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Characteristics of the pH-regulated
aggregation-induced enhanced emission (AIEE)
and nanostructure orchestrate via self-assembly
of naphthalenediimide–tartaric acid
bola-amphiphile: role in cellular uptake†
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Deepak A. Shejule,a Dinesh N. Nadimetla,d Mohammad Al Kobaisi,c

Nagaprasad Puvvada,bd Sidhanath V. Bhosale *ab and Sheshanath V. Bhosale*e

In this study, tartaric acid (TA)-appended naphthalene diimide (NDI)-based bolaamphiphile (NDI–TA) was

designed and synthesized to investigate the effect of the head group on the nanostructures fabricated

by their self-assembly. Scanning electron microscopy (SEM) revealed the effect of the pH of the

bolaamphiphile solution on the formation and morphology of the produced supramolecular

nanostructures. It is known that the protonation/deprotonation of the TA head group in NDI–TA

bolaamphiphile plays a significant role in compound nanostructures. Here, the circular dichroism (CD)

study has revealed the presence of chirality at the supramolecular level of this nanostructure orchestrate.

These findings show that the chirality of NDI–TA is significantly impacted in the pH range of 2 to 9.

Importantly, the NDI–TA bolaamphiphile showed remarkable selectivity and biocompatibility in binding

to markers in MDA-MB 231 cancer cells compared to NDI alone, even with its improved solubility.

The cell morphology and uptake studies using confocal fluorescence microscopy exhibited blue to

green fluorescence, a parameter that can be further explored for the efficient monitoring of intercellular

pH levels and related cellular changes. Thus, our studies have demonstrated the potential of NDI–TA

bolaamphiphile as a delivery agent for therapeutic intervention, and as an indicator of intercellular pH

changes by binding to cell markers.

Introduction

The self-assembly of bolaamphiphile (bola) offers a reliable
path to create a wide variety of nanostructures with specific
functions.1–3 Supramolecular non-covalent interactions such as
p–p interactions, hydrogen bonding, electrostatic, and van der
Waals forces are found in natural systems, and are considered

important in the molecular design and fabrication of supramo-
lecular architectures.4–8 The nanostructure’s morphology, tun-
ability, intrinsic dynamics, and stimuli responsiveness are
controlled by the precise molecular design of these organic
building blocks.9 In recent years, the design and synthesis of
advanced building blocks for the fabrication of supramolecular
soft materials that are responsive to external stimuli in assembly
conditions has received significant attention.10–13 To achieve a
more complex and dynamic supramolecular nanoarchitecture of
bolaamphiphile, various stimuli-responsive functionalities are
controlled by variables (such as pH) as the chemical stimuli, and
are responsible for the emission color, fluorescence brightness
and shape observed. Light and temperature are both physical
stimuli. Light is a good stimulus for photosensitizers and light
harvesting film, and the temperature is reponsible for crystal-
lization, clusteroluminescent AIE, among other processes.13

Guided by chemical interactions, they have shown a successful
approach to five mono14–18 or multi-stimuli responsive19–21

systems. Bolaamphiphile has attracted the attention of researchers,
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owing to its molecular architecture diversity and application in
various fields, such as medicine, biology, materials, and gene
delivery.22–25 To direct the self-assembled nanoarchitectures of
bolaamphiphile, p-conjugated molecular building blocks with
appropriate head groups are used.26–32 Our previous works
employed the naphthalenediimide (NDI) chromophore with a
variety of head groups to fabricate different nanostructures via
self-assembly in aqueous, as well as organic solvent systems.33–41

Banerjee et al. previously reported NDI-based bolaamphiphiles, and
they observed AIEE depending on the H+ ion concentration of
the medium. They discussed the write–erase–rewrite concept on
the basis of the acidic medium.38 It has been reported that the
introduction of tartaric acid and other small organic head groups
leads to the formation of a variety of supramolecular self-assembled
structures.42–44 Recently, our lab functionalized a NDI-conjugated
core with lithocholic acid, which resulted in the self-assembled
nanostructure formation inside the cell exhibiting blue fluorescence
when observed under a confocal microscope.45

Thus, NDI and its derivatives with their self-assembled
nanostructures demonstrated their potential in binding to
cell markers, cell fluorescence imaging and drug delivery
agents.46–48,49a

In the present study, we designed and synthesized NDI
bolaamphiphile with tartaric acid head groups. The –COOH end
group of tartaric acid can be either protonated or deprotonated
with a change in the pH in aqueous environment. This will largely
lead to a change in the intermolecular H-bonding and ionic
interactions of the bolaamphiphiles. Such a change in the
molecular structure at different pH values resulted in the for-
mation of diverse morphologies, such as cubic, truncated cubic,
and fractal grass-like structures in water. The present work utilizes
H-bonding, electrostatic interactions, amide-hydrogen bonding,
and p–p interactions to produce various morphologies from the
NDI–TA building block. Finally, we utilized these self-assembled
NDI–TA functionalized nanostructures with their improved
solubility to study its biocompatibility and demonstrate its
efficient cellular uptake in cancer cells.

Experimental details
Materials and methods

All the chemicals and solvents, such as naphthalene-1,4,5,8-
tetracarboxylic anhydride (NDA), di-tert-butyl dicarbonate, di-o-
acetyl-L-tartaric anhydride, triethylamine, ethylenediamine, and
isopropanol, were purchased from TCI, Chennai, Tamil Nadu,
and Sigma-Aldrich, Bengaluru, Karnataka, India. Cytotoxicity
assays were recorded on a VARIOSKAN multi-mode microplate
reader (Thermo Fisher Scientific). Confocal images were recorded
on an Olympus FLUOVIEW FV10i confocal microscope. Cell
culture materials were procured from Gibco, USA and Hi-media,
India. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT), fluoro-shield mounting medium, and 4% formaldehyde
solution were purchased from Sigma Aldrich.

1H-NMR were recorded on Bruker Avance-400 MHz and
500 MHz spectrometers at room temperature. 13C NMR spectra

were recorded at 100 MHz and 125 MHz, and tetramethylsilane
(TMS) was used as the internal standard. FT-IR measurements
were recorded on a Thermo Nicolet Nexus 670 FT-IR spectro-
meter. UV-Vis absorption spectra were measured on the
Shimadzu UV-1800 spectrophotometer. Fluorescence spectra were
recorded using a Shimadzu RF-6000 spectrofluorophotometer.

Synthesis of di-tert-butyl((1,3,6,8-tetraoxo-1,3,6,8 -tetrahydrobenzo
[lmn][3,8] phenanthroline-2,7-diyl)bis(ethane-2,1-diyl))dicarbamate
(3)

Mono boc-ethylene diamine 2 (3.35 g, 20.29 mmol) and Et3N
(5.65 mL, 40.58 mmol) were added to a mechanically stirred
suspension with NDA-1 (2.5 g, 9.22 mmol) in iPrOH (60 mL).
The resulting mixture was refluxed for 72 h under N2 atm. After
cooling at room temperature, a white solid was obtained,
which was filtered and washed with MeOH. Then, the reaction
mixture was subjected for purification using column chroma-
tography (60–120 mesh; SiO2) as a stationary phase and
CH2Cl2 : MeOH (98 : 2) as an eluent to yield 3 as a solid (3.5 g,
yield: 68%). FT-IR (KBr, cm�1): n 3357.19 (NH-stretching band),
3065.92–2982.73 (–CH stretching), 1690.56 (imide carbonyl
symmetric stretching), 1659.07 (imide carbonyl asymmetric
stretching), 1532.19, 1350.27, 1178.56, 770.76; 1H NMR
(400 MHz, CDCl3): d 8.75 (s, 4H), 4.91 (br, s, 2H), 4.39–4.36
(m, 4H), 3.57–3.56 (m, 4H), 1.22 (s, 18H); 13C NMR (75 MHz,
CDCl3 + DMSO-d6): d 167.82, 161.10, 135.45, 131.44, 131.36,
83.42, 82.67, 45.51, 43.40, 32.99.

Synthesis of 2,20-(1,3,6,8-tetraoxo-1,3,6,8-tetrahydrobenzo
[lmn][3,8]phenanthroline-2,7-diyl)bis(ethan-1-aminium) (4)

Trifluoroacetic acid (5 mL) was added dropwise to a stirred
suspension of compound 3 (1 g, 1.8 mmol) in CH2Cl2 (10 mL) at
0 1C. The resulting brown solution was stirred for 3 h at rt.
The solvent was removed under reduced pressure by a rotary
evaporator. The residue was treated with n-hexane (3 � 50 mL)
to remove an excess of TFA under reduced pressure to afford a
white solid of compound 2, 0.63 g (yield: 95%). The obtained
compound 4 was used in the next step. FT-IR (KBr, cm�1): n
3447.64 (–NH stretching with hydrogen bonding), 3070.53–
2951.93 (–CH stretching), 1676.97 (imide carbonyl stretching),
1340.77, 1157.41, 771.31; 1H NMR (300 MHz, DMSO-d6): d 8.72
(s, 4H), 7.99 (br, s, 6H), 4.38–4.34 (m, 4H), 3.22–3.20 (m, 4H);
13C NMR (75 MHz, DMSO-d6): d 163.22, 158.41, 157.97, 130.35,
126.53, 126.20, 37.88, 37.43.
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Synthesis of 2,3-diacetoxy-4-((2-(7-octyl-1,3,6,8-tetraoxo-3,6,7,8-
tetrahydrobenzo[lmn][3,8] phenanthrolin-2(1H)-yl)ethyl)amino)-4-
oxobutanoic acid (NDI–TA)

Naphthalene diimide bolaamphiphile 4 (23 mmol) was treated
with di-o-acetyl-L-tartaric anhydride 5 (50 mmol) in DMF (20 mL)
at room temperature for 24 h under nitrogen atmosphere. The
reaction mixture was monitored by TLC. After completion of
the reaction, the excess solvents were removed under reduced
pressure. The crude product was washed with pentane followed by
DCM. The product appeared as a white solid as NDI–TA, yield
64%. FT-IR (n, cm�1): n 3421.34–3245.07 (–NH and –OH stretching
with hydrogen bonding), 2948.75 (–CH stretching), 1744.07 (ester
carbonyl stretching), 1702.46 (acid carbonyl stretching), 1678.51
(imide carbonyl stretching), 1542.88, 1371.38, 1211.38, 1068.07,
767.05; 1H NMR (500 MHz, CDCl3 + TFA) d 8.81 (s, 4H), 7.63–7.61
(t, J = 5.64 Hz, 2H), 5.75–5.75 (d, J = 2.44 Hz, 2H), 5.64–5.64 (d, J =
2.59 Hz, 2H), 4.52–4.50 (t, J = 5.95 Hz, 4H), 3.96–3.89 (m, 2H),
3.76–3.70 (m, 2H), 2.34 (s, 6H), 2.23 (s, 6H); 13C NMR (100 MHz,
CDCl3 + TFA) d 172.71, 171.52, 168.11, 164.19, 131.99, 126.77,
126.23, 71.44, 70.96, 39.76, 39.47, 20.11, 19.95; ESI-Mass m/z [M +
H]+ 785; HRMS: calculated for chemical formula: C34H33O18N4

[M + H]+ m/z 785.17844, found: 785.17768; HPLC: purity of NDI–
TA is 97.8%, 0.1% formic acid in acetonitrile (see ESI,† Fig. S12).

High-performance liquid chromatography (HPLC). HPLC
analysis was carried out with Shimadzu Lab Solutions at room
temperature, flow rate: 1 mL min�1, retention time: 4.036 min
(major), 2.794 min (minor).

Phosphate buffer. Na2HPO4�7H2O (2.021 g) and NaH2PO4�
H2O (0.339 g) in 80 mL with 7.4 pH and 0.1 M solution.

UV-Vis spectroscopy. The UV-Vis absorption spectra were
recorded in a UV 1800 Shimadzu spectrophotometer at room
temperature. UV-Vis spectra of NDI–TA were recorded in phos-
phate buffer with various pH values ranging from 2.0–9.0 with
the quartz cell path length of 1.0 cm.

Fluorescence spectroscopy. The fluorescence emission spectra
were recorded on a RF-6000 Shimadzu Fluorescence Spectro-
photometer. The emission spectra of NDI–TA were recorded in
phosphate buffer at room temperature with the pH value
adjusted between 2 and 9 in the quartz cell upon excitation at
lex = 370 nm.

Fluorescence lifetime measurements. The time-resolved
spectroscopy measurements were carried out on a picosecond
time-correlated single photon counting (TCSPC) system
(FluoroLog3-Triple Illuminator, IBH Horiba JobinYvon) using a
picosecond light emitting diode laser (NanoLED, lex = 370 nm).
The samples for the analyses were prepared in phosphate buffer
solution evaluated using a 1 cm cuvette at 25 1C.

Circular dichroism. CD spectra were examined on an AVIV
202 CD spectrometer under a nitrogen atmosphere. The experiments
were carried out in a quartz cuvette (Hellma) with a 1 mm path
length over the range of 330–430 nm in phosphate buffer
solution.

Scanning electron microscopy (SEM). Images were recorded on
an FEI Nova NanoSEM (Hillsboro, USA) operating at a high
vacuum, which provided direct visualization of the self-
assembled nanostructures. The samples were prepared as
follows: first, the silicon wafers were washed by acetone,
followed by ethanol and Milli-Q water, respectively. After the
samples were placed on silicon wafers, the solvent was evaporated
and then the air-dried sample was sputter-coated with gold for
10 s at a 0.016 mA Ar plasma (SPI, West Chester, USA).

X-Ray diffraction (XRD) measurements. XRD measurements
were performed on a Bruker D8 FOCUS diffractometer using a
Cu target radiation source (l = 0.15418 nm).

Dynamic light scattering experiment. All DLS experiments
were performed with a Malvern Instrument Zetasizer Nano
Series (Malvern Instruments, Westborough, MA, USA). The
DLS of NDI–TA (1 � 10�5 M) in buffer solution (3 mL) was
measured at different pH values. The experimental temperature
was maintained at 25 1C temperature.

Molecular modelling. Density functional theory (DFT)
calculations with no consideration of dispersion interactions in
a gas phase was conducted using the Gaussian 09 suite of
programs at B3LYP/6-31G(d,p)//B3LYP/6-311G(d,p) level of theory.

Cell culture. Cancerous cells MDA-MB 231 (Human mammary
gland adenocarcinoma cell line) and non-cancerous cells HEK
293 (Human embryonic kidney epithelial cells) were obtained
from the National Centre for Cell Sciences (NCCS), Pune, India.
The cells were cultured in DMEM (Dulbecco Modified Eagle
Medium) media (Gibco) and RPMI-1640 (Roswell Park Memorial
Institute) media (Hi-media) supplemented with 10% (v/v) fetal
bovine serum, 1% L-glutamine, 1% NEAA, 1% penicillin, and 1%
streptomycin. All cells were maintained in a humidified 5% CO2

incubator at 37 1C.

Cytotoxicity studies using MTT assay. The cell cytotoxicity
study of NDI–TA and NDI was carried out using MTT (3-(4,5-
dimethylthiazole-2-yl)-2,5-diphenyltetrazolium bromide reagent)
assay in MDA-MB 231 cancerous cells and HEK 293 normal cells
seeded and grown in 96-well plates separately for 24 h at 1 �
104 cells per well in triplicate for 48 h at various concentrations
(1, 2.5, 5, 10, 25 and 50 mg/100 mL).50,53 The cells were then
washed twice with 1� PBS, and further incubated with 450 mL
(1 g mL�1) of MTT solutions at 37 1C for 3–4 h. Then, the
MTT solubilizing buffer was used to dissolve formazan crystals.
The absorbance was calculated at 570 nm by using a Multimode
microplate reader (Varioskan, Thermo Fisher Scientific).

Intracellular uptake study using confocal microscopy. The cellular
uptake efficiency and the cytoplasmic distribution of NDI–TA and
NDI were done in MDA-MB 231 cells (Human mammary gland
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adenocarcinoma cell line). The cells were seeded (5 � 104) in
35 mm cover glass with 1 ml of growth medium and grown at
37 1C. The cells were then treated with NDI–TA and NDI at
different time points of 3, 6, and 24 h with a concentration of
(5 mg/100 ml). After that, the cells were washed with 1� PBS 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 onto a microscopic slide using
a Fluoro-shield mounting solution. The fluorescent images were
then recorded using a confocal microscope (Olympus FLUOVIEW
FV10i) at 60� magnification and 60� + 3� zoom magnification.

Results and discussion
Synthesis

Synthesis of NDI–TA was achieved via a multistep reaction
strategy starting from naphthalene dianhydride. At the first
step, NDA-1 (9.22 mmol) is reacted with mono-Boc-protected
ethylenediamine 2 (20.29 mmol) in the presence of triethyl
amine (40.58 mmol) in isopropanol to yield compound 3.
Subsequently, compound 3 (1.8 mmol) was subjected to the
deprotection of the Boc protecting group in TFA/DCM at room
temperature to give 4. Furthermore, 4 (23 mmol) is reacted with
2,5-dioxotetrahydrofuran-3,4-diyl diacetate 5 (50 mmol) in DMF
at room temperature to yield bolaamphiphile NDI–TA. NDI–TA
is fully soluble in a DMSO : phosphate buffer solution (1 : 9)
with a pH range of 2 to 9 to lead to the formation of aggregates
(Scheme 1).

Spectroscopic properties

The effect of solvents on the optical properties of NDI–TA.
UV-Vis absorption and emission spectroscopy techniques were

used to elaborate both the properties optical and photophysical
of NDI–TA in various solvents, including tetrahydrofuran
(THF), dichloromethane (DCM), dimethylformamide (DMF),
acetone, 1,4-dioxane, acetonitrile (ACN), methanol (MeOH)
and dimethyl sulfoxide (DMSO) at room temperature (Fig. 1a
and b). The UV-Vis absorption spectra of NDI–TA in DMSO,
DCM and DMF show a bathochromic shift in the absorbance
band at lower energy, which is attributed to the coordination of
the solvent molecules with the acid head groups. Table 1
summarizes the UV-Vis data shown in Fig. 1a, indicating very
small differences in the absorbance peaks corresponding to the
differences in the nature of the solvents and the solvation
coordination.

The emission spectra of NDI–TA are shown in Fig. 1b.
Excitation of NDI–TA in THF exhibits strong fluorescence
emission peaks at 404 nm and 429 nm, with the quantum yield
(F) of 7.9. This indicates that NDI–TA in THF is in its mono-
meric form. As illustrated in Fig. 1b, in DCM (F = 6.7), the
emission is found at the maximum. NDI–TA in organic solvents
(such as DMF, acetone, 1,4-dioxane, and acetonitrile) is emissive.
Whereas, NDI–TA is non-emissive in methanol and DMSO.

Scheme 1 Synthesis of the NDI–TA bolaamphiphile.

Fig. 1 (a) UV-vis absorption and (b) emission (excitation wavelength lex =
370 nm) spectra of NDI–TA in various solvents.
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Moreover, in methanol (F = 0.2) and DMSO (F = 0.1), the
fluorescence intensity is completely diminished. The fluorescence
quenching in DMSO 4 MeOH 4 ACN 4 1,4-dioxane 4 acetone 4
DMF is attributed to the aggregation of NDI–TA in these
solvents.

To explore the pH-dependent supramolecular assembly
behaviour of the NDI–TA bolaamphiphile, UV-Vis absorption
technique was employed. The pH dependent variation between
2 to 9 on 1 � 10�5 M solution of NDI–TA was studied using
UV-Vis absorption spectroscopy (Fig. 2a and b). At pH 7,
NDI–TA exhibits two well-resolved strong absorbance peaks at
360 and 382 nm, attributed to the p–p* transition, and a
shoulder peak at 347 nm. The shoulder peak is typical of the
NDI core subunit. No significant change in the UV-Vis
absorption peaks was detected by varying the pH value from
7 to 3 in phosphate buffer solution. As shown in Fig. 2a,
NDI–TA displayed an increase in the intensity of the

absorbance peak at pH 2. Furthermore, varying the pH of the
NDI–TA solution from 7 to 9 gives a small increase in the
absorbance intensity, indicative of the stacking of NDI–TA in
the self-assembly formation due to deprotonation of the acid
head group in basic conditions.

Furthermore, the self-assembly of the NDI–TA chromophore
was investigated by pH-dependent fluorescence spectroscopy,
as depicted in Fig. 3a and b. Upon excitation at 370 nm, NDI–TA
at pH 7 exhibits strong two emission peaks at 390 and 420 nm,
along with two unexpected small peaks at 550 and 590 nm
(F560 = 2.6), suggesting the chromophore undergoes aggregation.
The fluorescence quantum yield was calculated by using
Rhodamine B as the standard substance.49b The peaks at 390
and 420 nm slightly decreased by changing pH from 7 to 6,

Table 1 UV-Vis absorption and fluorescence of NDI–TA in different solvents

Solvent

Absorption (nm) Absorption coefficient (e/M�1 cm�1) Emission (nm)

Quantum yield (F)Shoulder Peak I Peak II Peak I Peak II

1,4-Dioxane 341 359 (2.32 � 104) 379 (2.71 � 104) 404 429 1.3
DCM 340 361 (2.11 � 104) 381 (2.56 � 104) 408 431 6.7
THF 340 359 (2.24 � 104) 379 (2.58 � 104) 406 430 7.9
Acetone 340 357 (2.09 � 104) 378 (2.48 � 104) 404 426 1.7
ACN 339 357 (2.21 � 104) 377 (2.62 � 104) 406 428 1.0
MeOH 340 358 (2.07 � 104) 378 (2.44 � 104) — — 0.2
DMF 343 360 (2.10 � 104) 380 (2.59 � 104) 412 435 2.3
DMSO 341 361 (2.11 � 104) 381 (2.29 � 104) — — 0.1
pH-2 342 361 (4.67 � 104) 382 (5.69 � 104) 393 410 1.3@560 nm
pH-7 343 361 (4.21 � 104) 382 (5.15 � 104) 392 411 2.6@560 nm
pH-9 342 361 (4.52 � 104) 382 (5.42 � 104) 392 411 4.2@560 nm

Fig. 2 UV-vis absorption spectra of NDI–TA (1.0 � 10�5 M) in phosphate
buffer at (a) pH 7 to 2, and (b) pH 7 to 9 at room temperature.

Fig. 3 Fluorescence spectra of NDI–TA (1.0 � 10�5 M) upon excitation
at = 370 nm in phosphate buffer by changing the pH value from (a) 7 to 2
and (b) 7 to 9 at 25 1C.
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whereas the peaks at 550 and 590 nm increased, indicating the
aggregation of NDI–TA. Furthermore, the change in pH from 6 to
2 displays an increase in the emission intensity peaks at 390, 420,
550 and 590 nm significantly, indicating that NDI–TA undergoes
aggregation-induced enhanced emission (AIEE). Thus, a change
in the pH value from 7 to 2 with F at 560 = 1.3 triggers the
monomeric NDI–TA to self-assemble into an aggregation state,
and induces the AIEE characteristics. Furthermore, in basic
conditions, NDI–TA at pH 8 and 9 shows strong emission peak
enhancement at 550 and 590 nm (F560 = 4.2). As compared to the
acidic condition, this indicates that NDI–TA exhibits strong AIEE
characteristics in basic media due to the increasing p–p* transition
of the NDI molecules with observed J-type aggregation in pH 8 and
9, and decreasing the H+ concentration increasing the
fluorescence.38a Interestingly, NDI–TA displayed AIE properties in
water at higher pH, such as 8 and 9, compared to that in the
organic solvent.38b We presume that in the organic solvent, the
H-bonding is stronger than in water. This may lead to a different
aggregation state, such as ACQ and AIE, respectively.

Lifetime measurements

Time-resolved fluorescence lifetime measurements were carried
out in the nanosecond scale of the NDI–TA bolaamphiphile
molecule (see ESI,† Fig. S13) with different emission wavelengths
in alternative pH values, using time-correlated single photon
counting (TCSPC). TCSPC studies of NDI–TA were carried out in
phosphate buffer solution at pH-3, pH-7 and pH-9 at 370 nm
emission excitation. The lifetime measurements at pH-3, pH-7
and pH-9 exhibited a decay lifetime of two component systems.
The first components are 0.569 ns (52.69%), 4.305 ns (4.71%)
and 4.063 ns (4.87%) decay. The component are 5.171 ns
(47.31%), 0.030 ns (95.29%) and 0.034 (95.13%), respectively
(Table S1, ESI†). We assume the quenching of the fluorescence
decay is due to the self-assembly and aggregation of NDI–TA,
while increasing the pH increases the lifetime in the first
components and decreases in the second components. These
components are but different particles of aggregation.50

Morphology study

The microstructures of NDI–TA were studied using scanning
electron microscopy (SEM) (Fig. 4). Solids were deposited on a

silicon wafer by solvent evaporation from solutions at various
pH values ranging from 2 to 9. Cubic highly crystalline micro-
structures resulted at low pHs, where the NDI–TA carboxylic
groups were fully protonated. Increasing the pH increased
the size of the cubic entities up to pH 5, where the
observed microstructures became a mix of cubic or truncated
cubic structures and fractal grass-like microstructures.
The fractal structure becomes the only feature in basic
conditions, where various ionic species of NDI–TA are present.
The domain of the fractal features and the size of its subunits
grow larger with increasing basic conditions. The features
observed in the SEM micrographs can be described by two

Fig. 4 SEM micrographs of NDI–TA (1 � 10�5 M) deposited from
solutions at pH (a) 3, (b) 4, (c) 5, (d) 6, (e) 7, and (f) 8.

Fig. 5 Schematic self-assembly of the NDI–TA molecules at fully proto-
nated (a) and fully deprotonated carboxylic groups (b) in highly acidic and
highly basic conditions, respectively.

Fig. 6 CD spectra of NDI–TA at 1 � 10�5 M by changing the pH from 2
and 9, recorded at 25 1C.

Paper NJC

Pu
bl

is
he

d 
on

 2
6 

A
pr

il 
20

21
. D

ow
nl

oa
de

d 
by

 G
oa

 U
ni

ve
rs

ity
 o

n 
5/

3/
20

21
 8

:2
2:

12
 A

M
. 

View Article Online

https://doi.org/10.1039/d0nj05845a


This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021 New J. Chem.

modes of crystallization/self-assembly. The first is of the fully
protonated NDI–TA molecule and dominated by hydrogen bonding
between the carboxylic acid and amide groups, and the p–p and
hydrophobic interactions of NDI and acetyl moieties. The second is
of the deprotonated species of the NDI–TA molecule in basic
conditions giving the fractal structure with grass-like with 2D
subunit structure. Here, the self-assembly preferentially occurs in
the directions where the hydrophobic interactions are dominant and
the ionic moieties are ether well-solvated in the aqueous environ-
ment or positioned far enough due to electrostatic repulsion.

Thus, at neutral pH, the peripheral carboxylic acid head
groups undergo strong hydrogen bonding with H2O. Under
acidic conditions, the –COOH groups undergo molecular
dimerization. Upon increasing the pH to basic conditions
(pH 4 7), a solution of NDI–TA formed different types of
stacking, with the deprotonated head group at the outer surface.

Dynamic light scattering (DLS) study

The self-assembled nanomaterials with size distribution were
investigated in NDI–TA solutions at pH values between 2 and 9,

employing dynamic light scattering (DLS) measurements, and
are illustrated in Fig. S14 (ESI†). The self-assembled materials
of NDI–TA (1 � 10�5 M) at acidic pH values of 2, 3, 4, 5, and 6
give peaks at 810, 533, 513, 800, and 597 nm hydrodynamic
diameter aggregates, respectively. The NDI–TA solution at pH 7,
8, and 9 produced aggregates with 759, 515, and 834 nm
hydrodynamic diameter, respectively. The relatively large
microstructures, observed in acidic, neutral and basic solutions,
indicate that NDI–TA tends to self-assemble in an aqueous
environment due to hydrophobic p–p and van der Waals solvo-
phobic interactions. This is despite the carboxylic functionality,
which makes the molecule relatively soluble in water. DLS
measurements support the results obtained from SEM (Fig. 4),
where we find the crystalline and grass-like fractal morphology
with subunits in similar dimensions.

XRD investigation

Powder XRD of NDI–TA prepared from solutions at various
acidic and basic pH values is depicted in Fig. S15 (ESI†).
The powder gives a highly crystalline pattern at pH 2 and 3 with
the main peaks at a different angle, showing a pH-dependent
crystal growth. The strong crystalline nature of the material is
significantly reduced when the pH is shifted to the neutral and
basic environment. This is in agreement with the SEM results
that showed a similar trend in the microstructure evolution with
the change of pH.

Mechanism for self-assembly

The various ionic species of NDI–TA and its non-ionic form,
which exist in basic and acidic solutions, respectively, aggregate
to form microstructures via two pathways. In highly acidic
solutions, the carboxylic functionalities are protonated and
available to form double H-bonds at both ends. In addition to
this, hydrophobic and van der Waals interactions can affect the

Fig. 7 The frontier molecular orbital (HOMO and LUMO) wave functions of
NDI–TA as calculated using TDDFT at the B3LYP/6-311+G(d,p) level of theory.

Fig. 8 NDI–TA & NDI comparative cell viability analysis on MDA-MB 231 (cancer cells) and non-HEK 293 (non-cancer cells) at various concentrations
(48 h).
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self-assembling geometry, while the large TA moieties
minimise the interactions between the amide groups. This
results in a crystalline microstructure, as can be seen in the
SEM micrographs in Fig. 4a and b and presented schematically
in Fig. 5a. At highly basic conditions, the carboxylic functional
groups are mainly deprotonated and carry a negative charge.
This induces electrostatic repulsion at both NDI–TA molecule
ends during self-assembly, creating an evolving twist that breaks
the crystalline symmetry and produces a grass-like fractal struc-
ture, as can be seen in the Fig. 4e and f SEM micrographs and
Fig. 5b scheme. Although the twist is introduced via electrostatic
interaction, the hydrophobic p–p and van der Waals interactions
are the major forces governing the self-assembly in the aqueous
solution. In the medium range of pH values, a mixture of the
crystalline and grass-like structure is produced (Fig. 4c and d).

Circular dichroism characteristics

The circular dichroism (CD) spectroscopy technique is an important
technique due to its sensitivity to the chirality of the molecular

architecture in its monomeric and self-assembled states.
As illustrated in Fig. 6, at pH 7, NDI–TA exhibits the Cotton
effect with two strong +ve peaks at 360 and 380 nm and �ve
Cotton effect at 370 nm, indicating a chiral superstructure of
NDI–TA aggregates. Decreasing the pH to 6, a comparable
Cotton effect was observed with a change in the peak intensity
and position. At pH 6, the +ve Cotton effect peak at 360
significantly decreased and the �ve peak at 370 nm increased
in intensity, and shifted to 385 nm. Further decreasing the pH
to 5 shows three strong CD signals at 360 (+ve), 275 (�ve), and
385 nm (+ve). At pH 4 and 3, a broad peak at 382 nm (+ve) with
shoulders appeared. However, at pH 2, the peak intensity was
negligible at 385 nm. Moreover, at basic pH of 8 and 9, a broad
+ve peak at 360 nm,�ve peak at 375 nm and +ve peak at 385 nm
can be observed. Thus, the CD results suggest a similar trend in
conformation change with a change in the pH from 7 to 2 and
from 7 to 9. From these results, we conclude that the NDI–TA
molecular architecture, as well as its self-assembled material,
are chirally active.

Fig. 9 Confocal images of fixed MDA-MB 231 human adenocarcinoma cells after treatment of (a) NDI–TA, (b) NDI at 3 h, 6 h and 24 h time points. 60�
magnification with 10 mm scale.

Paper NJC

Pu
bl

is
he

d 
on

 2
6 

A
pr

il 
20

21
. D

ow
nl

oa
de

d 
by

 G
oa

 U
ni

ve
rs

ity
 o

n 
5/

3/
20

21
 8

:2
2:

12
 A

M
. 

View Article Online

https://doi.org/10.1039/d0nj05845a


This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021 New J. Chem.

Computational calculations

The time-dependent density functional theory (TDDFT) calculations
in vacuo were conducted using the Gaussian 16 suit of
programs51 at the B3LYP/6-31G(d,p)//B3LYP/6-311G(d,p) level
of theory. The Gauss-Sum 3.0 program52 was used to
calculate the contributions to the HOMO and LUMO
orbitals to give a density of states (DOS) spectra produced by
convoluting the HOMO and LUMO orbitals information
obtained from the Gaussian modelling results. The TDDFT
calculation of NDI–TA gave a HOMO (�7.60 eV)–LUMO
(�4.12 eV) gap of 3.48 eV, while the major contribution of
the HOMO - LUMO transition is at 389.0 nm (see ESI,† Table
S2). The molecular orbital electron density was determined
with N-substitutions and the NDI core, respectively, making
the NDI core the acceptor part of the molecule in a HOMO–
LUMO donor–acceptor electron transfer (see Fig. 7 and ESI,†
Fig. S16).

The simulated CD spectrum of NDI–TA in the gas phase
shows a similar pattern to the molecule in neutral pH solution.
This is indicative of the observed chirality in the measurements
of varying pH solutions emerging from the molecule, not the
superstructure that results from the self-assembly (Fig. S16(c),
ESI†).

Cytotoxicity assay

The cytotoxicity of the synthesized NDI–TA and NDI was
studied in vitro using MTT protocol in MDA-MB 231
(Human mammary gland adenocarcinoma cell line) cancerous
cells and non-cancerous cells, such as HEK 293 (Human
embryonic kidney epithelial cells) with different
concentrations.50,53 The observed results showed that with
50 mg/100 mL NDI–TA concentration, more than 80% cell
viability was noted, as shown in Fig. 8. Interestingly, ‘NDI–TA’
has demonstrated considerable bio-compatibility, but dose-
dependent cytotoxicity has been seen at elevated levels
compared to NDI.

Cell uptake and morphological investigations

The NDI–TA and NDI were treated to MDA-MB 231 (adenocar-
cinoma cells) at 10 mg/100 ml concentration. The cellular uptake
and effect on the cellular morphology were observed using a
fluorescence confocal microscope at 60�magnification (Fig. 9).
The confocal imaging confirmed the bio-compatibility of
NDI–TA and NDI in the cells. NDI–TA and NDI both were found
to be localized in the cell efficiently even at such low treatment
concentration. Due to the enhanced solubility of NDI compared
to our previous work, NDI here in the cells showed enhanced
fluorescence and uptake.45 Also, we observed a slight dullness
in the green fluorescence at identical laser settings for NDI–TA
when compared to its blue fluorescence. Even at 24 h time
points, the fluorescence from NDI and NDI–TA were found to
be stable (Fig. 9). From these observations, the bio-compatible
nature and the fluorescent ability of NDI–TA and NDI as
‘‘cellular markers’’ and ‘‘delivery agents’’ for future studies
can be clearly stated.

Conclusions

Herein, we demonstrated that a novel bolaamphiphile, consisting
of a naphthalenediimide core and tartaric acid as the head group,
was designed and successfully synthesized. By changing pH from
7 to 2 and 7 to 9, NDI–TA exhibits the AIEE phenomenon. NDI–TA
bearing tartaric acid head group exhibits different types of self-
assembled aggregates, ranging from cubic or truncated cubic
structures and fractal grass-like microstructures. Moreover, the
biocompatibility and cellular uptake studies of the NDI–TA
bolaamphiphile have revealed improved solubility after functio-
nalization and non-toxic nature even at higher concentration in
the cells. Interestingly, it has a distinct bluish-green fluorescence
that suggests that the NDI–TA’s surface functionality may be
explored as a cell marker and delivery expedient for real-world
applications.
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