
assemblies, such as helical fibers, helical nanotubes, helical 
ribbons, by varying the external stimuli as well as the subunits 
connecting at its imide/core positions.38  Ghosh et al reported 
that self-assembly NDI-amphiphiles showed a high impact on 
antimicrobial activity.38 Very recently, we have shown the self-
assembly of NDI-cholic acid (NDI-CA) and NDI-deoxycholic acid 
(NDI-DCA) conjugates,39 our finding revealed that NDI-DCA 
self-assemble into the super-helix structure in THF: water 
mixes, however, and NDI-DA does not produce any decent 
assemblies. Inspired by these results, we sought to apply LCA 
conjugated NDI nanoengineered materials and check their  
selectivity for application in drug delivery and biomedical 
research to avoid the off-target toxicity of various drugs. 

In this work, we investigate the effect of LCA substituents 
on the self-assembly of NDI-LCA in both polar and non-polar 
solvent systems such as THF: H2O and THF: MCH, respectively. 
Interestingly, NDI-LCA produces a 3D chiral globular flower-like 
morphology in THF: MCH, however in a polar solvent (THF: 
H2O), the NDI-LCA conjugate exhibits fibril network. The CD 
spectral study displays the chiral behavior of the 
supramolecular nano-architecture. We believe that the H-
bonding along with π-π interaction within the NDI core plays 
an important role in supramolecular assemblies. This study 
may show the way to stimulate the change in supramolecular 
architectures by simply manipulating the solvent system from 
non-polar to polar. Further, we performed In vitro studies to 
elucidate the biocompatibility and selective cellular uptake 
properties in cancerous cells.

2. Experimental Section

2.1. General Materials and Methods

Chemical reagents were purchased and used as received. All 
are air- and water-sensitive reactions were performed under 
nitrogen atmosphere. Thin-layer chromatography (TLC) (Merck 
Co.) was performed using 0.25 mm thick plates pre-coated 
with silica gel (40–60 mm, F254) and visualized using UV light 
(254 and 365 nm). NMR spectra were recorded with a 300 
MHz on Bruker spectrometer using DMSO-d6 as solvent and 
tetramethylsilane as an internal standard. IR spectra were 
recorded on a Thermo Nicolet Nexus 670 FR-IR spectrometer 
in the form of non-hygroscopic KBr pellets. ESI-MS data were 
taken on Shimadzu lab solutions. High-resolution mass spectra 
(HRMS), atmospheric-pressure chemical ionization (APCI) 
experiments were carried out on FTMS, ionizing by APCI from 
an atmospheric solids analysis probe (ASAP). MALDI-TOF 
measurements, a Shimadzu Biotech Axima performance 
spectroscopic instrument was used. 
       UV-vis absorption spectra were measured on a Shimadzu 
UV-1800 spectrophotometer at room temperature. 

Fluorescence emission spectra were recorded on an RF-6000 
(Shimadzu, Japan) spectrofluorophotometer. All experiments 
were performed in a quartz cell with a 1 cm path length with a 
360 nm excitation wavelength. DLS measurements were 
conducted using a Brookhaven Instrument Corp., 90Plus 
Particle Size equipped with a He–Ne laser (632.8 nm, 35 mW), 
and quartz cuvette.
2.2. Synthesis

Synthesis of (R,R,R,S,R,R,S,S,4R,4'R)-N,N'-((1,3,6,8-
tetraoxobenzo[lmn][3,8]phenanthroline-2,7(1H,3H,6H,8H)-
diyl)bis(ethane-2,1-diyl))bis(4-((3R,5R,8R,9S,10S,13R,14S,17R)-3-
hydroxy-10,13-dimethylhexadecahydro-1H-
cyclopenta[a]phenanthren-17-yl)pentanamide) (NDI-LCA). 
Lithocholic acid 232 mg (0.62 mmol), hydroxy-benzotriazole 
(HOBt) 167 mg (1.2 mmol) and 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide [EDCI] 239 mg (1.2 mmol) 
were dissolved in dry DMF.  After stirring at 0 oC for 30 min, 
NDI-amine 100 mg (0.28 mmol) was added and the resulting 
reaction mixture was stirred at ambient temperature for 
further 24 h. The completion of reaction was monitored using 
TLC.  The reaction mixture was poured in to crushed ice, white 
precipitate was formed. The precipitate was filtered and the 
obtained crude product was purified by column 
chromatography on neutral Al2O3 (2% MeOH/CH2Cl2). The 
compound was isolated as white solid, 118 mg, yield 38%. 1H 
NMR (DMSO-d6, 300 MHz):δ 8.68 (s, 4H; Ar-H) 7.89 (s, 2H; NH) 
4.45 (d, J = 4.40 Hz, 2H) 4.16 (t, J = 5.50 Hz, 4H) 1.93- 0.85 (m, 
66H) 0.73 (s, 6H; CH3) 0.48 (s, 6H; CH3);IR (KBr, cm-1):770, 1188, 
1245, 1341, 1400, 1581, 1660, 2930, 3160, 3410; ESI-MS (m/z 
%): 1070 (100) [M+H]+; MALDI-TOF: 1092.27 [M+Na]+.
Sample Preparation. A stock solution of NDI-LCA (ca. = 1×10-4 
M) was prepared in THF. A 0.2 mL aliquot of this stock solution 
was transferred in separate volumetric flasks and equilibrate 
with the different ration of MCH and H2O and made up to 2 mL 
volume with respective solvents. The obtained solutions were 
allowed to equilibrate for 2h before the spectroscopic as well 
as morphology measurements. 
2.3. Spectroscopic and morphology experiments

2.3.1 UV-vis absorption measurements.  UV-vis absorption 
measurements were performed on UV-vis-1800 Shimadzu 
spectrometer using a 1 cm path length quartz cuvette. A 0.2 
mL aliquot of NDI-LCA (110-3 M stock solution) was 
transferred to a vial and made up to a final volume of 3 mL. 
The solutions were allowed to equilibrate for 2h before their 
spectral measurements. 
2.3.2 Fluorescence measurements. Fluorescence spectra 
measurements were carried out on an RF-6000 (Shimadzu, Japan) 
spectrofluorophotometer. The measurements were performed at 
room temperature in a 1 cm path length quartz cell with an 
excitation wavelength of λex = 360.
2.3.3. Circular Dichroism (CD).CD spectra were recorded on an 
AVIV 202 CD spectrometer under a nitrogen atmosphere. The 
measurements were performed in a quartz cuvette with a 1 
mm path length. A 0.2 mL aliquot of NDI-LCA (110-3 M stock 
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solution) was transferred to a vial and made up to a final 
volume of 3 mL in suitable solvents and allowed to equilibrate 
for 2 h then CD spectra recorded.
2.3.4. Scanning electron microscopy measurements (SEM). 
Firstly, the silicon wafer substrate was cleaned by rinsing in 
acetone and ethanol then Milli Q water. Then the sample 
sputter was coated with gold for 10 s at 0.016 mA Ar plasma 
(SPI, West Chester, USA) using an FEI Nova NanoSEM 
(Hillsboro, USA) operating at high vacuum which provided 
direct visualization of the self-assembled material. The 
samples were prepared by solvent evaporation.
2.3.5. Dynamic light scattering measurements (DLS). This 
experiment was performed using a Brookhaven Instrument 
Corp., 90 Plus Particle Size equipped with a He–Ne laser (632.8 
nm, 35 mW), and quartz cuvette.
2.3.6. X-ray diffraction (XRD) measurements. The self-
assembled NDI-LCA in the THF: MCH and THF: H2O solvent 
mixtures were used for XRD measurements. Then precipitates 
of NDI-LCA were dropped on the silicon wafer and dried at 40 
oC for 4 h, this process was repeated for 3 times. Structure and 
crystallinity were analyzed on an X'Pert PRO PANalytical 
machine with a 0.15405 nm Cu-Kα radiation source.
2.3.7. Infrared spectroscopy (IR) measurements. FT-IR spectra 
were measured on a PerkinElmer spectrometer. The liquid 
sample in THF: MCH and THF: H2O were drop-casted and the 
solvent was allowed to evaporate on the surface naturally.
2.3.8. Molecular modeling. Density functional theory (DFT) 
and TD-DFT calculations with no consideration of dispersion 
interactions in the gas phase were conducted using ORCA 4.0 
suite of programs.
2.3.9. Cell Culture. Cancerous cells Neuro-2a (Murine 
neuroblastoma cell line) were obtained from the National 
Centre for Cell Sciences  (NCCS),  Pune, India.  The cells were 
then cultured in   DMEM (Dulbecco Modified Eagle Medium) 
media (Gibco) supplemented with 10% (v/v)   foetal bovine 
serum,   1%   L-glutamine,   1%   non-essential amino acid,   
1%penicillin, and 1% streptomycin. All cells were then 
maintained in a humidified 5% CO2 incubator at 37 °C
2.3.10. Cytotoxicity studies using MTT assay. The cell 
cytotoxicity of  NDI-LCA and NDI was carried out using MTT (3-
(4,5-dimethylthiazole-2-yl)-2,5–diphenyltetrazolium   bromide  
reagent)   assay in Neuro-2a murine cancerous cells as 
described previously with minor modification.47, 48 Cells were 
seeded and grown in 96-well plates separately for 24 h at 1 × 
104 cells per well and then treated in triplicates at different 
concentrations (6.25, 12.5, 25 and 50 µg/100µl). The cells were 
then washed twice with 1 × PBS and further incubated with 
450 μl (1g/ml) of MTT solution at 37 °C for 3−4 h. Later, MTT 
solubilizing buffer was used to dissolve the formazan crystals 
and absorbance was recorded at 570nm by using a Multimode 
microplate reader (Varioskan, Thermo Fisher Scientific). 
2.3.11. Intra-cellular uptake and morphology study using 
confocal microscopy. The cellular uptake efficiency and the 
cytoplasmic distribution of NDI-LCA and NDI (ESI†, Scheme S1) 
was done in Neuro-2a murine cancerous cells. The cells were 
seeded (5 x 104) on 35mm cover glass with 1 ml of growth 

medium and grown at 37 °C. The cells were then treated with   
NDI-LCA and NDI (ESI†, Scheme S1) and stained with 
commercially available  LysoTracker Red  (LTR)   as per 
manufacturer’s protocol at 3, 6, and 24 h time points with a 
concentration of 10 µg/100µl. After that, the cells were 
washed with 1 × PBS twice and fixed using 4% formaldehyde 
solution. The cells were then washed again with a 1 × PBS 
solution twice to remove the excess formaldehyde solution 
and mounted on a microscopic slide using Fluoroshield 
mounting solution. The fluorescent images were then captured 
using a confocal microscope (Nikon Ti  Eclipse  Tokyo,   Japan) 
at   60 X magnification and with 2.5 X zoom.

3. Results and Discussion
3.1. Synthesis

The NDI-LCA was synthesized starting from 
naphthalenedianhydride (NDA): At first step, NDA was treated 
with mono-boc protected ethylenediamine to yield the 
compound 1. Compound 1 was treated with TFA in 
dichloromethane (DCM) at room temperature to yield NDI-
diamine 2.40 Amide coupling of NDI-diamine 2with LCA in the 
presence of EDC and catalytic HOBt resulted in NDI-LCA in 38% 
yield (Scheme 1). 
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Scheme 1. Synthesis of NDI-LCA conjugates.

3.2. Thermal Properties

The thermal properties of NDI-LCA were investigated by 
thermogravimetric analysis (TGA) under a nitrogen flow. The 
results are illustrated in Fig. 1. For 5% weight loss, NDI-LCA 
exhibits decomposition temperature (Td) over 330 oC. This 
indicates NDI-LCA is thermally stable.
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Fig. 1Thermogravimetric analysis of NDI-LCA.

3.3. UV-vis properties

UV-vis spectroscopy of NDI-LCA was performed in different 
solvent systems to investigate their respective absorbance 
properties. As illustrated in Fig. 2a, the UV-vis spectrum of 
NDI-LCA in pure THF produces two main absorption peaks at 
359 nm and 379 nm along with a shoulder peak at around 341 
nm. The absorption maxima peaks are attributed to π-π* 
transitions. With the addition of MCH (0-95%), the absorbance 
peak intensities were decreased with increasing MCH 
concentration. Particularly upon the addition of MCH (80%), 
the UV-vis absorption peak intensity significantly decreased. 
Moreover, the addition of 90 and 95% MCH exhibits a small 
bathochromic shift of the absorption bands to 362 and 383 
nm, indicating J–type of aggregation (Fig. 2a). The UV-vis 
absorption of NDI-LCA in THF/H2O mixture is shown in Fig. 2b. 
The addition of H2O (0-60%) shows a slight decrease in 
absorption peak intensity as compared to 70% H2O in THF. 
However, further, an increase in H2O volume to 80-90%, 
absorption peak appeared at 361 nm and 381 nm with 
absorption band shift to 371 nm and 385 nm, with shifts are 
about 11 and 6 nm, respectively as compared with NDI-LCA in 
THF. Further NDIA-LCA in 95% water/THF, absorption gives an 
additional shift of 4 nm i.e. bands appeared at 365 nm and 
385, suggesting J-type of aggregation. Herein, we presume 
that the change in aggregation mode due to an increase in 
solubility of LCA subunits in H2O.

Fig. 2 UV-vis absorption spectra of NDI-LCA in (a) THF and THF: MCH (0-95%) and (b) in 
THF and THF: H2O (0-95%).

3.4. Fluorescence Properties

Fluorescence emission spectroscopy technique was employed 
to investigate the intermolecular interaction of NDI-LCA in 
different solvent systems. As shown in Fig. 3a, NDI-LCA in THF 
exhibited two intense peaks at around 408 nm and 430 nm, 
upon excitation at 360 nm. With the addition of MCH (0-95%) 
volume, the fluorescence of NDI-LCA decreased due to the 
aggregation caused by quenching (ACQ). It is notable that the 
fluorescence peak significantly decreased with a blue shift to 
401 nm and 426 nm in presence of 95% MCH. The shift of 
emission peak was ascribed to the formation of π-π stacks 
within the NDI cores.  A similar quenching effect was observed 
in THF/H2O (0-95%). It indicates, in presence of a large volume 
of H2O, the LCA hydrophilic facial end goes outward and 
hydrophobic interaction between two LCA subunits becomes 
stronger along with π-π stacking interaction between NDI 
moieties. 
     The fluorescence quantum yield (ΦF) of NDI-LCA was 
measured in THF, THF/MCH (5:95, v/v), and THF/water (5:95, 
v/v) were calculated using quinine sulfate standard reference 
dye, the quantum yield of NDI-LCA upon excitation at 360 nm 
was found to be 4.63% in THF. However, in THF/MCH and 
THF/water at the ratio 5:95 v/v, reduction of the quantum 
yield was observed i.e. 0.08 and 0.003, respectively.41
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Fig. 3 Fluorescence emission spectra of NDI-LCA in (a) THF and THF: MCH (0-95%) and 
(b) in THF and THF: H2O (0-95%).

3.5. Scanning electron microscopy (SEM) measurements

Scanning electron microscopy (SEM) was employed to visualize 
the self-assembled structures of NDI-LCA in THF/MCH with 
varying concentration of MCH as shown in Fig. 4, Fig. 5 and 
Fig.S5 and Fig. S6, which revealed distinctive micro-nano 
structures at 20 and 30 fTHF/MCH volume fractions. At 20% 
fTHF/MCHflower-like microstructures were produced about 10 
μM in length and 5 μM in width, these dimensions increased 
15 μM and 10 μM in 30%fTHF/MCH, respectively. Knowing that 
the THF is the good solvent and MCH is the non-polar solvent, 
a higher solvophobic effect can be observed at lower fTHF/MCH, 
resulting in nucleation, and more numerous smaller 
microstructures at 20% fTHF/MCH while increasing the fTHF/MCHto 
30% allows for better solubility later nucleation and longer 
time for microstructure growth during solvent evaporation 
resulting in larger three-dimensional (3D) microstructures. The 
basic nanostructure of the flower-like microstructure at both 
fTHF/MCHis very similar, multi-layered curved sheets few tens of 
nanometers in thickness giving a porous microstructure, 
evidence for the kinetic control on the overall microstructure 
size using the same process of self-assembly.

Fig. 4 SEM micrograph of the microstructures of self-assembled NDI-LCA in THF:MCH: 
(a) 2:8, and (b) 3:7 volumetric ratio after solvent evaporation, respectively.

(A)                                   (B)

Fig. 5 ZoomedSEM image of the microstructures of self-assembled NDI-LCA in THF:MCH 
(a) 2:8, and (b) 3:7 volumetric ratio after solvent evaporation.

Further, SEM images of the NDI-LCA in THF: H2O for 30:70% 
and 20:80% v/v ratio show in ESI Figure S7 and S8, 
respectively. The self-assembled morphology of NDI-LCA 
(30:70% v/v ratio) was composed of helical nanostructures 
with several micrometers in lengths and with diameters that 
range from 1 to 1.5 µM with wright handed-helical structures, 
which shown by a red arrow within the Figure 6. Further, the 
right-handed chirality of the self-assembled structure was 
confirmed using CD spectra (Fig. 8). Nevertheless, NDI-LCA in 
THF: H2O (20:80% v/v ratio) resulted in nanofiber morphology 
with embedded nanoparticles. As H2O% increases the helical 
nanofibers flattened. Thus, an increase in polarity of solvent in 
THF: H2O causes loss of chirality in self-assembled materials.
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Fig.6 SEM micrograph of the microstructures of self-assembled NDI-LCA in THF:H2O (3:7 
volumetric ratio) after solvent evaporation. Arrow indicate mode of chirality. 

3.6. Dynamic light scattering properties

Dynamic light scattering (DLS) was carried out to investigate 
the self-assembly of NDI-LCA in solution. The DLS results of 
NDI-LCA in THF: MCH and THF: H2O are illustrated in Fig. S9a 
and Fig. S9b (ESI), respectively. The initial DLS measurement of 
NDI-LCA in THF shows a hydrodynamic diameter around 8.2 
nm, indicating in pure THF, NDI-LCA does not form any 
aggregates. With the addition of MCH (f = 70%), NDI-
LCAaggregatesexhibit the hydrodynamic diameter of 203.3 nm 
(Fig. S9a). Further addition of the MCH (f = 80%) has increased 
the hydrodynamic diameter to 417.7 nm Fig. S9a. Thus, an 
increase in MCH volume ration in THF displays an increase in 
the size of the NDI-LCA aggregates. Importantly, we performed 
the DLS measurements of NDI-LCA in THF and THF: H2O solvent 
mixtures. The NDI-LCA in THF: H2O (30:70%, v/v ratio) showed 
aggregates with a hydrodynamic diameter of 216 nm, whereas 
in THF: H2O (20:80%, v/v ratio) exhibit an average 
hydrodynamic diameter of 414.4 nm. Thus the increase in H2O 
volume increased in the size of the aggregates. We observed 
that the size of the NDI-LCA aggregates in THF: MCH and THF: 
H2O are much smaller than the flower-like helical structures 
observed in SEM (Fig.5, Fig. 6 and ESI Fig. S5, S6, Fig. S7 and 
Fig. S8) microscopy, indicating that the larger growth of the 
formation of the microstructure takes place while solvent 
evaporation. 

3.7. X-ray diffraction (XRD) properties

The XRD measurements were employed to investigate the 
crystallinity of NDI-LCA monomers, NDI-LCA aggregates in THF/H2O, 
and THF/MCH mixtures. The XRD result is shown in Fig. S11. It can 
be seen that monomeric NDI-LCA molecules show an amorphous 
nature. However, when self-assembled in THF/MCH mixtures, the 
NDI-LCA aggregates exhibit the crystallinity in nature and the peaks 
are assigned 2θ = 12.5, 14.9 (more intense), 18, 19, and broad peak 
at 22. The XRD results indicate NDI-LCA in THF/MCH represents 
both the crystalline and amorphous nature. Whereas, in THF/H2O, 
the 2θ= 22NDI-LCA exhibited in amorphous form. The NDI-LCA 

aggregates formed in THF/MCH mixture reveals higher crystallinity 
than that of obtained in THF/H2O solution. This results is consistent 
with morphologies observed in above SEM images.

3.8. Infrared (IR)spectroscopy

Fig.7 FT-IR transmission spectra of NDI-LCA in (a) THF, (b) THF:MCH (3:7, v/v ratio), (c) 
THF:MCH (20:80, v/v ratio); (d) THF:MCH (10:90, v/v ratio).

Fig.7 shows IR spectra of NDI-LCA in THF, THF:MCH (30:70, 
v/v ratio),  THF:MCH (20:80, v/v ratio) and THF:MCH (10:90, 
v/v ratio).  As shown in Fig. 7a, the transmission peaks 
appeared at about 1703 cm-1 and 1660 cm-1 are assigned to 
C=O stretching vibration of imide and amide functional 
moieties of NDI-LCA, respectively. With the 70% MCH addition 
to THF solution of NDI-LCA, the transmission peak at 1703 cm-1 
disappeared and the peak at 1660 cm-1 was shifted to 1665 cm-

1 with a decrease in intensity (Fig.7 b). As shown in Fig. 7c, the 
addition of MCH (f = 90%) resulted in the appearance of an 
amide C=O peak at 1656 cm-1. The disappearance of IR 
transmission peak at 1703 cm-1 and change in amide C=O 
stretching peak position is ascribed to the hydrogen bonding 
interactions at the self-assembly process. We performed FT-IR 
measurements of NDI-LCA in THF and THF:H2O solvent mixture 
system and are illustrated in Fig. S11a,b,c and d (ESI). With the 
addition of H2O to the THF solution of NDI-LCA yields the 
disappearance of peak at 1703 cm-1, whereas, the peak at 
1660 cm-1 was shifted to 1642 cm-1(Fig. S11 b), 1640 cm-1 (Fig. 
S11 c) and 1639 cm-1 (Fig. S11 d) in THF:H2O volume ratio of 
30:70, 20:80, 10:90, respectively. FT-IR experimental results 
indicate that amide hydrogen bonding is involved during self-
assembly formation. 
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3.9. Circular dichroism

Circular dichroism (CD) spectra were employed to further 
investigate the induction of chirality in THF, THF:MCH and 
THF:H2O solvent systems. As illustrated in Fig. 8a, NDI-LCA in 
THF does not show any Cotton effect, suggesting the 
molecular chirality is absent in solvent through several chiral 
centers are present in LCA. With the addition of 50% MCH to 
NDI-LCA in THF solution display no change in the Cotton effect. 
Further addition of MCH (70%) exhibited a strong negative 
Cotton effect at 360 nm and 380 nm and positive Cotton effect 
at 345 nm, which was assigned to the transfer of molecular 
chirality in supramolecular structures.  Moreover, the addition 
of 80% MCH shows intense negative Cotton effect signals at 
360 nm and 380 nm and +ve signal at 335 nm with the similar 
shape of the CD, indicating chirality was perfectly maintained. 
We observed that the CD signal intensity increased with 
increasing the MCH content due to the increasing density and 
packing of the petals. The CD peaks can be attributed to the 
chiral stacking of NDI-LCA in flower-like morphologies. Hence, 
we believe that the flower-like structures obtained in 
THF:MCH (30%  and 20% fTHF/MCH) could be recognized as 
chiral. Whereas, upon an increase in MCH content to 90% 
show decrease in Cotton effect intensity at 360 nm and 380 
nm and disappearance of +ve Cotton signal at 345 nm, it may 
be due to larger supramolecular structures precipitate from 
the solution. 

Fig. 8b provides the CD spectrum of the NDI-LCA sample in 
THF and THF:H2O. In THF and 50% H2O in THF, NDI-LCA does 
not exhibit an intense Cotton effect, indicating NDI-LCA 
material is achiral. With the addition of 70% MCH, we 
observed +ve Cotton effect at 345 nm and 405 nm along with 
strong -ve Cotton effect peaks at 360 nm and 380 nm, which 
confirms chirality mode is a right-handed helical structure and 
perfectly matches with SEM images shown in Figure 6. It is 
interesting to note that with the addition of 80% H2O, the CD 
signals disappeared, indicating nanostructure loses the 
chirality. The CD inactive and nanostructures obtained by 
SEMS also confirm non-helical structures (Fig. S8). Thus the 
volume of MCH and H2O in THF plays an important role in to 
induce chirality in the supramolecular structures.  

Fig.8Circular dichroism (CD) spectra of NDI-LCA in (a) THF, THF:MCH and (b) THF and 
THF:H2O, respectively

3.10. Computational properties

The in vacuo time-dependent density functional theory 
(TDDFT) calculations were conducted using the ORCA 4.0 suit 
of programs.42 Initially the molecular structures were 
geometry optimized, then TDDFT calculations were carried out 
using the B3LYP def2-TZVP basis set. Gauss-Sum 3.0 
program43and Avogadro version 1.2.0 44 were used to build the 
molecular structures and process the results of ORCA 
calculations. 

HOMO (290)

LUMO (291)

Fig.9Frontier molecular orbitals HOMO and LUMO wave function of NDI-
Lithiocholamide as calculated using TDDFT at B3LYP/def2-TZVP basis set.
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The calculations showed a LUMO concentrated on the NDI 
core for NDI-LCA, while the HOMO of NDI-LCA is concentrated 
on the amide linker moieties to LCA (Fig.9). The calculated 
HOMO and LUMO energy levels were -6.731eV and -3.980 eV 
(HOMO–LUMO gap 2.751 eV) (see Fig.9). The HOMOLUMO 
transition obtained using theoretical calculations at 518.85 nm 
gave a very weak oscillation strength that means low charge 
transfer transitions, the simulated density of state (DOS), UV-
vis, and CD spectra are shown in Fig.S12, in which CD shows 
right-handed helical conformation.

3.11. Mechanism of assembly formation

Fig. 10 Schematic presentation of chiral globular cocoon-like microstructures.

As illustrated in Fig.10, the mechanism of formation of 
chiral flower may involve (i) intermolecular π-π stacking 
interaction between NDI cores; (ii) hydrophobic interaction 
between the LCA core; (iii) amide hydrogen bonding, and (iv) 
H-bonding between –OH group of one molecule faces to other, 
which is in close proximity. The chirality in flower-like 
nanostructure is induced from the LCA chiral centres via 
molecular packing with a non-zero angle concerning the 
nearest molecular scaffolds, which induces the chiral twist and 
leading to the chiral flower morphology. The mechanism based 
on the obtained CD spectra as well as supramolecular 
assembly nanostructures revealed by SEM demonstrate right-
handed helical structures, size of the helicity decreases with 

increasing H2O content beyond 80%, the NDI-LCA shows 
flattening the CD curve (Fig. 8) and obtained fibril structures 
(ESI Fig. 8), indicating loss of chirality in higher %’s of a polar 
solvent. These results are similar to an earlier report by Wei 
and co-workers for helical structures of PANI:S-CSA and PANI:R-
CSA.45,46

3.12. Cytotoxicity assay
The cytotoxicity of the synthesized NDI-LCA  and NDI (ESI†, 
Scheme S1) was performed in Neuro-2a murine cancerous 
cells by in vitro MTT assay at various concentrations. It was 
observed that NDI-LCA  had above 80% of cell viability upto as 
higher as 50µg/100µL concentration as shown in Figure 11. 
Therefore, NDI-LCA was found to be more bio-compatible48 
exhibiting dose-dependent cytotoxicity at very high 
concentrations compared to its counterpart NDI (ESI†, Scheme 
S1).

a.

Fig. 11 Comparative cell viability study of  NDI-LCA & NDI on Neuro-2a murine 
cancerous cells at different concentrations (24 h).

3.13. Intra-cellular morphology & uptake study:
The Neuro-2a cells were treated with NDI-LCA and NDI (ESI†, 
Scheme S1) at 10µg/100µl concentration and observed for 
cellular morphology and uptake by using a fluorescence 
confocal microscope as displayed in Figure 12. It was visibly 
observable that there was no effective change in the 
morphology of the Neuro-2a cells after the above treatments 
compared to the control (untreated- UT) Neuro-2a cells. From 
the images, it can be comprehended that the NDI-LCA and the  
Lyso Tracker Red  (LTR) standard are co-localized at similar 
cellular regions at the time points (3hr, 6hr, and 24hrs) more 
specifically than the ones treated with NDI. The blue 
fluorescence of NDI-LCA and NDI (ESI†, Scheme S1) were found 
to be stable even until the 24 h time-point. These observations 
noticeably connote the bio-compatible nature and operative 
application of NDI-LCA as a fluorescence tracker and delivery 
agent upon future studies.

Page 8 of 12New Journal of Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

N
ew

Jo
ur

na
lo

fC
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 2
6 

Se
pt

em
be

r 
20

20
. D

ow
nl

oa
de

d 
on

 1
0/

6/
20

20
 5

:5
8:

22
 A

M
. 

View Article Online
DOI: 10.1039/D0NJ01235A

https://doi.org/10.1039/d0nj01235a


Journal Name ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 9

Please do not adjust margins

Please do not adjust margins

Fig. 12 Confocal images of fixed Neuro-2a murine cancerous cells incubated with (a) NDI-LCA, (b) NDI and LysoTracker Red) at 
60X magnification (scale 10µm and 2.5zoom) and time points (3h, 6h and 24h). (c) Single cell 60X+ 3.5 zoom image (NDI-LCA).
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4. Conclusions
In summary, we designed and synthesized 
naphthalenediimide-lithocholic acid conjugate. Here, the NDI-
LCA undergoes chiral flower-like morphology formation in 
THF:MCH, (2:8 and 3:7, v/v ratio). Whereas, in THF:H2O (3:7, 
v/v ratio), chiral helical nanostructure formation takes place. 
The chirality is expressed in self-assembled supramolecular 
flowers and nanostructures were proved by CD spectroscopy 
techniques. We believe that such chiral nanostructure 
formation in different solvents could encourage to develop 
such systems for the fabrication of chiral technological tools. 
From the cellular toxicity, morphology and uptake analysis, it is 
evident that the supramolecular structures of NDI-LCA  are 
non-toxic even at higher concentrations towards neuro-2A 
cells and possess efficient blue fluorescence which can be 
developed as a cell marker and delivery agent in future drug 
delivery studies.
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