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SYNTHESIS AND DEVELOPMENT OF STIMULI RESPONSIVE
Preface SELF-AGGREGATES FOR TASK SPECIFIC APPLICATIONS
PREFACE

The research work documented in the current thesis entitled as “SYNTHESIS AND
DEVELOPMENT OF STIMULI RESPONSIVE SELF-AGGREGATES FOR TASK
SPECIFIC APPLICATIONS” demonstrates the design and development of amphiphiles

derived functional soft-materials and their judicious application in the various field. It

describes membrane mimetic supramolecular self-assemblies and their stimuli responsive
applications in bio-medicine. The present thesis also deals with the self-aggregation of
luminogenic amphiphiles that exhibit unique photoluminescence properties in their
aggregated form and their utility in sensing and bioimaging. Furthermore, the research work

can potentially contribute to various applications in interdisciplinary sciences.

The present investigations have been carried out by the author in the School of
Biological Sciences, Indian Association for the Cultivation of Science, Jadavpur, Kolkata
700032, India during the period 2017-2022 under the supervision of Prof. Prasanta Kumar
Das.

The thesis contains four chapters in addition to general introduction.

The Introduction mainly highlights the beauty of self-assemblies. It delivers a brief
outline of how mother nature has motivated the scientists to construct bio-inspired soft-
materials and replicate their utility. It also provides a concise demonstration of known self-
assembled supramolecular systems, nature of interaction and their wide range of applications
especially focusing on their stimuli responsive properties in theranostic endeavour.
Development of self-assembled fluorescent materials with unique optical properties and their

exploration particularly as bio-probes is also emphasized in the introductory part.

Chapter 1 describes the development of cholesterol-based pH-responsive hydrazone-
appended amphiphiles varying the carbonyl moieties (that generated the “hydrazone” bond)
from aldehyde (benzaldehyde, p-dimethylaminobenzaldehyde) to ketone (benzophenone).
For the first two, vesicular self-aggregates were formed via H-type aggregation in 1:3 v/v,
DMSO-water and highly ordered lamellar structure was verified by low angle X-ray diffraction
(XRD) patterns. These vesicles got disassembled at acidic pH (pH < 5.0) in contrast to showing
stability in neutral environment. Cleavage of the hydrazone bond in acidic environment, that
lead to destruction of self-assembly, was investigated by UV-visible, FTIR and mass
spectrometric studies. In the transmission electron microscopic (TEM) images of the acid
treated vesicles, absence of spherical structures established its disintegration. In addition,
drug loading inside the vesicles and its pH-sensitive release from the CBH-1 vesicles were

confirmed using doxorubicin.
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Chapter 2 demonstrates self-aggregated vesicle in 1:9 (v/v), tetrahydrofuran (THF)-

water from naphthalimide-based azo moiety containing amphiphiles through H-type of
aggregation. Azo (-N=N-) bond is subject to be reduced in the presence of the azoreductase
enzyme, which is overexpressed in the hypoxic microenvironment. The optical density of this
characteristic azo (-N=N-) moiety of the vesicles at 458 nm got weakened in the presence of
both extracellular and intracellular bacterial azoreductase extracted from Escherichia coli
bacteria as well as sodium dithionite (chemical mimic of azoreductase). This signifies that
azoreductase/sodium dithionite induces azo bond cleavage, that was verified from MALDI-
TOF spectrometric data. Anticancer drug curcumin was encapsulated within vesicles and that
killed cancerous Bi16F10 cells in CoCl.-induced hypoxic environment because of the
azoreductase-sensitive drug release through the early apoptotic pathway, where the cell killing
was 2.15-fold higher than that of the normoxic condition and 2.4-fold higher compared to that
of native curcumin in the hypoxic environment. Also, cancer cell killing efficacy of curcumin-
loaded vesicles was 4.5- and 1.9-fold higher than that of NIH3T3 cells (non-cancerous) in

normoxic and hypoxic microenvironments, respectively.

Chapter 3 illustrates development of FONPs from the naphthalimide based histidine
appended amphiphile, in 99 vol% water in DMSO through J-type aggregation. Aggregation-
induced emission (AIE) was observed with excimer formation at 470 nm having bluish green
emission. These FONPs were employed in selective sensing of Fe3* and bioimaging of Fe3*
inside cells due to their emissive properties and low toxicity. Fluorescence intensity of the
FONPs got significantly reduced with addition of Fe3* due to the formation of a 1 : 1
stoichiometric complex with the histidine part. The limit of detection (LOD) of this turn-off
sensor was calculated to be 12.5+1.2 uM having high selectivity over other metal ions. In view
of the variable oxidative stress within different cells, FONPs were utilized for sensing Fe2* to
Fes+ redox state transition selectively in cancer cells (B16F10) compared to non-cancerous
ones (NIH3T3). Co-culture experiment and flow cytometry further confirmed selective
sensing of cancer cells. Hence, these FONPs can be a selective diagnostic tool for cancerous

cells on account of their higher H.O. amount.

Chapter 4 demonstrates development of naphthalenediiimide (NDI) based
amphiphiles with varying amino acid substitution from L-alanine to L-phenyl alanine to 3-(2-
naphthyl)-L-alanine (increasing m-electrons) with or without alkyl spacer (C-6, C-11).
Construction of self-aggregated organic nanoparticles of ~50 nm occurred at 50 vol% water or
methyl cyclohexane (MCH) onwards in DMSO/DMF or CHCl; via J-aggregation.
Amphiphiles, where amino acids are directly connected to the NDI, self-assembled into

FONPs (MCH in CHCl;) and displayed aggregation-induced emission (AIE) through excimer
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formation at 484 nm to 495 nm, and 590 where red shift was observed with increasing -

electrons donor side. FONPs of 6-amino caproic acid spacer containing NDI derivatives
showed AIE at 505 nm and 545 nm (water in DMF/DMSO) and 11-amino undecanoic acid
containing analogues showed AIE at 480 nm and 585 nm in CHCl;-MCH and DMF/DMSO-
water. The multi colour emission from blue-green to yellow-orange with enhancement of n-
electron cloud in the side chain of NDI derivatives was detected probably due to the facilitated
electron transfer at a lower energy to the electron deficient NDI core that caused red shifted
emission maxima. This was again clarified by controlling the availability of n-electrons of
phenyl ring by including electron withdrawing -NO. and donating -OMe groups at the
molecular structure of other two amphiphiles that exhibited blue shifted (475 nm) and red
shifted (570 nm) emission maxima compared to the unsubstituted phenyl alanine appended
one (495 nm). Nevertheless, increased alkyl spacer length between side chain substitution and
NDI core produced relatively lower quantum yield apparently due to the impeded electron

transfer.

Each chapter (Chapter 1 to 4) begins with a short Introduction followed by Results
and Discussion, Conclusion, Experimental section, Characterization Data along with the
Spectra (*H- and or 33C-NMR and Mass) of the synthesized amphiphilic molecules and finally

the References.
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ACQ
AFM
AG
AIE
ANS
Boc
CAC
CD
CMC
CTAB
DCC
DCM
DHB
DLS
DMAP
DMEM
DMF
DMSO
DPH
EDTA
EtOAc
FBS
FEG-TEM
FE-SEM
FITC
FONP
FTIR
HLB

LIST OF ABBREVIATIONS

Aggregation caused quenching
Atomic force microscopy
Ambidextrous gelator

Aggregation induced emission
8-anilino-1-naphthalenesulfonic acid
tert-Butoxycarbonyl

Critical aggregation concentration
Circular dichroism

Critical micellar concentration
Cetyltrimethylammonium bromide
N, N ~dicyclohexylcarbodiimide
Dichloromethane
2,5-Dihydroxybenzoic acid
Dynamics light scattering

4-N, N-(dimethylamino)pyridine
Dulbecco’s modified eagle’s medium
N, N-Dimethylformamide

Dimethyl sulfoxide
1,6-diphenyl-1,3,5-hexatriene
Ethylenediaminetetraacetic acid
Ethyl acetate

Fetal bovine serum

Field-emission gun transmission electron microscopy
Field-emission scanning electron microscopy
Fluorescein isothiocyanate
Fluorescent organic nanoparticles
Fourier transform infrared

Hydrophilic-lipophilic balance

Page | vii



Abbrebiations

SYNTHESIS AND DEVELOPMENT OF STIMULI RESPONSIVE
SELF-AGGREGATES FOR TASK SPECIFIC APPLICATIONS

HOBT
HRMS
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LMHG
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LMWG
MALDI
MCH
MeOH
MTT
NDI
NHS
NMR
PBS

PI

RIR
ROS
SAFIN
TCSPC
TEM
TFA
THF
TOF

XRD

Hydroxybenzotriazole

High resolution mass spectrometry
Intramolecular charge transfer
Low-molecular-weight hydrogel
Low-molecular-weight organogel
Low-molecular-weight gel
Matrix-assisted laser desorption/ionization
Methyl cyclohexane

Methanol
(3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
Naphthalene diimide

N-hydroxy succinimide

Nuclear magnetic resonance
Phosphate-buffered saline
Propidium iodide

Restricted intramolecular rotation
Reactive oxygen species
Self-assembled fibrillar network
Time-correlated single photon count
Transmission electron microscopy
Trifluoroacetic acid
Tetrahydrofuran

Time of flight

Ultra-violet

X-ray diffraction
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SYNOPSIS

Mother Nature runs its very own factory, manufacturing new devices and materials with great
precision and flexibility starting at the nanoscale. Drawing inspiration from her has always
been beneficial for mankind in numerous ways. Construction of self-assembled novel
supramolecular architectures from amphiphilic building blocks by means of several non-
covalent interactions (e.g. hydrogen bonding, m-mt stacking, van der Waal’s interactions,
electrostatic forces, hydrophobic forces etc.) is one of those instances of mimicking a natural
event. Structural diversity of the amphiphilic molecules and modes of interaction among
themselves in varying media give rise to the different morphologies (micelles, reverse micelles,
vesicles, microemulsions, gel fibres etc.). Supramolecular self-aggregates are convenient to
form and easy to functionalize owing to the ease of modification of amphiphiles that enhances
their utility in task specific applications. Moreover, self-assembly or disassembly can be
judiciously controlled by tuning the amphiphilic back bone, making them respond to several
external triggers like heat, light, magnetic field, sound as well as internal triggers like pH,
enzyme, hypoxia, redox state. Stimuli responsive destruction of self-aggregates have huge
applications in the domain of “smart” Drug Delivery Systems. Also, organic nanoparticles with
unique luminogenic properties have revolutionized the biomedicinal arena. To this end, the
present thesis gives an overview on development of amphiphiles derived diverse self-
assembled systems for task specific applications with distinctive features of the soft-materials.
It deals with fabrication of supramolecular vesicles with stimuli responsive junction that leads
to pH sensitive and hypoxia responsive drug release which might have noteworthy influence
in cancer cell killing. Also, using metal ions as stimuli in terms of changing the emission
properties of self-aggregates, development of fluorescent organic nanoparticles (FONPs)
based Fe3+ sensor with ability to differentiate between +2 and +3 state of iron is described
here. Furthermore, this thesis demonstrates the fabrication of FONPs with tuneable emissions
simply by altering the functionalities of the amphiphiles. Overall, this thesis focuses on
“smart” supramolecular systems having application in bioimaging, sensing of biologically

important entities inside mammalian cells as well as drug delivery.

Chapter 1 describes development of cholesterol-based pH-responsive hydrazone
appended amphiphiles (CBH-1-3) varying the carbonyl moieties (that generated the
“hydrazone” bond) from aldehyde (benzaldehyde (CBH-1)), p-dimethylaminobenzaldehyde
(CBH-2)) to ketone (benzophenone (CBH-3)) (Figure 1). Among them, CBH-1 and CBH-2
formed vesicular self-aggregates via H-type aggregation in 1:3 v/v, DMSO-water with diameter

of ~50-120 nm and ~150-250 nm for CBH-1 and CBH-2, respectively.
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Figure 1. Chemical structures of hydrazone-tailored amphiphiles CBH-1-3.

Furthermore, the formation of bilayer vesicles possibly through highly ordered lamellar like
structure was validated by low angle X-ray diffraction (XRD) pattern. These vesicles were

stable at neutral environment but got disassembled at acidic pH (pH < 5.0) (Figure 2).
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Figure 2. Schematic presentation of formation of self-assembly by hydrazone-tailored
amphiphiles through H-type of aggregation and pH-responsive disintegration of self-
assemblies.

Cleavage of the hydrazone bond in acidic environment leading to destruction of self-assembly
was investigated by UV-visible, FTIR and mass spectrometric studies. In the transmission
electron microscopic (TEM) images of the acid treated vesicles, absence of spherical structures
established its disintegration. In addition, drug loading inside the vesicles and its pH-sensitive
release from the CBH-1 vesicles were confirmed using doxorubicin by means of fluorescence

microscopy and fluorescence spectroscopy. (Figure 3).
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Figure 3. (a) Fluorescence microscopic image (Aex = 490 nm) of doxorubicin encapsulated
CBH-1 vesicles, (b) emission spectra of doxorubicin entrapped within CBH-1 vesicles, after
treating with 0.25 M HCl and free doxorubicin, (c) fluorescence microscopic image of released
doxorubicin after treating with 0.25 M HCI.

This finding also triggered our interest to design more hydrophilic segment containing
stimuli-responsive amphiphiles, which will have the potential to form vesicular aggregates in
greater percentage of water and hence exploit their potentials in diverse biological
applications.

Chapter 2 illustrates construction of hypoxia responsive supramolecular vesicles as
drug delivery system because it has notable significance particularly at early stage of cancer in
the context of tumor specific delivery. Self-aggregated vesicle in 1:9 (v/v), tetrahydrofuran
(THF)-water from naphthalimide-based azo moiety containing amphiphile (NI-Azo) was
formed through H-type of aggregation having diameter of 200-250 nm (Figure 4, 5).

Figure 4. Structure of NI-Azo molecule.

Figure 5. (a) Negatively stained TEM image, (b) FESEM image, (c) AFM image NI-Azo in
(1:9, v/v) THF-water binary solvent mixture ([NI-Azo] = 25 uM).
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Azo (-N=N-) bond is subject to be reduced in the presence of the azoreductase enzyme, which

is overexpressed in the hypoxic microenvironment. The optical density of this characteristic
azo (-N=N-) moiety of NI-Azo vesicles at 458 nm got weakened in the presence of both
extracellular and intracellular bacterial azoreductase extracted from Escherichia coli bacteria
as well as sodium dithionite (chemical mimic of azoreductase). This signifies that
azoreductase/sodium dithionite induces azo bond cleavage in NI-Azo. Formation of aniline
(aromatic amine) derivatives through the cleavage of the azo bond by azoreductase and
sodium dithionite was confirmed by the UV spectroscopic study of NI-Azo vesicles and
MALDI-TOF spectrometric study of fragments obtained after sodium dithionite treatment.
Anticancer drug curcumin was encapsulated within NI-Azo vesicles that killed cancerous
B16F10 cells in CoCl.-induced hypoxic environment because of the azoreductase-sensitive
drug release through the early apoptotic pathway. The cell killing efficiency was 2.15-fold
higher than that of the normoxic condition and 2.4-fold higher compared to that of native
curcumin in the hypoxic environment (Figure 6). Also, cancer cell killing efficacy of curcumin-
loaded NI-Azo vesicles was 4.5- and 1.9-fold higher than that of NIH3T3 cells (non-
cancerous) in normoxic and hypoxic microenvironments, respectively (Figure 6). The half-
inhibitory concentration (ICs,) was found to be 33 ug/mL for NI-Azo-cur in case of hypoxic
B16F10 cells (Figure 6).
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Figure 6. % Killing of cells determined by MTT assay. NIH3T3 and B16F10 cells incubated
with varying concentrations of curcumin (10-50 pug/mL) and NDI-Azo-cur ([curcumin] = 10-
50 ug/mL) (a) normoxic condition (in absence of CoCl.), (b) with CoCl, induced hypoxia. (c)
IC50 determination of NDI-Azo-cur ([curcumin] = 10-50 ug/mL) after 24 h incubation of
B16F10 cells in CoCl, induced hypoxic environment. The standard deviation and experimental
errors were in the range of ~1-3 %, respectively, in triplicate experiments.

Page | xii



, SYNTHESIS AND DEVELOPMENT OF STIMULI RESPONSIVE
Synopsis SELF-AGGREGATES FOR TASK SPECIFIC APPLICATIONS

In a nutshell, hypoxia responsive destruction of self-assembly lead to curcumin release by

means of azo bond breakage paving the path towards new cancer therapeutics by harnessing

the properties of complicated tumor microenvironment in theranostic strategies (Figure 7).
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Figure 7. Schematic representation of hypoxia responsive curcumin release from NI-Azo
vesicles.

Chapter 3 deals with Fluorescent organic nanoparticle (FONP) based bio-probes for
selective detection of metal ion where the analyte ion acts as a trigger for quenching
fluorescence. In this work, naphthalimide based L-histidine appended amphiphile (NID) was
synthesized which formed bluish green emitting FONPs in 99% water-DMSO binary solvent
system via J-type aggregation (Figure 8).
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Figure 8. Structure of NID molecule.

The amphiphile showed negligible emission in DMSO (non self-assembled state) but became
highly emissive at 60% and above water content at the aggregated state. Aggregation-induced
emission (AIE) was observed with excimer formation at 470 nm upon excitation at 350 nm.
These FONPs were employed in selective sensing of Fe3+ and bioimaging of Fe3* inside cells

due to their emissive properties and low toxicity (Figure 9).
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‘ON

Figure 9. Schematic presentation of NID based fluorescent organic nanoparticles in the
selective sensing of Fe3+ and as a diagnostic probe for Fe2+/Fes3+ transition. ICT: intramolecular
charge transfer.

Among the various tested metal ions, presence of Fes+* led to the selective quenching of the
emission intensity of NID FONPs due to 1:1 stoichiometric complex formation with the
histidine residue (Figure 10). Consequently, the spherical morphology of the self-aggregated
organic particle transformed to spindle shaped particles as confirmed by microscopic
techniques. The limit of detection (LOD) of this turn-off sensor was calculated to be 12.5+1.2

uM having high selectivity over other metal ions (Figure 10).
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Figure 10. (a) Fluorescence spectra of NID FONPs (50 uM) in absence and presence of
varying concentration of Fe3+ (excitation wavelength = 350 nm), (b) Stern-Volmer plot of Fe3*
doped in (1:99, v/v) DMSO-water solution of NID (50 uM), (c) Fluorescence response of NID
FONPs towards Fe3+ sensing with varying concentration of Fe3+ in (1:99, v/v) DMSO-water
(INID] = 50 uM), (d) Job’s plot for stoichiometry of metal complex.

Concurrently, NID FONP was successfully employed for bioimaging of Fes+ ions via
fluorescence quenching within living cells as well as detecting Fe2*/Fes+ transition selectively

inside cancer cell due to its high H.O. content. Co-culture experiment and flow cytometry
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further confirmed selective sensing of cancer cells. Hence, NID FONPs can be a selective

diagnostic tool for cancerous cells on account of their higher H.O. amount.

Chapter 4 of this present thesis is solely focused on development of self-aggregated
FONPs with tuneable emission wavelength by modulating the amphiphilic backbone. Here,
naphthalenediiimide (NDI) based amphiphiles (NDI-1-9) with varying amino acid
substitution from L-alanine to L-phenyl alanine to 3-(2-naphthyl)-L-alanine with or without

alkyl spacer (C-6, C-11) were developed (Figure 11).
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Figure 11. Structures of naphthalenediimide (NDI) derivatives, NDI-1-9, NDI-2a and NDI-
2b.

Construction of self-aggregated organic nanoparticles of ~50 nm took place at 50 vol% water
or methyl cyclohexane (MCH) onwards in DMSO/DMF or CHCl, via J-aggregation. All the
developed organic nanoparticles (except NDI-4 and NDI-7) exhibited aggregation induced

emission at varying emission maxima (Figure 12).

Figure 12. Schematic representation of various amino acid containing NDI based FONPs
with tuneable emission.

Red shifted emission maxima were observed (greenish blue to bluish green to orange
emissions) from Aem = 484 nm to 495 nm and 590 nm in case of NDI-1-3 FONPs upon
enrichment of m-electron cloud from L-alanine to L-phenylalanine to 3-(2-naphthyl)-L-
alanine. FONPs of 6-amino caproic acid spacer containing NDI derivatives (NDI-5 and NDI-

6) showed AIE at 505 nm and 545 nm (water in DMF/DMSO) and 11-amino undecanoic acid
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containing analogues (NDI-8 and NDI-9) showed AIE at 480 nm and 585 nm in CHCI;-MCH

and DMF/DMSO-water. The multi colour emission from blue-green to yellow-orange with

enhancement of n-electron cloud in the side chain of NDI derivatives was detected probably
due to the facilitated electron transfer at a lower energy to the electron deficient NDI core that
caused red shifted emission maxima. This was again clarified by controlling the availability of
n-electrons of phenyl ring of NDI-2 by incorporating electron withdrawing -NO, and donating
-OMe groups at the molecular backbone (NDI-2a, Aem = 475 nm and NDI-2b, Aem = 570 nm)
that showed blue (20 nm) shifted and red (75 nm) shifted emission maxima compared to that
of NDI-2 (Aem = 495 nm). All these observations further ascertained that fluorescence
property due to AIE of organic nanoparticle gets modulated depending on the presence of
transferrable n-electron to the NDI core. Overall, this signifies the influence of electronic
structure of the substituents in tuning the emission maxima of NDI derivatives causing multi
colour luminescence (Figure 13). Nevertheless, increased alkyl spacer length between side

chain substitution and NDI core produced relatively lower quantum yield apparently due to

uls

NDI-2a NDI-8 NDI-1 NDI-2 NDI-5

the impeded electron transfer (Figure 12).
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Figure 13. Tuneable emission maxima (with normalised emission intensity) of substituent-
modified NDI derivatives (NDI-1, 2, 2a, 2b, 3, 5, 6, 8 and 9 (A = 350 nm)) along with
corresponding photographs of multicolour emission of the NDI derivatives irradiated with a
UV-lamp (Aex = 365 nm).
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“Let Nature be youn teacher. "

“Weillcam Wordowenth

Human beings live in the realm of nature being constantly aware of its influence in
his existence in the form of the air he breathes, the food he consumes as well as the water he
drinks. Since the beginning, the relationship between man and nature has been uniquely
complicated, being beautiful to puzzling to even extremely cruel sometimes. In a desperate
attempt to tame the wild nature, humans became more and more interested in getting
civilized. Nature has triggered this human civilization by forcing the mankind to face
obstacles and find the solution. Nature is designed in a way that controls every step in this
living world. Even after billion years of evolution, man could not solve the mysteries of
nature and of humanity completely. Science enlightens us to know the acquirement of the
“knowledge of the world of nature”. It is the very ability of the mankind that observe and
recognize all the regularities among the chaos in nature for survival since the emergence of
Homo sapiens as a species. Evolution made humans the ultimate learning machines, that
requires an oil named “curiosity” for proper functioning. Nature never fails to amaze its
beholder sowing the seeds of eagerness to know and to question. Curiosity allows us to look
for the reasons behind a natural phenomenon and think about the ways in which it can be
applied elsewhere to solve a real-life problem opening the door to discovery and invention.
We are blessed to be programmed to leave unbeaten track to explore new ones otherwise we

would be doomed (Figure 1).[1

Figure 1. Man and Nature
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STIMULI-RESPONSIVE BEHAVIOUR FOUND IN NATURE

Nature is filled with examples of living systems reacting to external environmental changes
(Figure 2).[21 Mimosa pudica plant goes through a change in leaf angles responding to touch
whereas, the Venus flytrap quickly closes its leaves to entrap insects. Namaqua chameleons
alters their colour by changing the space between guanine crystals under their skin and
cephalopods change their skin colour according to their surroundings in self-defence. Inside
the cells, charge gradient between the two sides of the membrane makes the ion channels
operational. Even muscle contraction regulated by actin filaments are activated when
calcium ions interact with troponin. In an attempt of mimicking this naturally occurring
responsivity scientists have been keen to develop stimuli responsive “smart” materials and

utilize them to understand & solve various problems.

Figure 2. Stimuli-responsive behaviours found in nature. (a) Mimosa pudica, (b) Venus
flytrap, (c¢) chameleons, (d) squid, (e) ion channels of cells membranes and (f) muscles.
(taken from reference 2)

SELF-ASSEMBLY: FROM CHAOS TO ORDER

Our universe is an elaborate ordered system where patterns and connectivity are the
conduits of energy flow towards achieving order in nature. Everything that is not truly
random has some kind of pattern in it. We see patterns everywhere in nature: from
symmetry of snowflakes, fractals of fern leaves, the curl of a chameleon's tail, the spiral of a
pinecone's scales, natural tessellation in honeycomb to even the ripples created by wind
moving in sand dunes (Figure 3).[3-81 “Self-assembly” is a natural event associated with the
movement from “chaos to order.” From atoms to stars to even galaxies are created from
assembly of fundamental particles. The most elementary yet most complicated example of
self-assembly found in nature is “cells”. The building block of all life forms is a well-ordered

system and the progression of life depends on the assembly and disassembly of the biological
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components going within it. Taking inspiration from all these things, a scientist dreams the

wildest dream of creating life artificially.

Figure 3. Order in nature.

BEYOND AMPHIPHILES: TOWARDS SELF-ASSEMBLY & INSPIRATION FROM
NATURE

A long time ago in the year of 1937, Karl Lothar Wolf first coined the term “Ubermolekiile”
(supermolecule or supramolecule) in an attempt to describe hydrogen-bonded acetic acid
dimers.l9) Small molecules spontaneously come together by different non covalent
interactions like hydrogen bonding, hydrophobic interactions, s-7 stacking, coordination
interactions, van der Waal’s forces and ion-dipole interactions and give rise to aggregates of
different morphologies with dimension ranging from nanoscale to micrometres.[o-12]
Colloids, liquid crystals, biomolecular condensates, micelles, reverse micelles, liposomes, gel
and organic nanoparticles are examples of such supramolecular assemblies. World’s greatest
and most productive factory “Nature” is flooded with examples of Hydrogen bond-assisted
supramolecular assembly. For instance, bi-layered cell membrane, DNA double helices as

well as a-helices or f-sheet structures in proteins are result of such self-organization. Among
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them, one of the most amazing models of self-assembly, the cytoplasmic membrane (Figure
4) composed of lipid bilayer with embedded protein, can separate the interior of all cells
(organelles) from the extracellular adverse atmosphere and provides suitable environment to

perform cellular processes smoothly inside cells.[3]

— Hydrophilic head

Phospholipid Outside of cell membrane
i — Hydrophobic tail

Glycolipid Carbohydrate chain R Glycoprotein

P:)Iav y \ */ A i/
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/
Integral protein / / Hydrophobic
Cholesterol  Peripheral alpha helix protein
Protein channel protein
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(cytoplasm)

Figure 4. Cross-section of cell-membrane. (taken from Reference 13)

In case of DNA, the carrier of genetic information for the development, advancement
and reproduction of all living organisms, the double helix structure is formed by H-bonding
between nucleobases: adenine, thymine (two hydrogen bonds) and guanine, cytosine (three

hydrogen bonds) (Figure 5).04]

s

Figure 5. Chemical structure of DNA. (taken from Reference 14)

In another amazing example of nature created supramolecular self-assembly, the
primary structure of protein (the amino acid sequence) pre-regulates different segments to
achieve well-organized secondary structures (a-helices or -sheets) by means of hydrogen
bonding between -CO group and -NH groups of the peptide bond. These chains are then
folded into tertiary structure by H-bonds, electrostatic forces, disulphide linkages, and

Vander Waal’'s forces which determines the overall topographic shape of the
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macromolecules. Lastly, the folded macromolecules assemble into the bioactive structural

protein (quaternary structure). To this end, researchers have aspired to utilize
supramolecular self-assembly for (1) mimicking the natural biological membrane, (2)
revealing the mechanism for the biological self-organization and (3) creating structures or

materials capable of novel biological roles.

Polar head Now, if we converge our thoughts to the basic
building block of self-aggregates in the diverse world of
self-assembly that has been controlling our life ever since
in every possible way, we end up with the “amphiphiles” or
“surfactants”. Amphiphiles (from the Greek words,
amphis: “both”, philia: “love”) are molecules with a

hydrophilic “head” group which are ionic, polar or

hydrogen-bond (H-bond) forming groups and a

Non-polar tail

Figure 6. Structure of amphiphile. 1ydrophobic “tail” part that are generally saturated or

unsaturated hydrocarbon chains (Figure 6).1:516] Presence of both lipophilic and hydrophilic
part renders solubility both in aqueous medium and some organic solvents. ‘Surface active’
property leads to the nomenclature of “surfactant” which is used for lowering the surface
tension in interface.['7] Surfactants undergo molecular self- aggregation in solutions and in
bulk, generates different architectures.['8-19] By tuning the amphiphilic structures, not only
regulation of morphology can be achieved to some extent, but also incorporation of several
functionality leads to different task-specific application. These amphiphiles can be
categorized roughly in four different classes: anionic, cationic, zwitterionic and nonionic
depending on the "head” group functionality (Figure 7).20] Anionic amphiphiles, with
negatively charged head groups and positively charged counterions, are widely used as
detergents. Cationic surfactants are composed of positively charged head groups (e.g.
quaternary ammonium ion) and an anion such as halide as a counterion. Most common
example of cationic amphiphiles are cetyltrimethylammonium bromide (CTAB) and sodium
bis(2-ethylhexyl) sulfosuccinate (AOT).618:201 Zwitterionic amphiphiles consists of both
positive and negative charge in their backbone (e.g. phospholipid, phosphatidylcholine). It
shows amphoteric nature depending on the pH of the environment. At higher pH, it acts as a
cation due to protonation while acting as an anion at low pH. The nonionic surfactants, on
the other hand, does not contain any charge. In that case, the polar head consists of
polyether or polyhydroxyl functionalities.*® Depending on the topology of the both polar
head and non-polar tail, other two classes of macromolecular amphiphiles are introduced:
gemini and bola-amphiphiles.[*] For gemini amphiphile, two hydrophilic heads are attached

with a spacer and two closer hydrophobic chains, that renders a compact packing.2°] Bola-
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amphiphiles are macromolecules containing two polar head groups located at both terminals

of single or multiple alkyl chain (hydrophobic residue).[2°]

Polyoxyethylene alkyl ethers (C,E,,) AM/WW

Phosphatidylcholine (PC)
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Sodium bis(2-ethylhexyl) sulfosuccinate (AOT)

Figure 7. Classification and examples of amphiphiles. (taken from reference 20)

These two unconventional amphiphiles are widely used in dispersing, foaming and drug as
well as gene delivery.l20] In addition to formation of the classical spherical or disk like
aggregates, Bola amphiphiles are also known to generate helical self-assemblies.[21] In the
field of surface chemistry, Hydrophilic and lipophilic balance (HLB) is one of the most
significant parameter in developing diverse self-assembled systems ranging from micelles,
reverse micelles, vesicles, and liquid crystalline mesomorphic phases to higher order self-
assemblies like fibres, ribbons, helices and microtubes. It is fundamentally a ranking of how
hydrophilic an amphiphile is; determined by calculating values for the different regions of
the molecule, as described by Griffin in 1949 and 1954.[22231 The effective final morphology is
governed by the structural features of the building block as well as by the balance between
the hydrophobic hydrophilic segments (HLB) of the supramolecular amphiphiles that leads

to several task specific bio-chemical and bio-medicinal application.
NON-COVALENT INTERACTIONS: BRINGING THE AMPHIPHILES TOGETHER

In an amphiphile, the hydrophobic and hydrophilic segments are irreversibly linked by
covalent bonds. On the other hand, a supramolecular self-assembly is composed of
amphiphiles, who are connected with one another by different non-covalent forces like

hydrogen bonding, van der Waal’s forces, hydrophobic interaction n-7 stacking e.t.c (Figure
8).[24—28]
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Figure 8. Different types of non-covalent interactions. (taken from reference 24-27)

Although the forces involved in assembly are weak in nature, relevant number of
these weak interactions provides an overall effect that is sturdy enough to hold different
amphiphiles together.[20] Furthermore, these interactions are weak enough to provide the
aggregates the flexibility it requires as well as sturdy enough to endure slight perturbation.
As mentioned earlier, these interactions are very weak in nature compared to covalent
bonds, metal ligand interaction is the only exception (Table 1). H-bonding is very crucial in
most of the biological processes that happen within cell; it combines and breaks apart
biomolecules as per requirement. All biomolecules have H-bond acceptors and donors within
them. For example, in water molecule (H20) the non-bonding electrons act as H-bond
acceptors while hydrogen atoms are the donors. Consequently, H-bonding plays an
important role on the properties of water as well as its relevant functions in biological
systems.[29-30] The second principle driving force of self-assembly is hydrophobic effect as it
brings non polar (hydrophobic) molecules come together into supramolecular self-
aggregation.[3-32]1 Besides these two, the van der Waal’s interaction is another significant
weak interaction between atoms or molecules that disappears with increased distance. It is
considered to be an amalgamation of London forces between instantaneously induced
dipoles and Debye forces between dipoles and induced dipoles, For instance, in biological
membranes, the tightly packed arrangement of hydrocarbon chains of phospholipids results

in due to van der Waal’s interaction.[33-34]
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Table 1. Strength of the main noncovalent interaction involved in amphiphiles self-
assembly (taken from reference 20).

Bonding and Energy in
interaction type kJ/mol

Covalent bond 100—400
Ion-ion/ion-dipole/dipole-dipole 200—-300/50-200/5-50
Hydrogen bond 4-120
Cation-n(m) interaction 5-80
- interaction 0-50
van der Waal’s interaction <5
Metal-ligand 0-400

All the self-assembled nanostructures (micelles, reverse micelles, vesicles and
supramolecular gels etc) are manifestations of these soft interactions. Notably, the reversible
nature of the interactions leads to dynamic self-assembly suitable for task specific

applications.[35-38]

VARIOUS SELF-AGGREGATES

Construction of nanoscale materials decorated with functionalities tasked for specific
applications have never been easier without the emergence of supramolecular self-
assemblies especially with the bottom up approach.[39] From a chemist’s point of view,
supramolecular aggregate are nothing but the assembled form of “encoded” molecular
components, although the chemical and physical pathways are often based on speculation,
observing the nature of the interaction the components have with each other along with the
environment surrounding them.[391 Control over the geometry of the self-aggregates can be
achieved by carefully tuning the molecular design as well as by modifying the solvent
systems. Molecular recognition can be done by incorporating precise moieties in the
amphiphilic backbone regulating it for task-specific applications. In aqueous solution,
surfactants tend to position themselves in a manner so that their hydrophilic head groups
remain outside keeping hydrophobic alkyl chain at the centre in order to form micelles.7]
Conversely, in non-polar solvent, these amphiphiles orient in opposite direction generating
reverse micelles.['7] Apart from these fundamental supramolecular structures, higher ordered
self-assembled systems like vesicles, emulsions, liquid crystals, gels, nano fibers, ribbons etc.

have the major emphasis in interdisciplinary subjects in recent times.[40-42]
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Micelles

Let us begin with one of the simplest forms of self-assembly: micelles. When the amphiphilic
molecules are spread in water, they combine to form micelle, a spherical self-aggregate, after
a certain concentration called ‘Critical Micellar Concentration’ (CMC).[15431 CMC is an
intrinsic property of a surfactant and the morphology and dimension of a micelle depends on
surfactant concentration, temperature, pH, and ionic strength etc. Here, the hydrophobic
alkyl part stays inwards creating a lipophilic core, at the same time, the hydrophilic groups
direct outwards in the water (Figure 9).[2] Below CMC, surfactants remain as monomers
completely surrounded by water whereas in the micellar form, their hydrophobic part is
hidden inside having less contact with the aqueous phase. This paves the path towards their
applicability as detergent. Not only that, the core of the micelle acts as a vessel for multistep

chemical reactions providing a “green chemistry” platform.[44]

Figure 9. Structure of micelle. (taken from reference 45)

Reverse micelles

As the name suggests, reverse micelles are spherical aggregates formed in apolar medium
resulting in water-in-oil system.[29-31 In this case, polar heads are oriented inwards creating a
“water pocket” inside themselves whereas lipophilic groups stay at the periphery. (Figure
10).146471 The size of the water pool is directly related to molar ratio of water to surfactant
([H.O]/[Surfactant] termed as W,.l46-471 The reverse micelles resemble biological membrane
in so many ways in terms of compartmentalizing ability that they results in huge
applicability in biomimetics.[48-49], Reverse micelles act as experimental media for the

development of several nanomaterials judicially choosing the proper surfactant.
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Figure 10. Structure of reverse micelle. (taken from reference 14)

Supramolecular gels

Supramolecular gels are magnificent example of self-assembly that has a tremendous
application in wide range of interdisciplinary sciences.l50541 Gels are macroscopically
semisolid materials that do not flow on turning down the vial (Figure 11).155] Here, a large
number of solvent molecules remain entrapped by small amount of gelator molecules. It is
kind of an intermediate state in between solubilization and crystallization. Both chemical
cross-linking or physical interactions can cause gelation. Generally, gels formed due to
chemical bonding, are thermally irreversible (polyester, polyamide, poly(vinyl alcohol),

polyethylene etc.).5¢]

o 5
\_‘v‘ — = / )
H-bonding, n—x stacking
Gelator Fibre Fibrillar network Supramolecular
Gel

Figure 11. Schematic representation of the formation of self-assembled fibrillar network
(SAFIN) and gel. (taken from the reference 55)

On the contrary, gels formed by weak non-covalent forces (crown ethers,
cyclodextrins, cucurbiturils etc.) get easily converted to sol by heating. Soft materials derived
from low molecular weight gelators (LMWG) (supramolecular or simply molecular gels) is a
widely explored research topic nowadays due to their potential applications in controlled
drug release, pollutant removal and tissue engineering.[56-59] Self-assembled fibrillar network
(SAFIN) is formed via combined influence of H-bonding, n-n stacking, donor-acceptor

interactions, metal chelation and van der Waal’s force and other soft interactions.[57-59!
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LMWGs are categorized into three major classes: (1) hydrogelators (that immobilize water),

(2) organogelators (that can gelatinize organic solvents) and (3) ambidextrous gelators (that

can restrict the gravitational flow of both water and organic solvent).

Low molecular weight hydrogels (IMHG)

Hydrogelators (small amphiphilic molecules able to immobilize water) are becoming an
interesting topic of research due to its application in tissue engineering, vehicles for drug
delivery, and pollutant capture and removal.[®0-63] As stated earlier, an optimum balance
between hydrophobicity and hydrophilicity is crucial to design a hydrogelator molecule as
the hydrophobic groups promotes aggregation and hydrophilic groups provide the water
solubility amphiphilic. Conventional amphiphiles contain a polar head group and a
hydrophobic entity. Incorporation of proper functional motifs within the molecular structure
make the hydrogelators respond to external stimuli (pH, light, enzymes) and even enables

task specific (delivery vehicle, reduction of metal salts etc.) applications.[64-66]

Low molecular weight organogels (IMOG)

Low molecular weight organogelators (LMOGs) forms gels in a wide variety of organic
solvents (e.g. n-hexane, n-octane, acetonitrile, benzene, toluene, nitrobenzene etc.).[67-681 In
case of organogels, the principle forces responsible are mainly dipolar interactions, H-
bonding, electrostatic interaction, n-r stacking, metal-coordination etc.[¢5-66] The vital factors
like solvent polarity, conformational flexibility, molecular shape of the gelator, and
temperature too impact organogelation. The applicability of organic gelators lie over in situ
formation of nanoparticles, phase selective gelation, dye removal, development of light

harvesting soft materials and enzyme immobilization matrices.[67-69]

Ambidextrous gelators (AGS)

Ambidextrous gelators (AGs) are the small organic molecules that can immobilize both water
and organic solvents i.e. a single molecular scaffold forms hydrogel and organogel
simultaneously.[70-73] This is more advantageous because these materials can immobilize
solvents with extreme polarities (from non-polar organic solvents to highly polar water
molecules). The structural motifs of AG enable to gelatinize solvents of extreme polarity by
means of non-covalent interactions (both hydrophilic and hydrophobic) in both kind of
solvents. AGs are gaining much attention in recent years because of their unique
physiological behaviour and multi-tasking ability in the material science and

nanotechnology.[70-73]
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Vesicle

Another beautiful manifestation supramolecular self-assembly is vesicles or liposomes

(Figure 12).[74] British haematologist A. D. Bangham first discovered the lipid vesicle in 1964.
Although, at that time the designated terminology was “spherulites”.[75] The commonly used
term “vesicle” was originated from the Latin word “vesicula” which means “small bladder”
and it is extensively used in biology, chemistry and. Not only phospholipids, but also small
amphiphilic molecules with a polar head and double hydrocarbon chains are capable of the
forming bilayer vesicles with inner aqueous core and outer bulk water separated by

hydrophobic layer making it an appropriate mimic of biological membrane.[7¢]

Figure 12. Structure of vesicle (taken from reference 74).

The constituent amphiphiles of these vesicles may be single-/twin-chained polymeric
molecules, phospholipids that form of vesicles through apt mechanism.[7¢-781 Ease of
fabrication as well as functionalisation, cytocompatibility, compartmentalizing ability, high
encapsulating efficiency and exogenous stimuli responsiveness enhances their utility in task
specific applications in the broad arena of biology, chemistry and pharmacology.[7¢1 Vesicles
are majorly classified into three categories: i) multilamellar vesicles, ii) unilamellar vesicles
and iii) multivesicular liposomes. As the terms suggest, unilamellar vesicles are comprised of
only one lamellar lipid bilayer whereas, multilamellar vesicles are made of several lamellar
membranes displaying a onion-like morphology and in a multivesicular liposome several
vesicles remain inside of a bigger vesicle.[79] Unilamellar vesicles may be small, large or even
giant having dimension of 20-100 nm, >100 nm and >1000 nm.[79 Both hydrophobic and
hydrophilic cargo can be loaded within vesicles making them an excellent nano-carrier.[8°!
Designing the amphiphile in such way that it can lead to stimuli responsive drug release
when required, is beneficial. Therefore, this membrane mimetic system has huge prospects

as a cellular transporter in gene therapy and drug delivery.[78]
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STIMULI

A stimulus (plural “stimuli”) is anything that can trigger a physical or behavioural change.
Soft materials that respond to those stimuli are being leveraged to improve spatiotemporal
control of therapeutics. Design and development of these materials that undergo physical or
chemical transformations in response to explicit biological signals is a significant area of
research not only for improving efficacies of current therapies and imaging tools but also for

emerging customised theranostic agents.
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Figure 13. Different types of stimuli (taken from reference 81)

Primarily, stimuli can be classified in two categories: (a) exogenous and (b)
endogenous. Some nanomaterials are triggered by external physical stimuli like heat, light,
ultraviolet and near Infrared (NIR) radiation, ultrasound as well as magnetic fields, in
addition to mechanical forces for instance, shear thinning upon injection.[82-851 Endogenous
stimuli include pH, hypoxia, redox or enzymes, as well as temperature variations.[8¢-9°1 Even
glucose, nucleic acids and other biomolecules, ATP and reactive oxygen species (ROS) can
act as innate biological stimuli as they manifest the physiological difference between healthy
and diseased cells.[9] Therefore, development of task-specific materials is crucial with the
advantages of their stimuli responsive nature that has potential to mimic biological

processes.
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Hntroduction

DRUG DELIVERY SYSTEMS (DDS)

Drugs have been used to improve health and protecting mankind from life threatening
diseases for ages now. Development of a new drug is a costly and time-consuming affair
owing to discovery, clinical testing and regulatory approval. Also, eliminating the side effects
of these drugs still remain a challenge even today especially in case of diseases like cancer,
neurodegenerative diseases, and infectious diseases. Three drug delivery paradigms that
construct the foundation of contemporary drug delivery are drug modifications,
microenvironment alterations and drug delivery systems (DDS).[92] Drug delivery systems
can amalgamate these previous two approaches by forming an interface between the drug
and its microenvironment. A drug delivery system (DDS) is a formulation or a device that
introduces a therapeutic material to the body, advances its efficiency and lowers cytotoxicity

by regulating the rate, time and centre of drug release.
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Figure 14. Diverse drug delivery systems (taken from reference 92)

In the initial years of drug delivery, it was determined that varying the rate of drug
release can change biodistribution, half-life of the drug, total drug exposure with time as well
as its maximum concentration in serum.[93] Even though, altering the dose and the infusion
rates can impact these parameters, the emergence of “controlled-release” delivery systems
paved the path towards better control.[94951 Examples of DDS include hydrogels, micelles,
vesicles, polymeric materials, micro and nanoparticles, that modify the particle-surface
augmenting drug longevity and aiming certain cells via target-specific interactions with the
microenvironment.9¢! A DDS not only solves the problem of poor drug solubility (as well as
toxicity due to the used solubilizer) but also it eliminates the possibility of rapid renal
clearance. Therefore, requirement of higher doses can be avoided. Several examples of
controlled-release systems can be found in literature, most of them are small molecules. The
same delivery strategy is applicable for peptide and protein delivery. The effectiveness of

peptide therapeutics was strengthened by “sustained-release” systems which is basically a
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subclass of controlled-release systems that keeps therapeutic drug concentrations intact for

longer time periods. Leuprolide acetate, formulated in microspheres (Lupron Depot) was
considered a pioneer of sustained release systems (release for up to 6 months) followed by

other peptide therapeutics.[97-98]

SMART DDS (STIMULI-RESPONSIVE DDS)

The concept of “smart” DDSs has emerged from the “controlled release” platforms. In case of
smart DDSs, a drug is released only at a target place reducing the side effects in a significant
manner. At present, the drug-loaded nanocarriers (polymeric nanoparticle, organic-
inorganic hybrid nanoparticle, liposomes, exosomes) accumulate at the targets by active or
passive targeting technique and release only there by means of stimuli-responsive
characteristics.[991 As discussed earlier, these stimuli can be endogenous and/or exogenous.
One of the most common triggers is pH of the environment. Most DDSs are based on the pH
difference of stomach (pH = 2) and intestinal track (pH = 7).[xcol Targeting the low pH in the

tumor matrix is a well-known way of cancer therapeutics.[t01
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Figure 15. Stimuli responsive DDSs (taken from reference 99)

Utilizing the variation of redox potential in microenvironment, redox responsive
DDSs are developed. Among which, Glutathione (GSH) sensitive delivery system is an
excellent option for targeting cancer cells owing to significantly high abundance of GSH
levels within tumor cell compared to that in normal cells.[*02] Enzyme responsive delivery
vehicles are drawing much attention nowadays as lipase, glycosidases, proteases or
phospoholipases are involved in all kind of metabolic pathway, therefore they can achieve

enzyme-facilitated drug release by the bio-catalytic action at the inflammatory as well as
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cancer cells.[103] Temperature can be another trigger for drug release as inflammation or

cancer cells have higher temperature compared to normal cells.**41 In addition to that, tumor
cells can be externally heated by triggers like (e.g. ultrasound, magnetic field).l*o5] These
eventually lead to thermos-sensitive DDS development. Photo-sensitive nanocarriers can
attain on-off drug release by external light illumination regulating assembly or

disassembly.[°¢] Sometimes a combination of multiple stimuli leads to desired outcome.

VESICLES AS STIMULI RESPONSIVE DDS

In the year of 1971, Gregoriadis et al. utilized liposomes as drug delivery systems for the first
time.[07] Since then, vesicles (particularly of diameter up to 100 nm) are widely being used as
carrier of anti-cancer, anti-inflammatory drugs and gene medicines. 8], The first FDA
approved nanomedicine delivery system is Doxil® which comprises of PEGylated

liposomes.[109]

Inner coating
Doxorubicin

Outer coating

Figure 16. Doxil (taken from reference 110,111)

Among nanocarriers, drug potency is never an issue for vesicles as each of them can
entrap thousands of drug molecules.[*'2] Quite naturally, hydrophilic drugs can be readily
encapsulated within the aqueous core, but neutral hydrophobic drugs have a tendency to be
quickly unloaded in presence of cell membranes.[:3] Luckily, “remote loading” techniques
that depend on pH or chemical gradients across the bilayer results in brilliant retention of
hydrophobic drugs (such as doxorubicin and vincristine).'4-151 Control over the rate and
degree of drug bioavailability mostly rely upon the design of triggered-release systems where
the drug release takes place by alteration in pH, temperature, magnetic fields, enzymes, light
or radiofrequency.l"'17] Among them, use of temperature sensitive liposomes is most
convenient in terms of both safety and capability.['81191 ThermoDox is a temperature
sensitive liposomal Dox that has gone closest to clinical use by clearing phase-I trial.[*8]
furthermore, loading vesicles with MNPs and exposing them in magnetic field brings about
cytocompatibility, efficient targeting, easy recovery and improved efficacy.[20] More often

than not, external triggers turn out to be more efficient as well as specific with improved
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spatial and temporal resolution decoupling the combining effects that generate because of

the biological heterogeneity.

ORGANIC NANOPARTICLES

Organic nanoparticles (ONPs) are generally defined as particles comprised of carbon-
containing macromolecules (mainly lipids or polymeric) with dimension of 10 nm to 1
um.[21-122]1 Their utility lies in various fields ranging from electronic to photonic, conducting
materials to sensors, medicine to biotechnology, and so forth.:23-1261 Uniquely tailored
structure are easily attained for this organic nanoparticles that aids intended applications.
For supramolecular self-assembled systems, non-covalent interactions make the organic
nanoparticles more labile, susceptible to external environment along with easing their
excretion process. Organic nanoparticles can be classified into two groups: nanospheres and
nanocapsules (Figure 17).[126-1271 Nanospheres are comprised of solid mass entirely and
nanocapsules are hollow shell like structures with liquid or empty core enclosed by an
organic residue. In general, these ONPs are round but non-spherical shape are also quite

natural.

Organic solid matrix Oil or water

Nanosphere Nanocapsule

Figure 17. Structure of organic nanoparticles. (taken from reference 126,127)

AGGREGATION INDUCED EMISSION: ORIGIN OF FLUORESCENT ORGANIC
NANOPARTICLES (FONPY)

“Together We Stine, United We Sear!”
...[128]

Since the origin of life, light has been indispensable for survival. Luminophores emit
light. To decipher the mystery of light, multiple breakthrough innovation related to light-
emitting processes has taken place. Generally, luminescence of individual entities have been

widely explored in absence of any kind of chromophoric interactions.[t29-131] However, the
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emission property suffers a lot at higher concentration which is termed as “ concentration

quenching” phenomenon.*32] “Formation of aggregates” is reason behind this reduction in
fluorescence. Therefore, this is commonly denoted as “Aggregation caused quenching” (ACQ)
(Figure 18).[128.133.134] As a matter of fact, most conventional fluorophores are comprised of
multiple planar aromatic rings that results in strong n-r interaction that eventually quenches
the emission as the relaxing pathway of the aggregates from excited to ground state becomes
non-radiative.[28:1341 This ACQ phenomenon restricts the application of these conventional

fluorophore significantly.

Water fraction (vol %) Perylene
0O 10 20 30 40 50 60 70 80 90

Aggregation-Caused Quenching (ACQ)
Water fraction (vol %) HPS ¥}
0 10 20 30 40 50 60 70 80 90

Aggregation-Induced Emission (AIE)

Figure 18. Examples of aggregation-caused quenching and aggregation-induced emission.
(taken from reference 128)

To overcome the shortcomings of conventional fluorophores with ACQ, several
attempts were made. In the year of 2001, Tang et al discovered an extraordinary luminogen
system, where the fluorophore shines brightly in aggregated state (Figure 18).[131.135] A series
of silole derivatives were reported which were non-emissive in solution state (molecularly
dissolved state) but showed intense photoluminescence in their self-aggregated state. This
unusual phenomenon was coined as “Aggregation Induced Emission” (AIE). After this
discovery, molecular design of the fluorophore was modified again and again for efficient
AIE during self-aggregation.[t34135] Further research proceeded with these AIE active
aggregates (generally spherical), which were majorly = chromophores. They were called
Fluorescent Organic nanoparticles (FONPs). These non-planar or propeller shaped =-
conjugated molecules have a potential to restrict their intramolecular rotation by dodging
strong n-m interaction in their assembled state. This essentially minimalize the non-radiative

pathway that leads to enhancement of emission intensity during self-assembly (Figure
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19).134]  Pre-associated excimer formation/J-aggregation/E-Z-isomerization/twisted

intramolecular charge transfer (TICT)/ excited-state intramolecular proton transfer (ESIPT)
are some other necessary factors that leads to AIE.[:34) As the FONPs are very easy to
prepare, easy to functionalize and have excellent cytocompatibility compared to its inorganic

counterparts, they are being widely used in sensing, bioimaging as well as in optoelectronic

n-n Stacking
‘ interaction
Aggregation-
caused

quenching (ACQ)

devices. [134]

Emissive Nonemissive (off)
Restriction of B L 2
intramolecular i %’;w
rotation (RIR) (*‘ (

(T A~
Aggregation- 1“"‘\;"
induced &2
emission (AIE)
Nonemissive Emissive (on)

Figure 19. Schematic representation of both ACQ and AIE. (taken from reference 134)

Tetraphenylethene, siloles, cyano-substituted diarylethene, triphenylethene,
distyrylanthracene, naphthalene diimide, naphthalimide derivatives are some examples of

organic moieties that are being vigorously explored for diverse applications.[34-137]

FABRICATION OF FLUORESCENT ORGANIC NANOPARTICLES

Features of organic nanoparticles relies upon their building blocks, which are judicially
optimized according to particular application prerequisites. Based on that, numerous
synthetic strategies are developed. Commonly, two widely used approaches are followed in
ONP generation: “bottom-up” and “top-down”.:381 The bottom-up strategy involves the
construction of nanoparticles by gathering distinct organic molecules into nanoparticles.
Self-assembly is one of the most illustrative bottom-up strategies, suitable for achieving
intended functionality towards directional utility. On the other hand, the top-down
approaches refer to cutting down bulk sizes into nano architectures via grinding, milling or
homogenization by applying high pressure. But this top-down practices face certain
disadvantages due to involvement of higher energy consumption, use of expensive
equipment and a high risk of contamination.[*39-1401 The preparation of the different types of
organic nanoparticles depends evidently on the methods selected for their synthesis. Various

methods of organic nanoparticles development include self-assembly, polymerization,
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macro-/micro-/mini emulsion, nanoprecipitation, reprecipitation, layer-by-layer (LbL)

assembly, PRINT, electrospraying and microfluidics.[38. 2411 Methods of preparation of ONPs,
amphiphilicity of the building block, molecular weight of encapsulation matrices are some of

the factors that determine the particle size.

Seli-assembly method

Self-assembly, being the most practical approach for organic nanoparticle generation, deals
with accumulating amphiphilic block copolymers, host-guest complexes or even small
amphiphilic molecules. These comparatively weak interactions often bestow sensitivity
towards external stimuli to the nanoparticles, widening their utility in temperature-
responsive or pH sensitive systems. These assemblies may be based on co-ordination, thin

film hydration or templates.[*38]

Amphiphilic polymers have a tendency to assemble into nano structures in aqueous
media.[84) When a mixture of amphiphilic polymer and organic emitter is dissolved in a
“good” solvent and a surplus quantity of a “poor” solvent is rapidly introduced to the
solution, the hydrophobic segments get aggregated keeping organic emitters at the centre
and the hydrophilic chains accumulate at outer surface rendering proper stability to the
organic nanoparticle. Alternatively, conjugation of organic emitters with the hydrophobic
side chains of polymers produces FONPs with organic emitters implanted in the self-
assembled matrix (Figure 20).[411 Furthermore, addition of explicit targeting moieties

performs versatile biological tasks.

Polymer Emitter
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Figure 20. Schematic illustration of polymer-encapsulated organic nanoparticle
preparation from self-assembly. (taken from reference 141)

Polymerization method

Self-assembly

Monomers and organic emitters, dissolved in organic solvent are mixed with an emulsifier in
aqueous solution and homogeneously dispersed droplets are produced via ultra-

sonification.[84] The polymerization is initialized by addition of initiators into the emulsion
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that harvests organic nanoparticles (Figure 21).[411 Further solvent evaporation leads to the

well-dispersed polymeric nanoparticles.

. . *e Polymerization
9 +
oW
e .
IMonomers Emitters

Figure 21. Schematic illustration of polymer-encapsulated organic nanoparticle preparation
from in situ polymerization. (taken from reference 141)

Emulsion method

Emulsification is a convenient way to generate ONPs without the requirement of expensive
equipment. In a distinctive emulsion process, the organic solvent (e.g., dichloromethane)
used is immiscible with water. Emitters are dissolved in the organic solvent and emulsifiers
remain in aqueous phase. All of them are put together and undergone ultra-sonification or
vigorous stirring. Emulsions are normally categorized into three classes based on the sizes of
the particles they generate: macroemulsion, miniemulsion and microemulsion. Although,
macroemulsion produces ONPs with size larger than 1 um, mini and microemulsion
generates nanoparticles of dimension <500 nm.[41 Stable suspension of polymer
encapsulated nanoparticles in water is attained after organic solvent evaporation (Figure

22).041]

Organic solution containing emitters
and polymeric matrix

Sonication

Solvent evaporation

Aqueous solution containing Surface-amendable
emulsifier/stabilizer nanoparticles

Figure 22. Schematic illustration of the preparation of polymer encapsulated organic
nanoparticles from emulsion. (taken from reference 141)

Nanoprecipitation method

The principal difference between nanoprecipitation and emulsion is that in

nanoprecipitation, the organic solvent here is miscible with water and no emulsifier is
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present in water.l41 In an archetypal nanoprecipitation process, the solution of emitters, the

encapsulation matrix in an organic solvent (e.g., THF) and excess water are quickly mixed
under ultra-sonification which eventually leads to sudden drop in solvent hydrophobicity

and that results in aggregation of emitters into nanoparticles. (Figure 23).041]

Organic solution containing
emitters and polymeric matrix

Sonication

Solvent evaporation

Water Surface-amendable
nanoparticles

Figure 23. Schematic illustration of the preparation of polymer encapsulated organic
nanoparticles from nanoprecipitation. (taken from reference 141)

Reprecipitation method

In a standard reprecipitation method (Figure 24), a target compound (final concentration
range: mM) is first dissolved in an organic medium (e.g., THF, DMF, DMSO, acetone,
alcohol etc.).[1421431 A few microliters of the diluted solution is inserted rapidly into poor
solvent (commonly water) with continuous stirring at a constant temperature.[42] m-
conjugated organic nanocrystals is obtained after reprecipitating the target compound in a

poor solvent.

o

=

Poor solvent: Organic nanocrystals
Water dispersed in water

Figure 24. Schematic illustration of the preparation of organic nanoparticles from
reprecipitation. (taken from reference 143)
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Layer-by-Layer (LbL) assembly

Preparation of multifunctional nanoparticles has been made convenient by LbL assembly
(Figure 25) method where nanoparticle cores are coated with polymers, biomolecules and
surfactants by means of electrostatic forces, hydrogen bonding, biological recognition and
host-guest interaction incorporating different functionalities in each layer making them well-

suited for task-specific applications in biomedicine.[38]
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Figure 25. Schematic illustration of the preparation of organic nanoparticles from layer by
layer assembly. (taken from reference 138)

Particle replication in nonwetting templates (PRINT)

One of the most efficient ways to fabricate nanoparticles (sizes staring from 20 nm) by “top-
down” approach is particle replication in nonwetting templates (PRINT) technology (Figure
26), anticipated by DeSimone’s group.[:38: 1441 Precise control over morphology, dimension
and composition can be accomplished with the help of perfluoropolyether (PFPE)-based

elastomer.

Figure 26. Schematic illustration of (a) the preparation of organic nanoparticles from
PRINT method and (b) The spray-LbL on PRINT nanoparticles. (taken from reference 138)
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Electrospraying

Electrospraying (Figure 27) is a handy, single-step process for the construction of organic
nanoparticles of comparatively smaller size where the material is released from a syringe
under high voltage in the very form of ONPs. Electrospray might be categorized as single
needle, coaxial, multiaxial and multiplexed.[38] Generally, organic nanoparticles fabricated
this way, are excellent delivery vehicles with their precise geometry, efficient loading

percentages and outstanding reproducibility.
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Figure 27. Schematic illustration of the preparation of organic nanoparticles from
electrospraying method. (taken from reference 138)

Microfluidics

Microfluidic technology (Figure 28) deals with several picolitre to microlitres of fluids
carefully handled in microchannels (10-100 uM), where the flow is majorly regulated by the
viscous forces Nowadays, microfluidic devices are constructed with paper, glass, silicon,
polydimethylsiloxane (PDMS) etc.[381 Microfluidic systems can be classified into single
phase and multiphase (liquid-liquid and liquid-gas systems) and integrated microfluidic

systems.[138]

EtOH

Figure 28. Schematic illustration of the preparation of organic nanoparticles from
microfluidic method. (taken from reference 138)
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APPLICATIONS OF ORGANIC NANOPARTICLES IN CELL BIOLOGY
Seli-assembled nanoparticles as a biosensing platiorm

Organic nanoparticles derived from small molecules have tremendous application in sensing
biomolecules or biohazardous agents. FONP-based probes are more advantageous over
conventional fluorophores owing to their flexibility in structure, ease of synthesis, decent
water solubility, cytocompatibility and high photostability.'39] Moreover, due to aggregation-
induced emission, concentration quenching can be avoided as well as they don’t require
organic solvent (like traditional fluorophores) to exhibit their sensing properties. At large,
most of the organic dyes with low concentration, after entering into the cellular insides, gets
photobleached. Additionally, the intracellular dyes often diffuse back to the extracellular
media due to the concentration gradient during the cell division. Consequently, the emission
of the stained cells becomes significantly reduced as well as background becomes emissive
and random staining takes place in a cell co-culture system. Therefore, fluorescent organic
nanoparticles (FONPs) are intensively being used in recent years especially in biological

labelling and long-term in situ in vivo monitoring of tumor growth (Figure 29).[140,141]
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Figure 29. Schematic illustration of organic nanoparticles for non-invasive long-term
monitoring of tumor growth. (taken from reference 141)

Delivery vehicle

Design and development of revolutionary drug-delivery systems that not only improves the
bioavailability and efficiency of a particular drug, but also reduces toxicity associated with it,
is in high demand.[42143] Target specific delivery with negligeable side effects, sustained

release of the drug as well as resistance towards degradation are some of the aspects
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scientists are trying to achieve. Furthermore, the DDSs have to show longer circulation times

and increased permeability.[42] In this regard, organic nanoparticles are one of the most
suitable choices for delivery of therapeutic payloads inside mammalian cells mainly due to
their stability, low cytotoxicity and obviously their unique optical properties that enables

them to be used as detectors for real time-monitoring of drug release (Figure 30).[144]
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Figure 30. Schematic representation of photoinduced in vitro anticancer drug release.
(taken from reference 144)

To this end, the present thesis delineates the development of stimuli responsive
supramolecular self-aggregates with potential in task-specific applications highlighting
generation of self-assembled vesicles for triggered drug release as well as designing

fluorescent soft-materials for detection of analytes in biological systems.

PRESENT THESIS

Stimuli responsive disintegration oi seli-assembled vesicles derived from
cholesterol-based hydrazone tethered amphiphiles...

Self-organization of small amphiphilic molecules, an excellent bottom-up technique for
development of soft nanomaterials, give rise to diverse morphology by means of several non-
covalent interactions. Due to reversibility of these structures, it is convenient to achieve a
control over the association/dissociation of molecular tectons by external or internal
triggers. There are several drug releasing sites in human body, that are acidic in nature like
tumors, inflammatory tissues, and phagolysosomes of antigen presenting cells. In those
cases, pH responsive drug release can be attained by developing self-assembled delivery
vehicle that gets disintegrated in acidic medium. On the other hand, “hydrazone” is an easy

to fabricate functionality that gets cleaved in acidic environment. Therefore, generation of
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self-assembled systems incorporating hydrazone bond may lead to acid sensitive destruction

of self-assembly towards noteworthy importance in task specific applications.

To this end, in Chapter 1 of the present thesis, we synthesized cholesterol-based pH-
responsive hydrazone-appended amphiphiles (CBH-1-3) varying the carbonyl moieties (that
generated the “hydrazone” bond) from aldehyde (benzaldehyde (CBH-1), p-

[9)
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Figure 31. (a) Chemical structures of CBH-1-3. (B) Schematic presentation of formation of
self-assembly by hydrazone-tailored amphiphiles through H-type of aggregation and pH-
responsive disintegration of self-assemblies.

dimethylaminobenzaldehyde (CBH-2)) to ketone (benzophenone (CBH-3)) (Figure 31).
Among them, CBH-1 and CBH-2 formed vesicular self-aggregates via H-type aggregation in
1:3 v/v, DMSO-water with diameter of ~50-120 nm and ~150-250 nm for CBH-1 and CBH-
2 respectively. Furthermore, the formation of bilayer vesicles through highly ordered
lamellar like structure was verified by low angle X-ray diffraction (XRD) patterns. These
vesicles got disassembled at acidic pH (pH < 5.0) in contrast to showing stability in neutral
environment. Cleavage of the hydrazone bond in acidic environment, that lead to destruction
of self-assembly, was investigated by UV-visible, FTIR and mass spectrometric studies. In
the transmission electron microscopic (TEM) images of the acid treated vesicles, absence of
spherical structures established its disintegration. In addition, drug loading inside the
vesicles and its pH-sensitive release from the CBH-1 vesicles were confirmed using

doxorubicin.

Naphthalimide-based azo-iunctionalized supramolecular vesicle as hypoxia-
responsive drug delivery vehicle...

Supramolecular vesicles, with their interior aqueous core and hydrophobic outer part, are
capable of encapsulating multiple hydrophobic and hydrophilic cargos efficiently.

Introduction of stimuli responsive junctions within vesicles helps in developing
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spatiotemporal control in biomedicine by reducing random drug biodistribution. Among all

the other triggers, hypoxia-responsive drug delivery vehicle generation is gaining importance
day by day in tumour specific research especially at earlier stages of cancer because hypoxia
acts as a marker for cancer cells by regulating tumour progression by controlling growth-
factor signalling, cell proliferation and tissue invasion. As well, passage of an anticancer drug
to hypoxic regions becomes difficult for solid tumours due to their distance from blood
vessels. In this context, azoreductase enzyme, which is biomarker for hypoxic
microenvironment, may be utilized in reductive cleavage of azo bond (-N=N-) incorporated

within the delivery vehicle, leading towards hypoxia-responsive drug release
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Figure 32. Schematic representation of hypoxia responsive curcumin release from NI-Azo
vesicles.

To this end, in Chapter 2 of the present thesis, self-aggregated vesicle in 1:9 (v/v),
tetrahydrofuran (THF)-water from naphthalimide-based azo moiety containing amphiphile
(NI-Azo) through H-type of aggregation having diameter of 200-250 nm was developed
(Figure 32). Azo (-N=N-) bond is subject to be reduced in the presence of the azoreductase
enzyme, which is overexpressed in the hypoxic microenvironment. The optical density of this
characteristic azo (—-N=N-) moiety of NI-Azo vesicles at 458 nm got weakened in the
presence of both extracellular and intracellular bacterial azoreductase extracted from
Escherichia coli bacteria as well as sodium dithionite (chemical mimic of azoreductase). This
signifies that azoreductase/sodium dithionite induces azo bond cleavage in NI-Azo, tha was
verified from MALDI-TOF spectrometric data of the corresponding cleaved primary amine
products. Anticancer drug curcumin was encapsulated within NI-Azo vesicles and that
killed cancerous B16F10 cells in CoCl,-induced hypoxic environment because of the
azoreductase-sensitive drug release through the early apoptotic pathway, where the cell

killing was 2.15-fold higher than that of the normoxic condition and 2.4-fold higher
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compared to that of native curcumin in the hypoxic environment. Also, cancer cell killing

efficacy of curcumin-loaded NI-Azo vesicles was 4.5- and 1.9-fold higher than that of

NIH3T3 cells (non-cancerous) in normoxic and hypoxic microenvironments, respectively.

Naphthalimide based iluorescent organic nanoparticles in selective detection of
Fe’* and its application as a diagnostic probe for Fe**/Fe** transition...

Fluorescent probes are advantageous over other alternative sensors in terms of selectivity,
sensitivity and rapid detection. Moreover, the emergence of the revolutionary concept of
aggregation-induced emission (AIE) has eliminated all the shortcomings of conventional
fluorophores due to the highly emissive nature of the AIE-gens in aqueous medium. Again,
fluorescent organic nanoparticles (FONPs) with the AIE properties are self-aggregated
structures derived from p-conjugated oligomers or chromophores having flexible
functionality that can be modified according to requirement, that makes them excellent
choice for metal sensing. Fe3+ is biologically crucial metal ion, that is very much relevant in
development of oxidative stress as reactive oxygen species (ROS) is generated due to
interaction of Fe2* with hydrogen peroxide in Fenton reactions. Therefore, detection of
different redox state of Fe and monitoring the transition of is Fe2* to Fe3*is beneficial. In this
aspect, development of easy to fabricate, cyto-compatible FONPs that sense Fe3+ and acts as
a diagnostic probe for redox transition of iron inside living cell is an interesting research

topic.
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Figure 33. Schematic presentation of NID based fluorescent organic nanoparticles in the
selective sensing of Fe3* and as a diagnostic probe for Fe2*/Fe3* transition. ICT:
intramolecular charge transfer.
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To this end, in Chapter 3 of the present thesis, FONPs were developed from the

naphthalimide based histidine appended amphiphile, NID in 99 vol% water in DMSO
through J-type aggregation (Figure 33). Aggregation-induced emission (AIE) was observed
with excimer formation at 470 nm having bluish green emission. These FONPs were
employed in selective sensing of Fe3* and bioimaging of Fe3* inside cells due to their emissive
properties and low toxicity. Fluorescence intensity of the FONPs got significantly reduced
with addition of Fe3+ due to the formation of a 1 : 1 stoichiometric complex with the histidine
part of NID. The limit of detection (LOD) of this turn-off sensor was calculated to be
12.5+1.2 uM having high selectivity over other metal ions. In view of the variable oxidative
stress within different cells, NID FONPs were utilized for sensing Fe2* to Fe3* redox state
transition selectively in cancer cells (B16F10) compared to non-cancerous cells (NIH3T3).
Co-culture experiment and flow cytometry further confirmed selective sensing of cancer
cells. Hence, NID FONPs can be a selective diagnostic tool for cancerous cells on account of

their higher H.O. amount.

Naphthalenediimide based various amino acids appended organic nanoparticles
with tuneable aggregation-induced emission (AIE)...
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Figure 34. (a) Chemical structures of NDI-1-9, 2a and 2b. (B) Schematic representation of
various amino acid containing NDI based FONPs with tuneable emission.
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Fluorescent organic nanoparticles (FONPs) act as a bridge between supramolecular

self-assemblies and emissive nanoparticles. FONPs, built on m-conjugated oligomers, have
rich emissive properties along with photostability and excellent cytocompatibility that makes
them appropriate choice for sensing and imaging applications. Moreover, due to AIE, they
are immune towards concentration quenching. On the other hand, peptide-based
amphiphiles get self-assembled into diverse aggregates like vesicle, hydrogel, nanoribbons,
nanotube, fiber etc., simplifying and repurposing biomimetic structures utilizing molecular
scaffold of naturally available amino acids. A control over the emission maxima of the FONP
can be achieved by regulating the n-conjugated donor and accepter residues and amino acids
with varying n-electron density can serve as excellent donor parts towards electron accepting

naphthalenediimide core.

To this end, in Chapter 4 of the present thesis, we developed naphthalenediiimide
(NDI) based amphiphiles (NDI-1-9) with varying amino acid substitution from L-alanine to
L-phenyl alanine to 3-(2-naphthyl)-L-alanine with or without alkyl spacer (C-6, C-11) (Figure
34). Construction of self-aggregated organic nanoparticles of ~50 nm occurred 50 vol% water
or methyl cyclohexane (MCH) onwards in DMSO/DMF or CHCl; via J-aggregation. NDI-1-3
(amino acids are directly connected to the NDI) amphiphiles self-assembled into FONPs
(MCH in CHCl;) and displayed aggregation-induced emission (AIE) through excimer
formation at 484 nm to 495 nm, and 590. Red shift was observed with increasing n-electrons
donor side from NDI-1 to NDI-3. FONPs of 6-amino caproic acid spacer containing NDI
derivatives (NDI-5 and NDI-6) showed AIE at 505 nm and 545 nm (water in DMF/DMSO)
and 11-amino undecanoic acid containing analogues (NDI-8 and NDI-9) showed AIE at
480 nm and 585 nm in CHCl;-MCH and DMF/DMSO-water. The multi colour emission
from blue-green to yellow-orange with enhancement of n-electron cloud in the side chain of
NDI derivatives was detected probably due to the facilitated electron transfer at a lower
energy to the electron deficient NDI core that caused red shifted emission maxima. This was
again clarified by controlling the availability of n-electrons of phenyl ring of NDI-2 by
including electron withdrawing -NO. and donating -OMe groups at the molecular structure
(NDI-2a and NDI-2b) that exhibited blue shifted (475 nm) and red shifted (570 nm)
emission maxima compared to NDI-2 (495 nm). Nevertheless, increased alkyl spacer length
between side chain substitution and NDI core produced relatively lower quantum yield

apparently due to the impeded electron transfer.
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Chapter 1

Disintegration of
Vesicle

Stimuli responsive disintegration of self-
assembled vesicles derived from cholesterol-
based hydrazone tethered amphiphiles



STIMULI RESPONSIVE DISINTEGRATION OF SELF-ASSEMBLED VESICLES
Chapterl DERIVED FROM CHOLESTEROL-BASED HYDRAZONE TETHERED AMPHIPHILES

1.1. INTRODUCTION

Supramolecular self-assembly is a basic phenomenon at the molecular level that results in the
fabrication of different aggregated structures through bottom-up strategy.[l Self-organization
of amphiphiles lead to the development of diverse manifestations like micelles, vesicles, low-
molecular-weight gels and other higher order aggregates so forth in which molecules remain
at highly ordered form via different non-covalent interactions.[2] These self-aggregated
architectures can be disintegrated or their assembled forms can be altered by applying external
triggers.[218] Development of functional soft materials, that are sensitive to external stimuli
such as light, heat, pH and enzyme have gained notable attention in drug release, disease
diagnosis, tissue engineering and other fields.[’51926] Hamachi et al. developed N-
acetylgalactosamine functionalized supramolecular hydrogel that undergoes pH-triggered
shrinkage or swelling. Additionally, this can be further facilitated upon mixing with equimolar
amount of amphiphilic carboxylic acids having C-6 chain length.[27] In another work, Ulijn and
co-workers reported an enzyme responsive chemically cross-linked hydrogel that underwent
swelling being treated with a target protease.[28] Hence, the suitable inclusion of stimuli
responsive component in the molecular backbone can play a crucial role for macroscopic

transformation of the self-aggregates when triggered with exogenous agents.

Molecules comprising carbon-nitrogen double bonds are ubiquitous in both chemical
and biological domain.[291 The hydrazone functional group is prevalent in total synthesis,
medicinal chemistry to supramolecular chemistry.[29-311 The effortless synthetic path and
substantial stability have widened the utility of this hydrazone moiety in various applications
including metal and covalent organic frameworks, dynamic combinatorial chemistry, dye and
hole-transporting materials and others.[29:32-38] Stability at neutral pH is the most elegant
feature of the hydrazone covalent bond, whereas it gets broken rapidly in acidic
environment.[32:391 Alongside, there are many drug releasing sites in human body, that are
acidic in nature like inflammatory cells, phagolysosomes of antigen presenting cells and also
tumor cells.[401In those requirements, it will be desirable to develop self-assembled structures
that gets disintegrated at acidic pH leading towards selective drug release.[22411 To this end,
design and development of pH-responsive self-assemblies are finding striking importance in
task specific applications.443] Therefore, one can envisage incorporation of hydrazone motif

into the amphiphilic scaffold to generate pH-sensitive self-assembled structures.

Herein, the present work describes synthesis and development of cholesterol-based
hydrazone appended low molecular mass amphiphiles (CBH-1-3, Figure 1). The cholesteryl

unit in the amphiphilic architecture was chosen because of its natural propensity to facilitate
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self-organization through hydrophobic interactions in aqueous milieu. The hydrazone residue

was tuned by changing the carbonyl residues from aldehyde (benzaldehyde (CBH-1), p-
dimethylaminobenzaldehyde (CBH-2)) to ketone (benzophenone (CBH-3)). Amphiphiles
CBH-1 and CBH-2 formed vesicular self-aggregates through H-aggregation in 1:3 v/v,
DMSO-water. Proper selection of the carbonyl moiety in the formation of hydrazone bond
could be a principal factor to maintain the hydrophilic-lipophilic balance (HLB) in self-
organization. Different microscopic and spectroscopic investigations were carried out for
physicochemical characterizations of these vesicles. The degradation of the vesicular self-
aggregates on account of the cleavage of hydrazone bond under acidic environment was
inspected by UV-visible, FTIR and mass spectrometric study. Anticancer drug, doxorubicin
was used for dye encapsulation and its pH-responsive release from the vesicles (prepared
using CBH-1). The present study showed formation of self-assembled vesicles by hydrazone-
tethered amphiphiles and pH-sensitive cleavage of hydrazone bond that resulted in the release

of the entrapped drug molecules through destruction of the vesicular self-assembly.

1.2. RESULTS AND DISCUSSION

1.2.1. Hydrazone-tailored amphiphiles and their seli-assemblies

With the motivation to develop stimuli-responsive small amphiphilic molecules, we have
synthesized cholesterol-based hydrazone-tethered amphiphiles (CBH-1-3, Figure 1).
Cholesterol moiety was chosen as one of the most ubiquitous natural components having
known influence in self-assembling process. 4-Hydrazinobenzoic acid residue was included as
the stimuli-responsive moiety within the amphiphile's structures. These two residues were
linked through a hydrophilic spacer, 2,2’-(ethylenedioxy)bis(ethylamine) (Figure 1 and
Scheme 1). Along with cholesterol and hydrazone motifs, this linker may also influence the
amphiphile's hydrophilic-lipophilic-balance (HLB), which plays a crucial role in the
development of well-defined self-aggregates. We have modified the hydrazone moiety by
varying the carbonyl residue from aldehyde (benzaldehyde, p-dimethylaminobenzaldehyde)
to ketone (benzophenone) (CBH-1-3). All these synthesized amphiphiles were characterized
by *H-NMR and MALDI-TOF mass spectrometry.
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Figure 1. Chemical structures of hydrazone-tailored amphiphiles CBH-1-3.

CBH-1/CBH-2

Lamellar
structure

Formation of Vesicle Disintegration of
through H-aggregation Vesicle

Scheme 1. Schematic presentation of formation of self-assembly by hydrazone-tailored
amphiphiles through H-type of aggregation and pH-responsive disintegration of self-
assemblies.

The solubility, stability and self-assembling behaviour of the hydrazone-tailored
compounds (CBH-1-3) were investigated in dimethyl sulfoxide (DMSO) and DMSO-water
binary solvent mixture. All three molecules were soluble in DMSO. With increase in water
content in DMSO solution, transparent solutions gradually transformed to translucent
solutions for CBH-1 and CBH-2. Stable translucent solution formation took place in 1:3 v/v,

DMSO-water mixture for CBH-1 at 1.0 mg mL* and at 0.5 mg mL* for CBH-2. Visual
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appearance of stable translucent solution indicates the formation of vesicular self-assembly

for CBH-1 and CBH-2 in 1:3 v/v, DMSO-water binary solvent system. Zeta () potential is
used to determine the stability of a colloidal suspension. A high ¢ potential value indicates
better stability of the colloids due to repulsion between the surface charges on components
present in the solution. The { potential of the self-aggregates of CBH-1 and CBH-2 in 1:3 v/v,
DMSO-water solvent systems was found to be 14.2 and 17.9 mV, respectively. Such high ¢
potential values indicate the considerable stability of the vesicular aggregates of CBH-1 and
CBH-2 in the said binary solvent mixture. The presence of DMSO with its distinct electronic
structure in the binary solvent system (1:3 v/v, DMSO-water) may also has a contribution in
the measured zeta potential value of the self-aggregates.[441In case of CBH-2, the solution lost
its stability followed by precipitation upon aging (24-72 h) while the translucent solution was
stable at least for one month in case of CBH-1. In contrast, CBH-3 (0.5 mg mL*) showed very
poor stability with immediate precipitation upon addition of water in its DMSO solution.
CBH-3 might have lost the critical HLB required for self-aggregation presumably due to the
presence of an extra phenyl ring in the carbonyl residue (benzophenone) in comparison to
other two hydrazone derivatives. Consequently, we investigated the self-aggregation
behaviour of CBH-1 and CBH-2 in DMSO-water (1:3 v/v).

1.2.2. Microscopic investigations and DLS study of the seli-assembly

The change in physical appearance upon addition of water to the DMSO solution of the
amphiphiles (CBH-1, CBH-2) intrigued us to investigate the morphologies of the self-
assemblies. In this context, we have taken TEM images of the translucent solution of CBH-1
in 1:3 v/v, DMSO-water. Negatively stained TEM image of CBH-1 (0.5 mg mL*) showed the
formation of spherical shaped aggregates (vesicles) having diameter in the range of 40-80 nm
(Figure 2a). The formation of vesicular self-assembly of CBH-1 (0.5 mg mL*) was also
confirmed by FESEM and AFM investigations. Spherical aggregates were observed in FESEM
image having diameter of 60-100 nm (Figure 2b). The AFM image also supported the average
size of the CBH-1 vesicles in the range of ~100 nm (Figure 2¢). Vesicle formation was further
investigated from the fluorescence microscopic image of calcein, entrapped (fluorescent
probe) within the self-assembly of CBH-1. The green emitting spheres substantiated the
development of the vesicular aggregates by CBH-1 in 1:3 v/v, DMSO-water binary mixture
(Figure 2d). According to the DLS experiment, the hydrodynamic diameter of CBH-1 vesicles
in 1:3 v/v, DMSO-water was found to be in the range of 50-120 nm having average diameter
of 80 nm (Figure 3). The observed size of the vesicles was found to be more or less in the same
range irrespective of the spectroscopic or microscopic experiments. Similarly, both TEM and

AFM images of CBH-2 (0.5 mg mL™) in 1:3 v/v, DMSO-water binary mixture confirmed the
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formation of vesicles in 1:3 v/v, DMSO-water having diameter in the range of 150-250 nm

(Figure 4). Moreover, the hydrodynamic diameter of the vesicles formed by CBH-2

determined by DLS study (Figure 4) was found to be in the same range as observed in the

microscopic investigations.

Figure 2. (a) Negatively stained TEM image, (b) FESEM image, (¢) AFM image of CBH-1
vesicles in 1:3 v/v, DMSO-water. (d) Fluorescence microscopic image (Aex = 450 nm) of
encapsulated calcein within CBH-1 vesicles prepared in 1:3 v/v, DMSO-water.

25

204

0 50 100 150 200 250
Size (nm)

Figure 3. Size distribution profile of CBH-1 vesicles by DLS in 1:3 v/v, DMSO-water solvent
mixture ((CBH-1] = 0.5 mg mL™?).
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Figure 4. (a) Negatively stained TEM image, (b) AFM image, (c) size distribution profile of
CBH-2 vesicles by DLS in 1:3 v/v, DMSO-water solvent mixture ((CBH-2] = 0.5 mg mL™).

1.2.3. Spectroscopic studies of (BH-1 and CBH-2 vesicles

1.2.3.1. Steady-state fluorescence anisotropy

Steady state fluorescence anisotropy is generally used to investigate the microenvironment of
an aggregated structure. Fluorescent probe, 1,6-diphenyl-1,3,5-hexatriene (DPH) is commonly
used to determine the fluorescence anisotropy (r) for different self-aggregated structures.
Herein, the r-value of DPH was measured for CBH-1 self-aggregates in different compositions
of DMSO-water mixtures (Table 1). With increase in the concentration of CBH-1 from 0.25 to
1.0 mg mL, the r value increased from 0.09 to 0.13, 0.10 to 0.16 and 0.16 to 0.21 in 2:1 v/v,
1:1 v/v and 1:3 v/v, DMSO-water mixtures, respectively. In case of CBH-2, the r-value
improved from 0.16 to 0.26 in 1:3 v/v, DMSO-water upon changing the concentration from
0.25 to 0.50 mg mL. DPH is a well-known membrane fluidity probe, which is susceptible to
locate itself in the hydrophobic domain of the vesicle because of its rigid, rod-like structure.
The enhancement in anisotropy value is observed possibly due to the higher restriction in the
movement of DPH in the hydrophobic region of self-assemblies as well as because of the large
sized aggregates. In general, DPH always exhibits greater fluorescence anisotropy in vesicles
compared to that of micellar aggregates. Here also, the r-values of DPH in CBH-1 and CBH-
2 self-assemblies are markedly higher (Table 1) compared to that of micellar aggregates of
sodium dodecyl sulfate (r = 0.054).[81 This observation indicates the formation of vesicular
aggregates by CBH-1 and CBH-2. Moreover, an increasing trend in r-value from 0.13 to 0.21
(Table 1) was also noted upon gradual increment in water content within DMSO solution (from
2:1v/vto 1:3v/v) of CBH-1 (1.0 mg mL"). Higher water percentage might have facilitated the

formation of more stable vesicles by CBH-1.
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Table 1. Steady-state fluorescence anisotropy () of DPH with varying concentrations of

CBH-1 in different ratios of DMSO-water solvent mixture.

Concentration r-value (CBH-1)

(mg mL™)
2:1v/v, DMSO-water  1:1v/v, DMSO-water  1:3 v/v, DMSO-water
0.25 0.09 0.10 0.16
0.50 0.11 0.11 0.17
1.00 0.13 0.16 0.21

1.2.3.2. UV-visible study and aggregation paitern

The self-aggregation pattern of CBH-1 and CBH-2 that led to the formation of vesicles was
investigated through a solvent dependent UV-vis spectroscopy. In UV-vis spectra, both the
hydrazone derivatives, CBH-1 (0.1 mg mL?) and CBH-2 (0.1 mg mL?) showed the
characteristic absorption maxima (4max) at 360 nm and 378 nm, respectively in pure DMSO
i.e., in molecularly dissolved non-aggregated state (Figure 5a,b). With gradual increase in the
water content to the DMSO solution, the Anax showed hypsochromic shift with respect to the
non-self-assembled state (in DMSO). At the highest water content (1:3 v/v, DMSO-water), the
absorption maxima of CBH-1 and CBH-2 blue shifted to 355 nm and 372 nm, respectively
(Figure 5a,b). As reported earlier, blue-shifted absorption maxima delineate the formation of
self-assembly through parallel plane-to-plane stacking (sandwich-type array), which is
referred as H-type aggregation.[8] Thus, the observed blue-shifted absorption maxima with
increase in the water content within DMSO solution designates the possible H-type

aggregation pattern for the self-assemblies of both CBH-1 and CBH-2 (Scheme 1).
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Figure 5. UV-visible spectra of (a) CBH-1 and (b) CBH-2 in different ratios of DMSO-water
binary solvent mixture.
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1.2.4. XRD study

The aggregation pattern of both the vesicles was further investigated by XRD studies. CBH-1

showed sharp reflection at 20 = 2.04° (d = 43.4 A) along with two additional less intense peaks
at 260 = 3.65° (d = 24.2 &) and 260 = 5.27° (d = 16.7 &) in 1:3 v/v, DMSO-water (Figure 6a).
Similarly, in the self-assembled state, CBH-2 showed a sharp XRD peak at 26 = 2.02° (d =
43.7 A) with two other peaks at 20 = 3.54° (d = 24.4 A) and 20 = 5.22° (d = 16.9 &) (Figure 6b).
These characteristic diffraction patterns confirmed that the bilayer vesicular aggregates were

formed through highly ordered lamellar like stacking (Scheme 1).[4546]

43.4A a)

Intensity (a.u.)
Intensity (a.u.)

\_,J 242A
1674
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Figure 6. Small angle XRD pattern of (a) CBH-1 and (b) CBH-2 in 1:3 v/v, DMSO-water.

1.2.5. Participation of intermolecular non-covalent interactions in seli-assembly

Participation of various non-covalent forces such as intermolecular hydrogen-bonding (H-
bonding), hydrophobic interactions, z—z stacking during self-aggregation were investigated
by FTIR and solvent dependent ‘H-NMR spectroscopy. The FTIR spectrum of CBH-1 in
CHCI3 (non-aggregated state) showed transmittance peaks at v=3313, 1639 and 1535 cm
(Figure 7a) due to w.u (amide A), vc-0 (amide I, stretching) and Sx.u (amide II, bending).
These peaks got shifted to w.u (amide A) = 3293-3511 cm* (broad band), vc-o (amide I,
stretching) = 1604 cm™ and Sx-u (amide II, bending) = 1552 cm™ in 1:3 v/v, DMSO-d¢-D.O
solvent mixture (Figure 7a). Analogous results were observed in case of CBH-2, where the
transmittance peaks w.u (amide A) = 3310 cm™, -0 (amide I, stretching) = 1639 cm and -
u (amide II, bending) = 1521 cm™ shifted to w.u (amide A) = 3299-3505 cm™, vc-o (amide I,
stretching) = 1620 cm™ and Sv-u (amide II, bending) = 1567 cm™, respectively (Figure 7b).
These shifts in stretching and bending frequencies in DMSO-ds-D.O solvent mixture indicates

the involvement of intermolecular hydrogen bonding between the carbonyl (C=0) and amide
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N-H (i.e., C=0----H-N) in the process of self-assembly induced vesicle formation by CBH-1
and CBH-2.
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Figure 7. FTIR spectra of (a) CBH-1 and (b) CBH-2 in chloroform (non-self-aggregated
state) and 1:3 v/v, DMSO-d¢-D.O (self-aggregated state). Solvent dependent *H-NMR spectra
of (¢) CBH-1 and (d) CBH-2.

Next, we carried out the solvent dependent 'H-NMR of CBH-1 and CBH-2 by varying
the D.O content in DMSO-ds solution. In DMSO-ds, cholesteryl and ethylenoxy protons of
both CBH-1 and CBH-2 showed characteristic NMR signals at 6 = 0.56-3.54 ppm while the
aromatic protons appeared at 5= 6.70-8.39 ppm (Figure 7¢,d). With the gradual increment in
D,O content (up to 2:1 v/v DMSO-d¢-D.0), these characteristics NMR signals of both
amphiphiles got notably suppressed. Such change in the nature of the NMR peaks with
increased D,O content took place possibly due to the participation of hydrophobic interactions
between the steroidal moieties and aromatic rings (phenyl ring), which facilitates faster
relaxation due to slower tumbling. In addition to this, the suppression of the aromatic protons
also took place possibly due to n-n stacking (between the phenyl rings) during the formation
of larger aggregates by cholesteryl based hydrazone-tethered amphiphiles (Figure 7c,d).
Further increase in the D,O amount did not show any notable change in the NMR peaks
pattern. The above mentioned microscopic and spectroscopic experiments delineate the
participation of several non-covalent interactions in the formation of self-assembled vesicles

by CBH-1 and CBH-2.
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1.2.6. pH-responsive cleavage of hydrazone bond: dissipation oi seli-assembly

To investigate the stimuli-responsive dissipation of self-assembly, we examined the stability
of these hydrazone-tailored self-assembled vesicles in varying pH (acidic, neutral and basic).
Initially, we monitored the change in UV-vis spectra of both CBH-1 and CBH-2 at 0.1 mg mL-
1in 1:3 v/v, DMSO-water with varying pH. As mentioned in the preceding section, CBH-1 (0.1
mg mL+*) showed blue shifted absorption maxima (Anax) at 355 nm in the self-assembled state
(1:3 v/v, DMSO-water) (Figure 5a). At pH 7.0 and above, no significant changes in the spectral
pattern or the Amq« was observed (Figure 9a,b). Next, the UV-vis spectra were recorded in
acidic pH upon incubation with HCI of varying concentrations (0.025-0.25 M). The Anax of the
self-assembled solution of CBH-1 in 1:3 v/v, DMSO-water was immediately red shifted to 361
nm in presence of 0.025 M HCI (Figure 8a). This Ama gradually red shifted to 371 nm with the
enhancement in HCI concentration up to 0.25 M (Figure 8a). Analogous result was found in
case of CBH-2 (0.1 mg mL") where the A« at 370 nm (in self-aggregated state) exhibited
bathochromic shift to 378 nm in presence of 0.15 M HCI (Figure 8b).
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Figure 8. UV-visible spectra of (a) CBH-1 and (b) CBH-2 in 1:3 v/v, DMSO-water incubated
with different concentration of HCl. FTIR spectra of (¢) CBH-1 and (b) CBH-2 treated with
and without 0.25 M HCL

This pH-responsive changes in the UV-vis spectra of both CBH-1 and CBH-2 in 1:3
v/v DMSO-water were also monitored in the pH range of 2.0-5.0 using phosphate-HCI buffer
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(20 mM) (Figure 9c,d). Similar red shift in the absorption maxima was observed in case of

both amphiphiles (Figure 9c,d). These observations in UV-vis study evidently indicate that the
self-assembled structure (vesicles) might have been disintegrated in the acidic environment
possibly due to pH-responsive cleavage of hydrazone bond. Dissipation of self-assembled
structures upon treating the vesicles of CBH-1 and CBH-2 (1:3 v/v, DMSO-water) with 0.25
M HCI was examined by taking the TEM images of the respective systems (Figure 10a,b).
Absence of any spherical aggregates further confirmed the disintegration of vesicles due to the

cleavage of the hydrazone linkage in acidic medium.
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Figure 9. pH dependent UV-visible spectra of (a, c) CBH-1 ((CBH-1] = 0.1 mg mL) and (b,
d) CBH-2 ([CBH-2] = 0.1 mg mL™) in phosphate buffer (pH = 7.0-10.0) and phosphate-HCl
buffer (pH = 2.0-5.0).

e

Figure 10. TEM images of destructed self-assemblies of (a) CBH-1 and (b) CBH-2 in 1:3
v/v, DMSO-water upon treating with 0.25 M HCL.
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The dissipation of self-assembly owing to the breaking of hydrazone bond in acidic
environment was characterized by mass and FTIR spectroscopy. The formation of the
hydrazine and respective aldehyde upon cleavage of the hydrazone bond of CBH-1 and CBH-
2 in presence of protic acid was monitored by MALDI-TOF mass spectrometry. The hydrazone
bond is stable at neutral pH or above but rapidly gets destroyed in acidic environment as
shown in Scheme 2. The observed mass of both the hydrazone derivatives CBH-1 and CBH-
2 was found to be 805.837 ([M+Na]+) and 848.967 ([M+Na]+), respectively (Figure 11a, 12a).
The vesicular solution of the amphiphiles (CBH-1 and CBH-2) in 1:3 v/v, DMSO-water was
treated with 0.25 M HCI for 6 h. The resulting mixture was lyophilized and the obtained
residue was used for mass spectrometry. The hydrazone bond is known to get cleaved into two
major fragments: hydrazine residue and carbonyl residue (Scheme 2). In both cases, the mass
spectra of the self-aggregated amphiphiles (CBH-1 and CBH-2) after treating with HCl
showed the presence of common fragment i.e, hydrazine residue at 717.856 ([M1+Na]+) and
718.818 ([M1+H+Na]+) for CBH-1 and CBH-2, respectively (Figure 11b, 12b). In addition,
molecular ion peaks of the carbonyl residues were also observed at 106.088 (M2*) and 149.178
(M2+) for both CBH-1 and CBH-2, respectively (Figure 11c, 12b). This observation clearly
depicts that the degradation of the hydrazone residue in acidic environment leads to the

disintegration of the vesicles.
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Scheme 2. Schematic presentation of chemical transformation of hydrazone derivative in
acidic environment.
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Figure 11. MALDI-TOF mass spectra of (a) CBH-1 (without treatment of HCIl), (b) and (c)
fragmentation of CBH-1 upon treating with 0.25 M HCI.
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Figure 12. MALDI-TOF mass spectra of (a) CBH-2 (without treatment of HCI), (b)
fragmentation of CBH-2 upon treating with 0.25 M HCL.

We have also investigated the FTIR spectra of both amphiphiles (CBH-1 and CBH-2)
in presence and absence of HCl for further confirmation of hydrazone bond cleavage. In FTIR
spectra the stretching frequency of C=N appeared at vc-n (stretching) = 1609 cm™ in case of
native CBH-1 and CBH-2 (Figure 8c¢,d).[47] This characteristic peak in FTIR disappeared upon
treatment with HCI, which is in concurrence to the above-mentioned mass spectroscopic data
indicating the disintegration of hydrazone bond in acidic pH (Figure 8c,d). Herein, we
observed the stimuli-responsive dissipation of vesicular self-assemblies formed by the
cholesterol-based hydrazone-tailored amphiphiles (CBH-1 and CBH-2) due to dissociation

of the hydrazone bond in acidic environment.

Page | 53



STIMULI RESPONSIVE DISINTEGRATION OF SELF-ASSEMBLED VESICLES
DERIVED FROM CHOLESTEROL-BASED HYDRAZONE TETHERED AMPHIPHILES

Chapterl

1.2.7. Doxorubicin loading and release studies

After successful formation and stimuli-responsive degradation of CBH vesicles, anticancer
drug (doxorubicin) encapsulation as well as its pH-induced release study was carried out using
CBH-1 vesicle. CBH-1 vesicle was chosen for drug encapsulation and release study
considering its prolong stability. The detail procedure of drug entrapment is described in the
experimental section where doxorubicin was encapsulated within the CBH-1 vesicles
prepared in 1:3 v/v, DMSO-water. Drug encapsulated vesicles were separated from free
doxorubicin by size exclusion chromatography using sephadex G-50. Entrapment of
doxorubicin within the CBH-1 vesicle was confirmed from the fluorescence microscopic
image exhibiting the characteristic red emission (Figure 13a). The drug loading efficiency of
CBH-1 vesicles was found to be 57% (calculated after treating the doxorubicin entrapped
vesicle with 0.25 M HCI and followed by comparing the absorbance of liberated doxorubicin
with the standard calibration curve).[8] The release of encapsulated drug from the synthesized
CBH-1 vesicles was also confirmed by recording the fluorescence spectra of the drug molecule.
The emission intensity of entrapped doxorubicin within CBH-1 vesicles was found to be
notably decreased in comparison to the emission intensity of free doxorubicin having the same
concentration (Figure 13b). Interestingly, the emission intensity of doxorubicin regained upon
addition of 0.25 M HCI within the drug entrapped CBH-1 vesicles. The regained emission
intensity is comparable to that of the free doxorubicin. This observation supports the release
of encapsulated doxorubicin from vesicles to the bulk solvent through the cleavage of

hydrazone bond in the presence of 0.25 M HCl that plays the key role in rupturing the vesicular

aggregates.
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Figure 13. (a) Fluorescence microscopic image (Aex = 490 nm) of doxorubicin encapsulated
CBH-1 vesicles, (b) emission spectra of doxorubicin entrapped within CBH-1 vesicles, after
treating with 0.25 M HCl and free doxorubicin, (c) fluorescence microscopic image of released
doxorubicin after treating with 0.25 M HCI.
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The disintegration of vesicles was also confirmed from the fluorescence microscopic images

that showed discrete presence of red emitting doxorubicin without the presence of any
spherical structure (Figure 13c). Moreover, we have also studied the doxorubicin release from
CBH-1 vesicles in phosphate buffer saline (PBS) at different pH values (pH = 5.5-8.0), which
are more similar to physiological conditions (Figure 14). This pH responsive release of
doxorubicin was analyzed by fluorescence study. The emission intensity of entrapped
doxorubicin within CBH-1 vesicles at pH = 7.0-8.0 was found to be similar in comparison to
the doxorubicin loaded vesicles in 1:3 (v/v) DMSO-water solvent mixture having same
concentration (Figure 14). At pH = 6.5, an enhancement in the fluorescence intensity of
doxorubicin loaded CBH-1 vesicle was noted. On further lowering of pH to 6.0 and 5.5, the
emission intensity steadily increased and became almost comparable to that of free
doxorubicin (Figure 14). This observation further delineates that below pH= 6.5 the cargo
loaded vesicles get ruptured possibly due cleavage of hydrazone bond which has led to the

release of loaded doxorubicin.
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Figure 14. pH dependent doxorubicin release from doxorubicin loaded CBH-1 vesicles in
phosphate buffer saline (PBS) solution (pH = 5.5-8.0).

1.3. CONCLUSION

On the basis of previously reported pH-responsive drug release systems derived from different
zwitterionic copolymers, dendrimers, this work demonstrated development of cholesterol

based pH-responsive hydrazone-tethered small amphiphiles (CBH-1-3) by variation of the
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carbonyl unit in the hydrazone residue.[48491 Among these amphiphiles, CBH-1 and CBH-2
formed self-aggregated vesicular structure in 1:3 v/v, DMSO-water via H-aggregation.
Formation of bilayer vesicles by these amphiphiles took place possibly through highly ordered
lamellar structure. These vesicles are stable at neutral pH and above but got disintegrated in
acidic pH due to the cleavage of hydrazone bond. The disruption in the self-assembly in
presence of acidic medium was monitored by different spectroscopic and microscopic
techniques. The vesicle prepared from CBH-1 was utilized for drug entrapment and its pH-
induced release in acidic medium using doxorubicin as drug. Hence, these stimuli-responsive
hydrazone appended small amphiphiles will have the potentials to be exploited in task specific
applications. This finding also triggered our interest to design more hydrophilic segment
containing stimuli-responsive amphiphiles, which will have the potential to form vesicular

aggregates in pure water and hence exploit their potentials in diverse biological applications.

1.4. EXPERIMENTAL SECTION

1.4.1. Materials and methods

Silica gel of 60-120 mesh and 100-200 mesh, benzophenone, N-hydroxysuccinimide (NHS),
N,N-dicyclohexylcarbodiimide (DCC), solvents and all other reagents were purchased from
SRL, India. Milli-Q water was used throughout the study. Thin layer chromatography (TLC)
was performed on Merck precoated silica gel 60-F.;, plates. Cholesteryl chloroformate, 4-
hydrazinobenzoic acid, 2,2’-(ethylenedioxy)bis(ethylamine), sephadex-G50, calcein, all
deuterated solvents for NMR and FTIR were procured from Sigma-Aldrich. Doxorubicin was
extracted from doxorubicin hydrochloride. Benzaldehyde was purchased from Avra
Chemicals, India. p-Dimethylaminobenzaldehyde was procured from Loba Chemie, India.
Virtis 4KBTXL-75 freeze drier was used for lyophilization. :H-NMR spectra were recorded in
AVANCE 500 MHz (Bruker) and 300 MHz (Bruker) spectrometer. Mass spectrometric data
were acquired through the electron spray ionization (ESI) technique on Q-tof-micro
quadrupole mass spectrometer (Micromass). MALDI-TOF spectra were obtained on Bruker
Ultaflex MALDI-TOF with 2,5-dihydroxy benzoic acid (DHB) as matrix.

1.4.2. Synthesis of hydrazone-tailored amphiphiles (CBH-1-3)

Synthetic procedure for the hydrazone-tailored amphiphiles (CBH-1-3) is briefly shown in
Scheme 3.
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Scheme 3. Synthetic scheme for hydrazone-tailored amphiphiles CBH-1-3.

In case of CBH-1, mixture of 4-hydrazinobenzoicacid (1.32 mmol) and benzaldehyde

(1.32 mmol) was refluxed at 80 °C in acetonitrile for 12 h. The reaction mixture was cooled to
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room temperature and evaporated to dryness to obtain yellowish orange mass.[5°] The
hydrazone protected benzoic acid was purified by 100-200 mesh column chromatography
using methanol (3 %)/chloroform as the eluent. On the other hand, mono-cholesteryl
protected 2,2’-(ethylenedioxy)bis(ethylamine) was prepared by adding drop wise cholesteryl
chloroformate (11.2 mmol taken in dichloromethane (DCM)) from the dropping funnel to 2,2’-
(ethylenedioxy)bis(ethylamine) (16.8 mmol) taken in a round bottom flask in excess DCM.
This reaction was carried out at 0-5 °C in ice cold condition. The DCM mixture was then
washed with Na,COj; solution and the organic part was extracted in DCM. The product was
purified through 60-120 mesh column chromatography using methanol (5 %)/chloroform as
the eluent. The NHS linked hydrazone was prepared by using hydrazone of 4-
hydrazinobenzoic acid (0.25 mmol), DCC (0.30 mmol), and NHS (0.28 mmol) in dry N, N-
dimethylformamide (DMF) and stirred for 12 h under N, atmosphere. To this solution, mono-
cholesteryl protected 2, 2’-(ethylenedioxy)bis(ethylamine) (0.25 mmol) and dry pyridine were
added. The solution was stirred for 12 h and then DMF was distilled out under vacuum. The
residue mixture was then purified through column chromatography by using 100-200 mesh
silica gel and methanol (3 %)/chloroform as the eluent to obtain pure CBH-1. Similar
synthetic protocol was followed to synthesize CBH-2 and CBH-3 using p-
dimethylaminobenzaldehyde and benzophenone as carbonyl residue, respectively. All the
synthesized compounds were characterized by *H-NMR, HR-MS and MALDI-TOF mass

spectrometry.
1.4.3. Preparation of vesicles

CBH-1 and CBH-2 were found to be insoluble in pure water. Hence, these two compounds
(1.0 mg of CBH-1 and 0.5 mg of CBH-2) were initially dissolved in DMSO to obtain a clear
homogeneous solution. To this DMSO solution, Milli-Q water was added to maintain a volume
ratio of 1:3 v/v, DMSO-water (1 mL) that produced a translucent vesicular solution of both
CBH-1 and CBH-2. In case of CBH-3, addition of water in its DMSO solution resulted in the

immediate precipitation of the compound.
1.4.4. Transmission electron microscopy (TEM) study

Transmission electron microscopic investigation was carried out using 4 mL of both CBH-1
and CBH-2 (0.5 mg mL?) solution taken in 1:3 v/v, DMSO-water which was deposited on a
300-mesh carbon coated copper grid and dried. With freshly prepared uranyl acetate solution

(1mL, 1% w/v) the copper grid was negatively stained and the excess solution was immediately
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blotted with a filter paper. The sample was dried for 4 h in vacuum before taking the image.

The TEM images were studied in JEOL JEM 2010 microscope.
1.4.5. Field-emission scanning electron microscopy (FESEM)

For performing FESEM study, 5 uL. of CBH-1 (0.5 mg mL™) solution in 1:3 v/v, DMSO-water
was placed on a piece of cover slip and dried overnight. Then, it was kept for few hours under

vacuum before imaging. FESEM images were obtained on a JSM-IT300HR microscope.
1.4.6. Atomic force microscopy (AFM) study

To capture AFM images, 5 mL solution of both CBH-1 (0.5 mg mL*) and CBH-2 (0.5 mg mL-
1) were taken in 1:3 v/v, DMSO-water and deposited separately on freshly cleaved (1 cm x 1
cm) mica followed by overnight drying before obtaining the images. The AFM images were

taken on a Veeco, model AP0100 instrument in non-contact mode.
1.4.7. Fluorescence microscopy study

Fluorescence microscopic investigation was carried out by mixing CBH-1 (5.0 mg) with 20 puL
of calcein (2 mM) solution in water, and making up the volume to 1 mL maintaining 1:3 v/v,
DMSO-water. The final concentrations of CBH-1 and calcein were 5.0 mg mL* and 40 pM,
respectively. The solution was kept overnight under stirring condition. The resulting solution
was then loaded into a sephadex G-50 column (15 cm height and 1.2 cm diameter) pre-
equilibrated with 1:3 v/v, DMSO-water and eluted with the same solvent mixture. Vesicular
solutions were eluted just after the void volume. The eluent was collected in 1 mL fractions.
The absorbance for all fractions was measured at 490 nm that confirmed the presence of
calcein in each fraction containing vesicles. Finally, the filtration was carried out until the
complete removal of un-entrapped calcein. Calcein entrapped vesicles were separated from
the free calcein by the gel filtration technique. Next, 10 mL solution of calcein entrapped CBH-
1 in 1:3 v/v, DMSO-water solvent mixture was placed on a glass slide, dried and examined

under fluorescence microscope (Olympus BX-61) at 40x magnification.
1.4.8. Dynamic light scattering (DLS) and zeta () potential measurements

Mean hydrodynamic diameter of the self-aggregates of both CBH-1 (0.5 mg mL*) and CBH-
2 (0.5 mg mL?) in 1:3 v/v, DMSO-water mixture was determined by DLS using a fixed-angle
apparatus (Zen 3690 Zetasizer Nano ZS instrument (Malvern Instrument Ltd.)). The
scattering intensity was measured at an angle of 175°. The same instrument was also used to

measure the zeta (¢) potential measurements of CBH-1 and CBH-2 taken in 1:3 v/v, DMSO-
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water having 0.5 mg mL of each amphiphile. An average of three successive measurements

was noted for each sample.
1.4.9. Fluorescence anisotropy

Fluorescence spectra were recorded using the hydrophobic fluorescent probe 1,6-diphenyl-
1,3,5-hexatriene (DPH) in a Varian Cary Eclipse fluorescence spectrophotometer. The steady-
state anisotropy () of DPH was measured in individual solution of CBH-1 in different solvent
compositions i.e. (1:3 v/v), (1:1 v/v), (2:1 v/v) DMSO-water and solution of CBH-2 in 1:3 v/v,
DMSO-water binary mixture. A stock solution of DPH (0.2 mM) was prepared in
tetrahydrofuran (THF), and in each investigating solution (1 mL) the final concentration of
DPH was maintained at 1 pM. The DPH included CBH-1 and CBH-2 solutions were excited
at 370 nm. The emission intensity was measured at 450 nm using an emission cutoff filter at
430 nm to avoid any scattering due to turbidity of the solution. The excitation and emission
slit widths were kept at 5 nm. The fluorescence anisotropy () was calculated by the instrument

software using following equation
r= (Ivv—GIVH) / (Ivv+2GIVH) (1)

where Iyvv and Ivy are the intensities of the emission spectra obtained with vertical and
horizontal polarization (for vertically polarized light), respectively, and G = Inv / Iun is the
instrumental correction factor, where Inv and Iun are the emission intensities obtained with
vertical and horizontal polarization (for horizontally polarized light), respectively. The

fluorescence measurements were performed at least five times for each sample at 25 °C.
1.4.10. UV-visible study

To understand the self-aggregation mechanism of the synthesized amphiphiles, UV-vis
spectra were recorded on a Perkin Elmer Lambda 25 spectrophotometer. We have taken the
UV-visible spectra of both CBH-1 (0.1 mg mL*) and CBH-2 (0.1 mg mL™) in different solvent
mixture of DMSO-water with varying ratio of DMSO and water (3:1v/v, 1:1v/v, 1:3 v/v DMSO-
water binary mixtures). We also monitored pH-responsive change in UV-vis spectra of self-
assembly of both CBH-1 and CBH-2 in 1:3 v/v, DMSO-water treated with HCI having
different concentrations and also at different pH (pH =2.0-5.0 using phosphate-HCI buffer
(20 mM) and pH = 7.0 and above up to 10.0 using phosphate buffer, 20 mM).
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1.4.11. FTIR study

FTIR measurements were performed at the non-self-assembled state in CHCl; and in the self-
aggregated state in 1:3 v/v, DMSO-de-D,O for both CBH-1 and CBH-2 at room temperature.
All the experiments were performed using 1 mm CaF. cell (in CHCI; solution and (1:3 v/v,
DMSO0-de-D,0) in a Perkin Elmer Spectrum 100 FTIR spectrometer. To monitor the cleavage
of hydrazone bond in acidic medium, both the vesicular solutions of CBH-1(1.0 mg mL*) and
CBH-2 (0.5 mg mL™") prepared in 1:3 v/v, DMSO-water was treated with 0.25 M HCl for 6 h.
The resulting reaction mixture was lyophilized and FTIR study was carried out for the residual

masses using KBr pellets.
1.4.12. Solvent dependent 'H-NMR study

Solvent dependent ‘H-NMR spectra of CBH-1 and CBH-2 were recorded on an Avance 300
MHz (Brucker) spectrometer at a concentration of 1.0 mg mL* in DMSO-ds and in 3:1v/v, 2:1
v/v DMSO-d¢-D-O.

1.4.13. X-ray diifraction (XRD) study

50 mL solution of each CBH-1 (1.0 mg mL*) and CBH-2 (0.5 mg mL™) taken in 1:3 v/v,
DMSO-water solvent mixture was placed separately on glass slide. This drop cast solutions
was air-dried to obtain a thin film. The XRD study of the dried films was carried out in a Bruker
D8 Advance diffractometer, and the source used was CuK, radiation (A = 0.15406 nm) with a

voltage of 50 kV and current of 30 mA.
1.4.14. MALDI-TOF mass spectrometry study

pH-responsive cleavage of hydrazone residue to the corresponding fragments (hydrazine and
carbonyl residue) was investigated using MALDI-TOF mass spectrometry. Both the vesicular
solutions of CBH-1(1.0 mg mL*) and CBH-2 (0.5 mg mL™) prepared in 1:3 v/v, DMSO-water
were treated with 0.25 M HCl for 6 h. The resulting reaction mixture was lyophilized to obtain
the solid mass. The residual mass was further dissolved in methanol and the mass

spectrometric study was performed in Bruker Ultraflex MALDI-TOF.
1.4.15. Doxorubicin loading and release

We have chosen the anti-cancer drug doxorubicin to check the loading capacity of CBH-1
vesicles prepared in 1:3 v/v, DMSO-water. Initially, CBH-1 (5.0 mg) and doxorubicin (2.0 mg)

were taken in a glass vial and 1:3 v/v, DMSO-water (500 pL) was added to it. The mixture was
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kept overnight under stirring condition. This resulting solution was then loaded into a

sephadex G-50 column (15 cm height and 1.2 cm diameter) pre-equilibrated with 1:3 v/v,
DMSO-water. Elution was carried out with the same solvent mixture. Right after the void
volume drug loaded vesicular solutions were eluted. The eluent was collected in 1 mL fractions.
Presence of doxorubicin was confirmed by measuring the absorbance for all the vesicular
fractions at 490 nm. The filtration was continued until the complete removal of un-entrapped
doxorubicin from the sephadex column. Vesicle containing eluent was collected until no
detectable absorbance of doxorubicin was obtained. Finally, 0.25 M HCI was used to rupture
the vesicles and the percentage of drug loading was estimated (~57%) following the standard
protocol using a standard calibration curve.l8! Drug release studies were performed by
recording the fluorescence spectra before and after the addition of 0.25 M HCI. Moreover, pH
responsive doxorubicin release from the CBH-1 vesicles in phosphate buffer saline (PBS) at
different pH (pH = 5.5, 6.0, 6.5, 7.0, 7.5, 8.0) was also monitored by fluorescence spectroscopy.
Drug loaded CBH-1 vesicular solution was also investigated before and after the treatment of

0.25 M HCl under a fluorescence microscope (Olympus BX-61) at 40 x magnification.

1.5. CHARACTERIZATION DATA

1.5.1. Characterization oi (BH-1

H-NMR (500 MHz, CDCl,, 25 °C, TMS): §/ppm 8.22 (s, 1H, -N=CH-CeH,), 7.61-7.79 (m, 2H,
o-protons of 4-hydrazinobenzoic acid residue), 7.28-7.45 (m, 5H, -C¢Hs), 7.09-7.15 (m, 2H, m-
protons of 4-hydrazinobenzoic acid residue), 5.29-5.41 (m, 1H, vinylic proton of cholesteryl
group), 4.39-4.48 (m, 1tH, CH-O-(CO) of cholesteryl proton ), 4.29-4.31 (m, 1H, -NH-N=C-),
3.36-3.68 (m, 12H, oxyethelene proton) 2.24-2.32 and 1.9-1.98 (m, 4H, allylic cholesteryl
protons), 0.63-1.82 (m, 39H, cholesteryl protons). ESI-MS: m/z: 805.535 [M+Na]*
(calculated); found: 805.731 [M+Na]*, MALDI-TOF MS: m/z: found: 805.837 [M+Na]*.

1.5.2. Characterization of (BH-2

'H-NMR (500 MHz, CDCls, 25 °C, TMS):5/ppm 8.00 (s, 1H, -N=CH-C¢H;), 7.64-7.74 (m, 2H,
o-protons of 4-hydrazinobenzoic acid residue), 7.45-7.46 (m, 2H, o-protons of p-
dimethylaminobenzaldehyde residue), 7.10-7.11 (m, 2H, m-protons of 4-hydrazinobenzoic
acid residue), 6.68-6.71 (m, 2H, m-protons of p-dimethylaminobenzaldehyde residue), 5.15-
5.32 (m, 1H, vinylic proton of cholesteryl group), 5.09-5.11 (m, 1H, -NH-N=C-), 4.46 (m, 1H,
CH-0-(CO) of cholesteryl protons), 3.01-3.66 (m, 12H, oxyethelene proton), 2.87 and 2.94 (s,
6H, N-(CH,)-), 2.23-2.3 and 1.9-1.98 (m, 4H, allylic cholesteryl protons), 0.63-1.81 (m, 39H,
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cholesteryl protons). ESI-MS: m/z: 848.577 [M+Na]* (calculated); found: 848.288 [M+Na]-,
MALDI-TOF MS: m/z: found: 848.967 [M+Na]*.

1.5.3. Characterization oi CBH-3

'H-NMR (300 MHz, DMSO-ds, 25 °C, TMS): 6/ppm 7.81-7.98 (m, 4H, o-protons of
benzophenone residue), 7.58-7.59 (m, 2H, o-protons of 4-hydrazinobenzoic acid residue),
7.46-7.50 (m, 6H, m-protons and p-protons of benzophenone residue), 7.09-7.11 (m, 1H, -
NH-N=C-), 6.63-6.71 (m, 2H, m-protons of 4-hydrazinobenzoic acid residue), 5.21-5.31 (m,
1H, vinylic proton of cholesteryl group), 4.15-4.26 (m, 1H, CH-O-(CO) of cholesteryl proton ),
2.98-3.59 (m, 12H, oxyethelene proton), 1.90-1.97 and 2.05-2.07 (m, 4H, allylic cholesteryl
protons), 0.61-1.62 (m, 39H, cholesteryl protons). MALDI-TOF MS: m/z: 860.189 [M+H]*
(calculated); found: 860.017 [M+H]*.
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2.1. INTRODUCTION

Supramolecular self-assembly, a ubiquitous natural phenomenon, has been revealing its
enormous involvements across the scientific disciplines.[*2! The autonomous organization of
small amphiphiles by various simple interactions (hydrophobic, van der Waals, n-stacking, H-
bonding, ionic, co-ordination) leads to the formation of diverse ordered manifestations of self-
assembly (micelles, reverse micelles, vesicles, supramolecular gels and higher order self-
aggregates) predominantly at nanoscale.[30] Vesicles, the spherical shaped self-assembled
structures, with its interior aqueous core and hydrophobic surroundings, are capable of
encapsulating a large number of hydrophobic and hydrophilic cargos.[*'21 Improved
spatiotemporal control of therapeutics can be achieved through the development of self-
assembled structures-based drug delivery vehicles that potentially can reduce random drug
biodistribution. By tuning the functionalities of building blocks, vesicles can be judicially
triggered by several endogenous environmental conditions (pH, redox, temperature, hypoxia,
enzymes) or exogenous stimuli (ultrasound, light, mechanical force, magnetic field).[3-*7] For
example, Holme et al. reported the elevated shear stress induced release of drug from
lenticular-shaped vesicles of 1,3-diaminophospholipid.[8] Kim et al. developed electrically
switchable vesicles that reversibly break into smaller micelles under oxidative voltage.[9]
Similarly, pH-responsive release of anti-cancer drug doxorubicin in acidic medium was
reported from a hydrazone-based vesicle and a nitric oxide responsive supramolecular vesicle

connected by tyrosol linkage was reported to released drug by cleavage of benzyl bond.[20:21]

In the context of tumor specific delivery, hypoxia responsive drug delivery systems
(DDS) are finding notable significance in particular at early stage of cancer.[22-26] Hypoxia is
defined as decreased oxygen tension or insufficient oxygen delivery to organs, tissues or cells
due to reduced supply or augmented consumption of oxygen. Hypoxia inducible factor alpha
(HIF-10) is known to get stabilized in hypoxic microenvironment and regulates the function
of various genes.[2728] Apart from its characteristic impact in cardiopathy, ischemia and
vascular diseases, hypoxia is also responsible for tumor progression by controlling several
pathways including growth-factor signaling, cell proliferation, tissue invasion, and
metastasis.[27-32] Hypoxic cells are less susceptible to conventional anti-proliferating drugs,
radiation therapy.[3°] Also, transportation of anticancer drug to hypoxic regions becomes
challenging for solid tumors due to their distance from blood vessels. Hypoxia driven drug
resistance can be generated due to upregulation of several genes (e.g. P-glycoprotein).[331 To
overcome this issue, hypoxia-sensitive prodrug, HIF-1a targeting treatment has emerged

along with development of hypoxia-responsive carrier for tumor specific delivery.[22-26:34.35] To
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this end, azoreductase (biomarker for hypoxic microenvironment) may be used in reduction
and/or cleaving of azo bond (-N=N-) for hypoxia-responsive release of drug from DDS.[23.36-39]
However, in contrast to the different stimuli responsive tumor targeting approaches, hypoxia

responsive nanocarriers including supramolecular vesicles are rarely explored.

Herein, we report the development of hypoxia responsive azo (-N=N-) containing
naphthalimide amphiphile (NI-Azo) that formed vesicles of ~250 nm in 1:9 (v/v)
tetrahydrofuran (THF)-water through H-aggregation. The supramolecular vesicle formation
was characterized by both spectroscopic and microscopic techniques. Cleavage of azo (-N=N)
bond was demonstrated by treating NI-Azo vesicles with azoreductase extracted from E. coli
bacteria and sodium dithionite (Na.S,0,, a mimic of azoreductase), by UV-vis spectroscopy.
Na,S.0, induced breaking of azo bond of NI-Azo was analyzed by functional group test and
mass spectroscopy of the aromatic amine fragments. The anti-cancer drug, curcumin loaded
NI-Azo vesicles successfully killed cancer cells (B16F10) in CoCl. induced hypoxic
environment with 2.4-fold higher efficiency than that of native curcumin. Notably, cancer cell
killing efficiency of curcumin loaded NI-Azo vesicles was 4.5-fold and 1.9-fold higher

compared to that of NTH3T3 cells in normoxic and hypoxic environment, respectively.

2.2. RESULTS AND DISCUSSION

2.2.1. Molecular designing of NI-Az0

With the aim to develop a hypoxia responsive self-aggregating building block, naphthalimide
appended azo (-N=N-) group containing amphiphilic molecule was synthesized (NI-Azo,
Figure 1). The azo group was incorporated as the stimuli responsive motif due to its intrinsic
tendency to get reduced in hypoxic environment by azoreductase.[23:36-39] Naphthalimide core
was chosen so that it can facilitate the self-aggregation of the amphiphilic molecule through
n-w interactions between the hydrophobic aromatic rings.[41 Synthesized NI-Azo was
characterized by 'H-NMR and MALDI-TOF spectra.

0
v \

Figure 1. Structure of NI-Azo molecule.
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2.2.2. Investigation oi microscopic structure and size distribution of the seli-assembly
of NI-Az0

The solubility and the self-assembling behavior of the NI-Azo was investigated in
tetrahydrofuran (THF) and THF-water binary solvent system. NI-Azo was completely soluble
in THF and the transparent THF solution of NI-Azo turned translucent with gradual addition
of water indicating the possible self-assembly by NI-Azo. Stable translucent solution
formation of NI-Azo took place at 1:9 (v/v) of THF-water composition (Figure 2a). Similarly,
NI-Azo was found to be soluble in dimethyl sulfoxide (DMSO) and this transparent solution
slowly turned to translucent with the increase in water content up to 75 vol% (Figure 2b).
Translucent solution of NI-Azo in 1:3 (v/v), DMSO-water indicated the formation of self-
assembled structures. However, further increase in water concentration led to the
destabilization of the aggregated solution leading to the precipitation of amphiphilic
compound. Considering the potential biomedicinal applications of NI-Azo self-assemblies,
most of the studies were carried out using the self-aggregates formed at higher water content

(90 vol%) in 1:9 (v/v), THF-water.

Figure 2. (a) Photographs of vials containing NI-Azo (0.25 mg/mL) in THF (left vial) and
1:9 (v/v), THF-water (right vial). (b) Photographs of vials containing NI-Azo (0.25 mg/mL)
in DMSO (left vial) and in 1:3 (v/v), DMSO-water.

Critical aggregation concentration (CAC) of NI-Azo was measured by plotting the
ratio of I3s3 and I55. (I3/1,) (discussed in experimental section) against the logarithm of the
concentration (mg/mL) of all the samples containing NI-Azo vesicle solutions in 1:9 v/v,
THF-water of by varying concentration from 0.5 pg/mL to 7.5 ug/mL and 1 uM pyrene as the
polarity probe. Initially, the ratio of I3s3 and I3 (I5/I,) increased slowly with increasing

concentration of NI-Azo vesicles and then it showed a sudden jump. CAC was calculated from
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the interception point of two straight lines in the plot and was found to be 4.15 pg/mL (9.21
uM) (Figure 3a,b). CAC was 4.03 pg/mL (8.94 uM) and 4.29 ug/mL (9.51 uM) at pH = 4.0 and

9.0 (Figure 3c¢,d,e,f).
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Figure 3. Fluorescence intensity of pyrene (1 uM) in varying NI-Azo concentration in (a)
experimental solution (Milli-Q water), (¢) pH = 4.0, (¢) pH = 9.0. CAC calculation at (b)
experimental solution (Milli-Q water), (d) pH = 4.0, (f) pH = 9.0.

The morphology of the self-assembled structures formed by NI-Azo was examined by
different microscopic techniques. TEM image of NI-Azo (25 uM, fiw = 90 vol% in THF)
confirmed the formation of vesicular self-assembly having a diameter of 200-250 nm (Figure
4a). Corresponding FESEM image also showed supramolecular spherical aggregates with
dimension of ~250 nm (Figure 4b). Likewise, spherical morphology having diameter of 200-
250 nm was found in the respective AFM image of NI-Azo (25 uM, f» = 90 vol% in THF)
(Figure 4c). Large population of spherical objects with dimension of 200-250 nm were
observed in cryo-TEM images of NI-Azo (25 uM, fw = 90 vol% in THF), which are in

concurrence with the other microscopic investigations (Figure 4d).
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Figure 4. (a) Negatively stained TEM image, (b) FESEM image, (¢) AFM image, (d) cryo-TEM
image, (e) fluorescence microscopic image, (f) size distribution DLS plot of NI-Azo in (1:9,
v/v) THF-water binary solvent mixture ([NI-Azo] = 25 uM)

Supramolecular vesicle formation was further substantiated by fluorescent
microscopic studies. Calcein (fluorophore) was encapsulated within the self-assembly of NI-
Azo in 1:9 (v/v), THF-water (details are given in the experimental section). Green emitting
spherical moieties were observed under the microscope that corroborates the formation of the
vesicles (Figure 4€). Moreover, in accordance to the number averaged size distribution by DLS
experiment, mean hydrodynamic diameter (Dp) of NI-Azo (25 uM, fv = 90 vol% in THF) was
in the range of 200-400 nm with an average diameter of ~300 nm (Figure 4f). Corresponding
correlogram of the DLS was provided in Figure 5. All the observed data obtained by different
methods are mostly in concurrence with respect to the size and morphology of the self-

aggregated vesicles.

1600000000

Figure 5. Correlogram of the DLS of NI-Azo in (1:9, v/v) THF-water binary solvent mixture
([NI-Azo] = 25 uM)
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2.2.3. Spectroscopic investigation for seli-aggregation of NI-Azo

After ensuring the formation of vesicular aggregates by NI-Azo, nature of self-aggregation in
THF-water binary solvent was investigated by different spectroscopic technique. Solvent
dependent UV-vis spectroscopic studies revealed the aggregation pattern of self-assembly
formed by NI-Azo amphiphile. The THF solution of NI-Azo (15 pM) showed sharp
absorbance at 400-490 nm with maxima (Amax) at 429 nm and a shoulder peak at 469 nm
corresponding to n-t* transition in azobenzene moiety and a characteristic UV band in the
range 360-380 nm having a peak at 373 nm, which may be ascribed to the n—n* transition of
naphthalimide chromophore (Figure 6a).l42-441The absorbance intensity got decreased and the
peaks got broadened with increasing water content in THF from 3:1 (v/v) to 1:9 (v/v) of THF-
water. The absorbance maxima got blue shifted with gradual addition of water from 429 to 419
nm in 1:3 (v/v), THF-water. Finally, an extensively broad with much lower absorbance
intensity peak was observed at 413 nm in 1:9 (v/v), THF-water with a blue shift of 16 nm
(Figure 6a). The hypsochromic shift was also observed for the peak at 469 nm, which got blue
shifted to 458 nm in 1:9 (v/v), THF-water (Figure 6a). Such hypsochromic shift with
increasing water content denoted the possible H-aggregation through face-to-face stacking of
7 moieties during the self-assembly of NI-Azo. We also carried out pH dependent UV-vis
spectroscopic investigation of NI-Azo (15 uM) in 1:9 (v/v), THF-water binary solvent system
with varying pH of the aqueous domain from 4.0 to 9.0 using phosphate buffer (10 mM)
(Figure 7). In all the cases, the spectra resembled each other and showed absorbance maxima
at 458-459 nm which was in concurrence to the preceding solvent dependent UV-vis studies

that indicated the self-assembly (Figure 6).
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Figure 6. (a) UV-visible spectra of NI-Azo (10 M) in varying THF-water solvent mixtures,
(b) solvent dependent *H-NMR spectra of NI-Azo (1 mM), (c¢) solvent dependent FTIR spectra
of NI-Azo.
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Figure 7. UV-vis spectra of NI-Azo (15 uM) in 1:9 (v/v), THF-water solvent system varying
the pH of the aqueous domain using phosphate buffer (10 mM).

CAC was calculated to be 4.15 pg/mL (9.21 uM), 4.03 ug/mL (8.94 uM) and 4.29
ug/mL (9.51 uM) in the experimental solution and at pH = 4.0 and pH = 9.0, respectively
(Figure 3b,c,d.e). Similar CAC values indicated that change in pH has little effect on self-
assembly. Also, considering the physiological pH value around 7.4, it is required to develop a
delivery vehicle that is stable in this pH range. The pH of the vesicular solution was found to
be 7.5. Also, the zeta potential of NI-Azo (25 uM) in 1:9 (v/v), THF-water was found to be 1.55
mV, which is generally considered to be in the range of neutral charge. Similarly, the DMSO
solution of NI-Azo (10 uM) showed sharp absorbance with maxima (Amax) at 467 nm and a
shoulder peak at 430 nm (Figure 8). Here too, the absorbance intensity got decreased with
increase in water concentration. With gradual enhancement in water content, the Amax got blue
shifted by 7 nm from 467 nm to 460 nm at 1:3 v/v, DMSO-water (Figure 8). This hypsochromic
shift with increasing water content further confirmed the participation of predominant H-type

self-aggregation of NI-Azo through face-to-face « stacking.
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Figure 8. UV-visible spectra of NI-Azo (10 uM) in varying DMSO-water solvent mixtures.

We further investigated the participation of different non-covalent interactions during
self-assembly of NI-Azo by solvent-dependent :H-NMR and FTIR spectral studies (Figure
6b,c). In case of tH-NMR, the aromatic proton peaks of NI-Azo in DMSO-d¢ (molecular state)
was observed in the region 6= 7.49-7.56, 7.97-8.05, 8.33-8.39, 8.53-8.63 ppm (for aromatic
core of naphthalimide) and 6= 6.58-6.64, 6.74-6.82, 7.61-7.68, 8.20-8.26 ppm (for benzene
rings) (Figure 6b). Upon gradual increase in the D.O content from 0% to 50%, the aromatic
protons peaks got broadened and upfield shifted to 6= 7.23-7.28, 7.58-7.67, 8.00-8.06, 8.23-
8.33, ppm and § = 6.4-6.46, 6.48-6.57, 7.31-7.38, 7.83-7.89 ppm for naphthalimide core and
benzene rings, respectively (Figure 6b). Thus, the increment in the D.O content enabled the
n—7 stacking between the aromatic core as well as with the benzene rings of the amphiphile
demonstrating the self-assembly of NI-Azo. Also, in the solvent dependent 'H NMR spectra,
methyl groups of the molecule showed peaks at 6= 2.9 ppm for all three solvent compositions
(Figure 6b). No shift in methyl group protons with variation in the polarity solvent systems
further confirmed that the shift in aromatic region was primarily due to the self-aggregation

of NI-Azo and not due to polarity change of solvent compositions.

The FTIR spectrum of NI-Azo in CHCl; (molecular state) showed transmittance peaks
at vn-u = 3367, 3317 cm, ve-o = 1658 and dx-u = 1590 cm™ (Figure 6¢). The respective peaks
got shifted to 3248-3691 cm™ (broad band), 1600-1700 cm™ (broad band) upon increasing the
D.O content in 1:3 (v/v), DMSO-ds-D-O solvent mixture (Figure 6¢). These shifts in stretching
and bending frequencies with introduction of D.O validated the participation of
intermolecular hydrogen bonding between the amine (N-H) and carbonyl (C=0) (i.e., N-H---
-0=C) during the self-assembly of NI-Azo amphiphile that led to the development of self-

aggregated supramolecular vesicle.
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The X-ray diffraction (XRD) spectrum of NI-Azo (25 uM) in self-assembled state 1:9

(v/v), THF-water binary solvent system showed the peak at 20 ~ 23.14° (Figure 9), that
represents distinct and compact n-n stacking interaction between the aromatic rings of
amphiphiles.[8! This interaction eventually led to the formation of vesicular aggregates. This

obtained data is in concurrence with solvent dependent UV-vis and *H NMR studies.
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Figure 9. XRD plot of NI-Azo (25 uM) in 1:9 (v/v), THF-water solvent.

2.2.4. Hypoxia-responsive cleavage of azo bond (-N=N-): obliteration oi seli-
aggregates

Azo moiety is known to get reduced by consecutive reactions and eventually cleaved to
amine derivatives in presence of azoreductase enzyme.[23.36-391 Azoreductase is known
to be highly expressed in hypoxic environment.[4546] Based on this, several hypoxia
responsive sensing and imaging probes have emerged and drug delivery vehicles as
well as bio-reductive pro-drugs have been developed.[24.25.36.45-471 Herein, we aim to
explore the hypoxia-responsive nature of NI-Azo vesicles owing to the presence of azo
bond (-N=N-) in its molecular backbone and subsequently in selective killing of cancer
cells by the uploaded drug within the vesicles. Escherichia coli (E. coli) is a
predominant anaerobic bacterium with established azoreductase activities.l48] To
investigate the responsiveness of -N=N- bond of NI-Azo amphiphile, we performed
UV-vis spectroscopic study of NI-Azo vesicles (10 uM) in 1:9 (v/v), THF-water upon
treating with extracellular and intracellular azoreductase extracted from E. coli

bacteria (details is given in the experimental section). NI-Azo (10 uM) vesicles in 1:9
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(v/v), THF-water showed characteristic absorbance maxima at 458 nm for azo moiety

(Figure 6a, 10a). The absorbance intensity of this characteristic azo (-N=N-) peak at
458 nm got significantly decreased in presence of both extracellular and intracellular
bacterial azoreductase. This plummeted absorbance intensity delineates the possible

cleavage of the azo bond (Figure 10a).

To mimic the function of azoreductase enzyme in vitro, sodium dithionite
(Na2S204) was employed as an alternative reductant for azo group in NI-Azo.[49:50]
UV-vis spectra of NI-Azo (10 uM) vesicles in 1:9 (v/v), THF-water were recorded upon
gradual addition of Na»S.0,4 with varying the concentration from o to 1.0 mM. Here
too the intensity of the characteristic absorbance peak of azo moiety at 458 nm was
found to be steadily decreased with increasing Na»S-04 concentration for NI-Azo (10
uM) vesicles in 1:9 (v/v), THF-water (Figure 10b). Notably, the absorbance intensity
of the peaks at 350-370 nm steadily increased with increasing Na-S-0,4 concentration.
At 1 mM concentration of Na>S-0y, the typical peak of azo at 458 nm was insignificant
indicating almost complete cleavage of the azo bond (-N=N-) in reducing environment
by Na»S-0, (Figure 10b).

Disintegration of NI-Azo vesicles was further confirmed by the cleavage of azo
bond (-N=N-) analyzed by mass spectrometry. Treatment with Na»S.0,4 leads to the
reduction of NI-Azo through cleavage of azo bond and by yielding of two different
aniline derivative (aromatic amine) fragments from azo benzene compound. In case of
NI-Azo amphiphile, these fragments are A and B having molar mass of 318.33 (M)
and 136.19 (M-), respectively (Figure 10c). Na2S-0, treated NI-Azo reaction mixture
(details is given in experimental section) was freeze dried and followed by MALDI-
TOF spectra were taken to analyze the fragments. As to our expectation, mass peaks
were observed at 318.746 and 137.273 corresponding to ([M:]*) and ([M:= + H]*),
respectively delineating the cleavage of the azo bond (-N=N-) of NI-Azo.

Page | 75



NAPHTHALIMIDE-BASED AZO-FUNCTIONALIZED SUPRAMOLECULAR VESICLE AS
Chapter2 HYPOXIA-RESPONSIVE DRUG DELIVERY VEHICLE

) = NIAin 1:9 THF-water

a —— NlI-Azo in 1:9 (v/v) THF-water b
— NI-Azo in 1:9 (v/v) THF-water
o r azorcductase

0 M Nas$204

1 mM Naz$:04

T T T T 7 1
30 IS0 400 450 S0 S0 6w 6s0 300 350 400 450 500 550 600
Wavelength (nm) Wavelength (nm

OO

M.W. = 450.49

104.282
=

- \

o
4
o & B
§ 8 . MW, = 136,19
_F H o
2 o 5 2
3 g 8 & &
8 i g i gtﬁ P/ige B :
8§ @ L8 853 g ?
I Lo L YRS [ PEE T H "
ll'n 1‘& Zﬁﬂ 250 3‘}“ 3.'50 400 4%0 500 550 600

Figure 10. UV-visible spectra of NI-Azo (10 uM) in 1:9 (v/v) THF-water solvent mixtures in
absence and presence of (a) extracellular and intracellular azoreductase, (b) varying
concentration of Na,S,0,. (c¢) MALDI-TOF spectra of fragments after azo bond (-N=N-) bond
cleavage of NI-Azo by Na,S.0,.

This cleavage of -N=N- could led to disintegration of self-assembly. In this
regard, the photographs of NI-Azo (0.25 mg/mL) vesicles in 1:9 (v/v), THF-water
inside a glass vial were captured in absence and presence of Na.S.0, (100 mM).
Notably, the vesicular solution completely lost its translucency and it got transformed
to a transparent solution along with slight change in colour (Figure 11a). This
macroscopic observation affirmed the possible disintegration of the self-aggregated
supramolecular vesicles from by NI-Azo. Next, the functional group of the produced
primary aromatic amine (two aniline derivatives were formed after azo bond breakage,
Figure 10c) was analyzed by azo dye test. 100 uL of Na>S-0, stock solution (1 M) was
added to the vesicular solution of NI-Azo (1.0 mg/mL) in 1:9 v/v, THF-water and it
was stirred for 8 h keeping the 100 mM final concentration of Na»S-04. Solid mass
obtained upon lyophilization was dissolved in dilute HCI and taken in a test tube.

Aqueous solution of NaNO: and alkaline (NaOH) solution of p-naphthol were taken
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separate test tubes. All the solutions in test tubes were cooled in ice bath for 10 min.

Initially cold solution of lyophilized mass (aniline derivates) was mixed with aqueous
NaNO: solution. Subsequently, alkaline (NaOH) solution of S-naphthol was added in
that mixed solution. Orange precipitation was observed due to azo dye formation
(Figure 11b) that further confirmed the formation of aromatic primary amines due to
the cleavage of azo bond (-N=N-) in NI-Azo (Figure 11c).

N
N N
OH N
on
(Orange azo dye) OO

Figure 11. (a) Photographs of vials containing NI-Azo (0.25mg/mL) vesicles formed in 1:9

(v/v), THF-water in absence and presence of Na.S,0, (100 uM). (b) Azo-dye test for aromatic
primary amine. (c¢) Synthetic scheme of azo dye test.

Cleavage of the azo bond would obviously lead to the disintegration of the

supramolecular vesicular structure. To confirm further, TEM image of Na-S-O4 (1 mM)

treated NI-Azo vesicles (25 uM) in 1:9 (v/v), THF-water was captured (Figure 12).
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Absence of any spherical aggregates denoted the disassembly of the supramolecular
vesicle in reducing environment created by Na»S-0,4 through the cleavage of the azo
bond. As mentioned earlier, Na.S-0, imitate the function of azoreductase enzyme
which gets upregulated in hypoxic condition. So, supramolecular vesicles formed by

NI-Azo would also exhibit hypoxia-responsive disintegration.

Figure 12. Negatively stained TEM image of NI-Azo in (1:9, v/v) THF-water binary solvent
mixture ([NI-Azo] = 25 uM) treated with 1.0 mM Na,S.0,.

2.2.5. (urcumin loading and release studies

After ensuring successful formation and hypoxia-responsive disintegration of NI-Azo
vesicles, we aim to entrap anticancer drug curcumin inside the supramolecular vesicles and
subsequently hypoxia-induced release of the drug. The anticancer activity of curcumin is
limited primarily owing to its poor water solubility, low cellular uptake, less bio availability
and chemical instability. Thus, curcumin loading within a stimuli-responsive nanocarrier
would be obviously a better alternative with the expectation of higher therapeutic efficacy. The
detailed process of curcumin loading and separation from free drug using sephadex G-50
column (size exclusion chromatography) was discussed in the experimental section.
Successful encapsulation of curcumin in NI-Azo vesicle was monitored by UV-vis,
fluorescence spectroscopy and also by fluorescence microscopy. In accordance to the UV-vis
spectra, native curcumin had an absorbance maximum at 420 nm while curcumin
encapsulated NI-Azo vesicles showed absorbance maxima at 445 nm with reduced
absorbance intensity (Figure 13). Similarly, a significant decrease in the emission intensity of
curcumin was noted upon loading in NI-Azo vesicle in comparison to its native fluorescence
(Figure 13b). Moreover, bright green (characteristic emission of curcumin) spherical shaped

objects of the drug loaded NI-Azo vesicles under fluorescence microscope validated the
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entrapment of curcumin with in NI-Azo vesicle (Figure 13c,d). The drug loading efficiency of

NI-Azo vesicles was found to be 49% (calculated after rupturing the curcumin loaded vesicle
with Na.S,0, treatment and subsequently comparing the absorbance intensity of the released
curcumin with native curcumin from the standard calibration curve). The release of
encapsulated curcumin from NI-Azo vesicles was also investigated by UV-vis and
fluorescence spectroscopy. Treatment of NI-Azo vesicles with Na,S.0, led to the shifting of
absorbance maxima of curcumin from 445 nm to 426 nm (corresponding to free curcumin)
with enhanced optical density compared to that of curcumin encapsulated NI-Azo vesicles
(Figure 13a). These findings suggest that the release of curcumin in presence of Na.S.0, in
drug loaded NI-Azo vesicles imitating the azoreductase enzyme activity. Similarly, the
emission intensity of released curcumin was found to be recovered after treating the drug
entrapped NI-Azo vesicles with 1 mM Na.S.0, (Figure 13b). The regained emission of
released curcumin was almost comparable to that of the free curcumin. Therefore, it is evident
that curcumin loaded NI-Azo vesicles got disintegrated in presence of 1 mM Na,S.0,
(mimicking azoreductase activity) due to cleavage of azo (-N=N-) bond resulting in the release

of entrapped curcumin.
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Figure 13. (a) Absorbance spectra of NI-Azo vesicles, free curcumin, curcumin entrapped
within NI-Azo vesicles and after treating with 1 M Na,S.0,, (b) emission spectra of curcumin
entrapped within NI-Azo vesicles, after treating with 1 M Na,S.O, and free curcumin. (c)
bright field and (d) fluorescence microscopic image (Aex = 420 nm) of curcumin encapsulated
NI-Azo vesicles.
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Corresponding fluorescence microscopic image of Na.S.0, treated curcumin loaded NI-Azo
vesicles also confirmed the disassembly of supramolecular vesicles through irregular shaped
discrete presence of green emitting curcumin instead of green sphere-shaped structures

(Figure 14).

Figure 14. Fluorescence microscopic image (lex = 420 nm) of curcumin encapsulated NI-
Azo vesicles treated with 1 mM Na,S.0,.

Extinction coefficient of curcumin in vesicles is somewhat lesser than the extinction
coefficient of curcumin in other organic solvents like THF. The molar extinction coefficient of
Curcumin is calculated to be 60098 mol*dmscm™ using equation A = €cl where “c” denotes
the concentration in mol/dms and “1” represents the path length in cm (Figure 13a). Here, “c”
is 7.5 mg/mL and “1” is 1 cm. According to the spectra of released curcumin, the concentration
of curcumin is estimated to be 4.96 ug/mL (using the standard calibration curve of curcumin).
It implies that the curcumin concentration loaded inside the vesicle is also 4.96 ug/mL.
Therefore, from the absorbance value of loaded curcumin, the molar extinction coefficient of

loaded curcumin is calculated to be 51,492 mol*dm3cm-.
2.2.6. Cytocompatibility of NI-AZo vesicles

Before exploring the NI-Azo vesicles in hypoxia-responsive drug delivery, it is crucial to
determine its cytocompatibility against mammalian cells. The cytocompatibility of NI-Azo
vesicles (10-50 pg/mL) in 1:9 (v/v), THF-water was tested by MTT assay in non-cancerous
(NIH3T3) and cancerous (B16F10) cells. For NITH3T3, ~85-95% and for B16F10 ~86-94% cells
were found to be alive after 24 h incubation with NI-Azo vesicles (Figure 15). Hence, these
NI-Azo vesicles were sufficiently biocompatible and appropriate to be used as a cargo

transporter inside mammalian cells.
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Figure 15. MTT-based % cell viability of NTH3T3 (non-cancer cells) and B16F10 (cancer cells)
in presence of varying concentration of NI-Azo vesicles formed in 1:9 (v/v), THF-water over
the incubation period of 24 h. Percent errors are within + 5% in triplicate experiments.

2.2.7. Bloimaging

To use NI-Azo vesicles as a cellular transporter, it is essential to ensure successful drug
internalization as well as releasing of drug through the disintegration of the delivery vehicle.
NI-Azo vesicles get disassembled through the cleavage of azo bond in presence of
azoreductase enzyme which is overly expressed in hypoxic environment. In this regard, we
made attempt to induce hypoxia within cancer cells by introducing cobalt chloride CoCl..[5452]
Hypoxia is generally induced by decreasing atmospheric oxygen concentrations or by
utilization of mimetic chemical agents such as cobalt chloride (CoCl.) and desferrioxamine
(DFO). Chemical agents are more useful in experimental environments as they maintain
steady oxygen tension and artificially induce hypoxia through blocking the degradation of
HIF-1a. Cobalt chloride has been reported to occupy the Fe2* binding site and block the
degradation of HIF-1a.152] It is demonstrated that the effects of hypoxia-mimetic agents are
comparable to those resulting from reduced atmospheric oxygen levels. Herein, we used CoCl,
as hypoxia imitating agent. Cancerous (B16F10) cells were incubated (6 h) with curcumin
loaded NI-Azo vesicles (50 uM) under CoCl. (200 uM) induced hypoxic condition. Bright
green fluorescence of curcumin inside the cancer cells validated its internalization as well
release from the NI-Azo vesicles possibly through disintegration of vesicle (Figure 16a,b). The
corresponding flow cytometry data showed significant mean fluorescence intensity (9172) that
substantiated the internalization curcumin loaded NI-Azo vesicles and its release inside the
cancer cells (Figure 16¢). In contrast, under normoxic condition (in absence of CoCl.) keeping
all other experimental conditions identical, comparatively less intensified green emitting

B16F10 cells were observed having distinctly lower mean fluorescence intensity (4732) in flow
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cytometry (Figure 17). Under normoxic condition, NI-Azo vesicles could not get disrupted

adequately possibly due to downregulated azoreductase in comparison to that in hypoxic
condition. Hence, less amount of curcumin got released from the supramolecular NI-Azo

vesicle inside the mammalian cells.

50 100 150 200 250
(x100)

Fluorescence Intensity (a.u.)

Figure 16. (a) Bright-field, (b) fluorescence microscopic image and (c) corresponding flow
cytometric plots of hypoxic B16F10 cells incubated with curcumin within NI-Azo vesicles for
6 h in CoCl, (200 uM) induced hypoxic condition. The mean fluorescence value is given in the
inset.
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Figure 17. (a) Bright-field, (b) fluorescence microscopic image and (c¢) corresponding flow
cytometric plots of B16F10 cells incubated with loaded curcumin for 6 hours in normoxic
condition (without CoCl.). The mean fluorescence value is given in the insets.

Similar fluorescence microscopic images were captured for B16F10 cells under both
hypoxic (in presence of CoCl.) and normoxic (in absence of CoCl.) conditions using only native
curcumin (in absence of NI-Azo vesicles) (Figure 18a-b,d-e). Here too poorly intense green
emitting cells were observed with a low mean fluorescence intensity of 3133 (hypoxic) and
3431 (normoxic) possibly due to less internalization of free curcumin (Figure 18c,f). Hence,
under hypoxic condition, NI-Azo vesicles could selectively improve the concentration of the
anticancer drug curcumin inside cancer cells, which may have influence on its therapeutic

efficiency.
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Figure 18. (a) Bright-field, (b) fluorescence microscopic image and (c) corresponding flow
cytometric plots of B16F10 cells incubated with native curcumin for 6 h in CoCl, (200 uM)
induced hypoxic condition. The mean fluorescence values are given in the insets. (d) Bright-
field, (e) fluorescence microscopic image and (f) corresponding flow cytometric plots of
B16F10 cells incubated with native curcumin for 6 h in normoxic condition (without CoCl»).
The mean fluorescence values are given in the insets.

2.2.8. Killing ability of curcumin loaded NI-Azo vesicles via hypoxia-responsive drug
release

Next, we investigated the mammalian cell killing ability by NI-Azo vesicle loaded curcumin
under hypoxic environment. To this end, the % killing of B16F10 (cancer) and NIH3T3 (non-
cancer) cells by native curcumin and NI-Azo vesicles loaded curcumin (NI-Azo-cur) was
tested by MTT assay under both hypoxic and normoxic conditions (Figure 19a,b). B16F10 and
NIH3TS3 cells were incubated with CoCl. (200 uM) for 24 h to induce hypoxia. Subsequently,
the cells were treated with native curcumin and loaded curcumin (NI-Azo-cur) for 24 h with
varying concentrations of curcumin (10-50 pg/mL). For B16F10 cells, 11 + 2 to 34 + 3 % cells
and 15 + 1to 40 + 2 % cells were killed by native curcumin (10-50 ug/mL) and loaded curcumin
([curcumin] = 10-50 pg/mL, [NI-Azo vesicle] = 10 to 50 pg/mL), respectively in normoxic
condition (without inducing hypoxia) (Figure 19a). Interestingly, in hypoxic condition, %
killing of B16F10 cells by NI-Azo-cur was found to be 18 + 3 to 86 + 1 which was ~2.15-fold
higher (at 50 ug/mL of curcumin) than normoxic condition (Figure 19b). This was primarily

due to the stimuli (hypoxia) responsive release of curcumin from the internalized NI-Azo-
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cur through azoreductase induced disintegration of vesicular aggregates. Native curcumin
(10-50 pg/mL) killed 11 + 2 to 36 + 2 % cancer cells in hypoxic environment which was
comparable with that of normoxic condition. Expectedly, hypoxia had no influence on the free
curcumin in absence of supramolecular vesicle (Figure 19b). So, in hypoxic environment,
curcumin loaded within NI-Azo vesicles exhibited ~2.4-fold higher killing efficiency of cancer

cells than that of native curcumin at experimental highest concentration (50 pg/mL).

a) T I N1H3T3 b) . I N st
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Figure 19. % Killing of cells determined by MTT assay. NIH3T3 and B16F10 cells incubated
with varying concentrations of curcumin (10-50 pg/mL) and NDI-Azo-cur ([curcumin] = 10-
50 ug/mL) (a) normoxic condition (in absence of CoCl.,), (b) with CoCl, induced hypoxia. (c)
IC50 determination of NDI-Azo-cur ([curcumin] = 10-50 ug/mL) after 24 h incubation of
B16F10 cells in CoCl. (200 uM) induced hypoxic environment. The standard deviation and
experimental errors were in the range of ~1-3 %, respectively, in triplicate experiments.

In case of non-cancerous NITH3T3 cells, 9 + 3 to 45 + 2 % cells got killed upon
incubation with loaded (10-50 pg/mL) curcumin (NI-Azo-cur) in hypoxic
microenvironment, which was 8 + 3 to 19 + 2 % in normoxic environment. As expected, native
curcumin showed similar killing efficiency 6 + 2 to 25 + 2 % against NTH3T3 cells under both
normoxic and hypoxic conditions (Figure 19a,b). Thus, the % killing of B16F10 cells by

curcumin loaded NI-Azo vesicles (NI-Azo-cur, [curcumin] = 50 pug/mL) was ~4.5-fold and
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~1.9-fold higher compared to % killing of NIH3T43 cells in normoxic and hypoxic environment,

respectively. Therefore, it is evident that curcumin delivery by NI-Azo vesicles leads to
selective Kkilling of hypoxic cancer cells due to stimuli responsive drug release through

azoreductase induced disruption of nanocarrier.

The half-inhibitory concentration (ICs,) was found to be 33 pg/mL for NI-Azo-cur in
case of hypoxic B16F10 cells (Figure 19c). Under the given experimental concentration range
of curcumin (10-50 pg/mL), IC5, value could not be determined for NI-Azo-cur in hypoxic
NIH3T3 as well as for native curcumin in hypoxic and normoxic conditions for both the cancer
and non-cancer cell lines. Similarly, we could not measure IC5, value for NI-Azo-cur in
normoxic condition for both cell lines under mentioned experimental conditions. Hence, it
further confirms that curcumin loaded NI-Azo vesicles have higher therapeutic efficacy in

killing cancer cells selectively under hypoxic microenvironment.

We also checked the cytotoxicity of the organic solvent, THF that were used in cell
culture experiments. We used 0.164% THF in MTT assay experiments and 0.244% THF in
bioimaging and flow cytometry experiments. THF having percentages 0%, 0.164% and 0.244%
were incubated in NIH3T3 and B16F10 incubated in separate 96 well plates for 24 h. In both

the cases we observed ~ 95% cells were alive (Figure 20).
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Figure 20. MTT-based % cell viability of NIH3T3 (non-cancer cells) and B16F10 (cancer
cells) in presence of varying amount of 1:9 (v/v), THF-water added to 150 pL cell culture
media.

Furthermore, we tested the stability of the NI-Azo vesicles upon dilution in the cell
culture medium. Here, 2.5 uL of curcumin (50 pg/mL) loaded within NI-Azo vesicles (NI-

Azo-Cur) (9:1 water:THF) were incubated in 150 uL PBS (0.164% THF) for 24 h. Bright green
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(characteristic emission of curcumin) spherical shaped objects of the drug loaded NI-Azo

vesicles were observed under fluorescence microscope (Figure 21) which confirmed the

stability of vesicle in 0.164% THF used in cell culture experiments.

Figure 21. Fluorescence microscopic image of 2.5 uL of curcumin (50 pg/mL) loaded NI-
Azo vesicles (NI-Azo-Cur) (9:1, v/v water:THF) diluted in 150 uL PBS.

2.2.9. Cell apoptosis

The cell killing pathway of B16F10 cells by free and loaded curcumin (within NI-Azo vesicles)
was analyzed by an Annexin V-FITC/PI-based flow cytometric assay (Figure 22a-¢). There are
four distinct quadrants in the scatter plot of Annexin V-FITC and PI (Propidium Iodide): Q1
(Annexin V-FITC -ve, PI +ve), Q2 (both Annexin V-FITC and PI +ve), Q3 (both Annexin V-
FITC and PI -ve), and Q4 (Annexin V-FITC +ve, PI -ve) that represent the population of
necrotic cells, late apoptotic cells, viable cells and early apoptotic cells, respectively. B16F10
cells were treated with 200 pM CoCl. for 24h to make them hypoxic in nature. B16F10 cells in
hypoxic and normoxic environment were separately incubated with 50 pg/mL of free
curcumin and loaded curcumin (NI-Azo-cur) for 6 h. The cells were then detached and
incubated with the AnnexinV-FITC/PI apoptotic kit and subjected to flow cytometry
investigation. For untreated cells, all the population was naturally present in Q3 proving them
to be unaltered and viable (Figure 22a). In normoxic situation, B16F10 cells treated with free
curcumin and loaded curcumin as well as in hypoxic condition treated with free curcumin
displayed a significant population at Q3, some at Q4, and a few distributed between Q1 and
Q2 (Figure 22b-d) indicating an early apoptotic killing of cancer cells although most cells were
viable. Notably, in hypoxic microenvironment, Bi6F10 cells treated with loaded curcumin

(NI-Azo-cur) showed maximum population at Q4 and some at Q2 and Q3. This observation
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clearly demonstrates that cancer cell killing took place primarily through early apoptosis and

a minor amount by late apoptosis. Based on all the preceding findings, it can be concluded that
curcumin loaded NI-Azo vesicles (NI-Azo-cur) killed B16F10 cells selectively in hypoxic

condition via early and late apoptotic pathway.
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Figure 22. Flow cytometric analysis of apoptosis in (a) untreated B16F10 cells; B16F10 cells
incubated with (b) free curcumin (50 pg/mL) in normoxic environment, (¢) loaded curcumin
(50 pg/mL) in NI-Azo vesicles in normoxic environment, (d) free curcumin (50 pg/mL) in
CoCl, (200 uM) induced hypoxic environment, (e) loaded curcumin (50 pg/mL) in NI-Azo
vesicles in CoCl, (200 uM) induced hypoxic environment.

2.3. CONCLUSION

In this work, naphthalimide based azo moiety containing amphiphile NI-Azo was synthesized
that formed self-assembled vesicles in 1:9 (v/v), THF-water with azo moiety acting as the
stimuli responsive junction. The self-assembly of NI-Azo took place through H-type of
aggregation generating vesicles with a dimension of 200-250 nm. These vesicles got ruptured
through the reduction of azo bond in presence of azoreductase enzyme (overexpressed in
hypoxic microenvironment) and its mimic sodium dithionite. Formation of aniline (aromatic
amine) derivatives through the cleavage of azo bond by azoreductase and sodium dithionite
was confirmed by UV spectroscopic study of NI-Azo vesicles and MALDI-TOF spectrometric

study of fragments obtained after sodium dithionite treatment. The anti-cancer drug,
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curcumin was entrapped inside NI-Azo vesicles and drug internalization was demonstrated
by bioimaging and flow cytometry. Curcumin loaded NI-Azo vesicles killed B16F10 cells
(cancer cells) through early apoptotic pathway in CoCl. (200 puM) induced hypoxic
environment owing to stimuli responsive drug release, with 2.4-fold higher efficiency than that
of native curcumin. Evidently, the cancer cell killing efficiency of curcumin loaded NI-Azo
vesicles was 4.5-fold and 1.9-fold higher compared to that of NIH3T3 cells in normoxic and
hypoxic environment, respectively. Harnessing the properties of extremely complicated tumor
microenvironment in theranostic strategies, hypoxia responsive nanocarriers may manifest

the idea of emerging pathway in cancer therapy.

2.4. EXPERIMENTAL SECTION

2.4.1. Maierials and methods

4-Bromo-1,8-naphthalene anhydride was purchased from TCI Chemicals, India. N, N-
Dimethyl-4,4-azodianiline, thiazolyl blue tetrazolium bromide (MTT), Annexin V-FITC, PI
dye and CDCl;, DMSO-d¢, D-O were bought from Sigma-Aldrich. Hydrazine hydrate, sodium
dithionite (Na.S.,0,), cobalt chloride (CoCl,), sodium sulfate (Na.SO,), silica gel (mesh size:
100-200), methoxy ethanol and all organic solvents were bought from SRL, India. Dulbecco’s
modified Eagle’s media (DMEM), fetal bovine serum (FBS) and trypsin were procured from
Thermo Fisher scientific, India. Milli-Q water was used for all the experimentations. NIH3T3,
and B16F10 cells were procured from NCCS, Pune, India. *H-NMR and MALDI-TOF spectra
were recorded in AVANCE (Bruker) and Ultraflex MALDI-TOF (Bruker) spectrometer,

respectively.
2.4.2. Synthesis of NI-Az0

1,8-naphthalimide based azo bond containing amphiphile was synthesized following the
pathway as depicted in Scheme 1. At first, 4-bromo-1,8-naphthalene anhydride (1 equiv) and
hydrazine hydrate (1 equiv) were refluxed (80 °C) in dry EtOH for 4 h under inert atmosphere.
After cooling to room temperature, the precipitate was filtered and washed with ethanol and
dried under vacuum at 60 °C overnight to afford light yellow solid (yield = 81%). This yellow
intermediate product (1 equiv) and N,N-dimethyl-4,4’-azodianiline (1.5 equiv) were dissolved
in methoxy ethanol and heated at 120 °C for 4 h under reflux condition. The reaction mixture
was cooled to room temperature and poured into 50 mL ice cold distilled water. The mixture
was filtered and the filtrate was vacuum evaporated to get an orange solid. This solid was

purified in 100-200 mesh silica gel chromatography using 2% methanol in chloroform (v/v)
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as eluent to obtain the NI-Azo (yield = 78%) (Scheme 1). NI-Azo and intermediate were
characterized by *H NMR and mass spectroscopy.

Scheme 1. Synthetic scheme of NI-Azo.

2.4.3. Determination of critical aggregation concentration (CA()

The critical aggregation concentration (CAC) for NI-Azo was determined through
fluorescence spectroscopy by employing pyrene as the polarity probe. Pyrene is used to

investigate the polarity changes in the microenvironment (micelle or vesicle) from polarity
changes in the macroenvironment (bulk solvent). The ratio of the emission peaks at Aem = 372
nm for the 0-0 band (I,) and at Aem = 383 nm corresponding to the third principal vibronic
band (I5) in water, is sensitive to polarity of the medium. A series of NI-Azo vesicle sample
solutions in 1:9 v/v, THF-water was prepared by varying the concentration from 0.5 pg/mL to
7.5 ug/mL. A 1.0 mM stock solution of pyrene was prepared in THF. 1 uL of this, was added to
each vesicular solution so that the final concentration of pyrene in each sample was 1 uM.
Emission intensity was measured by exciting those solutions at Aex = 317 nm. The ratio of I5s5

and I5;. (I3/1,) was plotted against the logarithm of the concentration (mg/mL). CAC was also
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measured in the similar way at pH = 4.0 and pH = 9.0 by varying NI-Azo concentration (0.5

to 8.5 ug/mL).
2.4.4. Preparation of vesicular solution

NI-Azo was completely soluble in tetrahydrofuran (THF) and insoluble in water. Therefore,
it was first dissolved in THF and then Milli-Q water was gradually added into it, which
gradually turned the clear solution to a translucent one indicating the self-aggregation at 1:9
(v/v) THF-water. A stock solution (10 mM) was prepared by dissolving the estimated amount
of NI-Azo in THF. Varying concentrations of NI-Azo solution for different spectroscopic and
microscopic investigations were prepared by adding the desired aliquot of the stock solution
into 90 vol% water in THF. Similarly, NI-Azo was also dissolved in dimethyl sulfoxide
(DMSO), which turned to a translucent solution after addition of water up to 75 vol%. It
indicates the formation of self-assembly at 1:3 (v/v), DMSO-water. Increase in the water

percentage above 75 vol% resulted in precipitation of NI-Azo.
2.4.5. Transmission electron microscopy (TEM)

4 pL solution of 25 pM NI-Azo in 90 vol% water in THF was deposited on a carbon covered
Cu (copper) grid (300 mesh). The sample was desiccated for 4 h, followed by stained with
uranyl acetate solution (1 pL (1% w/v)) and again dried. After keeping the sample under

vacuum for 4 h, TEM images were recorded in JEOL JEM 2010 microscope.
2.4.6. Feld-emission scanning electron microscopy (FESEM)

6 uL solution of 25 uM NI-Azo in 90 vol% water in THF was drop cast on coverslips and kept

in vacuum for few hours. Then, the FESEM images were taken in JEOL-6700F microscope.
2.4.7. Atomic force microscopy (AFM) study

5 uL NI-Azo solution (25 uM) in 90 vol% water in THF was drop cast on glass slide and dried
for overnight and AFM images were acquired from Asylum Research MFP-3D AFM.

2.4.8. (ryogenic transmission electron microscopy (Cryo-TEM)

4 uL solution of 25 uM NI-Azo in 90 vol% water in THF was deposited on a carbon covered
Cu (copper) grid (300 mesh) followed by immediate vitrification of the grids by placing it
inside the GATAN CP3 cryo-plunger. After that, TEM images were recorded by placing the
vitrified Cu grids under JEOL JEM-2100 PLUS microscope.
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2.4.9. Dynamic light scattering (DLS) study and zefa (¢) potential measurement

Mean hydrodynamic diameter (Dy) of NI-Azo (25 uM) in 1:9 (v/v) THF-water was determined
in Zen 3690 Zetasizer (Malvern Instrument Ltd.). The angle at which scattering intensity was
measured was 175° and data were evaluated by a Cumulant Fit in Malvern Zetasizer software.
The zeta (¢) potential measurements were performed with solution of NI-Azo (25 uM) in 1:9
(v/v) THF-water at room temperature. An average of three successive measurements was

noted for the sample.
2.4.10. Fluorescence microscopy

NI-Azo (2 mg) and 20 pL of calcein solution (2 mM) in Milli-Q water were mixed maintaining
1:9 (v/v), THF-water with final concentration of NI-Azo and calcein being 2.0 mg/mL and 40
uM, respectively. The solution was stirred overnight and then it was loaded into a G-50
sephadex column (height: 15 cm and diameter: 1.2 ¢cm). The column was pre-equilibrated and
eluted with 9o vol% water in THF. The eluent was collected in fractions having 1 mL volume
each time. Absorbance of all fractions was measured at 490 nm that ensured the existence of
calcein in each fraction inside vesicles. This gel filtration was continued until complete
separation of entrapped calcein from the free calcein. Next, 10 pL solution of calcein entrapped
NI-Azo in THF-water (f = 90 vol%) was drop cast on glass slides and air-dried before imaging

in IX83 inverted microscope at 40x magnification.

To investigate stability of vesicles upon dilution in the cell culture medium, we used
2.5 uL of curcumin (50 pug/mL) loaded within NI-Azo vesicles (NI-Azo-Cur) (9:1, v/v
water:THF) in 150 uL PBS (phosphate saline buffer solution, pH = 7.4) i.e., 0.164% THF in a
24 well plate and incubated for 24 h. Next, 10 uL solution of curcumin entrapped NI-Azo was
drop casted on glass slides and air-dried before imaging in IX83 inverted microscope at 40x

magnification.
2.4.11. UV-visible study

Self-aggregation pattern of NI-Azo was analyzed by recording solvent dependent UV-vis
spectra on Perkin Elmer Lambda 25 spectrophotometer. UV-visible spectra of NI-Azo (15 uM,
1 mL) in THF-water solvent mixtures was observed by increasing the water content from non-
self-assembly (monomeric state at THF) towards self-assembled states that are 3:1, 1:1, 1:3,
1:4 and 1:9 (v/v), THF-water. We carried out pH dependent UV-vis spectroscopic investigation
of NI-Azo (15 uM) in 1:9 (v/v), THF-water binary solvent system varying the pH of the

aqueous domain from 4.0 to 9.0 using phosphate buffer (10 uM). Also, UV-visible spectra of
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NI-Azo (10 uM, 1 mL) in DMSO-water solvent mixtures was observed by gradually increasing

the water content from non-self-assembly (monomeric state at DMSO) towards self-
assembled states 1:3 (v/v), DMSO-water. The stimuli-responsive reduction of the azo bond
was monitored by taking UV-vis spectra of NI-Azo (10 uM, 1 mL) in 1:9 (v/v) THF-water in

absence and presence of azoreductase enzyme and Na,S.0, (chemical mimic of azoreductase).

2.4.12. Solvent-dependent 'H-NMR study

'H-NMR spectra of NI-Azo (1 mM) in DMSO-d6, 3:1 (v/v) DMSO-d6-D20 and 1:1 (v/v)
DMSO-d6-D20 were recorded on Avance 300 MHz spectrometer (Bruker).

2.4.13. Solveni-dependent FTIR study

FTIR spectra of NI-Azo were taken in the non-self-aggregated (CHCl;) and in the self-
aggregated state (1:3 (v/v), DMSO-de-D.O) in a Perkin Elmer Spectrum 100 FTIR

spectrometer using 1 mm CaF; cell.
2.4.14. X-ray diffraction

X-ray diffraction (XRD) spectrum of a dried film of NI-Azo vesicular solution was obtained
on a Bruker D8 Advance diffractometer with Cu Ka radiation source (a = 0.15406 nm), 40 kV
voltage and 30 mA current. 25 uM NI-Azo vesicular solution formed in 1:9 (v/v), THF-water
was placed over a glass slide and dried to form a thin film. The sample was scanned in the

angle range of 10-40°.
2.4.15. MALDI-TOF mass spectrometry

Stimuli-responsive cleavage of azo residue in presence of Na,S.0, was investigated using
MALDI-TOF mass spectrometry. 100 pL of Na.S,0, stock solution (2 M) was added to the
vesicular solution of NI-Azo (0.5 mg/mL) in 1:9 (v/v) THF-water and was stirred for 8 h
keeping the final concentration of Na.S.0, to be 200 mM. Solid mass was obtained by
lyophilizing the reaction mixture and it was dissolved in methanol for executing the mass
spectrometric study in Bruker Ultraflex MALDI-TOF.

2.4.16. Microorganisms and culture conditions

Gram negative bacteria Escherichia coli was utilized for azoreductase extraction to perform
hypoxia responsive cleavage of azo bond and subsequently disintegration of supramolecular
vesicles. Luria Broth (LB) agar (1.0 g tryptone, 0.5 g yeast extract, 1 g NaCl, and 3.5 g agar in

100 mL of sterile Milli-Q water) was used as a solid medium for bacterial growth. Bacterial
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strains were procured from Institute of Microbial Technology, Chandigarh, India. After

opening the freeze-dried ampules of bacterial strain, a loopful of culture was spread on the
solid LB agar media and incubated for 24 h at 37 °C. The cells were collected in 0.9 weight %
saline water and diluted. All the required dilutions were made in autoclaved sterile milli-Q
water. Cells were centrifuged at 6000 g for 10 min at 4 °C and the supernatant was collected
to obtain extracellular azoreductase enzyme. Cell pellets were washed twice with lysozyme
(final concentration:1 mg/mL). The bacterial cells were then disrupted by sonication using
sonicator probe for 2 x 10 seconds pulses for 5 min interval at 60 Hz. at 4 + 0.2 °C. It was
further centrifuged at 15,000 g for 15 min at 4 °C to remove cellular debris and unruptured

cells and the supernatant was collected to get the intracellular azoreductase enzyme.[4°]
2.4.17. Curcumin loading and release

We checked the loading capacity of NI-Azo vesicles formed in 1:9 (v/v), THF-water using
curcumin as the anti-cancer drug. NI-Azo and curcumin were mixed in 1:9 v/v, THF-water
with final concentration of NI-Azo and curcumin both being 1.0 mg/mL. The solution was
stirred overnight and then it was loaded into a G-50 sephadex column (height: 15 cm and
diameter: 1.2 cm). The column was pre-equilibrated and eluted with 9o vol% water in THF.
The eluent was collected in fractions having 1 mL volume each time. We measured the
absorbance of all fractions at 426 nm that ensured the existence of curcumin in each fraction
inside vesicles. Gel filtration was continued until complete separation of entrapped curcumin
from the free curcumin which was determined by no detectable absorbance of curcumin in the
collected fraction. Finally, introduction of Na.S.0, disrupted the vesicles through cleavage of
azo bond and the drug loading percentage was estimated (~49%) following the typical
procedure using a standard calibration curve. We studied the drug release by taking
absorbance and fluorescence spectra (by Varian Cary Eclipse luminescence spectrometer)
before and after treatment with 1 mM Na.S.0, to curcumin encapsulated vesicles and
comparing them with the calibrated plot of native curcumin. Fluorescence microscopic images
were also captured before and after treatment of NI-Azo vesicles with 1 mM Na.S,0, under a

IX83 inverted microscope at 10x and 40x magnification respectively.
2.4.18. Cell culture

Cancer cells B16F10 and non-cancer cells NTH3T3 were cultured in DMEM media with FBS
(10%), streptomycin and penicillin keeping in 5% CO.incubator at 37 °C. These were used for

checking cytocompatibility, bioimaging and performing flow cytometry experiments.
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2.4.19. MIT assay

Cytocompatibility of NI-Azo vesicles in THF-water (f, = 90 vol%) was investigated by MTT
assay. Live cells excrete mitochondrial dehydrogenase that reduces soluble tetrazolium to
insoluble formazan, which is further dissolved in DMSO and estimated
spectrophotometrically in this assay. The number of alive cells can be determined from the
generation of formazan. Lower absorbance represents killing of the cells. Cells were cultured
in a 96-well plate (number of cells per well: 2x104) for 24 h in 150 pL culture media. 2.5 pL of
NI-Azo vesicles (fw = 90 vol% in THF) with 10-50 pg/mL concentration, were incubated with
both the cells for 24 h. 10 uL of MTT stock solution (5 mg/mL) taken in PBS was added
followed by further incubation of 4h. The precipitated formazan was dissolved in DMSO and
absorbance was recorded in Bio Tek1 Elisa Reader at 570 nm. The number of viable cells was

calculated as % viability by the given equation:
%viability=(As;, (treated cells) — background)/(As;. (untreated cells) — background) x 100 (1)

Similarly, the % killing of the above-mentioned cancer cell B16F10 and non-cancer cell
NIH3T3 by 2.5 uL of free curcumin (10-50 pg/mL) and 2.5 uL of curcumin (10-50 pug/mL)
loaded within NI-Azo vesicles (NI-Azo-Cur) under normoxic (5% CO, incubator at 37 °C)
and hypoxic (200 utM CoCl. induced hypoxia) environment was investigated by the mentioned

MTT assay and calculated using the equation 1.

Cytocompatibility was further tested in presence of THF having percentages 0%,
0.164% and 0.244% i.e., 0 uL, 2.5 uL, 3.75 uL of 1:9 (v/v), where THF-water was added in 150
uL cell culture media, respectively and incubated for 24h in presence of cancer cell B16F10
and non-cancer cell NTH3T3. The result was investigated by above mentioned procedure and

calculated using the equation no 1.
2.4.20. Flow cytometry

Cultured B16F10 cells were incubated 10 pL of curcumin (50 pg/mL) and 10 pL of curcumin
loaded NI-Azo ([curcumin] = 50 pg/mL) for 6 h in 400 uL culture media. Next, we washed
the cells with DMEM media and PBS buffer for removal of the excess compounds from cellular
medium. Trypsin was added to detach the cells from culture flask and centrifugation for smin.
After centrifugation, we took the precipitated cells suspended in PBS (500 pL) and performed
the flow cytometry experiment. BD FACS Aria™ III flow cytometer was employed to inspect
the fluorescence intensity within the cells at emission wavelength using a 510 + 40 nm

bandpass filter upon excitation at 405 nm.

Page | 94



NAPHTHALIMIDE-BASED AZO-FUNCTIONALIZED SUPRAMOLECULAR VESICLE AS
Chapter2 HYPOXIA-RESPONSIVE DRUG DELIVERY VEHICLE

To determine the pathway of cellular death, free curcumin, loaded curcumin within
NI-Azo vesicles were incubated with B16F10 cells for 12 h under similar experimental
condition as mentioned above. After centrifugation, pellets were suspended in of 1x binding
buffer (500 uL) consisting propidium iodide (PI, 1.0 pg) and Annexin V-FITC (0.25 pg). After
incubation for 15 min in the dark at room temperature, the cells were analyzed using a BD
FACS Aria III flow cytometer using excitation wavelength 488 nm, and the emission
wavelength was recorded at a 533 + 30 (FL-1) bandpass filter for Annexin V-FITC and 585 +
40 nm (FL-2) bandpass filter for PI.

2.5. CHARACTERIZATION DATA

2.5.1. Characterisation oi NI-Azo

'H-NMR (400 MHz, CDCls, 25 °C): §/ppm: 8.69-8.72 (d, 2H, aromatic proton attached to C5
and C7y of napthalimide core), 8.61-8.63 (d, 1H, aromatic proton attached to C2 of
napthalimide core), 8.45-8.47 (d, 2H, aromatic proton present in azodianiline residue meta to
-NH), 8.07-8.09 (d, 2H, aromatic proton meta to -N(CHj;).), 7.86-7.90 (m, 1H, aromatic
proton attached to C6 of napthalimide core, 7.77-7.79 (m, 1H, aromatic proton attached to C3
of napthalimide core), 7.17-7.22 (d, 2H, aromatic proton present in azodianiline residue ortho
to -NH), 6.73-6.75 (d, 2H, aromatic proton ortho to -N(CHj,),), 3.12-3.14 (m, 6H, N(CH,).)
MALDI-TOF: m/z: 473.48 [M+Na]*(calculated); 473.955 (found) and 489.59 [M+K]*
(calculated); 489.986 (found). The elemental analysis data is found to be C 68.66 % , H 4.72
%, N 18.88 % as compared to the theoretical value of C 69.32 % , H 4.92 %, N 18.66 %

2.5.2. Characterisation oi intermediate

'H-NMR (400 MHz, CDCl;, 25 °C): §/ppm: 8.68-8.78 (d, 1H, aromatic proton attached to C5
of napthalimide core), 8.60-8.62 (d, 1H, aromatic proton attached to C7 of napthalimide core),
8.44-8.46 (d, 1H, aromatic proton attached to C2 of napthalimide core), 8.06-8.08 (d, 1H,
aromatic proton attached to C3 of napthalimide core), 7.85-7.89 (m, 1H, aromatic proton
attached to C6 of napthalimide core), MALDI-TOF: m/z: 291.1 [M]*(calculated); 291.425
(found) and 314.1 [M+Na]* (calculated); 314.451 (found).
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2.6. SPECTRA

2.6.1. 'H-NMR spectra
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2.6.2. Mass specira
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NAPHTHALIMIDE BASED FLUORESCENT ORGANIC
NANOPARTICLES IN SELECTIVE DETECTION OF Fe3* AND ITS
Chapter3 APPLICATION AS A DIAGNOSTIC PROBE FOR Fe2*/Fe3* TRANSITION

3.1. INTRODUCTION

Fluorescence sensing has been an expansive research arena in many fields like chemistry,
biotechnology, clinical biology, environmental science and many more.[*3] Fluorescence based
probes have momentous advantages over other class of sensors for the detection of biologically
and environmentally pertinent metal ions as it provides convenient, fast and sensitive
detection of target analyte with high selectivity.[+7] As a whole, fluorophores have a demerit of
concentration-quenching owing to the aggregation caused quenching (ACQ), small Stokes’
shift and poor photostability.[8] In contrast to that, Tang et al. devised the concept of
aggregation-induced emission (AIE) through the discovery of a unique luminophore that
showed remarkably enhanced emission in the aggregated state in 2001.19 Restricted
intramolecular rotation of the constituent amphiphile, that facilitates the conversion of the
consumed excitation energy from non-radiative relaxation to radiative decay, is one of the
most prominent reason of AIE.[0-12] At large, these luminogens are weakly/non emissive in
solution phase. AIE unlocks new possibilities in sensing with advantages of precision, low limit
of detection, excellent selectivity and photostability etc.['3151 Fluorescent Organic
nanoparticles (FONPs) having AIE property are fascinating manifestation of self-aggregates
derived from s-conjugated oligomers, polymers, or chromophores having flexible

functionalisation.[16-19]

The AIE active FONPs have been receiving a lot of attention as a result of their ease of
fabrication, synthetic variety, water solubility and bio-compatibility.[6-20-22] In view of its high
signal-to-noise ratio, FONPs are getting distinguished in selective sensing of different analytes
including metal ions.[2' Numerous transition metal ions have wide range of biological and
environmental significance. Among all the transition metals, iron (Fe) is physiologically most
abundant as well as vital in biological systems. Oxygen uptake, electron transfer, enzyme
catalysis, cellular metabolism, transcriptional regulation and several other processes in living
systems are being regulated by iron.[23-25] However, both its deficit and excess can cause a
various diseases in the human body.[26-2811t is present in multiple oxidation states like Fe2* or
Fe3* (or transient higher oxidative states) and its reactivity uniquely depends on the redox
state. Therefore, for better understanding of its physiological and pathological roles of iron, it
is required to able to detect and differentiate iron at its different redox states. Transition from
Fe2* to Fe3* occurs in living system during generation of reactive oxygen species (ROS) upon
interaction of Fe2* with hydrogen peroxide in Fenton reactions.29-31] Uncontrolled ROS
production causes oxidative damage of cellular components leading towards a condition

known as oxidative stress.[3233] To diagnose such situation, development of selective
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fluorescent sensors for Fe3* and monitoring of Fe2*/Fe3+* transition in cellular system is

indispensable. Even though detection of Fe3* ion has drawn notable attention,!34-371 reports on
FONPs based Fe3* sensing with high sensitivity and selectivity as well as monitoring of Fe2* to

Fes+* transition inside living cells are indeed scarce.

Herein, we synthesized naphthalimide based amphiphilic molecule (NID, Figure 1)
having histidine substitution at the side chain as Fe3* recognition unit. NID self-assembled to
form spherical aggregated FONPs in 99 vol% water in DMSO and exhibited AIE at 470 nm
(bluish green emission) through excimer formation together with intramolecular charge
transfer. Among the various metal ions, luminescence of NID FONPs selectively got quenched
by Fes3*with a detection limit of 12.5+1.2 uM. Notably, the complex formation of Fe3+with NID
led to the transformation of morphology of the FONPs from spherical to spindle. Fe3* ion
sensing by NID FONPs was also investigated inside mammalian cells through bioimaging.
NID FONPs can detect Fe2* to Fe3* transition selectively inside the cancer cells (B16F10) in
comparison to non-cancerous cell (NIH3T3) by exploiting higher content of H,O, in cancer

cells.

o §
avdas e
Q g

0 0

Figure 1. Structure of NID molecule.

3.2. RESULTS AND DISCUSSION

3.2.1. Molecular designing of NID

Aggregation-induced emission (AIE) is a direct result of restricted intramolecular rotation of
luminogens as clusters/aggregates. Naphthalimide core is a widely known fluorophore unit
considering its unique photophysical properties and high condensed-state emission behavior

that is being explored extensively in various applications.i381 To date, naphthalimide
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derivatives have been reported with high quantum yields in solid or aggregated state in a large

number contrary to aggregation caused quenching (ACQ).[391 N-functionalization of
naphthalimide or inclusion of different organic moieties at fourth position of NI core is
reported to influence AIE owing to the restricted intramolecular rotation (RIR) and loss in the
planarity of molecule.[40-43] As the naphthalimide core is electron acceptor in nature, it can be
functionalized with s-conjugated electron-donating units to have intramolecular charge
transfer from donor ligands to electron deficient molecular scaffold, which may have a
significant contribution towards achieving AIE property.[4°Considering these parameters, we
have designed naphthalimide-based amino acid-linked amphiphilic molecule (NID, Figure 1)
where the hydrophobic aromatic ring of the naphthalimide core may assist during self-
aggregation. Chirality of the L-aspartic acid and histidine is expected to induce RIR in the self-
aggregated state owing to their twisted nature in the molecular backbone.[*5191 Consequently,
the molecule will be highly emissive as it is expected to relax through radiative pathways in
the condensed state. To explore the AIE property of the luminogen in selective metal sensing,
histidine was incorporated in the NID structure via amide linkage having imidazole 'N' and
amino 'N' free to serve as a metal chelating moiety. Its co-ordination with a metal ion could
cause an enhancement of the fluorescence emission, called chelation enhanced fluorescence
effect (CHEF) or a quenching of the fluorescence, called chelation enhancement quenching
effect (CHEQ).[44]

3.2.2. Microscopic investigations and DLS study of the seli-assemblies of NID

The synthesized NID was soluble in DMSO. The transparent solution turned to translucent in
presence of 60% and above water content (Figure 2). The formation of translucent solution
presumably indicates the initiation of self-assembly by NID amphiphiles. With increase in the
water proportion up to 99%, translucency of the NID solution got significantly enhanced
probably owing to the development of self-aggregates. Several microscopic techniques were
employed to examine the structures of the possible self-assembled units formed by NID
derivative. TEM images of NID (10 pM, fv = 99 vol%) showed spherical aggregates with
diameter of 70-100 nm (Figure 3a). The formation of organic nanoparticles by NID (10 uM,
Jfw =99 vol%) with spherical morphology having dimension of 90-120 nm was also confirmed
from FESEM images (Figure 3b). The observed diameter of the spherical aggregates in the
corresponding AFM image was also in a range of 70-120 nm (Figure 3c). Fluorescent
microscopic images exhibited green emitting spherical nanoparticles (Figure 3d).
Additionally, mean hydrodynamic diameter (Dy) of NID organic nanoparticles was found to

be in the range of 50-250 nm with an average diameter of ~100 nm in dynamic light-scattering
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(DLS) experiment for both number averaged and intensity averaged distribution (Figure 3e,

Figure 4a). The correlogram with good Cumulant Fit for NID is provided in Figure 4b. All the

microscopic evidences and the DLS data were mostly in concurrence with each other.

\

e
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-/;" = .fw = ,f;v — w=
40% 60% 80% 99%

Figure 2. Photograph of formation of translucent solutions with increasing water content in

DMSO for NID (50 uM) and corresponding change in emission colour of NID (50 uM) upon
UV-light irradiation (Aex = 365 nm).

150 200 250 300

Size (nm)

Figure 3. (a) Negatively stained TEM image, (b) FESEM image, (c) AFM image, (d)
fluorescence microscopic image (e) DLS plot of particles size distribution of NID in (1:99, v/v)
DMSO-water binary solvent mixture ((NID] = 10 uM).
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Figure 4. (a) DLS plot of particles size distribution (intensity averaged), (b) correlogram
obtained by DLS of NID in (1:99, v/v) DMSO-water binary solvent mixture ([NID] = 10 uM).

3.2.3. Spectroscopic study for seli-assembly of NID amphiphile

Self-aggregation of NID towards the formation of organic nanoparticles was initially
examined by UV-visible spectroscopy in varying compositions of DMSO-water. In pure DMSO
(molecularly dissolved state), NID (50 uM) showed a characteristic UV band in the range 330-
360 nm having Amax at 343 nm, which may be ascribed to the s-7* transition of NID
chromophore (Figure 5a).45] With gradual increase in the water amount within DMSO, the
absorption maxima slightly but steadily got red-shifted. At fiy = 99 vol%, the Amax Was observed
at 347 nm (Figure 5a). This red shift of Anaximplied the generation of self-aggregates possibly
via J-aggregation (head-to-tail fashion arrangement). The extinction coefficients of NID in
DMSO, 20 vol%, 40 vol%, 60 vol%, 80 vol%, 99 vol% water in DMSO were 0.009, 0.0096,

0.01, 0.0104, 0.0114, 0.0122 uM* cm, respectively.

Involvement of different non-covalent interactions during self-assembly (e.g.
hydrophobic interaction and s-7r stacking) was investigated by solvent-dependent 'H-NMR
study (Figure 5b). The aromatic protons of NID exhibited sharp NMR signal in the region 6 =
8.36-8.55 ppm (aromatic core of NID) and § = 6.74-8.09 ppm (naphthyl ring) in DMSO-ds,
in its non-assembled state (Figure 5b). With increasing the D.O content gradually from 0% to
30% and 50%, NMR signals of both the NID aromatic core and the naphthyl group got
broadened and shifted to 6 = 7.86-8.29 ppm and 6 = 6.24-7.81 ppm, respectively (Figure 5b).
The s- stacking between the chromophore and the naphthyl moieties of the molecules is
facilitated with the addition of D.O that eventually results in the upfield shift in the ‘H-NMR

signals indicating the formation of self-aggregated structures.
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Figure 5. (a) UV-Visible spectra of NID (50 uM) in varying DMSO-water solvent mixtures;
(b) solvent dependent *H-NMR spectra of NID (1 mM).

3.2.4. Investigation oi the emissive nature of organic nanoparticles

Intrigued by the change in the UV-vis spectral nature of NID during self-aggregation, we
investigated the emission behavior of NID in DMSO-water solvent mixtures. Emission
spectrum of NID (10 uM) in DMSO showed almost negligible fluorescence intensity (Figure
6a). Moreover, no significant fluorescence intensity was observed with increasing water
content upto 50% within the DMSO solution (f, = 50 vol%). Interestingly, an excimer peak
appeared having emission maxima at 470 nm at 60% water content (f,, = 60 vol%). Further
addition of water resulted in stronger emission for self-aggregated NID having its highest
intensity at fw = 99 vol% (Figure 6a). This is in concurrence with the absorption spectroscopic
behaviour of NID (Figure 5a). NID Amphiphiles started engaging in self-assembly apparently
through the stacking of the chromophoric units with increase in water content. It resulted in
excimer peak formation at 470 nm owing to AIE. The emission intensity of NID was many-
fold higher at fi,= 99 vol%, than at pure DMSO (Figure 6a,b). Relative fluorescence quantum
yield of NID at fw= 99 vol% is calculated to be 8% (with respect to quinine sulfate hydrate).
This AIE behavior was also examined by irradiating NID in different DMSO-water
compositions (1 mL) under UV lamp having Aex = 365 nm (Figure 2,5b). DMSO solution of
NID (50 mM) showed no significant fluorescence and from 60% water content a bluish green
emission was witnessed, which became maximum at fw= 99 vol%, due to AIE via the excimer
formation (470 nm). Subsequently, concentration-dependent fluorescence spectra of NID at
fw= 99 vol% were recorded within a concentration range of 10-90 uM (Figure 6c¢). With

increase in NID concentration, the luminescence intensity of the characteristic excimer band
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(Aem at 470 nm) consistently enhanced and became saturated at and above 70 uM (Figure 6c¢).
This observation delineates that with increase in the concentration of NID, enhancement in
the AIE was noted possibly due to the self-aggregation of a greater number of amphiphilic

molecules which became saturated beyond a specific concentration.
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Figure 6. (a) Fluorescence spectra (Aex = 350nm) of NID (10 uM) in DMSO-water solvent
mixture. (b) Plot of relative emission intensity (I/I,) vs the fraction of water in DMSO of NID
where, I, = Emission intensity in pure DMSO solution, (c) concentration dependent emission
spectra of NID at 99% water content in DMSO, (d) TCSPC decay profiles of NID (20 uM)
monitored at 390 nm (pure DMSO) and 470 nm in (2:3 v/v), (1:99, v/v) DMSO-water mixture
upon excitation at 375 nm.

For better understanding of the AIE phenomenon in NID, TCSPC study was carried
out with picosecond excitation at 375 nm for NID (20 uM) in pure DMSO, 60% and 99% water
content in DMSO (Figure 6d). In all cases, triexponentially fitted decay curves were attained.
For DMSO solution of NID, the emission was monitored at Amon = 390 nm and the average
lifetime value ({1)) was 0.0456 ns (Table 1). The (7) value monitored at Amon = 470 nm for f,, =

60 vol % and 99 vol% in DMSO, was found to be 4.04 ns and 6.87 ns, respectively (Table 1).
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Pre-associated excimer in the AIE resulted in the long decay lifetime at higher percentage of

water.

Table 1. Lifetime values of NID in presence of different fractions of water in DMSO (Aex = 375

nm)

[NID] Fraction  Amen(nm) 7t (ns)(a;)  t=(ns) (a.) 75 (ns) (a)  Average

(uM) of water lifetime
(fw) (1) (ns)
(vol%)

20 0 390 0.04(1.000) 2.95(0.0003) 0.00(0.000) 0.0456

20 60 470 3.00(0.023) 22.60(0.008) 0.15(0.969) 4.04

20 99 470 9.25(0.178) 27.10(0.175) 0.77(0.648) 6.87

Furthermore, we also analyzed the influence of intramolecular charge transfer process
(ICT) on the AIE phenomenon by checking the UV-vis and emission spectra of NID (50 uM)
in varying organic solvents having distinct polarities (Figure 7a-c). Alteration in the solvent
from non-polar xylene to polar diethyl ether did not show any considerable changes in the
absorbance maxima (Table 2 and Figure 7a). The molar extinction coefficients of NID in
diethyl ether, toluene, anisole, m-xylene and o-xylene were 0.0132, 0.013, 0.011, 0.0056,
0.0034 uM* cm?, respectively. Nevertheless, the Aem significantly red-shifted with gradual
enhancement in polarity of solvent (Table 2 and Figure 7b). The Stokes shift (Av) of NID in
different solvents was determined and the solvatochromic property was also quantitatively
expressed by the Lippert-Mataga equation.[46-47]

2Af

Av =v,—v, = m(u,; — ug)? + constant (1)

where v, = maximum absorbance wavenumber, v, = maximum emission wavenumber, h =
Planck’s constant, ¢ = speed of light, a = Onsager solvent cavity, u; = excited-state dipole
moment and u.; = ground-state dipole moment. The solvent polarity parameter (orientational

polarizability) Af, represented in eq, is the measure of solvent polarity.

e—1 n?-1

Af = (2)

T 2841 2n2+1
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where ¢ = static dielectric constant and n = optical refractive index of the solvent. For NID.
linearity between Av vs Af with positive solvatochroism was observed, which represented ICT

from the naphthyl unit (donor part) to the NID core (acceptor part) (Figure 7c, Scheme 1).
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Figure 7. (a) Absorption and (b) emission spectra of NID (50 uM) in different solvents. (c)
Plot of Stokes shift (Av) of NID vs solvent polarity parameter (Af).

Table 2. Photophysical property of NID«

Solvent Af Aap (NM) Aem (NmM) Av (em™)
m-Xylene 0.012 333.24 413.30 5813
Toluene 0.013 335.28 417.65 5882
o-Xylene 0.027 334.48 428.03 6534
Anisole 0.1118 336.30 466.10 8281
Diethyl ether 0.166 332.45 477.16 9122

aAbbreviation: Af = solvent polarity parameters, A, = absorption maximum, Aem = emission

maximum, Av = Stokes shift. Excitation wavelength (Aex = 350 nm); [NID] = 50 uM
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Scheme 1. Schematic representation of NID based fluorescent organic nanoparticle in
selective sensing of Fe3* and as diagnostic probe for Fe2*/Fe3* Transition. ICT: intramolecular
charge transfer.

We also performed time dependent UV-vis spectroscopic study as well as
photoluminescence study to know the stability of NID FONPs. The relative absorbance (A/A,)
and relative fluorescence intensity (I/I,) of NID FONPs were recorded with time (Figure
8a,b). Here A, and A were original absorbance and absorbance on different days, respectively.
Similarly, I, and I represent original fluorescence intensity and fluorescence intensity on
different days. No significant change in the relative absorbance and fluorescence intensities
was noted for 7 days. Also no precipitation was observed in the translucent NID solutions for

7 days (Figure 8c). Hence, these FONPs were stable for a considerable time period.
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Figure 8. Ratio of (a) absorbance value, (b) fluorescence intensity over time for NID FONP
at fw = 99 vol% in DMSO. (c) photographs of NID FONP solution for 7 days.
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3.2.5. Fluorimetric sensing of Fe**

After ensuring the formation of NID FONPs, we intended to explore the emissive behavior of
the FONPs in Fe3* sensing owing to the presence of histidine in the amphiphile backbone.
Histidine is well known chelating agent for Fes+.[48] Among all the transition metals, iron plays
vital roles in oxygen uptake, electron transfer, cellular metabolism, enzyme catalysis, and
many other biochemical processes. Therefore, we aim to utilize NID FONPs towards selective
detection of Fe3+. Consequently, the fluorescence spectra of NID FONPs (50 uM) was recorded
in DMSO-water, fw= 99 vol% (1 mL) upon titration with Fe3+ (aqueous solution of FeCl;)
(Figure 9a). The emission intensity of NID FONPs at Aex = 470 nm was found to be decreased
gradually along with the increase in concentration of Fe3*from 10 uM onwards. The quenching
effect by Fes+ steadily increased up to 560 uM and thereafter no significant changes in
quenching effect was noted (experimentally investigated up to 650 uM). This quenching by
Fe3* on the emission of NID FONPs was noted possibly due to the complex formation between
Fe3* and the histidine residue of the NID amphiphile (Scheme 1). In a wide variety of metal
complexes, the formally forbidden intersystem crossing (ISC) becomes faster due to the
presence of a paramagnetic metal ion in the proximity of the fluorophore. In the present study,
the observed quenching of fluorescence by Fe3* ions may be ascribed due to the cooperative
influence of size compatibility as well as the paramagnetic nature of Fe3* which result in
chelation-enhanced quenching (CHEQ).[44] The coordination between Fe3+ and histidine took
place among one of the N atoms from imidazole ring and another N atom from the free amine.
l481The quenching of NID FONPs by Fe3* was analyzed quantitatively by using Stern-Volmer

equation,
F/Fo =1 + Ksv[Q] (3)

In this equation, F and F, are the fluorescence intensities of NID FONP in the
presence/absence of Fe3+ respectively; Kgsvis the Stern-Volmer constant; and [Q] is quencher
concentration. The change in F/F, of NID FONP with Fe3*up to 70 uM is observed and the
Stern-Volmer plot showed linearity in fluorescence quenching of NID by Fe3+ with Ksv of

0.0035 uM™ (Figure gb).

As the NID FONP displayed a sensitive turn off response to Fes*, thereby we measured
the detection limits of Fe3*. The emission intensity of NID FONPs at 470 nm decreased in
proportion to the concentration of Fe3* ranging from 10 to 560 uM (Figure 9a). The sensitivity
was measured based on the relationships between the ratio of fluorescence emission intensity

at 470 nm in presence and absence of Fe3*. A good linear behavior was obtained between (F,
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— F)/Foand Fes3*in the lower concentration range (upto 70 uM) where F, and F were emission

intensities of NID FONPs at 470 nm in the absence and presence of Fe3+, respectively (Figure
9c). The linear regression equation was F, - F/F, = -8.78645 + 0.00351x concentration of Fe3+
(uM); correlation coefficient (R2) of 0.99114. The limit of detection (LOD) of Fe3* was found
to be 12.5+1.2 uM as calculated based on 30/S where o was the standard deviation and S was

the slope of the calibration curve (experiment was repeated thrice).

To determine the binding ratio between luminescent NID and Fe3+, the stoichiometric
ratio of NID and Fe3+ was calculated through Job's plot (Figure 9d and Figure 10).(381 The
stoichiometric ratio of NID and Fe3* was established by plotting the mole fraction (x) of NID
and the product of emission intensity change (F, - F, where F, and F were emission intensities
of NID FONPs at 470 nm in the absence and presence of Fe3*, respectively) and the mole
fraction (x) of NID. Fluorescent intensities of 1 mL solutions of NID + Fe3+in different ratios,
each having total concentration of 80 uM were measured. The product of F, - F and mole
fraction (x) of NID went through maxima at x = 0.501 as shown in Figure 9d, indicating the
formation of 1:1 stoichiometric complexes between NID and Fe3+ that led to the quenching of

the emission intensity of NID FONPs.
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Figure 9. (a) Fluorescence spectra of NID FONPs (50 uM) in absence and presence of varying
concentration of Fe3* (excitation wavelength = 350 nm), (b) Stern-Volmer plot of Fe3* doped
in (1:99, v/v) DMSO-water solution of NID (50 uM), (c) Fluorescence response of NID FONPs
towards Fe3* sensing with varying concentration of Fe3* in (1:99, v/v) DMSO-water ([NID] =
50 uM), (d) Job’s plot for stoichiometry of metal complex.

Page | 112



NAPHTHALIMIDE BASED FLUORESCENT ORGANIC
NANOPARTICLES IN SELECTIVE DETECTION OF Fe3* AND ITS
Chapter3 APPLICATION AS A DIAGNOSTIC PROBE FOR Fe?*/Fe®* TRANSITION

Fluorescence Intensity (a.u.)

375 400 425 450 475 S00 525 550 575

Wavelength (nm)

Figure 10. Emission spectra of different mole fraction of NID / Fe3* in 1:99 (v/v) DMSO-
water. Xcomp = Mole fraction of NID.

After confirming the Fe3* sensing by NID FONP, we were curious to investigate the
selectivity of NID against the other metal ions. This is a very essential parameter to estimate
the performance of a new fluorescence sensor. To this end, 1 mL of NID FONP solution (50
uM) was treated with different metal ions. Emission spectra of NID were recorded in the
presence of different monovalent (Na+*, K+), divalent (Co2*, Zn2*, Fe2*, Pb2+, Ni2*, Mn2*),
trivalent (Cr3+, V3+) metal ions and Fe3+, having concentration of 500 uM for each metal ions.
Interestingly, none of these metal ions could quench the fluorescence of NID FONP
significantly except Fe3+ (Figure 11). This experiment was repeated thrice and the error bar
reflects the standard deviation. The effect of the different metal ions on the emission of the
NID FONPs was also examined by irradiating the samples (NID + metal ion solution in 99%
water in DMSO) under UV lamp (Aex = 365 nm) (Figure 12). The bluish green emission of NID
FONPs remain unchanged for all the used metal ions except Fe3* containing solution. In
presence of Fe3*, the emission intensity got drastically quenched indicating further the
selective sensing of Fe3* by NID FONPs.
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Figure 11. Selectivity of NID FONPs ([NID] = 50 uM) to Fe3+ over other metal ions [metal]
= 500 uM in (1:99, v/v) DMSO-water solution. a) Fluorescence intensity plot b) relative
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intensity of NID FONPs in presence of different metal ions. The error bars represent the
standard deviations.

K* Fe?* Mn* Co* Ni* Zn* Pb* Cr¥* V3* pe+

T T

Figure 12. Photograph of selectivity of NID FONPs ([NID] = 50 uM) to Fe3* over other metal
ions (500 uM) in (1:99, v/v) DMSO-water solution upon UV-light irradiation (1ex = 365 nm).

All these preceding experiments were carried out using Milli-Q water. To investigate
whether the complexation of Fe3+ with NID has any influence on the pH of the medium and
subsequently the AIE properties of NID FONPs, we carried out Fe3+ detection in aqueous
phosphate buffer solution (pH = 7.4, 10 mM). NID FONPs and Fe3* stock solutions were
prepared in phosphate buffer medium. With the gradual increase in Fe3* concentration, the
fluorescence intensity quenched gradually up to 560 uM in concurrence with the preceding
observation (Figure 13a). No further quenching was observed up to 650 uM of Fe3+. This
quenching was similarly analyzed quantitatively by using the Stern-Volmer equation (7). The
Stern-Volmer plot of change in F/F, of NID FONPs with Fe3*, showed linearity in the
fluorescence quenching of NID by Fe3+* up to 55 uM with Ksv of 0.0037 uM™, which was 0.0035
uM in the case of Milli-Q water. We also carried out the selectivity experiments taking other
monovalent, divalent, and trivalent metal ions in aqueous buffer medium (pH = 7.4, 10 mM).
Here also, the NID FONPs showed similar selectivity towards Fe3+ (Figure 13¢,d) against the

other tested metal ions.
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Figure 13. (a) Fluorescence spectra of NID FONPs (50 uM) in absence and presence of
varying concentration of Fe3* (excitation wavelength = 350 nm), (b) Stern-Volmer plot of Fe3*
doped in (1:99, v/v) DMSO-aqueous phosphate buffer (10 mM, pH = 7.4) solution of NID (50
uM), Selectivity of NID FONPs ([NID] = 50 uM) to Fe3* over other metal ions [metal] = 500
uM in (1:99, v/v) DMSO-aqueous phosphate buffer (10 mM, pH = 7.4) solution. (c)
Fluorescence intensity plot (d) relative intensity of NID FONPs in presence of different metal
ions. The error bars represent the standard deviations.

Next, we wanted to investigate the chelation between NID FONPs and Fe3* with
respect to other Fe3+ binding agents. To this end, we recorded the photoluminescence spectra
of Fe3* (500 uM) containing solution of NID FONPs (50 uM) at f,v = 99 vol% water in DMSO
treated with several Fe3+ chelating agents like 2-aminopyridine, citric acid, L-Dopa, EDTA,
folic acid and glycine having concentrations of 500 uM and 1000 pM, respectively. As
mentioned earlier, the fluorescence of NID FONPs (50 uM) is quenched in the presence of
Fe3* (500 uM) (Figure 9a). However, no significant increase or recovery in the fluorescence
intensity took place in the presence of 2-aminopyridine, citric acid, L-Dopa, EDTA, folic acid
and glycine (Figure 14). Hence, it may be inferred that the co-ordination between NID FONPs
and Fe3+ is quite strong. We again carried out the experiment with the same concentration of
NID FONPs (50 uM) and Fe3* (50 uM) with twice the concentration of EDTA (100 uM) both
in aqueous and phosphate buffer (pH = 7.4, 10 mM) media (Figure 15). The concentration was
kept equivalent to eliminate the fluorescence suppressing phenomena. No regaining of
fluorescence took place in the presence of EDTA to the NID FONP solution treated with Fes-.
This further confirmed the strong binding nature of NID FONPs to Fes+.
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As mentioned before, oxidative stress is an important parameter for a living cell. The
oxidative stress can be varied owing to the uncontrolled production of ROS through Fe2+/Fes+
transition in presence of hydrogen peroxide.[32-331 In view of the unique reactivity of iron at
different redox states, it would be highly important to detect Fe2*/Fe3+ transition. Initially, we
investigated this Fe2*/Fe3+ transition in a cuvette using NID FONP in presence of H.O. (as an
oxidizing agent). In a cuvette containing 50 uM of NID FONP at f,= 99 vol% (1 mL), requisite
volume of Fe2* (FeCl,) solution was added so that resultant Fe2* concentration became 500
uM. The NID FONP solution was irradiated under UV lamp at Aex = 365 nm before and after
addition of Fe2* and no change in the bluish green emission was noted (Figure 16).
Interestingly, the addition of equivalent amount of H.O, (500 uM) resulted in the complete
quenching of the emission (Figure 16) possibly by Fe3+ that formed through oxidation of Fe2*
in presence of H.O.. Notably, addition of H.O. (500 uM) to the only NID FONPs solution (in

absence of Fe2+) did not exhibit any marked change in its emission.
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Figure 14. Emission spectra of of NID FONPs (50 uM) and mixture of NID FONPs (50 uM)

+ Fe3* (500 uM) in absence and presence of 500 & 1000 uM of (a) 2-aminopyridine, (b) citric
acid, (c) L-Dopa, (d) EDTA, (e) folic acid and (f) glycine.
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Figure 15. Emission spectra of NID FONPs (50 uM) and mixture of NID FONPs (50 uM)
+Fes3* (50 uM) in absence and presence of 100 uM EDTA in (a) Milli-Q water and (b) aqueous
phosphate buffer (pH = 7.4, 10 mM).

Figure 16. Photographs NID FONPs ([NID] = 50 uM), NID FONPs + Fe2+ ([NID] = 50 uM,
[Fe2t] = 500 uM), NID FONPs + H,O. ([NID] = 50 uM and [H.O.]= 500 uM ) and NID
FONPs + Fe2* + H,O, ([NID] = 50 puM, [Fe2*] = 500 pM and [H.O.] = 500 uM ) in (1:99, v/v)
DMSO-water solution upon UV-light irradiation (Aex = 365 nm).

3.2.6. Influence of Fe** on the morphology of seli-aggregated NID FONPs

Selective and sensitive detection of Fes* by NID FONPs made us curious to investigate whether
coordination of Fe3* with histidine moiety of NID has any influence on the morphology of self-
aggregates. FESEM images taken for 10 uM solution of NID +Fe3* (mixed in equimolar
proportion) at f,= 99 vol% showed spindle shaped morphologies having length of ~ 200 nm
and width of 60-70 nm (Figure 17a). Similar morphologies were observed in the AFM images

where the aggregates had length in the range of 200-250 nm and width of 60-80 nm (Figure
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17b). It is evident that chelation of NID with Fe3+* led to the morphological transformation

from spherical to spindle in the structure of self-aggregates.

Figure 17. (a) FESEM image, (b) AFM image of NID (10 uM) + Fe3* (10 uM) in (1:99, v/v)
DMSO-water binary solvent mixture.

3.2.7. (ircular dichroism (CD) study

The effect of chiral amino acid moieties in the self-assembly of NID was investigated by CD
spectroscopy. In pure DMSO (molecularly dissolved state) NID showed chirality without any
characteristic CD signal (Figure 18a). Upon gradual increase in the water content, a change in
the CD spectral pattern with the possible emergence of chiral bias was noted. At the highest
percentage of water (fi, = 99%) in DMSO, the CD spectra with a positive band at 240 nm and
a negative band at 248 nm was observed (Figure 18a) which resembles the possible S-sheet
type (not by the position of the peaks) arrangement of the self-aggregates. This manifestation
of chiral bias possibly resulted from the supramolecular organization of the amino acid
containing chiral building block, NID. The positive band observed in the CD could be
attributed to the 7 7* transition of the amide bond and negative band at longer wavelength to
n-7* transition of the same. With introduction of Fe3+ (5 mM), this characteristic peak
disappeared (Figure 18b) as a result of the alteration in the supramolecular arrangement of

the self-aggregates that led to the change in morphology of the self-aggregates (Figure 17).
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Figure 18. CD spectra of (a) NID (500 uM) in different ratios of DMSO-water, (b) NID (500
uM) at fiv = 99% in DMSO in presence of Fe3+ (5 mM).

3.2.8. (ytocompatibility oi NID derivative-hased FONPS

The cytocompatibility of NID FONPs against mammalian cells is crucial for exploring the AIE-
gens in bioimaging and Fe3* sensing within cellular environment. The cytocompatibility of
NID FONPs (10-50uM) prepared at fw = 99 vol% was examined by MTT assay in non-cancer
(NIH3T3) and cancer (B16F10) cells. In each case, after 12 h and 24 h incubation ~85-90%
and ~82-90% eukaryotic cells (normal and cancer cells) were found to be alive (Figure 19).
Therefore, these NID FONPs were found to be adequately biocompatible and suitable for

cellular imaging.
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Figure 19. MTT-based % cell viability of NTH3T3 (non-cancer cells) and B16F10 (cancer cells)
in presence of varying concentration of FONPs derived from NID in 1:99 v/v, DMSO-water
over the incubation period of (a)12 h, (b) 24 h. Percent errors are within + 5% in triplicate
experiments.
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3.2.9. Bioimaging

NID-derived biocompatible FONPs were utilized in bioimaging of the mammalian cells. Both
non-cancerous (NIH3T3) and cancerous (B16F10) cells were incubated with 25 uM of NID
FONPs (fw= 99 vol%) for 6 h. Fluorescence microscopic images showed green fluorescence
inside both the cells indicating significant internalization of the NID FONPs within the cells
and mean fluorescence intensity was found to be 1067 for NIH3T3 and 1035 for B16F10
(Figure 20a-c, 21a-c). This cell-staining ability of the FONPs in the visible range has potential
utility in diagnostics as bio-probes. Fluorescence microscopic images were further taken to
investigate the ability of NID FONPs towards sensing Fe3* as well as monitoring Fe2*/Fe3*
transition inside cells. Incubation of exogenous Fe3+ (250 uM) along with NID FONP with
NIH3T3 and B16F10 cells exhibited substantially quenched fluorescence inside both the cells
having mean fluorescence intensity of 133 and of 204, respectively (Figure 20d-f, 21d-f,
Scheme 1). Moreover, as discussed above, Fe2* ions are highly relevant in case of oxidative
stress where through Fenton reaction Fe2* ion reacts with hydrogen peroxide to generate
highly reactive oxygen species and got oxidized to Fe3* state. In this context, cancer cells are
known to possess more H.O, compared to normal alive cells.[49-5] Considering this fact, we
incubated the mentioned mammalian cells with Fe2* (250 uM) and NID FONP for 6 h. In case
of non-cancerous NIH3TS3 cells, no significant quenching in the green emission of NID FONP
was observed. The mean fluorescence intensity was found to be 1010 (Figure 20g-i), which is
comparable to that of native NID FONPs. Notably, in B16F10 cancer cells, green fluorescence
of NID FONP within the cells got significantly quenched with a low mean fluorescence
intensity of 342. This was possibly due to the oxidation of included Fe2* to Fe3* by H.O, inside
cancer cells (Figure 21g-i), which could not take place in the non-cancerous one owing to the

less H,O, content.
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Figure 20. Bright-field, fluorescence microscopic images and corresponding flow cytometric
plots of NIH3T3 cells after 6 h incubation with (a, b, ¢) NID FONPs (25 uM), (d, e, f) NID
FONPs (25 uM) + Fe3* (250 uM) and (g, h, i) NID FONPs (25 uM) + Fe2* (250 uM). The mean
fluorescence values are given in the insets.
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Figure 21. Bright-field, fluorescence microscopic images and corresponding flow cytometric
plots of B16F10 cells after 6 h incubation with (a, b, ¢c) NID FONPs (25 uM), (d, e, f) NID
FONPs (25 uM) + Fe3* (250 uM) and (g, h, i) NID FONPs (25 uM) + Fe2* (250 uM). The mean
fluorescence values are given in the insets.

We also carried out real time bioimaging of NIH3T3 and B16F10 cells taken in chamber
slides by incubating NID FONPs (25 uM, fiv = 99 vol%) for 3 h and 6 h and again further in
presence of Fe2* (250 uM) and Fe3* (250uM) for 6 h (Figure 21,22). We observed similar type
of results in concurrence to fixed cells as mentioned above. To demonstrate it further, we co-
cultured both the normal cell (NIH3T3) and cancer (B16F10) cells together and incubated the
cells with Fe2* (250 uM) and NID FONP (25 uM) for 6 h. In contrast to the number of cells
present in the bright field image, comparatively lower number of cells exhibited green
luminescence under fluorescence microscopic image in the mixed population of both non-

cancer (NIH3T3) and cancer (B16F10) cells (Figure 23). Fe2* upon internalization within
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cancer cells easily got oxidized to Fe3+ state through Fenton reaction because of the high H.O.
content. Consequently, it quenched the fluorescence of included NID FONPs inside the cancer
cells (B16F10). However, this same Fe2*/Fe3* transition and subsequently fluorescence
quenching of NID FONPs did not take place in case of non-cancer cells (NIH3T3) owing to its
lack of H.O, content. This result corroborates with the fact that in cancer cells the fluorescence
of NID FONPs quenched in presence of Fe3+. Hence, this newly developed NID FONP can be
successfully utilized in selective sensing Fes+ inside and outside of cellular environment as well
as for monitoring Fe2*/Fe3+ transition selectively inside cancer cells as a marker of oxidative

stress.

)

Figure 21. Bright-field, fluorescence microscopic images of NIH3T3 cells after incubation
with NID FONPs (25 uM) for 3 h (a,b) and 6 h (¢,d) incubation with NID FONPs (25 uM) +
Fe2* (250 uM), (e, f) NID FONPs (25 uM) + Fe3* (250 uM) (g, h) for 6 h.
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Figure 22. Bright-field, fluorescence microscopic images of B16F10 cells after incubation
with NID FONPs (25 uM) for 3 h (a,b) and 6 h (c,d) incubation with NID FONPs (25 uM) +
Fe2* (250 uM), (e, f) NID FONPs (25 uM) + Fe3* (250 uM) (g, h) for 6 h.

Figure 23. a) Bright-field, b) fluorescence microscopic image of co-cultured NIH3T3 and
B16F10 cells after 6 h incubation with NID FONPs (25 uM) + Fe2* (250 uM).
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3.3. CONCLUSION

In this present work, we have synthesized naphthalimide based L-histidine appended
amphiphile (NID) which formed bluish green emitting FONPs in 99% water-DMSO binary
solvent system via J-type aggregation. The amphiphile showed negligible emission in DMSO
(non-self-assembled state) but became highly emissive at 60% and above water content at the
aggregated state. Aggregation-induced emission was observed through excimer formation,
having the emission maximum at 470 nm upon excitation at 350 nm. Among the various tested
metal ions, presence of Fe3+ led to the selective quenching of the emission intensity of NID
FONPs due to 1:1 stoichiometric complex formation with the histidine residue. Consequently,
the spherical morphology of the self-aggregated organic particle transformed to spindle
shaped particles as confirmed by microscopic techniques. NID FONP was used as an efficient
AIE based turn-off sensor for Fe3+with a LOD of 12.5+1.2 uM having high selectivity over other
metal ions. Concurrently, NID FONP was successfully employed for bioimaging of Fe3* ions
via fluorescence quenching within living cells as well as detecting Fe2*/Fe3* transition
selectively inside cancer cell due to its high H.O. content. Hence, NID FONP can be a selective

diagnostic probe for cancer cells.

3.4. EXPERIMENTAL SECTION

3.4.1. Materials and methods

N-(tert-butoxycarbonyl)-L-aspartic acid 4-benzyl ester, 1-naphthaleneethanol, 1,8-naphthalic
anhydride, thiazolyl blue tetrazolium bromide (MTT) and solvents for NMR were procured
from Sigma-Aldrich. N,N-(dimethylamino)pyridine (DMAP), N,N-dicyclohexylcarbodiimide
(DCC), 4-N-hydroxybenzotriazole (HOBT), palladium 10% on activated charcoal,
trifluoroacetic acid (TFA), L-histidine, di-tert-butyl dicarbonate, ethylene diamine, benzyl
chloroformate, silica gel (100-200 mesh and 60-120 mesh), sodium sulfate (Na.SO,), 2-
aminopyridine, citric acid, L-Dopa, EDTA, folic acid, glycine and all organic solvents, were
bought from SRL, India. Dulbecco’s modified Eagle’s medium (DMEM), Fetal bovine serum
(FBS) and trypsin were purchased from Thermo Fisher scientific, India. We used Milli-Q water
for all the experiments. NMR spectra were recorded in AVANCE (Bruker) spectrometer.
Electron spray ionization (ESI) technique was used to record high resolution mass spectra
(HRMS) in a Q-TOF-micro quadruple mass spectrometer. The specific rotation of the

synthesized compound was measured in Anton Paar (MCP-200) polarimeter.
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3.4.2. Synthesis of NID

1,8-Naphthalimide based L-histidine functionalized amphiphile was synthesized by given
pathway (Scheme 2). At first, coupling reaction between N-(tert-butoxycarbonyl)-L-aspartic
acid 4-benzyl ester (1.2 equiv) and 1-naphthaleneethanol (1.0 equiv) was carried out using
DCC (1.1 equiv), HOBT (1.1 equiv) DMAP (1.1 equiv), in dry methylene chloride (DCM). The
reaction mixture was stirred for 12 h under nitrogen atmosphere. 1N HCl was used to wash the
organic part and consequently it was dried over anhydrous Na.SO,. The residue obtained after
evaporation was purified by column chromatography using 60-120 mesh silica gel as the
stationary phase and the eluent was 1% methanol in chloroform (yield = 80%). The BOC group
was deprotected in 5 h using TFA (1.5 equiv) in dry DCM. After solvent removal, the crude
mass taken in ethyl acetate was twice washed with 10% aqueous Na.COj; solution and water.
Drying and evaporation of the solvent resulted in the formation of free amine (yield = 81%).
1,8-naphthalic anhydride (1.0 equiv) and the free amine (1.1 equiv) were refluxed (75 °C) in
dry EtOH for 12 h. The residue obtained after removal of EtOH was taken in DCM and washed
with water. Purification of the condensed product was carried out in 100-200 mesh silica gel
using 3% MeOH/CHCI; as eluent (yield = 72%). Consequently, this product was dissolved in
dry THF and hydrogenated using Pd on activated charcoal. The desired acid derivative was
obtained after filtration and evaporation of the solvent, THF (yield = 85%). On the other hand,
one end of ethylene diamine (1 equiv) was coupled with di-tert-butyl dicarbonate (1 equiv) by
drop wise addition of di-tert-butyl dicarbonate in DCM at 0-5 °C for 5 h. The solution was
stirred for 8 h and washed with water and brine. Mono-BOC protected ethylenediamine was
purified in 100-200 mesh silica gel chromatography using methanol-chloroform (5% v/v) as
the eluent (yield = 86%). The previously prepared acid was conjugated with this amine using
DCC coupling method as mentioned above. The residue obtained after working up, drying and
evaporation was purified in 60-120 mesh silica gel chromatography using 3% methanol in
chloroform (v/v) as eluent (yield = 78%). The tert-butoxycarbonyl group was deprotected
using TFA (1.5 equiv) in previously mentioned way and the free amine derivative was obtained
(vield = 86%). On the other hand, N-carbobenzoxy-L-histidine was synthesized adding benzyl
chloroformate (1 eqiv) dropwise to NaOH-dioxane solution of L-histidine (1 eqiv) and stirring
the solution overnight. Afterwards, it was dried and acidified with 1 N HCI and extracted in
DCM (yield = 76%). This was conjugated with the previously prepared amine derivative using
DCC coupling method. The coupled product was purified in 60-120 mesh silica gel
chromatography using 3% methanol in chloroform (v/v) as eluent (yield = 79%). Next, the
benzyl group was deprotected through hydrogenation using Pd on activated charcoal in THF.
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Finally, the end product NID (yield = 78%) was obtained by filtration and evaporation of the

solvent, THF (Scheme 2).
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Scheme 2. Synthetic scheme of NID.

3.4.3. Preparation of organic nanoparticles

A stock solution (10 mM)

of synthesized naphthalimide derivative was prepared by dissolving

the calculated amount of NID in DMSO. The desired aliquot of this stock solution was added

to the varying DMSO-water solvent systems (0-99% water content) to achieve 10-80 uM of

NID, which was used for

all experiments.
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3.4.4. Transmission electron microscopy (TEM) study

TEM images were taken in JEOL JEM 2010 microscope. 4 uL solution of NID (10 uM) in 99%
water in DMSO (fiv = 99 vol%) was drop cast on a carbon coated 300 mesh copper grid and
dried. The negative staining of the copper grid was done with uranyl acetate solution (1 puL (1%

w/v)). TEM images were obtained after keeping the samples under vacuum for 4 h.
3.4.5. Field-emission scanning electron microscopy (FESEM)

FESEM images were recorded in JEOL-6700F microscope. 6 uL solutions of NID (10 uM) and
NID + Fe3* (10 uM NID, 10 uM Fe3+) taken in DMSO-water (f, = 99 vol%) was deposited on
glass coverslips. The FESEM images were captured after keeping the samples under vacuum

for 3 h.
3.4.6. Atomic force microscopy (AFM) study

Veeco, AP0100 instrument in noncontact mode was utilized to obtain the AFM images. 10 mL
of solution of NID (10 uM) and NID + Fe3* (10 uM NID, 10 uM Fes3+) taken in DMSO-water

(fw = 99 vol%) was deposited on mica (1 cm x 1 cm) and dried overnight.
3.4.7. Fluorescence microscopy Study

Fluorescence microscopic images were taken in a IX83 inverted microscope at 4o0x
magnification. 10 pL solution of NID (20 uM) in DMSO-water (f,, = 99 vol%) was drop cast

on glass slides. The solutions were air-dried before imaging.
3.4.8. Dynamic light scattering (DLS) study

Zen 3690 Zetasizer (Malvern Instrument Ltd.) was used for measurement of mean
hydrodynamic diameter (Dy). The scattering intensity was at 175° angle and Malvern Zetasizer
software was used for data analyzing to determine the Dy (for both number averaged and
intensity averaged distribution) of NID (10 uM) in DMSO-water (fw = 99 vol%) and also the

correlogram.
3.4.9. UV-visible study

Solvent dependent UV-vis spectra were recorded on Perkin Elmer Lambda 25
spectrophotometer to understand self-aggregation of NID. UV-visible spectra of NID (50 uM)

in DMSO-water solvent mixtures (1 mL) was observed by varying the content of DMSO from
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100% to 1% in water. UV-vis spectra of NID (50 uM) were also taken in organic solvents (m-

xylene, o-xylene, toluene, anisole, diethyl ether) with different polarities.

3.4.10. Solvent-dependent 'H-NMR study

'H-NMR spectra of NID (1 mM) in DMSO-ds, 2:1 (v/v) DMSO-ds-D-0O and 1:1 (v/v) DMSO-

de-D.O were recorded on Avance 300 MHz spectrometer (Bruker).
3.4.11. Photoluminescence study

Fluorescence spectra of NID solutions (excited at (1ex) = 350 nm) were recorded in Varian
Cary Eclipse luminescence spectrometer. Emission spectra of NID (10 uM) were monitored
in DMSO-water (1 mL) of variable compositions (fw = 0-99 vol %). Concentration dependent
emission spectra were taken in 99% water in DMSO with varying concentrations (10-90 uM)
of NID. Emission spectra of NID (50 uM) were taken in several organic solvents (m-xylene,
o-xylene, toluene, anisole, diethyl ether) of different polarities. Interaction of aggregated NID
FONPs (50 uM) with Fe3* (FeCl; solution) was recorded by luminescence study. Stern-Volmer
constant (Ksv) of the kinetics of fluorescence quenching of NID FONPs with respect to Fes+
concentration was found out using the equation: F/F, = 1 + Ksy[Q], where F and F, are the
fluorescence intensities of NID FONPs in presence/absence of Fe3* and [Q] denotes
concentration of quencher Fe3*ion. Fe3+detection limit was evaluated the from the linear curve
obtained from (F, — F)/F, vs the Fe3* concentration and the selectivity of NID FONP (50 uM)
against different metal ions having concentration of 500 uM was also studied. We also
recorded the photoluminescence spectra of the solution of NID FONPs (50 uM) at fi = 99
vol% water in DMSO and Fe3* (500 uM) in presence of several Fe3+ chelating agents like 2-
aminopyridine, citric acid, L-Dopa, EDTA, folic acid and glycine having concentration of 500
uM and 1000 uM. Photographs of cuvette containing NID solutions (1 mL) of different DMSO-
water compositions, NID solutions in presence and absence of different metal ions in DMSO-
water (fw = 99 vol%) and with Fe2* and H.O, were taken upon irradiation under UV lamp (A

=365 nm).
3.4.12. Quantum yield (QY) measurement

The QY of the unknown fluorophore NID (¢,) was measured in comparison to a common

fluorophore having a known QY (¢s) using the following equation

AsEng
o = (155, .

AyFng
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A, and A; are the absorbance of the unknown and reference sample at respective Aex.
Integrated emission intensities of unknown and known samples at same Aex are F,, and F,

respectively. Refractive indices of solvents are nyand nsin which unknown and known sample

were dissolved. For the determination of the QY, solutions with similar absorbance (<0.01)
were used. Quinine sulfate in sulfuric acid (0.1 M) was used as the reference having QY (¢s) =

54.0%.
3.4.13. Time-resolved study

For the time-correlation single photon count (TCSPC) measurement, samples were excited in
NANO-LED IBH-375 and Hamamatsu MCP photomultiplier was used to collect the
fluorescence decays. To perform the experiment, 2 mL solutions of NID (20uM) were
prepared in DMSO, DMSO-water (2:3 v/v, 1:99 v/v). All amphiphilic solutions were excited
(Aex) at 375 nm and their emission (Amon) Was monitored at 390 nm for only DMSO and at 470
nm for other two solvent mixtures. Time-resolved fluorescence decay p(t) was analyzed by

following equation 5
o, o7
PO = b+ Y a T (5)
i

Here, n = number of discrete emissive species, b = baseline correction (“dc” offset), «; = pre-

exponential factors, and 7; = excited state fluorescence lifetimes for the i-th component,

respectively. For multiexponential decays, the average lifetime was calculated using equation
6

n

= ar (©)

=1

a

Here, a; = "' depicts the contribution of a decay component.
L

Ya

3.4.14. Job’s plot measurements

Two stock solutions of NID and Fe3*were prepared each having 80 uM concentration. Varying
volume (o0, 125, 250, 375, 500, 625, 750, 875, 1000 uL) of NID solution was mixed with
different volume (1000, 875, 750, 625, 500, 375, 250, 125, 0 uL.) of Fe3* solution, respectively
having total volume of 1 mL in each vial. Following gentle agitation of the vials for few minutes,

fluorescence spectra were recorded at room temperature.[38l
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3.4.15. Circular dichroism ((D) study

CD spectra of NID (500 uM) in different ratios of DMSO-water mixtures in absence and
presence of Fe3* (5 mM) at fi, = 99% in DMSO and in different organic solvents like diethyl
ether, toluene, anisole, m-xylene and o-xylene were recorded by using a quartz cuvette of 1

mm path length in a JASCO J-815 CD spectropolarimeter.
3.4.16. Cell culture

B16F10 (cancer cells) and NIH3T3 (non-cancer cells) were brought from NCCS, Pune. The
cells were cultured in DMEM media with 10% FBS, streptomycin and penicillin and kept in
incubator (5% CO.) at 37 °C. Above mentioned cells were used to perform cytocompatibility
and bioimaging experiments. All the cellular experiments were investigated using NID FONPs
at fw = 99 vol%, as they have maximum luminescence compared to other DMSO-water

solution.

3.4.17. MIT assay

Cytotoxicity of NID FONPs in DMSO-water (f, = 99 vol%) was investigated by MTT assay. In
this assay, soluble tetrazolium gets reduced to insoluble formazan by mitochondrial
dehydrogenase excreted from viable cells. Insoluble formazan was dissolved in DMSO and
estimated spectrophotometrically. The formation of formazan is proportional to the number
of alive cells. Lower the absorbance means the killing of cells. First, NTH3T3 and B16F10 cells
were grown in a 96-well plate (2x104 cells per well) for 24 h. NID FONPs (f,, = 99 vol%) having
concentration of 10-50 UM was incubated with both the cells for 12 h and 24 h. 10 pL of MTT
stock solution (5 mg mL?) in phosphate buffered saline (PBS) was added and cells were
incubated further for 4 h. The precipitated formazan was dissolved in DMSO and the
absorbance was recorded using Bio Tek1 Elisa Reader at 570 nm. The number of alive cells

was calculated as % viability by following the equation

% viability = (As;, (treated cells)-background)/(As,. (untreated cells)-background) x 100 (7)
3.4.18. Bioimaging

B16F10 and NIH3T3 cells grown in a chamber slide were treated with i) NID FONPs (25 uM,
fw =99 vo0l%), ii)) NID FONPs (25uM, fv = 99 vol%) + Fe3+*(250uM), iii) NID FONPs (25 uM,
fw =99 vol%) + Fe2*(250 uM) for 6 h. Cells were consequently washed with PBS thrice, and
thereafter fixed using paraformaldehyde (4%). The cells were mounted on a slide using

Glycerol (50%), covered with a cover slip and kept for 24 h. Images were taken in a IX83
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inverted microscope at 40x and 20x magnification. We carried out real time bioimaging
experiment for normal cells (NIH3T3) and cancer cells (B16F10) in 4 well chamber slides.
First, we incubated both type of cells separately in different chamber slides for 24 h (5% CO2)
at 37 °C. Followed by we incubated NID FONPs in (25 uM, fiv = 99 vol%) in both type of cells
for 3 h and carried out fluorescence imaging. We took the cells within chamber slides again in
the CO2 incubator for another 3 h and carried out the same experiment till overall 6 h
incubation of the FONPs. After that we incubated Fe2* (250 uM) and Fe3* (250 uM) separately
in different wells of chamber slides where compound was already incubated. Subsequently, we
carried out the imaging experiment for 6 h incubation of Fe2* and Fe3* included within both
type of cells.

3.4.19. Co-culture experiment

Normal cells (NIH3T3) and cancer cells (B16F10) both were cultured separately in cell culture
flask using DMEM media with 10% FBS, streptomycin and penicillin and kept in incubator
(5% CO2) at 37 °C for 3 days. For co-culture experiment we trypsinized both type of cells and
plated them in each well of 4 well chamber slide as a mixed population (NIH3T3:B16F10= 1:1)
for 24 h in incubation. Then we loaded NID FONPs (25 uM, fw = 99 vol%) + Fe2* (250 uM)
and incubated it for 6 h. After 6 h incubation cells were consequently washed with PBS thrice,
and thereafter fixed using paraformaldehyde (4%). The cells were mounted on a slide using
glycerol (50%), covered with a coverslip and kept for 24 h. Imaging was done in a IX83

inverted microscope at 20x magnification.
3.4.20. Flow cytometry

Both the normal cell (NIH3T3) and cancer cell (B16F10) were culturally grown for 24h. Then
we incubated i) NID FONPs (25 uM, fw = 99 vol%), ii) NID FONPs (25 uM, fi = 99 vol%) +
Fe3* (250 uM), iii) NID FONPs (25 uM, fiv = 99 vol%) + Fe2* (250 uM) with both type of cells
for 6h. After 6h, we washed both the incubated cells with DMEM media and PBS buffer to
remove the excess compounds from cell medium. We used trypsin to detached the cells from
culture flask and centrifuge it for 5 min. After centrifugation we took the precipitated cells
suspended in PBS (500 pL) and carried out the cytometric experiment. BD FACS Aria™ III
flow cytometer was employed to inspect the cells at emission wavelength using a 510 + 40 nm

bandpass filter upon excitation at 405 nm.
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3.5. CHARACTERISATION DATA

'H-NMR (400 MHz, CDCl;, 25 °C): §/ppm: 8.500-8.539 (m, 3H, C-3, C-8 proton of
naphthalimide, C-2 proton of imidazole), 8.365-8.389 (m, 2H, C-5, C-6 proton of
naphthalimide), 7.853-7.964 (m, 4H, C-4, C-5, C-8 protons of naphthyl ring, C-5 proton of
imidazole), 7.608-7.639 (m, 2H, C-4, C-7 protons of naphthalimide), 7.418-7.438 (d, 1H, C-7
proton of naphthyl ring), 7.336-7.372 (t, 1H, C-6 proton of naphthyl ring), 7.154-7.285 (m, 1H,
C-3 proton of naphthyl ring), 6.967-7.005 (m, 1H, C-2 proton of naphthyl ring), 6.239-6.274
(m, 1H, chiral centre of L-aspartic acid residue), 5.071-5.091 (m, 2H, O-CH.-CH,-C,oH,),
4.453-4.497 (m, 1H, chiral centre of L-histidine residue), 3.489-3.569 (m, 6H, -N-CH,-CH.-
N- and O-CH,-CH,-C,cH;), 3.274-3.366 (m, 2H, methylene protons of L-histidine residue),
2.969-3.029(m, 2H, methylene protons of L-asparticacid residue).3C-NMR (400 MHz,
CDCI3): 170.48, 168.95, 160.68, 135.43, 134.55, 134.15, 133.55, 132.24, 131.95, 131.79, 128.98,
127.61, 127.44, 127.25, 127.16, 127.12, 126.16, 125.77, 125.63, 123.78, 119.08, 63.19, 50.05,
49.38, 36.35, 29.65, 28.97. HRMS: m/z: 647.69 [M+H]*(calculated); 647.5857 (found).[a]3°=
-13.78° (¢ = 0.58g/100mL) in CHCIs).

3.6. SPECTRA
3.6.1. 'H-NMR spectra
- 8Eee
_JLJMJ U | YV
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3.6.2. 3C-NMR spectra
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4.1. INTRODUCTION

One of the most prominent examples of “Chemistry beyond molecule” is supramolecular self-
assembly.l2] Supramolecular architectures are built on the spontaneous self-organization of
surfactant molecules by means of hydrophobic, van der Waals, m-mt stacking, H-bonding,
electrostatic and other non-covalent interactions.[3-81 These non-covalent forces play the
central role in developing self-aggregates with diverse morphology and varying dimensions.
Peptide-based self-assemblies serve the goal of simplifying or repurposing biomimetic
structures through the exploitation of molecular scaffold of naturally available amino acids.®
151 peptide-based amphiphiles get self-assembled into vesicle, hydrogel, nanotube, fibril and
other aggregated structures with the prospective applications in cellular transportation, tissue
engineering, regenerative medicines and others. ['-231 Even a single amino acid is quite capable
of composing miscellaneous nanoscale structures that may be attributed to presence of specific
non-covalent interactions. [16:24.25]

Fluorescent organic nanoparticles (FONPs) are a category of supramolecular self-
aggregates, built on m-conjugated oligomers with rich emissive properties and photostability.
[26-311Tn case of FONPs, the limitations caused by aggregation caused quenching (ACQ) get
eliminated by the emergence of aggregation-induced emission (AIE), the anomalous property
first reported by Tang et al. 321 Those luminogens are non or weakly emissive in molecular
state and shine brightly in aggregated form chiefly due to restricted intramolecular rotation
(RIR) and loss of planarity. [33-35] Utility of FONPs is superior to their alternatives in numerous
ways with regard to easy functionalization, low cytotoxicity for their application in sensing,
imaging as well as in theranostic.

Tuning of the emission wavelength of fluorescent nanoparticle is a promising approach
in the vast realm of materials and biomedical sciences. A control over the fluorescence maxima
of the FONP can be achieved by modifying the n-conjugated donor and accepter residues. In
this regard, naphthalenediimide (NDI), the smallest homologue of the rylene diimides has
huge potentials in organic electronic and photovoltaic devices on account of its electron
accepting nature.[3%:371 Wiirthner and co-workers showed that core-substitution of NDI with
heteroatom (N, O, or S) donors could generate multiple colours.[38! Lately, Choudhury et. al.,
demonstrated aggregation-induced multicolour emission for NDI derivatives with substituted
side chains.[39] Similarly, Tonga et al. demonstrated the influence of n-conjugation on AIE in
a-cyanostilbene based polycyclic aromatic hydrocarbons.[4°] Amino acids with varying -
electron density, linked to the NDI core at N-substituted position could also lead to tuneable

emission of the FONPs. A systematic investigation on the structure-property correlation of
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such amphiphilic compounds possibly can define the role different molecular segments in

modulating the emitting parameters of FONPs.

To this end, we have developed NDI based amino acid appended amphiphilic
molecules (NDI-1-9, Figure 1) with or without alkyl spacer (C6 and C11) between the NDI core
and amino acids. NDI-1-9 self-assembled into organic nanoparticles (~50 nm) in different
solvent systems of DMSO/DMF-water, CHCl;-methyl cyclohexane (MCH) via J-aggregation.
At 99 vol% MCH in CHCl;, NDI-1-3 (L-alanine, L-phenylalanine and 3-(2-naphthyl)-L-
alanine are directly linked with NDI core) exhibited AIE having excimer peaks at 484 nm, 495
nm, and 590 nm, respectively. Upon inclusion of C-6 (6-amino caproic acid, NDI-5 and NDI-
6) and C-11 (11-amino undecanoic acid, NDI-8 and NDI-9) spacer between NDI and aromatic
amino acids, AIE of corresponding FONPs was observed at 505 nm, 545 nm, 480 nm and 585
nm, respectively in 99 vol% of water in DMF/DMSO and/or MCH in CHCl,. Increase in alkyl
spacer length was found to generate relatively lower quantum yield. Remarkably,
enhancement of n-electron cloud in the side chain substitution of NDI in presence or absence
of alkyl spacer led to red shifting in emission of FONPs from blue-green to yellow-orange array
of colours. This was further corroborated by the p-substitution of -NO, (NDI-2a) and -OMe
(NDI-2b) in the aromatic ring of L-phenylalanine that showed blue shifted (475 nm) and red

shifted (570 nm) emission maxima with respect to NDI-2 (495 nm).

4.2. RESULTS AND DISCUSSION
4.2.1. Molecular designing of naphthalenediimides based amphiphiles NDI-1-9

Naphthalenediimides are unique class of aromatic compounds with a capability of forming
supramolecular self-organization owing to its robust planar geometry.[30:371 It’s physical and
electronic properties can be modulated by substitution at diimide position or directly at the
core.[38:39.41421 These substituted NDI derivatives generate diverse nanoarchitectures through
self-aggregation with participation of H-bonding and n-7t stacking. [43-451 Alongside in many
instances, it exhibits aggregation induced emission (AIE) in contrast to aggregation caused
quenching (ACQ) because of its restricted intramolecular rotation (RIR) and loss of planarity.
139421 To understand the influence of varying substitutions in regulating the emission of the
aggregated organic nanoparticles, this study aims to develop a structure-property correlation
through the designing of amino acid substituted naphthalenediimide (NDI) based amphiphilic
molecules. Variation in the n-electron density in the side chain substitution of amino acids
may tune the emission maxima of the aggregated organic nanoparticles derived from NDI-

based amphiphiles.
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To this end, we have synthesized naphthalenediimide-based amino acid containing

amphiphilic molecules NDI-1-9 (Figure 1) by varying the side chain substitution from L-
alanine to L-phenylalanine to 3-(2-naphthyl)-L-alanine. Alongside, we introduced different
chain length alkyl spacer (C-6 and C-11) between the NDI core and amino acid. NDI core and
other aromatic rings may lead to self-assembly of the amphiphiles through 5-n stacking while
amide bonds would facilitate the self-aggregation via intermolecular H-bonding. Chirality of
the amino acids have potential to impart RIR in the aggregated form of those amphiphiles on
account of their twisted nature. Therefore, these self-assembled structures might also be
highly emissive in its aggregated state owing to AIE. Moreover, NDI-2a and NDI-2b (Figure
1) were synthesized by incorporating electron withdrawing group -NO, and electron donating
group -OMe in the L-phenylalanine substituted amphiphile (NDI-2), respectively in an

attempt to corroborate the effect of extended n electron clouds with manifested AIE.

NDI-1 N(); NDI- za
NDI s Vm 6

OMe VT)I 2b
H()\n)\"J'l\/\/\/ ;:':i /VW \HL"H % Wz

1o wamn’\/\eﬁf}‘l ol N o 0 ‘jg‘

NDI-7 0 o NDLS o I\Dl 9

Figure 1. Structures of naphthalenediimide (NDI) derivatives, NDI-1-9, NDI-2a and NDI-
2b.

4.2.2. Seli-aggregation of amphiphiles
The synthesized NDI amphiphiles (NDI-1-9) were soluble in DMSO. Addition of water led to

translucency of the medium indicating the possible self-assembly of amphiphiles. In all the
cases, transparent solution in DMSO turned to translucent on gradual addition of water from
fw=60-80 vol% (Figure 2). The self-assembled translucent solutions were stable up to 99 vol%
water in DMSO and the translucency of the solutions was maximum at f» = 99 vol%. In
addition, we checked the solubility of synthesized NDI derivatives in DMF and CHCI; to
investigate their prospect of self-assembly by introducing water and methyl cyclohexane
(MCH), respectively. For NDI-1, NDI-2, NDI-3 and NDI-8 translucency distinctly appeared
from 80 vol%, 80 vol%, 60 vol% and 99 vol% MCH in CHCI; (Figure 3a,b,e,f,). In case of other
NDI derivatives, obtained translucent solutions were not stable for a longer period of time, in
particular at higher MCH content. Furthermore, we tested the self-assembling ability L-
phenylalanine substituted NDI-derivates with varying spacer length (NDI-2, NDI-5 and
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NDI-8) in DMF-water binary solvent systems. Here too the transparent DMF solutions
of NDI-2, NDI-5 and NDI-8 transformed to translucent with gradual addition of water

from fi, = 80 vol% and the translucency got increased to maximum at f,, = 99 vol% in DMF
(Figure 3g-i).

fu=
DMSO 20

Vol%

Figure 2. Photographs of formation of translucent solutions with increasing water content in
DMSO for 250 uM of (a) NDI-1, (b) NDI-2, (¢) NDI-3, (d) NDI-4, (¢) NDI-5, (f) NDI-6, (g)
NDI-7, (h) NDI-8 and (i) NDI-9.
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Figure 3. Photographs of formation of translucent solutions with increasing MCH content in
CHCI, for 250 uM of (a) NDI-1, (b) NDI-2, (c) NDI-2a, (d) NDI-2b, (¢) NDI-3, (f) NDI-8
and water content in DMF for (g) NDI-2, (h) NDI-5, (i) NDI-8.
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4.2.3. Microscopic study and DL measurements

As translucency signifies possible self-aggregation, thus it was intriguing to confirm the
formation of self-assembled structures by NDI-1-9. Consequently, all the translucent
solutions formed by NDI-1-9 in different binary solvent systems (99 vol% water in
DMSO/DMF and MCH in CHCIl; having maximum translucency) were investigated by
microscopic techniques. TEM images of NDI-1-9 (20 uM, fi, = 99 vol% in DMSO) exhibited
almost spherical aggregates having dimension in the range of ~25-50 nm (Figure 4). Similarly,
formation of organic nanoparticles of NDI-1-9 (20 pM, f = 99 vol% in DMSO) having
diameter of ~50 nm was observed in the respective FESEM images (Figure 5). Mean
hydrodynamic diameters (Dn) of NDI-1-9 (20 uM, fi = 99 vol% in DMSO) organic
nanoparticles measured by dynamic light-scattering (DLS) experiment, were found to be in
the range of 40-175 nm with an average diameter of ~70, 60, 55, 45, 58, 60, 40, 38 and 60 nm,

respectively (Figure 6). Corresponding correlogram data is provided in Figure 7.

Figure 4. Negatively stained TEM images of 20 uM of (a) NDI-1, (b) NDI-2, (c) NDI-3, (d)
NDI-4, (¢) NDI-5, (f) NDI-6, (g) NDI-7, (h) NDI-8 and (i) NDI-9 in 1:99 (v/v) DMSO-
water binary solvent mixture.
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Figure 5. FESEM images of 20 uM of (a) NDI-1, (b) NDI-2, (c) NDI-3, (d) NDI-4, (e) NDI-
5, (f) NDI-6, (g) NDI-7, (h) NDI-8 and (i) NDI-9 in 1:99 (v/v) DMSO-water binary solvent

mixture.
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Figure 6. DLS plots of particles size distribution of 20 uM of (a) NDI-1, (b) NDI-2, (¢c) NDI-
3, (d) NDI-4, (e) NDI-5, (f) NDI-6, (g) NDI-7, (h) NDI-8 and (i) NDI-9 in 1:99 (v/v)
DMSO-water binary solvent mixture.
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Figure 7. Correlogram of DLS plots of 20 uM of (a) NDI-1, (b) NDI-2, (c) NDI-3, (d) NDI-
4, (e) NDI-5, (f) NDI-6, (g) NDI-7, (h) NDI-8 and (i) NDI-9 in 1:99 (v/v) DMSO-water
binary solvent mixture.

Moreover, NDI-1-3, (20 uM, 99 vol% in MCH in CHCI;) showed self-aggregated
organic nanoparticles of ~50 nm in the corresponding TEM and FESEM images having Dy
with number average diameter of ~73, 64 and 61 nm, respectively (Figure 8a-c, 9a-c, 10a-c).
For NDI-5 (20 uM, fw = 99 vol% in DMF), organic nanoparticles of dimension ~50 nm was
found in both TEM and FESEM images as well as in the corresponding DLS study (Figure 8d,
9d, 10d). Similarly, organic nanoparticles derived from NDI-8 (20 uM) in 99 vol% in MCH in
CHCl; displayed dimension of ~50 nm in TEM and SEM images with number average diameter

of ~53 nm in DLS study (Figure 8e, 9e, 10€).

Figure 8. Negatively stained TEM images of 20 uM of (a) NDI-1, (b) NDI-2, (c) NDI-3 in
1:99 (v/v) CHCl;-MCH binary solvent mixture, (d) NDI-5 in 1:99 (v/v) DMF-water binary
solvent mixture and (e¢) NDI-8 in 1:99 (v/v) CHCl;-MCH binary solvent mixture.
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Figure 9. FESEM images of 20 uM of (a) NDI-1, (b) NDI-2, (c) NDI-3 in 1:99 (v/v) CHCl;-
MCH binary solvent mixture, (d) NDI-5 in 1:99 (v/v) DMF-water binary solvent mixture and
(e) NDI-8 in 1:99 (v/v) CHCl;-MCH binary solvent mixture.
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Figure 10. DLS plot of particles size distribution of 20 uM of (a) NDI-1, (b) NDI-2, (c) NDI-
3in 1:99 (v/v) CHCl;-MCH binary solvent mixture, (d) NDI-5 in 1:99 (v/v) DMF-water binary
solvent mixture and (¢) NDI-8 in 1:99 (v/v) CHCl;-MCH binary solvent mixture.

Corresponding correlogram data of DLS study of NDI-1, 2, 3 and 8 in 99 vol% MCH
in CHCl; and NDI-5 in 99 vol% water in DMF were provided in Figure 11. All these
microscopic images and the corresponding DLS study of NDI-1-9 confirmed the formation of

self-aggregated organic nanoparticles in the varying compositions of investigated binary
solvent systems.
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Figure 11. Correlogram of DLS plot of 20 uM of (a) NDI-1, (b) NDI-2, (c) NDI-3 in 1:99
(v/v) CHCl;-MCH binary solvent mixture, (d) NDI-5 in 1:99 (v/v) DMF-water binary solvent
mixture and (e) NDI-8 in 1:99 (v/v) CHCl;-MCH binary solvent mixture.

4.2.4. Photoluminescence property

All the NDI derivatives (250 uM) in three binary solvent systems (i.e. DMSO-water, DMF-
water, CHCl;-MCH) at varying compositions were irradiated under UV lamp (Aex = 365 nm).
Among them, NDI-1, NDI-2, NDI-3 and NDI-8 in CHCl;-MCH, NDI-5 and NDI-8 in DMF-
water, NDI-6 and NDI-9 in DMSO-water showed fluorescence with varying emitting light
(Figure 12). In case of NDI-1, NDI-2, and NDI-3 greenish blue, bluish green and orange
emission were observed respectively with increasing content of MCH in CHCI; from 60 vol%
onwards. In each case the emission intensity was found to be most bright at 99 vol% of MCH
(Figure 12a-c). Transparent non-fluorescent DMF solution of NDI-5 started to exhibit green
emission from fi, = 80 vol% water having brightest emission at f,, = 99 vol% water in DMF
(Figure 12d). Likewise, for NDI-8, a greenish blue emission was noticed at 99 vol% MCH in
CHCl; and 80 vol% water in DMF that became maximum at fiy = 99 vol% in respective solvent
systems (Figure 12e,f). Furthermore, non-fluorescent DMSO solution of NDI-6 and NDI-9
showed bright yellow and orange emission from f,, = 60 vol% and f,, = 80 vol% water in DMSO
and the emission intensity gets maximum at f, = 99 vol% (Figure 12g,h). Thus, the NDI
derivatives remain weakly fluorescent in molecularly dissolved state in “good” solvents while
self-aggregation of the NDI based amphiphiles upon introduction of “bad” solvents results in
bright fluorescence due to AIE. Intrigued by the observed photoluminescence properties of
the NDI derivatives, fluorescence microscopic images of NDI-1, NDI-2, NDI-3 and NDI-8
(20 uM) in 99 vol% MCH in CHCl;, NDI-5 (20 uM) in fiv = 99 vol% in DMF, NDI-6 and NDI-
9 (20 puM) in fyv = 99 vol% in DMSO were captured. Bright green fluorescent dots were
observed for NDI-1, NDI-2, NDI-5 and NDI-8 while bright orange fluorescence dots were
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noted in case of NDI-3, NDI-6 and NDI-9 organic nanoparticles as a further proof of their
emissive nature (Figure 13). The observed variation in the emission colour (upon UV radiation

at Aex = 365 nm) from bluish green to orange might have been originating from the alteration
in the molecular structure of the basic building block of the self-aggregated organic
nanoparticles. Hence, these findings instigate us to explore the path of self-aggregation of the
NDI-based amphiphiles by means of spectroscopy.

g) pMso | £, =2
ol %
of

i) CHCl,

Figure 12. Photographs of change in emission colour of NDI derivatives (250 uM) with
increasing MCH content in CHCI; for (a) NDI-1, (b) NDI-2, (c) NDI-3; (d) water content in
DMTF for NDI-5; (¢) MCH content in CHCI; for NDI-8; (f) water content in DMF for NDI-8;
water content in DMSO for (g) NDI-6 and (h) NDI-9 and MCH content in CHCI, for (i) NDI-
2a, (j) NDI-2b upon UV-light irradiation (Aex = 365 nm).

Figure 13. Fluorescence microscopic images of 20 uM of (a) NDI-1, (b) NDI-2, (c) NDI-3
in 1:99 (v/v) CHCI;-MCH solvent mixture, (d) NDI-5 in 1:99 (v/v) DMF-water solvent
mixture, (¢) NDI-6 in 1:99 (v/v) DMSO-water solvent mixture, (f) NDI-8 in 1:99 (v/v) CHCl;-
MCH solvent mixture and (g) NDI-9 in 1:99 (v/v) DMSO-water solvent mixture.
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4.2.5. Spectroscopic investigation of seli-aggregation

The nature of self-assembly of NDI derivatives in varying solvent systems was

examined by UV-visible spectroscopy to understand the pathway of forming organic
nanoparticles. Accordingly, UV spectra of all the NDI derivatives taken in pure DMSO
represented their characteristic absorbance peaks in the molecularly dissolved state.
Subsequently, the spectra were recorded in DMSO-water binary solvent systems of
different composition to understand the deviation of the absorbance peaks and its
nature compared to that of monomeric state. DMSO solution of NDI-1-9 showed a
characteristic absorbance band in the range 330-400 nm denoting the st-n* transition
of the chromophore (Figure 14).4¢ In the non-aggregated state (DMSO), the solutions
of NDI derivatives (50 uM) showed absorbance maxima (Amax) at 383 nm, 360 nm, 381
nm, 383 nm, 382 nm, 362 nm, 381 nm, 357 nm and 383 nm, respectively for NDI-1
to NDI-9 (Figure 14). With gradual increase in the water content, steady red shifting
of the absorbance maxima took place in each of the amphiphile and at highest water
amount (fw = 99 vol%), the Amax was observed at 387 nm, 363 nm, 385 nm, 390 nm,
386 nm, 365 nm, 384 nm, 362 nm and 388 nm, respectively in the same order from
NDI-1 to NDI-9 (Figure 14). In general, the sharp monomeric peak got broadened
along with an average shift of 4 nm with the increase in the amount of water in the
DMSO solution of the NDI derivatives. These bathochromic shifts of absorbance
maxima represented the formation of self-assembled organic nanoparticles possibly
via J-aggregation (head-to-tail arrangement).

Additionally, UV-spectroscopic investigation of NDI-1, NDI-2, NDI-3, NDI-5 and
NDI-8 was also carried out in the solvent compositions where emissive nature of organic
particles was observed upon UV irradiation. Accordingly, UV-vis spectra were recorded for 50
uM of NDI-1, NDI-2, NDI-3 and NDI-8 in CHCIl;-MCH and that of NDI-5 in DMF-water
solvent systems (Figure 15a,b, e-g). Similar to the corresponding DMSO solutions, NDI-1,
NDI-2, NDI-3 and NDI-8 dissolved in CHCl; and NDI-5 dissolved in DMF exhibited a
characteristic UV-vis band in the range 330-400 nm signifying the m-nt* transition of the
chromophoric units having absorbance maxima (Amax) at 380 nm, 381 nm, 379 nm, 355 nm
and 381 nm, respectively (Figure 15a,b, e-g). With gradual addition of MCH in chloroform
solution of NDI-1, NDI-2, NDI-3 and NDI-8 and water in case of DMF solution of NDI-5,
distinct red shifting of the absorbance maxima was noted. At 99 vol% MCH in CHCIl; for NDI-
1, NDI-2, NDI-3 and NDI-8 and f,, = 99 vol% water in DMF for NDI-5 red shifted Amax was
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obtained at 386 nm, 387 nm, 385 nm, 360 nm and 385 nm along with decrease in optical

density and flattening of the nature of spectra (Figure 15a,b, e-g). These findings further led to

the conclusion that self-assembly of the NDI derivatives took place via J-type aggregation.
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Figure 14. UV-Visible spectra of 50 uM of (a) NDI-1, (b) NDI-2, (¢c) NDI-3, (d) NDI-4, (e)
NDI-5, (f) NDI-6, (g) NDI-7, (h) NDI-8 and (i) NDI-9 in DMSO-water solvent system.
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Figure 15. UV-visible spectra of 50 uM of (a) NDI-1, (b) NDI-2, (c) NDI-2a, (d) NDI-2b,
(e) NDI-3 in CHCl;-MCH binary solvent mixture, (f) NDI-5 in DMF-water binary solvent
mixture and (g) NDI-8 in CHCl;-MCH binary solvent mixture.
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Manifestation of supramolecular self-assembly lies upon the involvement of diverse
non-covalent forces. To this end, solvent dependent 'H-NMR spectra of NDI based
amphiphiles were recorded in varying compositions of DMSO-ds-D.O solvent system to
investigate the participation of hydrophobic and s-7 stacking interactions during self-
aggregation (Figure 16). The aromatic protons of NDI-1 in its molecular state in DMSO-ds
displayed sharp NMR signal in the region 6 = 8.68 ppm due to the NDI aromatic core protons
(Figure 16a). With increasing the amount of D.O from 0 vol% to 33 vol% and subsequently to
50 vol%, the NMR peaks got shifted to 6 = 8.61 ppm and § = 8.46 ppm, respectively. Similarly,
for NDI-2, 'H-NMR peak corresponding to NDI core got shifted from 6 = 8.62 to § = 8.56 and
to finally 6 = 8.46 with increasing the D.,O content indicating the commencement of self-
aggregation (Figure 16b). Additionally, NMR signals correspond to aromatic protons of phenyl
moiety got broadened and shifted from 6§ = 7.26-7.31 in DMSO-d, (the non-self-assembled
state) to § = 6.96-7.09 at 33 vol% and 6 = 6.89-6.97 at 50 vol% D.O in DMSO-ds (Figure 16b).
In case of NDI-3, similarly aromatic protons of both NDI core and naphthyl unit exhibited
broadening an up field shifting of NMR peaks from 6 = 8.58 (NDI core), § = 7.94, 7.61-7.76
and 7.31-7.39 (naphthyl part) in non-self-assembling solvent DMSO-dsto 6 = 8.49 (NDI core),
6 =7.82, 7.60-7.42 and 7.19-7.26 (naphthyl part) in 2:1, (v/v) DMSO-ds- DO and finally to &
= 8.32 (NDI core), § = 7.70, 7.26-7.50 and 7.04-7.17 (naphthyl part) in 1:1, (v/v) DMSO-de-
D.O binary solvent system (Figure 16¢). Solvent dependent *H-NMR spectra of NDI-5 and
NDI-8 were also taken by varying the solvent composition of DMSO-ds-D.O from pure
DMSO-ds where the amphiphile remains in molecular state to 2:1, v/v DMSO-d¢-D.0O and 1:1,
v/v DMSO-ds-D-O (self-aggregate state). For NDI-5, NMR signals corresponding to aromatic
protons of NDI core (6 = 8.64) and phenyl moiety (6 = 7.10-7.59) in DMSO-d¢ got broadened
and shifted to 6 = 8.50, § = 6.92-7.32 at 2:1, v/v DMSO-ds-D,0O and 6 = 8.39 and 6 = 6.88-7.16
at 1:1, v/v DMSO-d¢-D.0, respectively (Figure 16d). Likewise, NDI-8 showed 'H-NMR signal
at 6 = 8.67 (NDI core) and § = 7.12-7.27 (phenyl residue) in DMSO-ds, at § = 8.49-8.52 (NDI
core) and § = 7.05-7.2 (phenyl residue) at 33 vol% D,O in DMSO-ds and at § = 8.4-8.46 (NDI
core) and § = 6.93 (phenyl residue) at 50 vol% D.0O in DMSO-d, (Figure 16€). In all the above
cases, 71-7 stacking between the chromophoric units and the phenyl and naphthyl moieties of
the amino acids is initiated with the introduction of D.O that led to the upfield shift in the :H-
NMR signals demonstrating the development of self-assembled structures in presence of

increasing content of water in DMSO.
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Figure 16. Solvent dependent 'H-NMR spectra of 1 mM of (a) NDI-1, (b) NDI-2, (¢c) NDI-3,
(d) NDI-5 and (e) NDI-8.

4.2.6. Fluorescence spectroscopy

The observed varying range of emissions of the NDI derivatives upon irradiation (Figure 12)
under UV lamp (Aex = 365 nm) instigated us to investigate the fluorescence spectroscopic
behaviour of the emitting NDI based amphiphiles in the respective solvent systems.
Fluorescence spectra of 50 uM of NDI-1, NDI-2, and NDI-3 in CHCI; showed respective
emission maxima (Aem) at 406 nm, 393 nm and 420 nm upon excitation (Aex) at 350 nm (Figure
17a-c). With gradual addition of MCH, the fluorescence intensity of these peaks got steadily
reduced. At 80 vol % of MCH in CHCl;, an excimer peak was found to be appeared having Aem
at 484 nm for NDI-1 (Figure 17a). Further addition of MCH led to the enhancement in the
emission intensity being maximum at 99 vol% MCH in CHCI; (Figure 17a). Amphiphiles
started to assemble seemingly through the stacking of the chromophoric units with rise in
MCH content which is evident from the newly generated excimer peak at 484 nm on account
of AIE. Similar trends were observed for the other two NDI derivatives (NDI-2 and NDI-3).
Excimer peaks were observed with Aem at 495 nm and 590 nm for NDI-2 and NDI-3 from 80
vol% and 60 vol% MCH in CHCI;, respectively (Figure 17b,c). In both cases, the emission
intensities were maximum at 99 vol% MCH in CHClI;. These findings were in concurrence with
the preceding observation of UV irradiated (Aex = 365 nm) organic nanoparticles where NDI-

1, NDI-2, and NDI-3 showed greenish blue, bluish green, and orange emission, respectively
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(Figure 12a-c). Enhancement in the n-electron cloud density (from L-alanine to L-

phenylalanine to naphthyl-L-alanine) in the side chain of naphthalenediimide core possibly
facilitated the electron transfer at a lesser energy to the electron deficient NDI core that
resulted in increased wavelength of emission maxima.4748 From NDI-1 to NDI-2, inclusion
of one phenyl ring at each side of NDI led to 11 nm red shifting of Aem from 484 to 495 nm.
Notably, introduction of additional phenyl ring in the form of naphthyl moiety in each side of
NDI from phenylalanine to naphthylalanine (NDI-2 to NDI-3) resulted in significant (95 nm)
red shift of Aem from 495 to 500 nm. Overall, 106 nm red shifting in Aem was observed with
increasing n-electron density upon variation of the terminal unit of NDI from alanine to
naphthylalanine. Relative fluorescence quantum yield of NDI-1, NDI-2 and NDI-3 at 99
vol% MCH in CHCIl; was calculated to be 0.54%, 0.72% and 0.60%, respectively (with respect

to quinine sulfate hydrate).

1)

5 10004

SO0+

.
&
2
2
2

MCH in CHClL

300 4004

z

2004

Flnorescence Intensity (a.n.)
Fluorescence Intensity (a
Fluorescence Tntensity (a.u.)

4!{.7(7 -1.“[! 51')0 55'11 f-l‘lll 30 46“ ﬂ%ﬂ 5;"' :'\fl'o ﬁi'll 6‘;0 -“.I'O -1;" 500 55’0 64;0 (\;ﬂ
Wavelength (nm) Wavelength (nm) Wavelength (nm)

0
2
h

10 vol% MCH in CHCLy
1CH in CHOL

g
E

g

i

:

=
2z
h

3
g

a
2

Fluorescence Intensity (a.u.)
g
Fluorescence Intensity (a.u.)

Fluorescence Intensity (a. u.)

375 400 425 450 475 S0 525 SS0 5TS

375 41:" 42’5 45'[' 4'}5 54')0 5;"5. ER 75 .
Wavelength (nm) Wavelength (nm)

T T T T T T
400 450 300 350 o0 050

— DMSO
#00 4

@
2
1

2
3
1

aon- g

z

@
2
1

Fluorescence Intensity (a.u.)
Fluorescence Intensity (a.u.)

Fluorescence Intensity (a.u.)

0 =
T T T T T T T T T . = =
400 450 00 550 @00 650 a0 450 500 S50 a0 650 100 430 500

., 350 a0 650
Wavelength (nm) Wavcelength (nm)

Wavelength (nm)

Figure 17. Fluorescence spectra (lex = 350 nm) of 50 uM of (a) NDI-1, (b) NDI-2, (c) NDI-
3 in CHCl;-MCH binary solvent mixture, (d) NDI-5 in DMF-water binary solvent mixture, (e)
NDI-8 in CHCl;-MCH binary solvent mixture, (f) NDI-6, (g) NDI-9 in DMSO-water binary
solvent mixture and (h) NDI-2a, (i) NDI-2b in CHCl;-MCH binary solvent mixture.
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Next, we investigated the emission spectra of NDI-5 and NDI-8 (50 uM) to analyze
the influence of alkyl spacer (C-6 for NDI-5 and C-11 for NDI-8) between electron deficient
NDI core and = electron containing L-phenylalanine terminal. NDI-5 in molecular dissolved
state in DMF showed Aem at 410 nm (Figure 17d). With increasing amount of water, intensity
of this monomeric peak kept on reducing while at and above f,, = 70 vol%, an excimer appeared
at 505 nm due to AIE. Fluorescence intensity got gradually escalated with further increase in
water and reached its maximum at 1: 99 (v/v), DMF-water (Figure 17d). Likewise, Aem for
monomeric NDI-8 was observed at 400 nm and 410 nm in CHCIl; and in DMF (Figure 17e,
Figure 18). Here too, formation of excimer peak was observed at 480 nm at 9o vol% MCH in
CHCI; and 80 vol% water in DMF. As expected, the emission intensity was maximum at 99
vol% MCH in CHCl; and fiw = 99 vol% in both cases (Figure 17e, Figure 18). These results were
in agreement with the previously observed UV irradiated (Aex = 365 nm) samples of NDI-5
and NDI-8 that displayed green and greenish blue emission at fi, = 99 vol% in respective
solvent systems (Figure 12d-f). Relative fluorescence quantum yield of NDI-5 and NDI-8 at
99 vol% water in DMF and 99 vol% MCH in CHCI, is calculated to be 0.4% and 0.29%,
respectively (with respect to quinine sulfate hydrate) which are ~1.8 fold and ~2.5 fold lower
compared to that of NDI-2 where L-phenylalanine is directly linked to electron deficient NDI
core without any spacer. Thus, increase in spacer length between n-electron donating terminal
unit and the NDI core might have slightly impeded the electron transfer in the aggregated

organic nanoparticle that affected the corresponding quantum yield.
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Figure 18. Fluorescence spectra (Aex = 350 nm) of NDI-8 [50 uM] in DMF-water binary
solvent mixture.

To further ascertain the influence of spacer length on AIE, fluorescence properties of
NDI-6 and NDI-9 (50 uM) were investigated in DMSO-water binary solvent system (Figure
17f,g). In pure DMSO, NDI-6 and NDI-9 showed monomeric Aem at 420 nm which decreased
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gradually with increment of water. At and above f,, = 50 vol% for NDI-6 and f,, = 70 vol% for
NDI-9, excimer peak was observed at Aem = 545 nm and 585 nm, respectively. Emission
intensity got increased with gradual increase in water up to 99 vol% in DMSO (Figure 17f,g).
Such emissive nature also supports the UV irradiated NDI-6 and NDI-9 samples at f, = 99
vol% that showed bright yellow and orange emission (Figure 12g,h). Relative fluorescence
quantum yield of NDI-6 and NDI-9 at f, = 99 vol% is estimated to be 0.34% and 0.31%
respectively (with respect to quinine sulfate hydrate) which are ~1.77-fold and ~1.94-fold lower
compared to that of NDI-3 which has no spacer between NDI core and naphthyl alanine
residue. Thus, the observed trend of the influence of spacer length on AIE in case of naphthyl
alanine appended NDI amphiphiles (NDI-3, NDI-6 and NDI-9) is analogous to that of L-
phenylalanine containing NDI derivatives (NDI-2, NDI-5 and NDI-8). Hence, it is evident
that when the terminal amino acid residue is directly linked with the NDI core (NDI-1, NDI-
2 and NDI-3), the quantum yields were notably higher than that of the amphiphiles where
donor and accepter part are separated by C-6 (6-amino caproic acid in NDI-5 and NDI-6)
and C-11 (11-amino undecanoic acid in NDI-8 and NDI-9) spacer. Augmented distance
between n-electron donating amino acid and electron deficient NDI core presumably played a
key role by means of inducing relaxation in the restricted intermolecular rotation in presence
of flexible alkyl chain that plummeted the quantum yield of FONPs.

Next, we compared the fluorescence properties of NDI-4, NDI-5 and NDI-6. The key
role of m-electron density at the terminal moiety of NDI amphiphiles got also affirmed from
the varying emission maxima of the AIE in respective organic nanoparticles. NDI-5 and NDI-
6 showed Aem at 505 nm and 545 nm in fi, = 99 vol% water in DMF and DMSO, respectively
(Figure 17d,f). In contrast, NDI-4 showed no photoluminescence in those solvent systems.
The reason behind non-fluorescent NDI-4 organic nanoparticle was perhaps due to the
absence of n-electron containing aromatic rings in the alanine residue as well as the distance
(C-6) between donor (alanine) and accepter (NDI core) part. However, in case of L-
phenylalanine containing NDI-amphiphile with C-6 spacer, distinct AIE was observed with
Aem at 505 nm. Moreover, a red shift of 40 nm was noted upon moving from NDI-5 to NDI-6
possibly due to the increasing n-electron density at the terminal moiety from phenylalanine to
naphthyl alanine. Similarly, in case of NDI-7, NDI-8 and NDI-9, no emission was observed
for NDI-7 (due to lack of aromatic residue in donor unit and increased distance (C-11) between
donor and acceptor) while prominent AIE was seen for both NDI-8 (Aem = 480 nm) to NDI-
9 (Aem = 585 nm). Notably, a red shift of 105 nm in the emission maxima was observed from
NDI-8 to NDI-9 (Figure 17e,g, 18) because of increased « electron density in the molecular

backbone. Hence it is further established that prevalence of more n-electron cloud in the side
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chain of naphthalenediimide unit resulted in increased wavelength of emission maxima for

the AIE of FONPs possibly due to smooth transfer of electron to the electron deficient NDI

core.

To establish further the crucial role of n-electron cloud in modulating the AIE, we
synthesized two more NDI based amphiphiles having nitro (-NO.) and methoxy (-OMe)
substituted L-phenylalanine (NDI-2a and NDI-2b) directly linked with NDI core (Figure 1).
The electron withdrawing (-NO.) and electron donating (-OMe) groups were included in the
side chain substitution in order to draw a comparison with the unsubstituted counterpart,
NDI-2. Both NDI-2a and NDI-2b were completely soluble in CHCl;. MCH solvent was added
gradually to the CHCl; solutions of these two amphiphiles and these mixed solutions (250 uM)
were irradiated under UV lamp (Aex = 365 nm). Greenish blue and orange emission were
observed for NDI-2a and NDI-2b along with prominent translucency at and above 80 vol%
and 60 vol% MCH in CHCl;, respectively (Figure 3c,d, Figure 12i,j). Their aggregation pattern
was investigated by solvent dependent UV-vis spectroscopy with increasing content of MCH
in CHCI,. Red shifted absorbance maxima were observed where monomeric peaks at 358 nm
and 381 nm got shifted to 364 nm and 386 nm respectively for NDI-2a (50 uM) and NDI-2b
(50 uM) at aggregated state (99 vol% MCH in CHCl,) indicating J-type aggregation similar to
that of other NDI derivatives (Figure 15¢,d,). Subsequently, in the corresponding fluorescence
spectra (lex = 350 nm), NDI-2a and 2b (50 uM) in molecularly dissolved state showed Aem at
394 nm and 408 nm in CHCl,, respectively (Figure 17h,i). With gradual addition of MCH, the
fluorescence intensity of the monomeric peaks of NDI-2a steadily decreased with the
emergence of an excimer peak due to AIE from 70 vol% at 475 nm. Expectedly, the emission
intensity of this peak reached maximum at 99 vol% MCH in CHCI; (Figure 17h). Similarly, in
case of NDI-2b, excimer peak was found to appear from 50 vol% MCH in CHCl; having
maximum intensity at 99 vol% with Aem at 570 nm (Figure 17i). Therefore, in comparison to
the emission maxima of unsubstituted NDI-2 (Aem = 495 nm), introduction of electron
withdrawing group -NO, in the NDI-2 backbone led to a blue shift of ~20 nm in Aem (475 nm)
for NDI-2a most possibly due to decline in n-electron density in the side chain of NDI. On the
other hand, incorporation of electron donating group -OMe resulted in a red shift of ~75 nm
in Aem (570 nm) for NDI-2b due to enhanced availability of n-electron in the side chain of
NDI. This observation further ascertained that fluorescence property due to AIE of organic
nanoparticle gets modulated depending on the presence of transferrable n-electron to the NDI
core. Overall, this signifies the influence of electronic structure of the substituents in tuning

the emission maxima of NDI derivatives causing multi colour luminescence (Figure 19).
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Figure 19. Tuneable emission maxima (with normalised emission intensity) of substituent-
modified NDI derivatives (NDI-1, 2, 2a, 2b, 3, 5, 6, 8 and 9 (A« = 350 nm)) along with

corresponding photographs of multicolour emission of the NDI derivatives irradiated with a
UV-lamp (Aex = 365 nm).

Furthermore, concentration-dependent fluorescence spectra of NDI-1, 2, 2a, 2b, 3,
5, 6, 8 and 9 in varying binary solvent mixtures were recorded within concentration range of
5-300 uM (Figure 20). With increase in concentration of NDI derivatives, the emission
intensity of the corresponding excimer bands at the respective emission maxima steadily
improved and became saturated at and above 150 uM, 150 uM, 200 uM, 100 pM, 100 uM, 200
uM, 200 uM, 200 uM and 50 uM for NDI-1, 2, 2a, 2b, 3, 5, 6, 8 and 9, respectively (Figure
20). This reflects that with increase in the NDI concentration, improvement in the AIE was
observed perhaps due to the participation of higher number of amphiphilic units in the
development of self-aggregated organic nanoparticles.
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Figure 20. Concentration-dependent emission spectra of (a) NDI-1, (b) NDI-2, (c) NDI-2a,
(d) NDI-2b, (¢) NDI-3 in 1:99 (v/v) CHCI;-MCH solvent mixture, (f) NDI-5 in 1:99 (v/v)
DMF-water solvent mixture, (g) NDI-6 in 1:99 (v/v) DMSO-water solvent mixture, (h) NDI-

8 in 1:99 (v/v) CHCl;-MCH solvent mixture and (i) NDI-9 in 1:99 (v/v) DMSO-water solvent
mixture.
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4.2.7. Time-resolved study

In continuation with the preceding observations, fluorescence lifetime was measured by
TCSPC for an elaborate comprehension of the ATE phenomenon of these NDI derivatives.
Corresponding investigations were carried out with picosecond excitation at 375 nm for all the
emitting NDI derivatives (50 uM) in pure and binary solvent systems at monomeric and self-
aggregated state. In all cases, triexponentially fitted decay curves were obtained (Figure 21).
For NDI-1, NDI-2, NDI-3 dissolved in CHCl,, the fluorescence was monitored at Amon = 406
nm, 393 nm and 420 nm, respectively and their average lifetime was found to be 0.03 ns, 0.10
ns and 0.37 ns (Table 1). Emission of their respective aggregated FONPs was monitored at Amon
= 484 nm, 495 nm and 590 nm in 80 vol%, 80 vol% and 60 vol% MCH in CHCl; and also in
99 vol% MCH in CHCI, (Figure 21a-c). The average lifetime values were 0.31 ns and 0.55 ns;
0.61ns and 1.24 ns; and 1.24 ns and 1.48 ns for NDI-1, NDI-2, and NDI-3, respectively at 80
or 60 vol% and 99 vol% MCH in CHCl; (Table 1). In all the cases, pre-associated excimer in the
AIE resulted in the long decay lifetime at higher content of MCH. The average lifetime value
of NDI-5 was calculated to be 0.88 ns, 1.38 ns and 1.54 ns in DMF (Amon = 410 nm), fiy = 70
and 99 vol% water (Amon = 505 nm) in DMF, respectively (Table 1, Figure 21d). For NDI-6, in
DMSO (Amon = 420 nm), fiy = 50 and 99 vol% (Amon = 545 nm) water in DMSO, the average
lifetime was estimated to be 1.07 ns, 1.36 ns and 1.77 ns, respectively (Table 1, Figure 21e). In
both cases, longer decay time was observed at higher percentage of water for the aggregated
organic nanoparticles. Similarly, NDI-8 had a longer decay time of 1.08 ns at 99 vol% MCH
in CHCl; (Amon = 480 nm) compared to that at 90 vol% (0.89 ns; Amon = 480 nm) and that in
only CHCl; (0.11 ns; Amon = 400 nm) (Table 1, Figure 21f). In the same way, a relatively longer
decay time of 1.10 ns was observed for NDI-9 in 99 vol% water in DMSO (Amon = 585 nm)
whereas it had average lifetime of 0.10 ns and 0.17 ns in 0 vol% (Amon = 420 nm) and 70 vol%
water in DMSO (Amon = 585 nm) (Table 1, Figure 21g). A longer decay time of 0.74 ns and 0.18
ns was observed for NDI-2a and NDI-2b in 99 vol% MCH in CHCl; (Amon = 475 nm and 570
nm, respectively) compared to average lifetimes of their CHCl; solutions and solutions with
lower percentage of MCH in CHCIl; (Table 1, Figure 21h,i). The average lifetime of NDI-2a in
CHCl; and 70 vol% MCH in CHCI; was 0.03 nS (Amon = 394 nm) and 0.09 nS (Amon = 475 nm)
while for NDI-2b, it was 0.02 ns (Amon = 408 nm) and 0.17 ns (Amon = 570 nm) at CHCl; and
50 vol% MCH in CHCl; (Table 1, Figure 21h,i). Hence, higher decay time was noted for all the

self-aggregated organic nanoparticles primarily owing to the aggregation-induced emission.
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Table 1. Lifetime values of NDI derivatives in the presence of different fractions of MCH in
CHCl;, water in DMSO and water in DMF (Aex = 375 nm).

NDI solvent Amon 7 (ns) (a1) 7 (ns) (a») 73 (ns) (ag) Average
(nm) lifetime
(2) (ns)
NDI-1 CHCl, 406 | 0.543(0.002) | 1.205(0.0003) | 0.023(0.997) | 0.03
NDI-1 8ovol% MCH | 484 1.329 (0.070) 8.465 (0.010) 0.141 (0.920) 0.31
in CHCl,
NDI-1 99vol% MCH | 484 1.133 (0.184) 4.482 (0.027) 0.279 (0.789) 0.55
in CHCl,
NDI-2 CHCl, 393 0.166 (0.439) 0.382 (0.016) 0.031(-0.545) | 0.10
NDI-2 8ovol% MCH | 495 1.601 (0.113) 7.633 (0.031) 0.211 (0.856) 0.61
in CHCl,
NDI-2 99 vol% MCH | 495 2.164 (0.213) 9.028 (0.053) 0.409 (0.734) | 1.24
in CHCl,
NDI-3 CHCl, 420 1.210 (0.100) 4.466 (0.018) 0.186 (0.882) | 0.37
NDI-3 60vol% MCH | 590 1.808 (0.307) 0.393 (0.607) 5.220 (0.086) | 1.24
in CHCl,
NDI-3 99 vol% MCH | 590 1.508 (0.548) 0.494 (0.360) 5.202 (0.091) 1.48
in CHCl,
NDI-5 DMF 410 1.056 (0.536) 0.388 (0.437) 5.259 (0.027) 0.88
NDI-5 70 vol% water | 505 2.781(0.132) 10.813 (0.036) 0.743 (0.831) 1.38
in DMF
NDI-5 99 vol% water | 505 2.535 (0.210) 8.678 (0.089) 0.338 (0.701) 1.54
in DMF
NDI-6 DMSO 420 1.452 (0.489) 0.275 (0.479) 7.011 (0.032) 1.07
NDI-6 50 vol% water | 545 3.597 (0.136) 17.643 (0.035) 0.316 (0.830) 1.36
in DMSO
NDI-6 99 vol% water | 545 3.423 (0.207) 14.778 (0.045) 0.526 (0.747) 1.77
in DMSO
NDI-8 | CHCl, 400 | 0.336(0.074) | 0.076 (0.920) 1.793 (0.006) 0.11
NDI-8 | 9ovol% MCH | 480 1.810 (0.195) 7.802 (0.035) 0.339 (0.771) 0.89
in CHCl,
NDI-8 | 99vol% MCH | 480 1.739 (0.160) 9.526 (0.057) 0.330 (0.782) | 1.08
in CHCl,
NDI-9 DMSO 420 0.906 (0.031) | 4.157 (0.005) 0.048 (0.964) | 0.10
NDI-9 70 vol% water | 585 0.856 (0.051) 4.535 (0.009) 0.088 (0.940) | 0.17
in DMSO
NDI-9 99 vol% water | 585 2.035 (0.206) | 7.195 (0.071) 0.235 (0.723) 1.10
in DMSO
NDI-2a | CHCI, 394 0.191 (0.013) 0.025 (0.987) 2.687 0.03
(0.0004)
NDI-2a | 70 vol% MCH | 475 0.968 (0.028) | 4.445 (0.004) 0.046 (0.968) | 0.09
in CHCl,
NDI-2a | 99vol% MCH | 475 1.72 (0.150) 8.218 (.033) 0.259 (0.817) 0.74
in CHCl,
NDI-2b | CHCI, 408 1.02 (0.002) 3.968 (0.0006) | 0.017(0.997) 0.02
NDI-2b | 50vol% MCH | 570 0.856 (0.051) | 4.535 (0.009) 0.088 (0.94) 0.17
in CHCl,
NDI-2b | 99 vol% MCH | 570 0.754 (0.056) | 3.353 (0.01) 0.099 (0.93) 0.18
in CHCl,
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Figure 21. TCSPC decay profiles of 50 uM of (a) NDI-1, (b) NDI-2, (¢c) NDI-3 in CHCl-
MCH solvent mixture, (d) NDI-5 in DMF-water solvent mixture, (¢) NDI-6 in DMSO-water
solvent mixture, (f) NDI-8 in CHCl;-MCH solvent mixture and (g) NDI-9 in DMSO-water
binary solvent mixture and (h) NDI-2a, (i) NDI-2b in CHCI;-MCH solvent mixture.

4.3. CONCLUSION

In this present work, NDI based amino acid appended amphiphiles with or without alkyl
spacer (NDI-1-9) were developed that generated self-assembled organic nanoparticles via J-
aggregation having radii of ~50 nm in varying solvent systems of DMSO/DMF-water, CHCl;-
MCH). All the developed organic nanoparticles (except NDI-4 and NDI-7) exhibited
aggregation induced emission at varying emission maxima. Red shifted emission maxima were
observed (greenish blue to bluish green to orange emissions) from Aem = 484 nm to 495 nm
and 590 nm in case of NDI-1-3 FONPs upon enrichment of n-electron cloud from L-alanine
to L-phenylalanine to 3-(2-naphthyl)-L-alanine. Similarly, a red shift of 40 nm and 105 nm in
the Aem was observed moving from phenyl alanine to naphthyl alanine terminal for C-6 (NDI-
5, Aem = 505 nm to NDI-6, Aem = 545 nm) and C-11 (NDI-8, Aem = 480 nm to NDI-9, A, =
585 nm) alkyl spacer containing FONPs, respectively. Incorporation of electron withdrawing
-NO, and donating -OMe groups at the molecular backbone (NDI-2a, Aem = 475 nm and NDI-

2b, Adem = 570 nm) showed blue (20 nm) shifted and red (75 nm) shifted emission maxima
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compared to that of NDI-2 (1em = 495 nm) as the electron availability was judiciously
regulated. Enhancement of available n-electron in the substituted building block led to red
shifting in emission from blue-green to yellow-orange array of colours in the NDI based self-
assembled FONPs primarily due to the facilitated electron transfer at a lesser energy while

increase in alkyl spacer length caused relatively lower quantum yield.

4.4. EXPERIMENTAL SECTION
4.4.1. Materials

1,4,5,8-Naphthalenetetracarboxylic dianhydride, O-methyl-L-tyrosine and all deuterated
NMR solvents were bought from Sigma-Aldrich. L-Alanine, L-phenylalanine, 6-aminocaproic
acid, 11-aminoundecanoic acid, N, N-dicyclohexylcarbodiimide (DCC), N-
hydroxybenzotriazole (HOBT), 4-N, N-(dimethylamino) pyridine (DMAP), sodium hydroxide,
thionyl chloride, trifluoroacetic acid (TFA), organic solvents, silica gel (60-120 and 100-200
mesh) were purchased from SRL, India. 3-(2-Naphthyl)-L-alanine was procured from Combi-
Blocks. 4-Nitro-L-phenylalanine was purchased from TCI chemicals. Milli-Q water was used
for all spectroscopic and microscopic investigations. NMR spectra were taken in an AVANCE
(Bruker) spectrometer. Bruker Ultraflex MALDI mass spectrometer was used to record
MALDI-TOF spectra.

4.4.2. Synthesis of NDI derivatives

All the NDI based amphiphiles were synthesized and purified by the following mentioned
pathway (Scheme 1). First, 1,4,5,8-naphthalenetetracarboxylic dianhydride (1.0 equiv) and L-
alanine (2.5 equiv) were heated at 110 °C for 12 h under nitrogen atmosphere in dry
dimethylformamide (DMF). DMF was removed from the reaction mixture by vacuum
distillation. The crude mass was then extracted in dichloromethane (DCM) followed by
washing it with diluted HCI. After evaporation of DCM, the mass was purified by column
chromatography (100-200 mesh silica gel; 2 % MeOH/CHCI;) and followed by washed with
diethyl ether to obtain NDI-1. Similarly, NDI-2, 2a, 2b and NDI-3 were synthesized using
L-phenylalanine, 4-nitro-L-phenylalanine, O-methyl-L-tyrosine and 3-(2-naphthyl)-L-

alanine, respectively.
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Scheme 1. Synthetic scheme of NDI-1, 2, 2a, 2b, 3, 4, 5, 6,7, 8 and 9.
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In case of NDI-4, methyl ester of L-alanine (1 equiv) and Boc protected 6-amino
caproic acid (1.0 equiv) were coupled by using DCC (1.1 equiv), DMAP (1.1 equiv) and HOBT
(1.1 equiv) in dry DCM under nitrogen atmosphere for 12 h. The reaction mixture was washed
with 1 N HCI and dried over anhydrous sodium sulfate. The obtained mass upon solvent
evaporation was purified by column chromatography using a 60-120 mesh silica gel using 1%
MeOH/CHCI; eluent to obtain the coupled product. The methyl ester protected coupled
product was hydrolyzed by stirring the reaction mixture in a methanolic solution of NaOH at
room temperature for 12 h. After evaporation of methanol, the hydrolyzed product was taken
in ethyl acetate and washed with HCI (1M) to obtain free carboxylic acid. Subsequently, the
deprotection of the Boc (tertbutoxycarbonyl) group was carried out using TFA (1.5 equiv) in
dry DCM for 4 h with continuous stirring. After solvent removal, the concentrated mass was
dried and solubilized in EtOAc. The organic part was washed with aqueous Na,CO; solution
(10%) followed by water and dried over anhydrous Na.SO, to obtain deprotected amine.
1,4,5,8-naphthalenetetracarboxylic dianhydride (1.0 equiv) and the just obtained amine (2.5
equiv) were heated at 110 °C under nitrogen atmosphere for 12 h in dry DMF. DMF was
removed by vacuum distillation. The crude mass was extracted in DCM and washed with
diluted HCl. The mass obtained upon evaporation of DCM was purified by column
chromatography (100-200 mesh silica gel; 2 % MeOH/CHCI;) to obtain NDI-4. In a similar
pathway, NDI-5 and NDI-6 were synthesized where methyl ester of L-phenylalanine and 3-
(2-naphthyl)-L-alanine were used respectively, for coupling with Boc protected 6-amino
caproic acid. Likewise, the initial coupling reaction took place between Boc protected 11-amino
undecanoic acid and methyl esters of L-alanine, L-phenylalanine and 3-(2-naphthyl)-L-
alanine for the preparation of NDI-7, NDI-8 and NDI-9, respectively. All the subsequent
reactions were carried out in similar way as mentioned above. All the NDI derivatives (NDI-
1, 2, 2a, 2b, 3, 4, 5, 6, 7, 8, 9) were characterized by ‘H NMR and MALDI-TOF mass

spectrometry.

4.4.3. Sample preparation for spectroscopic and microscopic investigations

Stock solutions (10 mM) of all the NDI derivatives were prepared in DMSO. In addition, stock
solutions (10 mM) of NDI-1, NDI-2, NDI-2a, NDI-2b, NDI-3 and NDI-8 were prepared in
CHCI; and that of NDI-5 and NDI-8 were also prepared in DMF. From this stock solutions,
the desired volume was added to the binary solvent systems (DMSO-water, DMF-water,
CHCl;-methyl cyclohexane) to achieve 5-300 uM concentrations of the synthesized NDI
derivatives and those solutions were used in different spectroscopic and microscopic

experiments.
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4.4.4. Transmission electron microscopy (TEM)

4 uL solution of NDI-1-9 (20 uM) in 99 vol% water in DMSO; NDI-1, NDI-2, NDI-3 and
NDI-8 (20 uM) in 99 vol% methyl cyclohexane (MCH) in CHCl;, NDI-5 (20 uM) in 99 vol%
water in DMF was placed on a carbon covered copper grid with mesh size of 300 and
desiccated. Freshly prepared uranyl acetate solution (1% w/v, 1 uL) was utilized for negative
staining of the sample. After keeping it for 4 h under vacuum, TEM images were captured in a

JEOL JEM 2010 microscope.

4.4.5. Field-emission scanning electron microscopy (FESEM)

4 uL solution of NDI-1-9 (20 uM) in 99 vol% water in DMSO; NDI-1, NDI-2, NDI-3 and
NDI-8 (20 uM) in 99 vol% MCH in CHCl; and NDI-5 (20 uM) in 99 vol% water in DMF was
deposited on glass coverslips and was dried for 3 h under vacuum. Subsequently, the FESEM

images were taken under a JEOL-6700F microscope.

4.4.6. Dynamic light-scattering (DLS)

The mean hydrodynamic diameter (Dy) of self-assembled structures is determined by DLS
study. 1 mL solution of NDI-1-9, 2a, 2b (20 uM) in 99 vol% water in DMSO; NDI-1, NDI-2,
NDI-2a, NDI-2b, NDI-3 and NDI-8 (20 uM) in 99 vol% MCH in CHCl; and NDI-5 (20 uM)
in 99 vol% water in DMF was used for the diameter measurement. Zen 3690 Zetasizer Nano
ZS instrument (Malvern Instrument Ltd.) was used with scattering intensity at 175° angle.

Obtained data were studied by a Cumulant Fit in Malvern Zetasizer software.

4.4.7. Fluorescence microscopy

Fluorescence microscopic images of NDI-1-9 (20 uM) were captured in a IX83 inverted
microscope at 20x magnification. 10 pL solution of NDI-1, NDI-2, NDI-3 and NDI-8 in 99
vol% MCH in CHCl;, NDI-5 in fi = 99 vol% in DMF, NDI-6 and NDI-9 in f, = 99 vol% in
DMSO was drop cast on glass slides followed by air-drying before imaging.

4.4.8. UV-visible spectroscopic investigation

UV-visible spectra of all the amphiphilic compounds in different solvent systems were
recorded in a Cary 50 Bio UV-Visible spectrophotometer. Solvent-dependent UV-visible
spectra were also recorded for NDI-1-9 (50 uM) in varying solvent compositions of DMSO-
water (from fy = 0% to 100%); NDI-1, NDI-2, NDI-2a, NDI-2b, NDI-3 and NDI-8 (50 uM)
in binary solvent system of CHCl;-MCH (with increasing MCH concentration from 0% to
100%) and NDI-5 (50 uM) in 0 vol% to 100 vol% water in DMF.
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4.4.9. 'H-NMR study in varying solvent composition

Solvent-dependent *H-NMR spectra of NDI-1-3 along with NDI-5 and NDI-8 (1 mM) in
DMSO-ds and in DMSO-ds-D-O of varying ratio (1:1 (v/v) and 1:2 (v/v) DMSO-ds-D.O) were

recorded in an Avance 300 MHz (Bruker) spectrometer.

4.4.10. Fluorescence spectroscopy

The emission spectra of NDI-1, NDI-2, NDI-3, NDI-8 and NDI-2a, NDI-2b (50 uM) in
CHCIl;-MCH solvent system (with increasing MCH concentration from 0% to 99%), NDI-5,
NDI-8 (50 uM) in DMF-water system (0 vol% to 99 vol% water in DMF) and NDI-6 (50 uM),
NDI-9 (50 uM) in the mixed solvent system of DMSO-water (with increasing water content
from 0 vol% to 99 vol%) were recorded in a Varian Cary Eclipse luminescence spectrometer
with excitation wavelength (Aex) = 350 nm. Also, concentration dependent fluorescence spectra
of all the individual amphiphiles in those mentioned solvent systems were registered within
the concentration range of 5-300 uM. All the experimental concentrations were maintained

by adding the desired volume of stock solutions as prepared.

4.4.11. Quantum yield (QY) measurement

QYs of the unknown fluorophores (self-aggregated FONPs derived from NDI-1, NDI-2, NDI-
3 and NDI-8 in 99 vol% MCH in CHCl;, NDI-5 in 99 vol% water in DMF, and NDI-6, NDI-
9 in 99 vol% water in DMSO) (¢.) were assessed with respect to a fluorophore of known

quantum yield (¢s) as the reference from the following equation,

AEn>
= 1
Q)u (ALLFSTIE QjS ( )

Here, A,, and A; stand for the optical density of the unknown and known sample at respective
excitation wavelength. Integrated fluorescence intensities of unknown and reference samples
at same wavelength are denoted as F,, and F;, respectively. The n, and n; are the corresponding
refractive indices of solvents belonging to the unknown and known sample. Quantum yields
were measured using solutions with analogous absorbance (<0.01). In this experiment, we

used Quinine sulfate in sulfuric acid (0.1 M) as the reference having QY (¢s) = 54.0%.
4.4.12. Time-resolved study

Time-correlation single photon count (TCSPC) measurement was carried out with a

picosecond diode laser IBH-405. All amphiphilic solutions were excited (Aex) at 375 nm and
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their emission was monitored at particular wavelength described as Amon. Amon for NDI-1 (50
uM), NDI-2 (50 uM), NDI-2a (50 uM), NDI-2b (50 uM), NDI-3 (50 uM) and NDI-8 (50
uM) in CHCl;, NDI-5 in DMF, and NDI-6, NDI-9 in DMSO were 406 nm, 393 nm, 394 nm,
408 nm, 420 nm, 400 nm, 410 nm, 420 nm and 420 nm, respectively. Moreover, NDI-1 (50
uM), NDI-2 (50 uM), NDI-2a (50 uM), NDI-2b (50 uM), NDI-3 (50 uM) and NDI-8 (50
uM) in 99 vol% MCH in CHCl;, NDI-5 in 99 vol% water in DMF, and NDI-6 and NDI-9 in
99 vol% water in DMSO had Anon of 484 nm, 495 nm, 475 nm, 570 nm, 590 nm, 480 nm, 505
nm, 545 nm and 585 nm. Similarly, in case of NDI-1 (50 uM) and NDI-2 (50 uM) in 80 vol%
MCH in CHCl;, NDI-2a in 70 vol% MCH in CHCIl;, NDI-2b in 50 vol% MCH in CHCl,;, NDI-
3 (50 uM) in 60 vol% MCH in CHCl;, NDI-5 (50 uM) in 70 vol% water in DMF, NDI-6 (50
uM) in 50 vol% water in DMSO, NDI-8 (50 uM) in 90 vol% MCH in CHCl; and NDI-9 in 70
vol% water in DMSO emission was monitored at Amon, 484 nm, 495 nm, 475 nm, 570 nm, 590
nm, 505 nm, 545 nm, 480 nm and 585 nm, respectively. IBH DAS6 software was employed to
survey the fluorescence decay. Experimental time-resolved fluorescence decay p(t) was

analysed by following equation 2

n

p©= b+ > a el @

i
Here, n = number of discrete emissive species, b = baseline correction (“dc” offset), a; = pre-
exponential factors, and 7; = excited state fluorescence lifetimes for the i th component,
respectively. For multiexponential decays, the average lifetime was calculated using equation

3

n
(r) = Z a;T; €))
i=1
Here, a; = Ea; depicts the contribution of a decay component.

i

4.5. (HARACTERISATION DATA

4.5.1. Characterisation oi NDI-1

'H-NMR (400 MHz, MeOD, 25 °C): §/ppm: 8.764 (s, 4H, protons of naphthalenediimide
core), 5.716-5.844 (m, 2H, chiral centre of L-alanine residue) 1.585-1.675 (d, 6H, methyl
protons of L-alanine residue). HRMS: m/z: 411.33 [M+H]* (calculated), 411.1366 (found).
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4.5.2. Characterisation of NDI-2

'H-NMR (400 MHz, MeOD, 25 °C): §/ppm: 8.613 (s, 4H, protons of naphthalenediimide core),

7.115-7.133 (m, 4H, meta protons of phenyl ring) 6.988-7.062 (m, 6H, ortho, para protons of
phenyl ring), 5.957-5.996 (m, 2H, chiral centre of L-phenylalanine residue), 3.625-3.660 (m,
2H, benzyl proton), 3.472-3.521 (m, 2H, benzyl proton). HRMS: m/z: 563.53 [M+H]*
(calculated), 563.0746 (found); 585.53 [M+Na]* (calculated), 585.0704 (found).

4.5.3. (haracterisation oi NDI-3

'H-NMR (400 MHz, MeOD, 25 °C): §/ppm: 8.506 (s, 4H, protons of naphthalenediimide
core), 7.466-7.616 (m, 8H, C-1, C-4, C-5, C-8 protons of naphthyl ring), 7.225-7.304 (m, 6H,
C-3, C-6, C-7 protons of naphthyl ring), 6.055-6.094 (m, 2H, chiral centre of L-
naphthylalanine residue), 3.763-3.811 (m, 2H, proton adjacent to naphthyl ring), 3.583-3.644
(m, 2H, proton adjacent to naphthyl ring). HRMS: m/z: 701.64 [M+K]* (calculated), 701.840
(found).

4.5.4. Characterisation oi NDI-4

'H-NMR (400 MHz, MeOD, 25 °C): §/ppm: 9.015 (s, 4H, protons of naphthalenediimide core),
4.914-5.018 (m, 2H, chiral centre of L-alanine residue), 4.117-4.135 (m, 4H, C-6 proton of
caproic acid residue), 2.268-2.287 (m, 4H, C-2 protons of caproic acid residue), 2.015-2.068
(m, 8H, C-3, C-5 protons of caproic acid residue), 1.641 (m, 6H, methyl protons of L-alanine
residue), 1.229-1.452 (m, 4H, C-4 protons of caproic acid residue). HRMS: m/z: 636.65 [M]*
(calculated), 636.880 (found).

4.5.5. Characterisation oi NDI-5

'H-NMR (400 MHz, DMSO-d¢, 25 °C): &/ppm: 8.639-8.684 (m, 4H, protons of
naphthalenediimide core), 7.404-7.457 (m, 4H, meta protons of phenyl ring), 7.288-7.336 (m,
4H, ortho protons of phenyl ring), 7.204 (m, 2H, para protons of phenyl ring), 5.556-5.582 (m,
2H, chiral centre of L-phenylalanine residue), 4.049-4.118 (m, 6H, C-6 proton of caproic acid
residue, benzyl proton), 2.744 (m, 2H, benzyl proton), 2.150-2.199 (m, 4H, C-2 proton of
caproic acid residue), 1.689-1.730 (m, 4H, C-5 proton of caproic acid residue), 1.588-1.643 (m,
4H, C-3 proton of caproic acid residue), 1.231 (m, 4H, C-4 proton of caproic acid residue).
HRMS: m/z: 788.84 [M]* (calculated), 788.413 (found).

4.5.6. Characterisation oi NDI-6

'H-NMR (400 MHz, CDCl;, 25 °C): §/ppm: 8.737 (s, 4H, protons of naphthalenediimide core),
7.735-7.753 (m, 2H, C-5 proton of naphthyl ring), 7.685 (m, 2H, C-8 proton of naphthyl ring),
7.597 (m, 2H, C-4 proton of naphthyl ring), 7.506-7.529 (m, 2H, C-1 proton of naphthyl ring),
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7.421-7.430 (m, 2H, C-7 proton of naphthyl ring), 7.356 (m, 2H, C-6 proton of naphthyl ring),

7.295 (m, 2H, C-3 proton of naphthyl ring), 4.932 (m, 2H, chiral centre of L-naphthylalanine
residue), 3.444-3.496 (m, 2H, proton adjacent to naphthyl ring), 3.384 (m, 4H, C-6 proton of
caproic acid residue), 3.302 (m, 2H, proton adjacent to naphthyl ring), 2.138-2.158 (m, 4H, C-
2 proton of caproic acid residue), 1.883 (m, 4H, C-5 proton of caproic acid residue), 1.722-
1.739 (m, 4H, C-3 proton of caproic acid residue), 1.147-1.287 (m, 4H, C-4 proton of caproic
acid residue). HRMS: m/z: 888.96 [M]* (calculated), 888.356 (found).

4.5.7. Characterisation of NDI-7

'H-NMR (400 MHz, CDCl;, 25 °C): ¢/ppm: 8.808 (s, 4H, protons of naphthalenediimide
core), 4.572-4.608 (m, 2H, chiral centre of L-alanine residue), 3.738 (m, 4H, C-11 protons of
undecanoic acid residue), 2.169-2.207 (m, 4H, C-2 protons of undecanoic acid residue), 2.081
(m, 4H, C-10 protons of undecanoic acid residue), 1.912-1.963 (m, 4H, C-3 protons of
undecanoic acid residue), 1.671-1.726 (m, 4H, C-9 protons of undecanoic acid residue), 1.607
(m, 4H, C-4 protons of undecanoic acid residue), 1.321-1.415 (d, 6H, methyl protons of L-
alanine residue), 1.244-1.274 (d, 16H, C-5, C-6, C-7, C-8 protons of undecanoic acid residue).
HRMS: m/z: 777.91 [M+H]* (calculated), 778.729 (found).

4.5.8. (haracterisation oi NDI-8

'H-NMR (400 MHz, CDCl;, 25 °C): J/ppm: 8.733-8.760 (s, 4H, protons of
naphthalenediimide core), 7.216-7.280 (m, 4H, meta protons of phenyl ring), 7.077-7.091 (m,
6H, ortho and para protons of phenyl ring), 4.877-4.910 (m, 2H, chiral centre of L-
phenylalanine residue), 3.728 (m, 2H, protons adjacent to phenyl ring), 3.433-3.485 (m, 4H,
C-11 protons of undecanoic acid residue), 3.061-3.177 (m, 2H, protons adjacent to phenyl
ring), 2.277-2.364 (m, 4H, C-2 protons of undecanoic acid residue), 2.145-2.182 (m, 4H, C-10
protons of undecanoic acid residue), 1.922-1.952 (m, 4H, C-3 protons of undecanoic acid
residue), 1.692-1.735 (m, 4H, C-9 protons of undecanoic acid residue), 1.521-1.621 (m, 4H, C-
4 protons of undecanoic acid residue), 1.114-1.471(m, 16H, C-5, C-6, C-7, C-8 protons of
undecanoic acid residue) HRMS: m/z: 968.11 [M+K]* (calculated), 967.72 (found).

4.5.9. Characterisation oi NDI-9

'H-NMR (400 MHz, CDCls, 25 °C): §/ppm: 8.820 (s, 4H, protons of naphthalenediimide
core), 8.004-8.034 (m, 4H, C-5, C-8 proton of naphthyl ring), 7.919-7.960 (m, 2H, C-4 proton
of naphthyl ring), 7.752-7.772 (m, 2H, C-1 protons of naphthyl ring), 7.622 (m, 4H, C-7 protons
of naphthyl ring), 7.493-7.563 (m, 4H, C-6 protons of naphthyl ring), 7.445 (m, 2H, C-3
protons of naphthyl ring), 4.967 (m, 2H, chiral centre of naphthyl alanine residue), 4.052-
4.062 (m, 2H, protons adjacent to naphthyl ring), 3.627-3.645 (m, 4H, C-11 protons of
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undecanoic acid residue), 3.069 (m, 2H, protons adjacent to naphthyl ring), 2.283-2.430 (m,

4H, C-2 protons of undecanoic acid residue), 1.904-1.924 (m, 4H, C-10 protons of undecanoic
acid residue), 1.622-1.635 (m, 4H, C-3 protons of undecanoic acid residue), 1.412-1.519 (m,
8H, C-4, C-9 protons of undecanoic acid residue), 1.253-1.281 (m, 16H, C-5, C-6, C-7, C-8
protons of undecanoic acid residue). HRMS: m/z: 1052.22 [M+Na]* (calculated), 1052.881
(found). 1068.22 [M+K]* (calculated), 1068.835 (found).

4.5.10. Characterisation oi NDI-2a

'H-NMR (400 MHz, DMSO-ds, 25 °C): S/ppm: 8.659-8.693 (s, 4H, protons of
naphthalenediimide core), 8.018-8.039 (d, 4H, meta protons with respect to nitro groups),
7.505-7.526 (d, 4H, ortho protons with respect to nitro groups), 5.894-5.930 (m, 2H, chiral
centre of amino acid), 4.045 (m, 2H, benzyl proton), 3.730-3.779 (m, 2H, benzyl proton).
HRMS: m/z: 675.52 [M+Na]* (calculated), 676.145 (found); 691.52 [M+K]* (calculated),
692.165 (found).

4.5.11. Characterisation oi NDI-2b

'H-NMR (400 MHz, DMSO-ds, 25 °C): &/ppm: 8.592-8.649 (s, 4H, protons of
naphthalenediimide core), 7.054-7.075 (d, 4H, meta protons with respect to -OMe groups),
6.653-6.674 (d, 4H, ortho protons with respect to -OMe groups), 5.776-5.812 (m, 2H, chiral
centre of amino acid), 4.099 (s, 6H, methoxy protons), 3.578 (m, 2H, benzyl protons), 3.106
(m, 2H, benzyl protons). HRMS: m/z: 645.58 [M+Na]+ (calculated), 646.061 (found)

4.6. SPECTRA

4,6.1. 'H-NMR spectra
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ﬁﬂﬁﬂuhk SELF-AGGREGATES FOR TASK SPECIFIC APPLICATIONS

POSTLUDE

The realm of molecular chemistry deals with development of a wide range of very powerful
procedures for synthesizing sophisticated molecules and materials from atoms that are linked
by covalent bonds. Supramolecular chemistry, on the other hand, goes beyond molecular level
and generates complex, functional systems from small amphiphilic units held together by

intermolecular non-covalent interactions.

The “bottom-up” strategy of constructing nano-architectures based on supramolecular
self-assembly has been drawing notable attraction for the past forty years. Self-assembly relies
on the spontaneous organization of molecular tectons producing patterns or ordered
structures at any scale. Nature of interaction is dependent of structural and electronic
properties of individual molecules that governs their shape, charge, polarizability, etc. In
recent past, supramolecular self-organization of small amphiphilic molecules has grown into
a most important arena of research due to its nano-dimensional artistic approach and has fast-
tracked numerous prospects in physics, chemistry and biology. One of the most advantageous
aspects of supramolecular self-assembly is their ability to mimic complex biological entities
with simple building blocks which might as well be a stepping stone to understand the “life”
and solving real-world problems. They have broadened the horizon of alternative pathways to
traditional molecular chemistry by the development of environmentally benign micro/nano-
reactors for the synthetic chemistry. Thousands of scientists, all over the globe, are constantly

involved in exploring supramolecular self-assemblies in multidisciplinary fields.

The prime research objective of our group at IACS is to design multimodal
functionalized amphiphiles that generates diverse supramolecular aggregates with task
specific applications. These self-assembled soft-materials are explored in multiple domains
ranging from biochemical to bio-medicinal applications. The present thesis describes stimuli
responsive disassembly of self-aggregates and their application in drug release, detection of
analytes by AIE based nano-dimensional bio probes and generation of Fluorescent Organic
Nanoparticles with tuneable emission. The scientific work documented in this thesis is the
outcome of our constant endeavour towards developing functional nanomaterials
contributing to the scientific advancement and ends with a hope that it could be interpretable

to the interested individuals.
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