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Synopsis

Fluorescence spectroscopy is a sensitive tool compared to any other spectroscopic techniques
to probe the micro-environments of any system by observing the modulation in the optical
properties of fluorophores. For designing novel drug carriers, it is very essential to establish
the influence of the carrier environments on the photophysical properties of fluorescent drugs
during its transportation to the active sites. Consequently, many research works are invested
to understand the changes in photophysical properties of drug/fluorophore during loading into
the nano-carriers and subsequent in vitro release from the delivery vehicle.! Delivery of
anticancer drug becomes even more challenging due to their water insoluble nature and poor
cellular uptake. In this regard, graphene derivatives, i.e., graphene oxide (GO) and
mesoporous silica nanochannels (MCM-41) are excellent choice of delivery media owing to
their large surface area and biocompatible nature, which improves the drug efficacy
compared to free drug.'®? The focus in chapter 3 is to probe the loading of an anticancer drug
(ellipticine) into these nanomaterials (GO and MCM-41) and its subsequent release to
biomolecules (DNA/RNA). These processes have been monitored with help of intrinsic
fluorescence switching of drug, which circumvents the utilization of any complex or
sophisticated technique.

Chemotherapeutic agents have received tremendous attention due to their potential
pharmaceutical applications towards cancer treatment. Among various chemotherapeutic
agents, topotecan (TPT) is found to be a potential inhibitor for growth of the tumour cells by
inhibiting the human topoisomerase I (Topl) enzyme activity though the Topl-DNA
cleavable complex formation.> Moreover, the entire biological activity of TPT depends on the
formation of Topl-TPT-DNA complex, the stability of which may be influenced by the light
driven electronic perturbation of the drug.® Interestingly, TPT undergoes efficient proton
release upon photo-irradiation owing to its strong photo-acidity in the excited state.* Thus, it
would be intriguing to understand the nano-confinement effect on the photophysical
properties of TPT inside biological nano-cavities, considering the presence of confined water
in a small membrane pocket. Hence, we have explored (in Chapter 4) the excited state proton
transfer dynamics of topotecan (TPT) inside bio-mimicking nano-cavities of aqueous reverse

micelles (RM) using steady-state and time-resolved fluorescence spectroscopic techniques.

IISER Pune v



We believe that our results might provide a new insight towards the understanding of
fluorescence properties of TPT inside a cell-like environment.

Fluorescent metal nanoclusters (NCs) have attracted a special attention due to their
unique optical properties arising from the quantum confinement effect.’ They have been
considered as ideal replacement materials for organic fluorophores and semiconducting
quantum dots in the applications of optoelectronics, bioimaging, catalysis, and sensing due to
their ultrafine size, excellent photo-stability and low toxicity.”> Among the metal NCs, gold
and silver have been well explored compared to copper despite the latter being more
biocompatible, extremely cheap and commonly used in daily life. Keeping these aspects in
mind, we have designed a simple and effective strategy for the synthesis of highly stable and
ultrabright fluorescent CuNCs within the water ‘nanopool’ of reverse micelles without using
any toxic reducing agents (Chapter 5). To unravel the fundamental origins and mechanism of
fluorescence properties of CuNCs, understanding the carrier dynamics is important, which is
still lacking in literature. Thus, the origin and mechanism behind the multi-fluorescence and

spectral broadening behaviors of CuNCs have been demonstrated (Chapter 5).

Chapter 1 (Introduction) This chapter gives a brief overview about the different

working systems (graphene oxide, mesoporous silica nanochannels, reverse micelles and

copper nanoclusters), which are used to explore the research works.

Chapter 2 (Experimental: Materials and Methods) This chapter describes the

sample preparation protocols, experimental methods, different techniques (absorption, steady
state fluorescence, time correlated single photon counting (TCSPC), fluorescence
upconversion and circular dichroism (CD)) and analysis procedures (for different

instrumentations), which are majorly utilized during the research.

Chapter 3 (Loading of an Anticancer Drug into/onto the Material Surface

and Subsequent Release to Biomolecules) This chapter deals with loading and subsequent
release of an anticancer drug, ellipticine. Using the unique fluorescence switching properties
of ellipticine, we have successfully monitored its loading in/on to materials such as graphene

oxide (GO) and mesoporous silica nanochannels (MCM-41) subsequent release to
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biomolecules. This chapter is divided into two sections, one is devoted for graphene oxide

and second section deals with the MCM-41. Both the sections are discussed as follows;

3a. Loading of an Anticancer Drug onto Graphene Oxide and Subsequent
Release to DNA/RNA: a Direct Optical Detection: In this sub-section, we have synthesized
graphene oxide (GO) from graphite flakes and thoroughly characterized by various
techniques such as powder X-ray diffraction (XRD), Raman spectroscopy, FT-IR, AFM, FE-
SEM and HR-TEM. We have demonstrated fluorescence-switching of ellipticine (EPT),
during its loading onto GO and subsequent release to specific intra-cellular biomolecules
(DNA and RNA) at physiological pH. The green fluorescence of EPT switches to blue in
presence of GO upon loading and switches back to green in presence of polynucleotides
(DNA/RNA). The intensified blue emission of the ellipticine-GO (EPT-GO) complex with
human serum albumin (HSA), switches to bluish green upon addition of dsDNA (Figure 1).

Finally, we have shown that EPT can
also be released to DNA even from the Aem=530 nm
R
EPT-GO-HSA  composite.  Electron | _ 58 enes _%¢ &E e
microscopy, ~XRD and Raman | ™' """\ presss S 3%

=520 nm
spectroscopy reveals the formation of

distinctive 3D assemblies involving GO ; \%\?

and biomolecule(s) probably through
Aem=450 nm
non-covalent interactions and is

primarily responsible for the |EGo+Hsa+DNA E-GO E-GO + RNA
Aem=520 Nnm Aem=520 NnmM

A

biomolcule(s) assisted fluorescence-

Figure 1. Fluorescence switching of ellipticine in
presence of GO with various bio-macromolecules
such morphological patterns of the (HSA/dsDNA/RNA).

switching of EPT. To our knowledge,

composited systems are very unusual, reported here the first time and could find applications
in the fabrication of biomedical devices. Moreover, our approach of direct optical detection
of drug loading and releasing is very cheap, appealing and will be useful for clinical trial
experiments once the cytotoxicity of GO is duly taken care. Moreover, our work is expected
to stimulate future experiments across physical chemistry, bio-chemistry, computational
chemistry and material science, for the development of various GO-based self-assembled

structures with important biomolecules.
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3b. Loading of an Anticancer Drug into Mesoporous Silica Nanochannels and its
Subsequent Release to Cellular DNA: Herein, mesoporous silica nanochannels (MCM-41)
based molecular switching of a biologically important anticancer drug, namely, ellipticine
(EPT) has been utilized to probe its efficient loading onto MCM-41, and subsequent release
to intra-cellular biomolecule, like, DNA. Exploiting various spectroscopic techniques (like,
steady state fluorescence, time-resolved fluorescence and circular dichroism), it has been
shown that EPT can be easily translocated from MCM-41 to DNA without using any external
stimulant. Blue emission of EPT in polar aprotic solvent i.e., dichloromethane (DCM)
completely switches to green upon loading inside MCM-41 due to the conversion from
neutral to protonated form of the drug inside nano-pores. Powder X-ray diffraction (PXRD),
N2 gas adsorption and  confocal
fluorescence microscopy results confirm the
adsorption of EPT inside the nano-pores of
MCM-41. Here, lysozyme (Lyz) protein has
been utilized as a pore blocker of MCM-41
in order to prevent premature drug release.
Interestingly, EPT is released to DNA even
from the EPT-MCM-Lyz composite system,
and results in intensification of green

fluorescence. Electron microscopy results — Eail death

reveal the formation of distinctive garland

kind of morphology involving MCM-41 Figure 2. Internalization of anticancer drug,

and DNA probably through non-covalent ellipticine loaded MCM-41 into cancerous cells
and localizing into the nucleus to specifically

interactions, and this is believed to be  target to nuclear DNA.

responsible for the DNA assisted release

of drug molecules from silica nano-pores. Confocal laser scanning microscopy (CLSM)

imaging revealed that EPT-MCM successfully internalized into the HeLa cervical cancer

cells and localized into the nucleus (Figure 2). Cell viability assay results infer that EPT-

MCM and Lyz-EPT-MCM showed much improved efficacy in HeLa cancer cells compared

to free ellipticine.

Chapter 4 (Excited State Proton Transfer Dynamics of Topotecan inside Bio-

mimicking Nano-cavity) This chapter deals with understanding an important excited state
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phenomenon, i.e., excited state proton transfer (ESPT) process, of a potentially important
anticancer drug, Topotecan (TPT) inside bio-mimicking nano-confined environment known
as reverse micelles (RM). The ESPT dynamics of TPT has been explored in aqueous reverse
micelle using steady state and time-resolved fluorescence measurements. In bulk water, TPT
exhibits single emission, which is believed to be originated from zwitterionic (Z°) form of the

drug, as an outcome of ESPT process

¢ %e

from excited state cationic form (C”) of
TPT to the nearby water molecule. In
AOT/n-heptane RM, the drug shows dual [
emission attributed to the simultaneous Fyss
existence of both C* and Z* forms of the
drug. The presence of single iso-emissive
point in time-resolved area normalized

emission spectrum (TRANES) further

. . Wavelength (nm)
confirms the co-existence of two species

(C" and Z') in the excited state. Both the  Figure 3. Time-resolved area normalized emission
spectra (TRANES) of TPT in aqueous reverse

time-resolved emission spectrum (TRES) _
micelle (Aex =375 nm) at wp = 10.

and TRANES infer the generation of

excited state zwitterionic form (Z*) of TPT from the excited state cationic form (C*) of TPT,
as a result of ESPT process from the —OH group of TPT to the nearby water molecule
(Figure 3). Interestingly, ESPT dynamics was found to be severely retarded within the polar
nano-cavity of RM, exhibiting time constant of 250 ps to 1 ns, which is significantly slower
than the dynamics obtained in bulk water (32 ps).The observed slow ESPT dynamics in RM
compared to bulk water is mainly attributed to the sluggish hydrogen bonded network
dynamics of water molecules inside the nano-cavity of RM and the screening of the sodium

ions present at the interface.

Chapter 5 (Ultrafast Fluorescence Dynamics of Highly Stable Copper

Nanoclusters Synthesized inside the Nanopool of Reverse Micelles) Herein, we have
reported a new strategy for the synthesis of highly stable fluorescent copper nanoclusters
(CuNCs) with L-cysteine (Cys) as a protecting ligand within the water nano-pool of reverse
micelles (RMs) (Figure 4). In the present work, efforts are also given to address the origin of

excitation-dependent fluorescence spectral shift of CuNCs. From our experiments, we have
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elucidated that the broad fluorescence from CuNCs in RM consists of two spectrally
overlapped bands corresponding to the metal-core and surface states of CuNCs. The intrinsic
emission of CuNCs distributed in
shorter wavelength regions (<470 nm)
is mainly originated from metal-core.

On the other hand, extrinsic

CuNCs in water CuNCs in AOT-RM

fluorescence band (>470 nm) is caused

by surface states and consists of a [EEETRIRTS ‘%~<lps
much broader emission due to the P\_10-15ps

10-15 = 5
presence of numerous surface states. i bt

The trapping of excited electrons in the
various surface states leads to the

emission in the longer wavelength

regions and is believed to be
responsible for excitation dependent Figure 4. Schematic illustration showing all the
emission of CuNCs in RM. Excited excited state relaxation dynamics of CuNCs.

state dynamics, which controls the optical properties of CuNCs, have also been investigated
by TCSPC and femtosecond fluorescence up-conversion techniques. Femto-second
fluorescence up-conversion and TCPSC decay profiles of CuNCs comprise of multitude of
lifetime components spanning from <1 ps to few nano-second time scale (Figure 4). We have
rationalized the dynamics on the basis of several competing deactivation pathways and a
broad distribution of radiative electron-hole recombination dynamics originating from core

and surface states.
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Chapter 1

Introduction

The present chapter provides a brief introduction about different working systems, such as
graphene oxide, mesoporous silica nanochannels (MCM-41), reverse micelles (RM) and
fluorescent copper nanoclusters, which are used in different projects depicted in the thesis.

Motivation behind this thesis work has also been discussed in this chapter.




Chapter 1. Introduction

1. Introduction

1.1. Motivation of the Thesis

Fluorescence spectroscopy is a sensitive tool compared to any other spectroscopic techniques
to probe the micro-environments of any system by observing the modulation in the optical
properties of fluorophores. For designing novel drug carriers, it is very essential to establish
the influence of the carrier environments on the photophysical properties of fluorescent drugs
during its transportation to the active sites. Consequently, many research works are invested
to understand the changes in photophysical properties of drug/fluorophore during loading into
the nano-carriers and subsequent in vitro release from the delivery vehicle.! Delivery of
anticancer drug becomes even more challenging due to their water insoluble nature and poor
cellular uptake. In this regard, graphene derivatives, i.e., graphene oxide (GO) and
mesoporous silica nanochannels (MCM-41) are excellent choice of delivery media owing to
their large surface area and biocompatible nature, which improves the drug efficacy
compared to free drug.!® The focus in chapter 3 is to probe the loading of an anticancer drug
(ellipticine) into these nanomaterials (GO and MCM-41) and its subsequent release to
biomolecules (DNA/RNA). These processes have been monitored with help of intrinsic
fluorescence switching of drug, which circumvents the utilization of any complex or
sophisticated techniques.

Chemotherapeutic agents have received tremendous attention due to their potential
pharmaceutical applications towards cancer treatment. Among various chemotherapeutic
agents, topotecan (TPT) is found to be a potential inhibitor for growth of the tumour cells by
inhibiting the human topoisomerase I (Topl) enzyme activity though the Topl-DNA
cleavable complex formation.> Moreover, the entire biological activity of TPT depends on the
formation of Topl-TPT-DNA complex, the stability of which may be influenced by the light
driven electronic perturbation of the drug.® Interestingly, TPT undergoes efficient proton
release upon photo-irradiation owing to its strong photo-acidity in the excited state.* Thus, it
would be intriguing to understand the nano-confinement effect on the photophysical
properties of TPT inside biological nano-cavities, considering the presence of confined water
in a small membrane pocket. Hence, we have explored (in Chapter 4) the excited state proton
transfer dynamics of topotecan (TPT) inside bio-mimicking nano-cavities of aqueous reverse
micelles (RM) using steady-state and time-resolved fluorescence spectroscopic techniques.
We believe that our results might provide a new insight towards the understanding of

fluorescence properties of TPT inside a cell-like environment.
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Fluorescent metal nanoclusters (NCs) have attracted a special attention due to their
unique optical properties arising from the quantum confinement effect.’ They have been
considered as ideal replacement materials for organic fluorophores and semiconducting
quantum dots in the applications of optoelectronics, bioimaging, catalysis, and sensing due to
their ultrafine size, excellent photo-stability and low toxicity.> Among the metal NCs, gold
and silver have been well explored compared to copper despite the latter being more
biocompatible, extremely cheap and commonly used in daily life. Keeping these aspects in
mind, we have designed a simple and effective strategy for the synthesis of highly stable and
ultrabright fluorescent CuNCs within the water ‘nanopool’ of reverse micelles without using
any toxic reducing agents (Chapter 5). To unravel the fundamental origins and mechanism of
fluorescence properties of CuNCs, understanding the carrier dynamics is important, which is
still lacking in literature. Thus, the origin and mechanism behind the multi-fluorescence and

spectral broadening behaviors of CuNCs have been demonstrated (Chapter 5).

1.2. Working Systems

This part in chapter 1, describes brief introduction about different working systems, such as
graphene oxide (GO), mesoporous silica nanochannels (MCM-41), reverse micelles (RMs)
and fluorescent copper nanoclusters (NCs), which are used in different projects depicted in

the thesis.

1.2.1. Graphene and Graphene Oxide

Graphene, a two dimensional (2D) planar sheet with one atom thick monolayer, has become
one of the popular and engrossing topics in the fields of materials science, physics, chemistry,
and nanotechnology.® Graphene consisting of densely packed sp? carbon atoms in regular
hexagonal pattern (like honeycomb network), is generally considered as the basic building
block of other carbon allotropes, such as 0D fullerenes, 1D carbon nanotubes, and 3D
graphite (Scheme 1.1). Each sp? carbon atom in graphene forms three o-bonds with
neighboring carbon atoms and the strength of these covalent C-C bonds are nearly equivalent
to the bonds involved in diamond providing similar mechanical and thermal strength to
graphene.® The remaining electron in 2p, orbital forms a conducting m bond, which is
responsible for its graphitic nature.®® Graphene was first prepared in 2004, by peeling a single
layer of graphene sheet using a sticky tape and a pencil.’ Notably, the Nobel Prize in Physics
for 2010 was awarded to A. K. Geim and K. Novoselov for “groundbreaking experiments
regarding the two-dimensional material graphene”. Extensive studies on graphene have been

focused on a wide range of potential applications, including field-effect transistors,'® lithium-
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ion batteries,!! supercapacitors,'? solar cells,'* and fuel cells'* due to its exceptional
properties such as, high current density, ballistic transport, chemical inertness, high thermal
conductivity (>5000 W/m/K), optical transmittance, large surface area (~2630 m?/g), long-
range 1 conjugation and high carrier transport mobility (experimentally reported electron
mobility value at room temperature >15,000 cm?V 's™1).22%15 Most of the interesting
applications require growth of single-layer graphene on a suitable substrate, which is very
difficult to control by physical methods, and is yet to be achieved. Large-scale production of
graphene involves techniques, such as, exfoliation from graphite by chemical derivatization,

thermal expansion, use of surfactants, along with the popular oxidation-reduction process.”!°

2D Graphene

3D Graphite

0D Fullerene

1D Carbon nanotubes

Scheme 1.1. (a) Graphene structure of single two-dimensional hexagonal sheet of carbon
atoms; (Reprinted with permission from ref. 16g; Copyright 2018 Springer Nature).

Hydrophobic graphene sheets tend to agglomerate to graphite because of the favorable
Van der Waals and strong m-m stacking interactions between the individual layers. Such
aggregation behavior of graphene significantly restricts its potential in biological applications
due to the inefficient coupling with biomolecules, limited cellular uptake, and diminished
delivery efficiency.?!” Therefore, it was necessary to develop novel biocompatible graphene
with high solubility and stability in physiological environments. So, researchers have started
using modified graphene such as, graphene oxide (GO), which has very similar structural
features to that of graphene but having a better water solubility due to presence of functional

groups such as, epoxide (1,2-ether), hydroxyl, carbonyls and carboxyl (Scheme 1.2).
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Scheme 1.2. Schematic representation of graphene oxide structure.

In 1958, Hummers reported the widely popular method of GO synthesis involving the
oxidation of graphite by KMnOs and NaNO; in concentrated H>SO4.'"® The continuous
aromatic lattice structure of graphene is disturbed by different functionalization such as,
epoxide (1,2-ether), hydroxyl, carbonyls and carboxyl (Scheme 1.2) due to this oxidation
process.'%¢!” Due to the presence of aromatic domains and various functional groups, GO
undergoes a complex interplay of ionic and non-ionic interactions with various types of
molecules in solution.!>!%¢? GO and its derivatives have been used as a supporting material
for a variety of metal and metal oxide nanoparticles (such as Pt, Au, TiO> etc.), and
fluorescent molecules for their improved applications.!®®!16¢1651921 GO exhibits superior
biological applications than graphene due to its high specific surface area (2630 m?/g), planar
sp® hybridized carbon domain (mn-m conjugation), enriched oxygen-containing functional
groups and intrinsic bio-compatibility, low cost and scalable production, and facile
biological/chemical functionalization.®?> Moreover, the -COOH and -OH groups of GO
facilitate the conjugation with various systems, such as polymers, biomolecules (bio-targeting
ligand), DNA, protein, quantum dots, nanoparticles and others imparting GO with multi-
functionalities and multi-modalities for diverse biological and medical applications.'®?

Inspired by the idea of carbon nanotube-based drug delivery, Dai et al., in 2008 first
explored GO as a novel and efficient nano-carrier for the delivery of water insoluble aromatic
anticancer drugs into cells.?* In their approach, GO was first conjugated with an amine-
terminated six armed polyethylene glycol (PEG) molecule, followed by the loading of a water
insoluble anticancer drug, SN38 (a derivative of camptothecin) onto GO surface by simple
non-covalent adsorption via m-m stacking. The PEG-functionalized SN38 loaded NGO
exhibits high cytotoxicity for the cancerous HCT-116 cells, which is 1000 times more potent
than camptothecin (CPT). Since then, GO has been utilized in many biomedical applications

such as, drug/gene delivery, bio-sensing, bio-imaging, antibacterial materials and
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biocompatible scaffold for cell culture. Zhang et al., reported that modified GO could be
efficiently utilized for targeted drug delivery and controlled release in the tumortherapy.?® In
another work, Dai group has demonstrated the pH dependent drug release from GO

surface,”®® which later expedited pH controlled GO-based drug delivery systems by many

1.’28 1.29

groups, Chen et al.,”® Bai et al.,”” Misra et al.,® and Shen et al.”. Apart from pH-activated
drug release, recently Pan and coworkers®® have developed a thermo-responsive drug delivery
cargo based on poly(N-isopropyl acryl amide) grafted graphene sheets. Moreover, folic acid
and -SO3H groups modified GO has been employed for the combined loading of two drugs,
doxorubicin (DOX) and CPT. This approach exhibits enhanced specific targeting and higher

cytotoxicity to MCF-7 and human breast cancer cells. Recently, Rana et al.’!

reported the
delivery of an anti-inflammatory drug, Ibuprofen, by using a chitosan-grafted GO. Yang and
coworkers®? have designed a magnetic and bio-dual targeting drug delivery cargo based on
GO-Fe3;04 nanoparticle hybrid to enhance the anticancer effect. Recently Liu et al.** and
Sheng group®* have studied gene delivery using modified GO, which shows improved
protection for the genes from enzymatic cleavage. Apart from these, GO have been
extensively studied for their widespread applications in bio-sensing and detection such as
thrombin, ATP, oligonucleotide, amino acids and dopamine etc.*”

Notably, in most of the cases, the fluorescence of the dye molecules is drastically
quenched in presence of GO due to the efficient excited state electron transfer from GO
surface to dyes.*® Based on this quenching phenomenon, graphene-based biosensors were
employed for developing many applications including molecular diagnostics, industrial and
environmental monitoring and civil defence.’” Wang et al., reported the drastic fluorescence
quenching of rhodamine 6G (R6G) upon formation of R6G*GO™ nano-composite, which can
act as a simplistic, label-free sensor (detection limit 0.2 nM to 10 nM) towards DNA among
other macromolecules in biological fluids by means of recovering the R6G emission.*® Huang
et al. developed a GO-acridine orange conjugate for reversible fluorescence nano-switch
based selective detection of toxic heavy metal ion, such as, Hg?* by molecular logic gate
operation.* In order to diagnose pathogenic or genetic diseases, the super-quenching ability
of GO was utilized for selective detection of DNA and proteins.*’ Fluorophore labelled single
stranded DNA adsorbed on GO surface exhibits drastic quenching of the fluorescent dye,
which had been regained by the “turn-on” method upon addition of perfect complimentary
sequence (targeted sequence). This method has been used to determine the concentration of

the targeted sequence detection with very high sensitivity (pM to nM range).384004!
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1.2.2. Mesoporous Silica Nanochannels

Mesoporous silica nanoparticles (MSNs) are chemically and thermally stable nanomaterials
with ordered porous structure containing numerous empty channels (meso-pores).** Since the
first discovery of mesoporous silica nanoparticles (MSNs) in 1992 by Beck and coworkers, it
has gained enormous interest among the scientific community,*® principally due to its large
surface area (900—1500 cm?g™!), pore volume (0.5-1.5 cm®g™!), and adjustable pore size (1 to
30 nm).** Additional features of silica nanoparticles, such as, water dispersibility, versatile

2c,44a,45

surface modification, high drug binding affinity, low toxicity, cell penetrating ability*®

and chemical stability, make it suitable for biological and biomedical applications, including

49

44a,45b,47 8

drug delivery, protein adsorption,*® enzyme immobilization,**® and bio-
separation *#0:#44447¢30 Among the various mesoporous silica materials, Mobil crystalline
material (MCM-41) has garnered popularity due to its highly ordered -Si-O framework, and
hexagonal channels (P6mm symmetry) of relatively uniform diameter with a large surface
area (up to 1200 m?g').’! The synthesis of MCM-41 is performed by sol-gel method
(Scheme 1.3), involving the polymerization of orthosilicates on the rod-shaped micelle
template followed by calcinations to remove the surfactants.?**-? Interestingly, the pore

diameter (ranging from 1.5 to 20 nm) of MCM-41 can be easily controlled through the

hydrocarbon chain length of the surfactant used during the synthesis.**>3
composite: inorganic mesoporous material
Iyotropic liquid-crystalline phase mesostructured solid/surfactant (shown MCM-41)

(shown 2D hexagonal)

s

spherical )
micelle rod-shaped micelle

Scheme 1.3. Possible mechanistic pathway for the synthesis of MCM-41 following surfactant
template method. Reprinted with permission from ref. 52b; Copyright 2018 John Wiley and
Sons.

removal of
the surfactant

The porous and large accessible surface area of MCM-41, renders it in a variety of
important industrial applications, such as adsorption of gases and metal ions,>* loading of

4255 and nanoparticles.* In Presence of silanol (-Si-OH) groups (Scheme 1.4) on the

catalysts
MCM-41 surface favors the conjugation of various essential molecules such as
pharmaceutical drugs, proteins, and other biomolecules etc., making it as a suitable cargo for

biological applications.?®*® The solubility and bio-compatibility of this material have been
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enhanced by the surface modification/conjugation with different biomolecules, dendrimers
and polymers.**®32 Furthermore, the abundant silanol (-Si-OH) groups and the large surface
area also help in the physisorption of several guest molecules through H-bonding and surface
adsorption by hydrophobic interactions.*b473:47¢:36¢57 T arge pore volume and ordered network
of MCM-41 accommodates a maximum loading of guest/drug molecules, which undergoes a
controlled release to its targeted area making it advantageous over other MSNs,*7¢37a38
Moreover, it shows high cellular uptake due to its nano-sized structure,*>*%> thus several
therapeutic hydrophobic drugs, enzymes and aptamers, which are not easily transferable
through membrane can be incorporated into the nanochannels of MCM-41 for delivery into

targeted cells.?d44d

Si Si
e Si ~ OH /SI OH OH
OH OH Si-—'OH OH :
OH  OH \-'OH A
si? oH Nsi o 9N

iZ0H OH=
— Sipg=OH Si
e I/
\Si

Free Silanols Etherial Silanols

Scheme 1.4. Schematic structure of MCM-41 framework. Reprinted with permission from
ref. 57¢; Copyright 2018 Royal Society of Chemistry.

MCM-41 materials as successful drug delivery agents was first reported in 2001, where
Vallet-Regi et al.,’** showed the loading and subsequent release of model drug ibuprofen
(IBF) from the nanochannels.>® This resulted in increased efforts by researchers to explore
the use of MCM-41in widespread biomedical applications, ranging from drug/gene delivery,
bio-sensing and bio-imaging.®* MCM-41 materials have shown efficiency in the loading and
release of different guest molecules such as camptothecin, propidium iodide, paclitaxel,
doxorubicin, curcumin and different fluorophores.47%36¢:39-61

To have an effective therapeutic effect, silica nanoparticles must release their drugs in
the cytoplasm to minimize the possibility of undesirable side effects to normal cells and
organs.”® To ensure the delivery of drugs in the cytoplasm, prevention of their premature
release from silica nanoparticles is necessary before reaching its targeted sites.’d In order to
achieve this, nanoparticles, quantum dots, dendrimers, supramolecular assemblies, polymers,

44a,45b,61d,61e,62

peptides, proteins, enzymes and DNA aptamers etc., used as gatekeepers to

these nanochannels. The removal of these gatekeepers (capping agents) by either intracellular

or external agents like temperature,>™% pH,36®6%:64 chemical reactions,® light,°® enzymatic
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activity,%” and ultrasound,®® etc., triggers the release of the drug/guest molecules from the
silica nanochannels.

Modulation in the photophysical properties of fluorescent guests/drugs have been
commonly observed upon the encapsulation in MCM-41 nanochannels.!®*® This modulation
in the spectral properties can be utilized in many applications such as, sensing, imaging,
lasing, stabilizing, and other purposes.!® Recently, photophysical properties of many guest
molecules (fluorophores) confined in MCM-41 have been extensively studied by Douhal
research group and few other research groups.!*® Interaction of hemicyanine dye (DY-630-
MI) with MCM-41, resulted in improved photostability and significant decrement in the
blinking behaviour in fluorescence traces.’’* This behaviour is a result of the rigid
environment of silica material, which restricts the cis-trans isomerization of dye and protects
it from solute-solvent interaction.®*® The proton transfer rate of HPTS, a famous photoacid
molecule, decreases in presence of MCM-41, due to the partially loss of electronic charge of
SO* by H-bonding interactions with MCM-41 framework and the restricted diffusion space
available.®¢ On the contrary, when intramolecular proton transfer probe 2-[5-N-(3-
triethoxysilyl)propylurea-2'-hydroxyphenyl]-benzothiazole (HBTNH) the interacts with
these MCM41 frameworks, leads to greater yield of anion emission, i.e., create more
favorable condition of excited state intramolecular proton transfer (ESIPT) process.®*® The
understanding of the interactions between the guest molecules and MCM-41 materials, thus
helps to determine the key processes that governs their adsorption, and therefore, provides
insight to the reaction mechanisms involved in this nano-confined environment. In this
respect, fluorescence spectroscopic techniques have been proved to be advantageous to
explore various properties of MCM-41, such as acidity, polarity, porosity, or surface charge
as a function of the changes in the spectral and dynamical properties of the fluorescent guest

molecules.

1.2.3. Reverse Micelles

Reverse micelle (RM) is a nanometer-sized water or polar solvent droplet surrounded by a
layer of surfactant molecules immersed in a non-polar solvent (Scheme 1.5). Nanometer
sized “water pool” which is surrounded by surfactants in such a way that the polar head
groups are oriented toward the ‘water pool’ and non-polar tails are projected out toward the
bulk non-polar organic phase (Scheme 1.5). The unique confinement effect of RMs has been
used as a model system of various biological environments, such as, protein pockets and cell

membranes.”” AOT (aerosol OT, dioctyl sodium sulfosuccinate, Scheme 1.6), a well known
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anionic surfactant, easily forms RM in non-polar solvents by the addition of water/polar
solvents. Although AOT extensively used for formation of RMs, but other surfactants such as
SDS, CTAB and TX-100 (Scheme 1.6) etc. also form stable RMs in hydrocarbon solvents
with the support of a co-surfactant.”**’! However, short chain length alcohols or amines are
required as co-surfactants for the formation of the above mentioned RMs.”*f Enormous
studies have been performed to reveal the structure as well as the biological importance of the
confined water in the reverse micelle pool. Studies like, dynamics light scattering (DLS),
time-resolved IR spectroscopy, small angle neutron scattering (SANS), small angle X-ray
scattering (SAXS), fluorescence correlation spectroscopy (FCS) and molecular dynamics
simulations have been extensively used to understanding the formation, and structure of
reverse micelle.”” A generalization of several characterization methods show that the size of a

water reverse micelle is usually governed by the following equation;”?
Ry(nm) = 2.3w, (1.1)

where, Ry is the hydrodynamic radius of the water RM, and wy stand for water to surfactant
concentration ratio (wo = [water]/[AOT])"°%73. The water molecules confined inside reverse
micelle “water pool” are drastically different in structure, dynamics and several other
physical properties (like polarity and viscosity) compared to the bulk water.”®%"! In the
confined water of reverse micelles having relative dielectric constants (¢) of 30-40, which are
very close to & of methanol (33) and much smaller than & of bulk water (78).7°%7% Using
photoacid (2-naphthol-6,8- disulfonate), it has been reported that RMs with rmax >16 A, the
dielectric constant of the aqueous phase is ~70 and for smaller micelles, it is as low as 60."
Compared to the bulk water, the micro-viscosity of water in AOT reverse micelles is reported
to be very large at low wo (40 cP at wo = 4).”* Micro-viscosity decreases with increase in wo
and at higher wy becomes constant (near ~15 cP).”* Probing the interior water pool of AOT
reverse micelles with a highly charged decavanadate (Vig) oligomer using °'V NMR
spectroscopy indicate that a proton gradient exists inside the reverse micelles, leaving the
interior neutral while the interfacial region is acidic.”’"’° Notably, water molecules, which are
confined in nanopool of RM, is classified into two types: ‘bound water’ and ‘free water’.
‘Bound water’ molecules in the interfacial peripheries of water nanopools are regarded as
immobile with low dielectric property because of strong binding to the head groups of AOT,
while free water molecules in the core of water pools have been reported to be mobile and
polar almost like water in bulk.”%%77® Water nanopool of RMs have been used for wide

range of applications such as nano-reactor for synthesis of nanoparticles,”’ controlling the
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reaction kinetics,’® trapping of hydrogen bonded dry urea (without any intervening water
molecules),” etc. RMs have also been extensively used in enzymatic reactions and chemical
catalysis.®® Encapsulation of biomolecules such as enzymes, proteins and nucleic acids (DNA

and RNA) within the nanopool of RMs are also reported in literature.®!

%3:;\&%4% 1.
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Scheme 1.5. Schematic representation of reverse micelle.
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Scheme 1.6. Chemical structures of surfactants.

The water core of RM is similar to water pockets present in the bio-aggregates. To
understand the dynamics of proton transfer processes in biological water, many group studied
ESPT in reverse micellar environments. Excited state double proton transfer dynamics of 7-
azaindole in ‘water pool’ has been investigated and the retardation of proton transfer was
attributed to the increased free energy of prerequisite solvation to form a cyclically H-bonded
1:1 7-azaindole/water complex.®? Using complementary techniques, such as ultrafast time-
resolved transient absorption and 2D NMR, Levinger et al. demonstrated a comprehensive
picture of the environmental effect inside the RM on the proton transfer dynamics of 8-

Hydroxypyrene-1,3,6-trisulfonic acid (HPTS).®> ESPT behavior of 7-hydroxy-4-
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methylcoumarin has been explored to differentiate confined ‘water pools’ of the various
reverse micelles using steady-state and time-resolved fluorescence measurements.®* ESPT
dynamics of 2-(2/-pyridyl)benzimidazole in reverse micelle was investigated by Datta and
coworkers, and the observed rise time in the tautomer emission was explained by
consideration of slowing down of the ESPT process and slow solvation of the more polar
excited state of the tautomeric form in the restricted environment of the micro-emulsion.®’
Douhal and coworkers observed slower proton transfer dynamics of 7-hydroxyquinoline
(7HQ) inside AOT reverse micelles. The lower fluidity of confined water within the RM with
respect to normal bulk water alters the related H-bond network dynamics and, therefore, was
believed to be responsible for the slower proton transfer dynamics.®® Fayer group probed
proton transfer kinetics of the fluorescent photoacid 8-hydroxypyrene-1,3,6-trisulfonate
(HPTS) in both ionic and neutral reverse micelles by time-correlated single-photon counting
technique. They observed that the nature of interfaces, ionic versus neutral, results in major
differences in the location of the photoacid and in the proton transfer dynamics.®” Very
recently, Sarkar and coworkers showed that it is possible to control the intramolecular proton
transfer (ESIPT) process of curcumin by simply changing AOT reverse micellar interfacial
properties by choosing appropriate polar solvents.®® They also reported that proton transfer of
firefly’s chromophore (D-luciferin) in nanometer size ‘water pool’ of RM increases with
increasing wo values.®® However, the ESPT of D-luciferin is inhibited in non-aqueous reverse

micelles with DMF and DMSO as a polar core.*

1.2.4. Fluorescent Metal Clusters

Metal nanoclusters (NCs) consisting of few to several tens of atoms (size <2 nm) have
recently received a special attention among researchers due to their unique optical and
electronic properties.>® As the size of NCs approaches close to the Fermi wavelength of
electron, it possesses discrete energy levels due to quantum confinement effect.> This
quantum confinement is majorly responsible for their molecule-like optical properties, and
greatly inspires researchers to develop NCs as an alternative to conventional fluorophores.>”
Moreover, the properties of NCs are believed to be in between the nanoparticles and
individual molecules, and are considered as an ideal replacement towards the semiconducting
quantum dots and organic fluorophore for many technical applications due to their ultrafine
size, excellent photo-stability and low toxicity.*®?%!

Because of these unique properties, NCs have been actively utilized in many applications

like, optoelectronics, bioimaging, catalysis, biological labeling, and sensing.”'®*? In order to
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improve their applications in bioimaging and photonics, understanding the mechanism of
their fluorescence behavior is of primary importance, which has been investigated in recent
reports.”® The exact origin behind the luminescence behaviour of metal nanoclusters still
remains unclear. Jin has proposed the optical properties of metal NCs,** based on the free-
electron model theory. According to this theory, free electrons on the nanoparticle surface
give rise to the polarization in an electronic field which in turn depends on the number of
electrons. However, when the free electron number significantly decreases, (so that
nanoparticle size approaches to the Fermi wavelength) the continuous band structure breaks
up into discrete energy levels (Scheme 1.7). The luminescence of metal NCs is the outcome
of electronic transition from sp bands (above the Fermi level) to d bands or the electronic
transitions between lowest unoccupied orbital to the highest occupied orbital (HOMO-

LUMO).”> The emission energy (Es) of NC depend on the number of atoms, N, in each

nanocluster and is simply represented in Jellium model (eqn. 1.2),°%
_Er
Es = 7 (1.2)

where, Eris the Fermi energy of metal atom and Es is the luminescence energy of NCs.

Evolution of band structure (e.g. metal clusters)
Fa-—-—e—e [
- | | I ]
i | ]
1 I
e P i 1 | . )
-_———— Ll |
AE =kgT E AE=0 E AE=0
Atoms & Clusters Metal Bulk
Molecules Nanoparticles Metal

Scheme 1.7. Evolution of band structure in the metal nanoclusters.

Other mechanisms are also proposed to explain the luminescence properties of ultrasmall
metal nanoclusters. Huang et al.,’>® proposed that visible luminescence (high energy) band of
AuNC:s is corresponding to the radiative electron-hole (e-h) recombination of excited electron
from higher energy sp-band to d-band (interband transition, Scheme 1.8), while, Whetten et
al.,” suggested that infrared luminescence (lower energy) band of AuNCs is attributed to the
radiative e-h recombination of excited electron within the sp-conduction band across the

HOMO-LUMO gap (intraband transition, Scheme 1.8).
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Scheme 1.8. Schematic representation of energy level diagram for the origin of two
luminescence bands in the AuNCs. (i) High energy (visible) luminescence band correspond
to the radiative electron-hole (e-h) recombination of excited electron from sp-band to d-band
(interband transition); (ii) low energy (infrared) luminescence band corresponds to the
radiative e-h recombination of excited electron within the sp-conduction band across the
HOMO-LUMO gap (intraband transition). Reprinted with permission from ref. 96; Copyright
2018 American Chemical Society.

Like semiconducting quantum dots, metal NCs also exhibit size-dependent fluorescence
behavior. In this regard, Dickson’s group have synthesized a series of AuNCs with various
atom numbers and observed sized-dependent fluorescence behaviour of NCs (Aus (385 nm),
Aus (455 nm), Auis (510 nm), Auzs (760 nm), and Aus; (866 nm)).”” However, the emission
energy of larger AuNCs is slightly deviated from this spherical Jellium model due to the
electron screening effects and the distortion of the harmonic potential well, suggesting the
presence of other emission mechanisms.”® In addition to the size and structure, optical
properties of metal NCs are also highly sensitive to the oxidation state of the metal atoms.’

Ligands used for NCs synthesis play very important role in the cluster formation, and
they are referred to as protective agents/ligands, which can prevent the further aggregation
between these super atoms keeping the size dependent fluorescence property intact.
Protecting ligands do not only act as capping agents but also largely influence the optical
properties of NCs, such as, the peak position and spectrum shape.’>” Several research groups
have used different kinds of protective ligands for AuNCs synthesis, and interestingly,
different luminescence maxima of Auxs NCs was observed in all these cases. For example,
luminescence maximum of Auzs NCs is at 640 nm (bovine serum albumin),!® 750 nm
(phenyl ethane thiol),”** 700 nm (glutathione),'*! 700 nm (human serum albumin),'®> 670 nm

),'19 and 684 nm (dihydrolipoic acid).!® These observations imply that the ligands on

(pepsin
the surface of the NCs influence the emission energy due to additional emission mechanism.

Jin et al. investigated the effect of surface-protected ligands of AuNCs and concluded that the

IISER Pune 14



Chapter 1. Introduction

electron transfer from the surface ligands to the metal core can significantly affect the
luminescence quantum efficiency.””® Thus, strong electron donating surface ligands enhance
the fluorescence quantum yield of NCs, majorly in two different ways, (i) charge transfer
from the ligands to the metal core through direct bonding (ii) direct donation of delocalized
electrons of electron-rich atoms or groups of the ligands to the metal core.”®!% Hence, the
selection of protecting ligands (such as, choosing electron-rich ligands) may improve the
luminescence quantum yield of NCs.”?

Furthermore, emission properties of NCs also depend on the synthetic procedure. For
example, two research groups have reported the different emission behaviors for same
glutathione-protected Auzs NCs. Shibu et al.!%? observed two emission bands (500 and 700

nm), while Negishi et al.!%

observed only one emission band at 827 nm for the same
glutathione-protected Auzs NCs. Apart from these conditions, other environmental parameters
such as temperature and pH of the medium also affect the luminescence properties of
nanoclusters.'”” Temperature dependent luminescence measurements of NCs confirm that the
dominating electron-electron scattering process relaxes the hot electrons, which results in
very broad luminescence band. Here it is necessary to mention that unlike bulk and
nanoparticles, electron-phonon scattering process is very weak in nanocluster due to small
size or enhanced quantum confinement effect,’%*108

Fluorescent NCs have complicated arrangement of metal atoms and surface ligands
resulting in complex carrier dynamics and fluorescence mechanism. Ultrafast spectroscopic
techniques have been employed to decipher the carrier dynamics and fluorescence
mechanism of metal NCs, which have provided valuable insights towards their respective
fluorescence mechanism.>®!® Ramakrishna and coworkers have observed two emission
bands in different sized gold nanoclusters (Auzs and Ausg); a weak visible luminescence band
(low quantum yield) and a near-infrared (NIR) luminescence bands, and the origin of these
bands along with their dynamics has been probed using transient absorption and fluorescence
up-conversion measurements.'!?’®!!® The luminescence of AuNCs in the visible region is
attributed to the ultrafast electron relaxation (200 fs) within the Au core states and the NIR
emission band results from the radiative electron-hole recombination (ns to ps) from Au shell
to ground electronic state.'”>!1% Pyo et al. obtained ultrabright luminescent Aux NCs by
rigidifying the thiolate shell and observed dual luminescence bands (visible and NIR).!!!
Visible luminescence decay of this Auz; NCs comprised of two relaxation time components,

one in ultrafast timescale (200 fs) from core to shell, which then undergoes intersystem
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crossing to populate the triplet states of the gold, and another in picosecond time scale due to
radiative e-h recombination within the core states. NIR luminescence decay profile of the
same Auy, NCs shows multi-exponential behaviour with several slow components (ns to ps)
attributed to the luminescence from gold shell states, where ligands have significant
contribution.!'! The effect of protecting ligands on the carrier dynamics of AuNCs have been
observed in hexanethiol (C6S)- and glutathione (GS)-protected Auzs nanoclusters, which
exhibit a luminescence wavelength dependent growth (180 fs to 300 fs) and a decay (240 fs
to 980 fs) component, suggesting the relaxation of core-gold to shell-gold states.'!
Goodson’s group reported the dendrimer protected Auxs NCs emission in the visible region is
associated with the metal core, and is short-lived (~250 fs); whereas the NIR luminescence
(longer lifetime, ns to ps) is related to the surface states arising from the ligand interaction.'!?
Influence of structural morphology on the luminescence dynamics of Auxs NCs have been
noticed in rod and sphere structures. The Aups-sphere shows wavelength dependent
luminescence growth (150 fs to 200 fs) and decay (>200 fs to 600 fs) whereas, Auzs-rod show
only decay (>200 fs to 600 fs) components. Observed growth components in Auzs-sphere
NCs corresponds to relaxation of core-gold to shell-gold states and this type of shell structure
is absent in Auas-rod morphology.'®’® Miller et al., have demonstrated using transient
absorption measurements that core-gold to shell-gold decay dominates at the early time of
excited-state relaxation of Auas clusters.!'> Miller et al., proposed a core-shell relaxation
model to explain the excited-state relaxation of [Auzs(SCH2CH2Ph)ig]. They have observed
that ultrafast (<200 fs) relaxation within multilevel electronic states of the Aujsz core and
slightly slower lifetime (1.2 ps) component arise from the relaxation of electron from core to
the semi-ring.!'® Pyo et al., monitored ultrafast dynamics of glutathione protected Auz, NCs
(Au22(SG)1s) and surface modified with pyrene (Py).!'* The fluorescence decay profile
consisting of lifetime time constants 160 fs, 1.6 ps, 16 ps and >1 ns. The decay component of
160 fs was assigned as the core to shell-gold relaxation of the Aux cluster, whereas 1.6 ps
and 16 ps decay components assigned to the time scale of the electron/energy transfer
deactivation process occurring in the Aux-Py cluster. The last long lived (>1 ns) component
was assigned to the surface state arising from the surface ligands or the ligand/metal
interface.!'* Meng et al.,''> reported that rod shaped Auxs and Ag doped (AgxAuasx)
nanoclusters fluorescence dynamics. The excited state relaxation in AgxAuzs— is comprised
with an ultrafast (~0.58 ps), fast (~20.7 ps) followed by ultraslow (7.4 us) correspond to the

internal conversion, nuclear relaxation and electron relaxation back to the ground state,
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respectively. Interestingly, the nuclear relaxation timescale is much slower in un-doped Auas
(~52 ps) compared to AgxAuzs—x (~20.7 ps).''> Jin and coworkers observed ultrafast
dynamics in mono atom doped M;Au4 nanocluster and assigned an ultrafast relaxation of
electron within the core states in the time constant of 0.6 ps, electron transfer from Au core to
shell relaxation with a timescale of 3-5 ps and very slow (>1 ns) electron relaxation to the
ground states.!!®

The dual fluorescence of Auzs NCs is a result of spectral broadening due to their specific

core-semi ring structures, %117

whereas, small AuNCs (Aug and Auio) doesn’t have any dual
fluorescence characteristics due to absence of any core-semi ring structure, which is generally
present in neutral gold atoms.!’’ In the case of ultrasmall sized clusters (Aus), emission
energy solely depends on the number of atoms composed in the NCs, on the other hand, for
slightly larger clusters (Auzs) both the number of atoms and surface ligands protecting the
NCs are responsible.”’*!% It has been experimentally confirmed that the ultrasmall AuNCs,
such as Auijo and Aus, exhibit excitation wavelength dependent fluorescence,’!%? and the
fluorescence band was found to be red-shifted upon increasing the excitation wavelength.
Recently, Tang and coworker reported, broad fluorescence of Augnanocluster consists of two
spectrally overlapped emission bands, intrinsic and extrinsic, corresponding to the metal core
and surface ligands respectively.”> The reason behind this unusual phenomenon is not fully
understood yet. However, there is a growing evidence in favor of the argument that the
emission arises from the radiative recombination of excitons located on surface states of
NCs.”? They proposed that two spectrally overlapped bands, fluorescence band-I intrinsically
arise from the Aug core and band-II arises extrinsically originates from the localized surface
trap states, which are interface between Au core and protecting ligands. Femto second time-
resolved fluorescence dynamics of Aug NCs suggested that 1.28 ps corresponds to the excited
electrons in the metal core state that are trapped into the surface sates; slow component 11.6
ps was attributed to electron-acoustic phonon scattering and the slowest component (100-150
ps) was ascribed to e-h recombination process.”® The effective trapping of excited electrons
into massive surface states is responsible for the excitation wavelength dependent
fluorescence; this kind of surface trapping was observed in various colloidal nanoparticles.
Recently, Diez et al., represented the three types of emitting regions in the AgNCs, which are
responsible for their excitation dependent emission energies and vice versa.''® Tang and
coworkers have demonstrated that bandwidth of fluorescence doesn’t depend on the

temperature (even at cryogenic temperatures) because of weak phonon coupling in ultrasmall
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NCs.!® Bigioni and coworkers, explored the ultrafast dynamics of glutathione (SG) protected
silver NCs, the photoluminescence decay consisting of two components (3 ps and 130 ps) for
Agi5(SG)11 and 480 fs and 130 ps for Ag3»(SG)i9. The ultrafast lifetime components 3 ps
(Agis) and 480 fs (Ags2) in both NCs, is correspond to a fast relaxation from metal core
emissive states, similar to gold core states. The longer lifetime component 130 ps (both Agis
and Ags) in AgNCs are due to relaxation of excited electrons from metal-ligand state.!!
Unlike gold and silver nanoclusters, optical properties of copper nanocluster (CuNCs) have
not been explored at all in the literature.

Among noble metal nanoclusters, gold nanoclusters (AuNCs) and some extent of silver

nanoclusters (AgNCs) are significantly explored in terms of synthesis, 0105120

105.1LI21 and physical properties!'® in comparison with copper nanocluster

stabilization
(CuNCs) which is relatively unstable due to the low redox potential (E°cuan/cuo) = 0.34 V) of
copper (Ag (E%agayae0) = 0.80 V) and Au (E°auamyau) = 1.50 V)).!?? Stabilization of CuNCs
remains the primary challenge in their syntheses and applications.’****!23 In absence of
stabilization, CuNCs would strongly interact with each other and aggregate irreversibly in
order to reduce their surface energy.’>*’»!2 Thus, a proper stabilizing scaffold is
indispensable without which they tend to agglomerate and form non-fluorescent
nanoparticles.’>>*?% Organic scaffolds are found to be advantageous, which can modulate the
spectroscopic properties of the CuNCs depending on their interaction between the ligands and
metals. Recently, dendrimer, thiols, polymers, various bio-molecules such as DNA
oligomers, peptides, and serum albumin (bovine, human and lysozyme, etc.) have been
efficiently utilized as scaffolds for the synthesis CuNCs emitting from blue to near-infrared
region.!?>!12* However, most of these methods generate low quantum yield CuNCs.
Moreover, the syntheses involve toxic reducing agents, multiple steps, and high cost scaffolds
such as protein/DNA. Recently, CuNCs are emerging as a very promising analytical platform
for diverse sensing applications, especially for metal ions, biomolecules (proteins, nucleic
acids etc.), small molecules and pH.'** Similar to that of AuNCs and AgNCs, the
fluorescence properties of CuNCs are dependent on their chemical environments, including
the cluster size, solvent and surface capping ligands or CuNCs prepared from different

synthetic strategies etc.!24>124d124h1248125 Wy et g,

demonstrated that the significant
luminescence intensity enhancement of 1-dodecanethiol-capped CuNCs via self-assembly
strategy.'?® Understanding the origin and mechanism behind the multi-fluorescence and

spectral broadening behaviors of CuNCs are fundamentally important for their applications in
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bioimaging and photonics. Dynamics studies of CuNCs are not available in the literature and

its fundamental understanding of the fluorescence mechanism is still lacking.
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Chapter 2

Experimental: Materials and Methods

In the present chapter we discuss the detail description of materials and chemicals, synthetic
procedures, sample preparations and various experimental techniques that are used for
different studies. This chapter is divided into two sections. In first section, the full list
materials, synthesis and sample preparations are discussed, whereas in second section we

discuss about different experimental techniques and analysis.
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2. Experimental: Materials and Methods

2.1. Materials

The present section contains the list of several fluorescent anticancer drugs, organic

molecules, organic solvents and various salts that are used in different experiments.

Table 2.1. Materials, its source and purity along with the chapter number.

Name Source Grade (Purity) Ch.
Graphite flakes Sigma-Aldrich 98% 2
Ellipticine Sigma-Aldrich High purity > 99% 2
Topotecan Sigma-Aldrich Purity > 99% 3
Mesoporous silica (MCM-41) Sigma-Aldrich Purity > 99% 2
Human serum albumin (HSA) Sigma-Aldrich Molecular Biology 2
Hen egg white lysozyme Sigma-Aldrich Purity >90% 2
Salmon sperm DNA (2000 bp long) Sigma-Aldrich Molecular Biology 2
Calf thymus DNA Na salt (1000 bp long) Sigma-Aldrich Molecular Biology 2
Glucose Sigma-Aldrich Purity > 99% 2
Hydrogen peroxide (H>03) Sigma-Aldrich ISO 2
Sulphuric Acid (H2SO4) SRL, India Purity 98% 2
Potassium persulfate (K»S>Os) SRL, India Purity 99% 2
Phosphorus pentoxide (P,Os) SRL, India Purity 99% 2
Sodium nitrate (NaNO3) SRL, India Purity 98% 2
Potassium permanganate (KMnOQOy) SRL, India Purity 98% 2
Hydrochloric acid (HCI) Merck, India Purity 99.5% 2
Sodium phosphate dibasic (NaH,PO4) SRL, India Purity 99.5% 2
Sodium phosphate dibasic (Na,HPO4) SRL, India Purity 99.5% 2
Sodium chloride (NaCl) SRL, India BioXtra> 99.5% 2
Sodium hydroxide (NaOH) SRL, India Purity 98% 2,3,4
n-heptane Spectrochem Spectroscopy 34
Dioctyl sulfosuccinate sodium salt (AOT) Sigma-Aldrich Ultra >99.0% 3.4
CTAB Sigma-Aldrich Purity > 99% 4
Triton-X Sigma-Aldrich Purity > 99% 4
DMSO Merck, India Spectroscopy 2
Copper (1) chloride (CuCl,) Sigma-Aldrich Purity, 98% 3
L-Cysteine Sigma-Aldrich Purity, 97% 3
1-heptanol Sigma-Aldrich Purity, 97% 3
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2.1.1. Synthesis and Sample Preparations
Detailed description of synthesis, preparation of samples and experimental methods in each
chapter is given below.

Chapter 3a: Synthesis of Graphene Oxide (GO) GO was synthesized using modified
Hummers method! from graphite flakes. 2 g of graphite flakes was added in 97 wt% H2SO4
(20mL), 1.6 g K»S,0g and 1.6 g P,Os mixture. The mixture was kept at 80 °C for 8 hrs,
cooled at room temperature, diluted with 0.5 L of de-ionized water and left for overnight.
Then the mixture was filtered, washed several times with de-ionized water for removal of
residual acids, and dried in vacuum oven overnight at 60 °C. Finally, we obtained 1.3 g of
pre-oxidized graphite. The pre-oxidized graphite was further subjected to oxidation process
for synthesizing GO. 1 g of pre-oxidized graphite powder and sodium nitrate (NaNOs; 0.5 g,
0.5 eql.) mixture was taken in a flask kept in ice-water bath. Then, concentrated H>SO4 (97
wt%, 40 ml) was added with stirring. After that potassium permanganate (KMnOg; 3 g, 2
eql.) added very slowly over ~1 hr, and continued the stirring for 2 hrs in ice-water bath.
After removing from the ice water bath, the stirring was continued vigorously for 2 days at
room temperature, and after that aqueous H2SO4 (5 wt%, 100 ml) was added very slowly up
to ~1 hr with constant stirring. The temperature was automatically raised up to 60 °C, and
then the final temperature of the reaction mixture was kept above 90 °C by supplying external
heat. The resultant mixture was further stirred for 2 hrs at 98 °C, and the temperature was
then reduced to 60 °C. Then H2O> aqueous solution (30wt%, 10 ml) was added and the
mixture was stirred for 2 hrs at room temperature. The product was repeatedly washed with
aqueous HCI solution (10 wt%) and then rinsed with de-ionized water repeatedly up to
neutral pH obtained. Then mixture was washed with ethanol solution for three times and
finally oxidized compound was dried at ambient conditions overnight.

Chapter 3a: As ellipticine (C17H14N2) (EPT) is not soluble in water, we have used
DMSO stock solution for all experiments. Concentrated ellipticine (EPT) stock solution was
prepared in DMSO solvent. 4 pl of this stock solution was added into 4 ml of aqueous buffer
solution (pH 7) and strongly sonicated to obtain a homogeneous solution in PBS. For all the
experiments, the concentration of EPT was kept ~7uM. GO (0.16 mg/ml) stock solution was
prepared in aqueous solution by strong sonication about 2 hrs, centrifuged ~14,000 rpm to
remove large sized GO sheets and supernant solution was used for titration to the EPT
containing PBS solution. DNA, RNA samples are properly annealed at ~90 °C and gradually

allowed to cool at room temperature. Concentration of salmon sperm DNA was estimated by
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2 and

its absorbance at 260 nm using extinction coefficient 13,800 M-'em™ per base pair,
TAR-RNA concentration was measured by its absorbance at 260 nm with using molar
extinction coefficient 2,73,800 M'ecm™ generated by IDT SciTools. The molar extinction
coefficient of human serum albumin (HSA) used for concentration calculation is 36,500 M-
'em! at 280 nm?>. All the experiments were performed at room temperature in aqueous buffer.

Chapter 3b: Mesoporous silica (MCM-41) with pore diameter of 20-30 A is dried in
vacuum oven at 200 °C in order to remove trace amount of encapsulated water molecules. 2
mg of EPT dissolved in dichloromethane (DCM) solvent (30 ml) and 10 mg of dried MCM-
41 was introduced to the EPT containing DCM solvent. Then the dispersed solution was
allowed for stirring at room temperature in nitrogen gas environment for overnight to avoid
moisture absorption. Loading of drug into MCM-41 was verified by fluorescence spectra.
Drug loaded MCM-41 particles were extracted from DCM solvent by centrifugation (10000
rpm). EPT-MCM was repetitively washed with DCM solvent to remove the unbound or
weakly bounded drug molecules from MCM-41, and finally the compound was dried
overnight at inert conditions. Extracted EPT loaded MCM-41 (EPT-MCM) sample was
dispersed in 10 mM phosphate buffer saline (PBS) containing 100 mM NaCl for bio-
molecular interactions. DNA samples are properly annealed at 90-95 °C and gradually
allowed to cool at room temperature. Concentration of calf thymus DNA was estimated by its
absorbance at 260 nm using extinction coefficient 6,600 M'cm™ per base pair.* The molar
extinction coefficient of lysozyme used for concentration calculation was 37,970 M™! cm™ at
280 nm.’

Cell Viability Assay: Five thousand HelLa cells were seeded per well in 96-well
microliter plate and incubated overnight in a 5% CO: incubator at 37 °C for attachment. Cells
were then treated with EPT-MCM (ellipticine loaded MCM-41), EPT-MCM-Lys (Lysozyme
protected EPT-MCM) and free ellipticine in different concentrations (0.097, 0.19, 0.39, 0.78,
1.59, 3.12, 6.25, 12.5, 25, 50 uM) for 24h. Free EPT was dissolved in DMSO to make a stock
solution of 5 mM concentration. Serial dilutions of free drugs in DMSO were made from this
stock solution and 2 pL of each free drug solution was added to cells to obtain desired final
concentrations. 20 pL of MTT reagent (5 mg/ml) was added to each well and incubated for 4
h at 37 °C. Formazan crystals were then solubilised in 100 pL of the solubilization buffer
(10% SDS in 0.01 M HCI) and incubated overnight. Absorbance was measured with
spectrophotometer at 300 nm. The percent cell viability was calculated considering the
untreated cells as 100% viability and the effectiveness of EPT-MCM and EPT-MCM-Lys

were compared with the free drug.
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Cellular Internalization through Confocal Laser Scanning Microscopy (CLSM)
Studies: 1 x 10° HeLa cells were seeded on a cover slip in a 6 well plate and incubated
overnight in a 5% COz incubator at 37 °C for attachment. Cells were then treated with EPT-
MCM and EPT-MCM-Lys systems (at a concentration equivalent to 2 pg/mL of ellipticine)
for 1, 3, 6 and 12h. Cells were then washed twice with PBS and fixed with 500 puL of
paraformaldehyde (3.7% in PBS, pH = 6.9) by incubating for 10 min at 4 °C. The
paraformaldehyde was aspirated and cells are washed trice with PBS, followed by staining
the cells for nuclei with 2 pg/ml Hoechst by incubating at 37 °C for 5 min. Then cells were
washed thrice with PBS and mounted on a glass slide using 5 uLL Slow Fade Gold Antifade
Reagent. The slides were subjected to fluorescence imaging using a CLSM (Zeiss LSM 710).

Chapter 4: Dioctyl sulfosuccinate sodium salt (AOT) was properly dried under vacuum
pump about 48 hrs before preparing RM. Topotecan (TPT) was directly added to n-heptane
solvent and sonicated for 15 minutes for uniform distribution of drug molecules. After that
AOT (0.1 M) was added to the above mentioned solution, and a clear transparent solution
was observed. The concentration of AOT was kept at 0.1 M for all measurements. The size of
confined ‘nanopool’ depends on the wy value, where woy = [water]/[AOT].* RM of various wo
values were prepared by the addition of appropriate amount of Milli-Q water to the AOT/n-
heptane system.

Chapter 5: AOT, CTAB and TX-100 were properly dried under vacuum pump about 48
hrs before preparing reverse micelles. RM of various wo values were prepared by the addition
of appropriate amount of Milli-Q water to the AOT/CTAB/TX-100-n-heptane system. In the
case of CTAB and TX-100 reverse micelles systems 1-heptanol was used as a co-surfactant.

Synthesis of CuNCs in the Aqueous Phase: CuNCs in bulk water were synthesised
similar to the recently reported synthetic procedure with slight modification.” Typically, 1
mM of CuCl> was added into 35 mM of L-cysteine solution. After vigorous stirring of this
solution, NaOH (0.1 M) was added slowly to adjust the pH around 10-11. This mixture was
then stirred continuously at 50-55 °C in water bath for 4-5 hours. The colour of the reaction
mixture changes from transparent to light brown colour indicating the formation of CuNCs.
The formation of CuNCs was confirmed by the appearance of blue emission under UV light.
CuNCs obtained were stored at 4 °C in a dark place.

Synthesis of CuNCs inside Reverse Micelles: AOT (0.2 M) was dissolved in 10 mL n-
heptane solvent and divided into two 5 mL parts each. Aqueous solutions of CuCl, (20 mM)
and L-cysteine (240 mM) were prepared in separate vials. In one part of AOT/n-heptane

solution CuCl, (180 pL for wo = 20) was added to maintain fixed wo value. In another part of
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AOT/n-heptane solution, aqueous L-cysteine solution (180 uL for wo = 20) was added. In
both the cases same molar ratio (wo) i.e., wo = [H2O]/[AOT] was maintained and the solutions
were vigorously stirred for 2 hrs at room temperature. Subsequently, both the solutions were
mixed together and the resultant mixture was heated at 50 °C under stirring conditions. By
the addition of very small amount (10 ul) of 0.1 M NaOH, the colour of solution turned to
light violet from colorless, indicating the initiation of reaction due to activation of L-cysteine.
After 5 hrs of stirring at 50 °C, the reaction mixture was tested under UV-lamp to confirm the
formation of fluorescent CuNCs inside the reverse micelles. CuNCs synthesis in other two
reverse micelles, such as positive charged surfactant CTAB and neutral surfactant TX-100,
also followed similar method, as AOT. In these procedures (CTAB and TX-100 reverse
micelles) 1-heptanol used as co-surfactant. Importantly, in this synthetic procedure we have
not used any toxic reducing agent. Notably, L-cysteine acts as both reducing as well as

protecting ligand for CuNCs.

2.2. Experimental Methods
In this section we have provided detailed description of experimental methods used for

various experiments done in this thesis.

2.2.1. Absorption Measurements

The absorption spectroscopy is a well known technique; hence, we are not providing
instrumental setup for absorption measurements here. Briefly, all the absorption
measurements were recorded on a double beam, ultraviolet-visible (UV-Vis)
spectrophotometer (Shimadzu-2450). In all experimental conditions chromophore
concentrations were kept in micro molar (uM) range to avoid molecular aggregations. Path
length of the cuvette was kept fixed at 1 cm for all the measurements. Moreover, all the
absorption measurements were carried out at room temperature (25 °C) unless otherwise

specified.

2.2.2. Steady State Fluorescence Measurements

Steady state fluorescence spectra and quantum yield measurements were carried out on a
Jobin Yvon Fluoromax-4 spectrofluorometer. The schematic diagram of spectrofluorometer
is shown in Figure 2.1. In generally, the light source is a xenon arc lamp (power 150 watt),
which emits a continuous emission from ~250 nm to ~800 nm. Monochromator (MC1) is
used to select a particular excitation wavelength of light. Fluorescence is collected at right

angle to the incident light beam to avoid transmitted light coming from the light source and
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detected through a monochromator (MC2) and a photomultiplier tube (PMT). PMT is the
detection device which works based on principle of photoelectric current generation. When a
photon emitted from sample falls over metal array kept in vacuum and high voltage (950 V),
it immediately generates electrons. The flow of electron along the voltage bias generates the
signal. This method minimizes the inherent background noise (dark count ~1000 counts/sec)
in detector (compared to traditional voltage detection module) and results much sensitive
detection. Polarizers (P1 and P2) on both excitation and emission sides are used to filter the
light for specific polarized light, which are used to measure anisotropy. Monochromators
(MC1 and MC2) and polarizers (P1 and P2) controlling the direction and wavelengths of

excitation and emission light are automated and computer controlled.
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Figure 2.1. Schematic representation of spectrofluorimeter set up.

2.2.3. Time Resolved Fluorescence Measurements

2.2.3a. Time Correlated Single Photon Counting Technique (TCSPC)

After the excitation samples with a pulsed laser the excited fluorophore relaxes to ground
state with an emission, which is the characteristic of emissive state. In this cases the change

in the fluorescence intensity decay exponential with the time

1(t) = 1(0)exp(—t/7) (2.1)

where I(t) and I(0) are the fluorescence intensities at time t and 0 respectively, and 7 is the
fluorescence lifetime. Average time spent by the fluorophore in the excited state before
coming to the ground state is called the fluorescence lifetime (t). The time-correlated single
photon counting (TCSPC) is the most popular technique for the determination of fluorescence

lifetime. The basic principle of TCSPC is the probability of a single emitted photon to be
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detected at a time (t) after the pulsed laser excitation, which is directly proportional to the
fluorescence intensity at that time (t).® Figure 2.2 shows the schematic representation of
conventional TCSPC instrument set-up. In our TCSPC setup, we have used excitation sources
as diode lasers (pico-LED). The full width at half maximum (FWHM) of a laser diode is
~100 ps and the repetition rate is | MHz. In general TCSPC can work in two different modes,
forward and reverse modes. In forward mode, excitation pulse resulting from the diode laser
acts as start pulse. In reverse mode, emission photon resulting from the sample excitation acts
as starts pulse. In case of high repetition-rate laser sources (nano-LED/pico-LED/fs LASER),
the time-to amplitude convertor (TAC) is overloaded due to continuous excitation pulses,
when diode laser acts as a start pulse. Since LASER with high repetition rate (1 MHz) used as
an excitation source, the reverse timing mode, which is effective to minimize the dead time
caused by too many TAC reset events, has been employed for the measurements. So,
avoiding the overloading in TAC, in recently most of TCSPC instruments mainly work in
reverse mode.

After the pulsed excitation, single emitted photon signal from fluorophore reach to an
electronics called constant fraction discriminator (CFD). The arrival times of particular
photon was accurately recorded by CFD. After passing through CFD, the emitted photon
signal reaches to TAC and immediately starts charging the capacitor inside TAC. Charging of
the TAC capacitor generates a voltage ramp linearly with time. This is called as the START
signal. TCSPC electronics is set in such a way that after the excitation only one stop photon
from the sample is detected for every 100-200 excitation pulses. Arrival of an excitation
pulse through synchroniser (SYNC) meanwhile reaches to TAC and stops the charging of
TAC capacitor. This is called as the STOP signal. TAC is the most important component of
the TCSPC system and acts as a stopwatch and measures the time gap between the start
(fluorescence) and stop (excitation) pulses. The amplitude of this pulse is proportional to the
charge in the capacitor, and hence to the time difference between the start and stop pulses.
TAC output pulse gives a numerical value within the analog-to-digital converter (ADC) and a
count is stored in the data storage corresponding to that number. This process is repeated
several times to generate a histogram corresponding to the lifetime decay of the sample. The
so called decay result from TCSPC instrument can be either deconvoluted considering the
effect of the pulse or can be analyzed by graph plotting software by neglecting the effect of
the excitation pulse. Majorly three LEDs have been used for sample excitation, namely, 375
nm (FWHM <100 ps), 402 nm (FWHM <100 ps) and 444 nm (FWHM <120 ps). Instrument

response of our TCSPC set-up using the above mentioned diode lasers is ~100 ps, and with
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the help of deconvolution method (discussed next section) we could able to detect lifetime of
~40 ps. The detector used in this TCSPC set-up was a MCP-PMT. In comparison to simple
dynode chains in PMT, MCP-PMT consists of numerous small holes. The holes in these
plates are micro-channels, and the generated photoelectrons are proximity focused into the
MCP. As here electrons travel short distances, this type of PMT shows fastest time response

compare to conventional PMT.
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Figure 2.2. Schematic representation of spectrofluorimeter set up.

2.2.3a.1. Analysis of Fluorescence Decays
The measured decay profile is a convolution of the measured instrumental prompt response
P(t) and the theoretical fluorescence response function F(t). The net result (R(t)) obtained for

& function excitation will be;®”
R(t) = [, P(t') x F(t — t") dt’ (2.2)

where, t' is the variable time delays (in practice, channel numbers) of the infinitesimally small
widths dt’ (i.e., channel widths) of which P(t') is composed. By measuring P(t)
experimentally over ‘i’ channels of data, the convoluted form of R(t) can be obtained from
eqn. 2.2. Here one has to assume a functional form of F(t), for example one, two or three
exponentials. By iterating the values of the decay components until good agreement is

obtained, the best fit values are determined.

F(t) =Yia;e T 2.3)
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where 7; and a; are the lifetime and the corresponding pre-exponential factor (amplitude) of
the ith component. The standard statistical procedure to confirm goodness of fit is the > test.

The y? is given by;
x? = Xl w; [R(t) = R.(1)]? (2.9)

where, Re(t) is calculated by assuming functional form of F(t) and wi = 1/R(t). The %* value
~1 indicates good fit.

The analysis of fluorescence decays were performed using the commercially available
lifetime analysis software (DAS 6.5) from IBH (UK). Error in all lifetime measurements is

~5%.

2.2.3a.2. Time Resolved Fluorescence Anisotropy Measurements
In fluorescence anisotropy measurement, the sample is excited with a polarized light and the
time dependent parallel [Ij(t)] and perpendicular [I.(t)] components of the fluorescence are

used to calculate the time-resolved fluorescence anisotropy, r(t), by following equation,®®°

_ Li®)=-1.()
r(®) = I (O)+21,.(t) (2.5)

To compensate the polarization biased of the detection system and monochromator

efficiency, the above equation is modified to;

_ L(©)=GI1.(t)
r() = I,(£)+2GIL (t) (2.6)

where “G” is the instrumental correction factor for detector sensitivity and monochromator
efficiency to the polarization direction of the emission.

The time-resolved anisotropy measurements were done by automated toggling method
using time-correlated single photon counting set-up and exciting the sample by different
diode lasers (375 nm (IBH, UK, Nano LED, FWHM ~100 ps)), 405 nm (IBH, UK, FWHM
~100 ps) and 444 nm (IBH, UK, Nano LED, FWHM ~120 ps) for different systems. In
toggling method, a movable polarizer was used in the emission side, whereas the excitation
polarizer was kept fixed at vertical position. This polarizer rotates between parallel and
perpendicular orientations and the emission intensities at parallel [Ij(t)] and perpendicular
[1.(t)] polarization were collected alternatively for 60 seconds until a certain peak difference
between parallel [Ii(t)] and perpendicular [I.(t)] decay is reached. For typical anisotropy
decay the difference between the peak counts at parallel and perpendicular polarization were

kept at 10000. The G-factor was measured by taking two additional decay measurements
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[Iav(t) and Iun(t)] of the same sample with the excitation polarizer toggling between
perpendicular or horizontal positions. Value of G-factor is given by, G = Inv(t)/Iun(t), where
Inv(t) and Inu(t) denotes the fluorescence decay profiles of the sample measured using
horizontally or perpendicularly (H) polarized excitation light and detecting the emission
components polarized vertically (V) and horizontally (H), respectively. For a simple isotropic
rotor, r(t) decays with a single rotational correlation time®® (1) represented by the following

equation;

r(t) = roexp(—t/z,) (2.7)

For more complicated systems, r(t) takes the form of a sum of exponentials;

r(t) = ro X Biexp(—/r,) (2.8
where i and 7 are the fractional contribution of total depolarization and rotational

correlation times of the i component, respectively. 1o represents the fundamental anisotropy.

Wobbling-in-a-Cone Model
The restricted rotational diffusion of a fluorophore in supramolecular assemblies (micelles
and reverse micelles etc.) can be explained in terms of the “wobbling-in-cone model”, which

can reveal structural and dynamical properties of the fluorophore inside restricted reverse

micellar environment.'? According to the wobbling-in-a-cone model, the decay of anisotropy
can be described by the following eqn. 2.9'%°
t) =10 |S2exp(—) + (1 -2 — 2.
r(0) = [S?exp (=) + (1 - 5D exp ()| (29)

where S? is the order parameter, which can be used for understanding the location of the
probe inside the reverse micelle. Tsow and Trs are slow and fast rotational relaxation of the
probe molecule inside the reverse micelle, respectively, and ro is the limiting anisotropy. The
order parameter (S?) describes the equilibrium orientational distribution of the probe inside

the reverse micelle and follows the relation:

0<$*<1
where S = 0 indicates the motion is completely free and S = 1 corresponds to the completely
restricted environment.

The wobbling semicone angle 0° for the probe to execute the wobbling in cone

motion, and the semicone angle 6° can be defined by the following equation,
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6°=Cos™' [ ((M) - 1)] (2.10)

The semicone angle (0°) is considered as a magnitude of spatial restriction of the probe, has
values in range of 0° to 90°, corresponding to the unrestricted and completely restriction

rotation of the probe, respectively.

2.2.3b. Femtosecond Time Resolved Fluorescence Upconversion

With the TCSPC set-up, it is impossible to resolve the lifetime components, which appears
less than tens of pico-seconds due to time response of the electronics involved in TCSPC set-
up. In such situation femtosecond fluorescence upconversion set-up can detect the ultrafast
dynamics taking place in less than 1 ps time-scale. In this fluorescence upconversion system,
a tunable femto-second laser source, Mai Tai HP (Spectra Physics, USA) is used for
excitation. Mai Tai is one box Ti-Sapphire oscillator, which provides <100 fs pulse width,
and therefore, helps to resolve lifetime components of pico-seconds to sub pico-seconds time-
scale. The broad range tunability (690-1040 nm) of Mai Tai laser is appropriate to excite
various kinds of fluorophores. In additionally, high quality, stable, horizontally polarized
(>500:1 horizontal), Gaussian pulses (TEMoo, M2 <1.1) with stable average power (>2.5 W)
and high peak power (>300 kW) offers minimal fluctuation in the laser pulses. The greatest
advantage of Mai Tai is that it provides excellent beam pointing stability, minimal average
power fluctuations, as well as it eliminates wavelength drift. Mai Tai uses the output from the
high power fiber coupled diode laser model to end-pump Nd** ion doped Yttrium Vanadate
crystalline matrix (Nd:YVOys). The triply ionized Nd act as an active medium for this four-
level solid state pump laser, which has principle absorption bands in the red and near infra-
red region. While excited with a diode laser, the strongest lasing form Nd:YVOs occurs at a
wavelength ~1064 nm. The resulting 1064 nm emission is converted to a visible wavelength
(532 nm) through frequency doubling (also known as second harmonic generation or SHG) in
a nonlinear crystal. A 90°, non-critically phase-matched, temperature tuned, lithium triborate
(LBO) nonlinear crystal is used as a frequency doubling (or SHG) medium inside Mai Tai
one box oscillator. A dichroic output coupler allows the 532 nm light to exit from the pump
cavity, but reflects the 1064 nm light back to the cavity. This 532 nm continues wave (CW)
from a frequency doubled output of the Nd:YVO4 pump laser is used to pump Ti-Sapphire
laser, which in turn produces the Mai Tai output. Ti-Sapphire is a crystalline material
produced by introducing Ti»Os into a melt of Sapphire (AlO3). The Ti*" ion is responsible

for the lasing action of Ti-Sapphire. Although the fluorescence band of Ti** extends from
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wavelengths as short as 600 nm to wavelength greater than 1000 nm, the lasing action is
possible at greater than 670 nm (most strong emission band ~800nm). Mai Tai uses an
acousto-optic modulator (AOM) (constitutes a high quality optical material like quartz) to
ensure the mode locked output from Ti-Sapphire. The Mai Tai reliability is maintained using
the ultra-stable regenerative mode locking technique proven with the Spectra-Physics

Tsunami® oscillator.
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Figure 2.3. Schematic representation of upconversion set up.

Ti-Sapphire

Upconversion

Typical schematic diagram of a fluorescence upconversion set-up is represented in
Figure 2.3. Gate beam is a fundamental laser beam of frequency (vi). The resulting
fluorescence (vr) from the sample, is mixed with the gate beam (v2) arriving at time t = T in
nonlinear crystal (BBO) which generates sum frequency (vs) light satisfying the condition of

phase matching that depends on the angle of BBO crystal (Figure 2.4).
Vg + Uy = Vg (2.11)

Intensity of sum frequency light (/sum) at a particular delay time t is proportional to
correlation function of fluorescence intensity (Ir) with gate light intensity (/L) as shown

below

Toum = = Iel, (t — 1) (2.12)
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Figure 2.4. Schematic representation of upconversion phenomenon.

The copper nanocluster (CuNCs) samples were excited at 375, 405 and 420 nm using the
second harmonic of a mode-locked Ti-sapphire laser. The fundamental output beams from
the Ti-sapphire oscillator (750, 810 and 840 nm) were frequency doubled in a type-I BBO
crystal (I mm BBO, 6 = 25°, ¢ =90°) (Figure 2.3). The frequency doubled blue pulses (375,
405 and 420 nm) are separated from the fundamental by a dichroic mirror (beam splitter) and
focused onto a rotating cell containing the sample (Figure 2.3). The residual fundamental
beam is used as the gate to upconvert fluorescence emission. The time interval T between
fluorescence signal and gate pulse (v1) is regulated by changing the distance of travel of one
of the pulses, using an optical delay line. Fluorescence emitted from the sample is collected
by an achromatic lens. Fluorescence and gate beams are focused by a quartz lens (f = +80
mm) into a type-II nonlinear B-barium borate (BBO) crystal (0.5 mm BBO, 6 = 38°, ¢ =
90°). The sum frequency of the fluorescence and gate pulse was detected as a function of the
time delay between excitation and gate pulses. The angle between the polarization of the
pump and gate pulses was maintained at the magic angle (54.7°) to eliminate effects from
rotational diffusion. The upconverted signal was dispersed in a monochromator and detected
using photon counting electronics. In the experiment, the delay time 7 is scanned and
intensity of sum frequency light (7) is measured to obtain the fluorescence intensity versus
time (Figure 2.4). A cross-correlation function obtained using the Raman scattering from
ethanol provided a full-width at half-maximum (FWHM) of ~350 fs. Estimated uncertainties
in the upconversion measurements are ~10-15%. The excitation average power was varied,
but was a round 8+0.5 mW and an average collection time of 3 ps was used. The
fluorescence decays were deconvoluted using a Gaussian shaped excitation pulse by Igor Pro
6.0 analysis software. During analysis of upconverted decay profiles, the long component

lifetime obtained from TCSPC is kept fixed.
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2.2.4. Circular Dichroism (CD)

Circularly polarized light travel through an optically active medium with different velocities
due to the different refraction indices for right- and left-circularly polarized light called
optical rotation or circular birefringence.!! Optically active chiral molecules will
preferentially absorb one direction of the circularly polarized light. circular dichroism (CD) is
the difference in the absorption of left-handed circularly polarised light (A.) and right-handed
circularly polarised light (Az) and occurs when a molecule contains one or more chiral

chromophores (light-absorbing groups).!!
Circular dichroism = AA(A) = A, (A1) — Ag(A) (2.13)

where A is the wavelength.
Taking into account cell path length and compound concentration, we can arrive at a

molar circular dichroism (Ag).

Ase =g —egp =AA/(C X 1) (2.149)

Where €1 and er are the molar extinction coefficients for left and right circularly polarised
light respectively, C = molar concentration, and / = path length in centimetres. The CD
spectrum can also be expressed as degrees of ellipticity (6), which is a measure of

polarization, as given below,

E;+ER
EL—ER

tanf = (2.15)

where, EL and Er is the magnitude of the electric field vector of the left-circularly and right-

circularly polarized light, respectively.

Er-E,

Figure 2.5. Elliptically polarized light (purple) is the superposition of LCP (red) and RCP
(blue) light. 6 is the angle between the magnitude of the electric field vector at its maximum
and its minimum.

(Image has been taken from https://en.wikipedia.org/wiki/Circular_dichroism)

The measured ellipticity (0) is related to the difference in absorbance by 6 = 32.98 AA,

where 0 is in degrees. In the CD experiments, the reported unit is molar ellipticity [0] with

IISER Pune 41



Chapter 2. Materials and Methods

units of deg.dl.mole™’.dm™, which remove the concentration and path length dependence. The

relationship between the measured and the molar ellipticity is given by'!4

100 6(1)

[0)() = =522 (2.16)

Where [ is path length in centimetres, C is concentration of the sample in moles.It"'. The

molar ellipticity is related to the difference in extinction coefficients by!!d
[6] = 3298A¢ (2.17)

All CD spectra were recorded on a JASCO-800 automatic recording circular dichroism
spectrophotometer (Figure 2.6). Quartz cuvette with 1.0 cm path length was used for
measurements. CD spectra were recorded at 25 °C in the wavelength range of 200-400 nm at
a scan rate 100 nm/min. A fixed concentration of macromolecules (DNA/proteins) was
titrated with increasing concentration of ligand, graphene oxide and MCM-41. Final CD
spectrum was corrected by taking the blank of the individual ligand, graphene oxide and

MCM-41 and buffer solution.
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Figure 2.6. Schematic representation of circular dichroism (CD) spectrometer.
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Chapter 3

Loading of an Anticancer Drug
into/on to the Material and
Subsequent Release to Biomolecules

The present chapter deals with loading and subsequent release of an anticancer drug,
ellipticine. Using the unique fluorescence switching properties of ellipticine, we have
successfully monitored its loading in/on to materials such as graphene oxide (GO) and
mesoporous silica nanochannels (MCM-41), and subsequent release to biomolecules.
Detailed spectroscopic and other experimental investigations are done to unravel the reasons
for the modulation of the optical properties of drug molecule in presence of materials. This
chapter is divided in to two sub-sections, one is devoted for graphene oxide and second

section deals with the MCM-41.
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Chapter 3a. Ellipticine on the Graphene Oxide Surface

3a. Loading of an Anticancer Drug onto Graphene Oxide Surface and
Subsequent Release by Biomolecules

3a.1. Introduction and Motivation of the Work

In chemotherapy, the targeted delivery and controlled release of anticancer drugs is an
important concern.! In order to achieve this, various nano-materials are being explored that
could serve the purpose of efficient drug carriers.” Recently, graphene its derivatives, namely,
graphene oxide (GO) and reduced graphene oxides (RGO) are mostly considered as nano-
carriers for certain anticancer drugs (the detail has been discussed in Chapter 1).* In view of
nano-carrier activity, GO is much superior to RGO, primarily because of its unique surface
functionality (presence of polar groups and m-conjugation), better water solubility and
biocompatibility.*** However, one should also take into account some recent reports about
the cytotoxicity of GO.* Although the drug loading and its subsequent release have been
routinely monitored by usual absorption spectroscopic techniques,’ intrinsic fluorescence
property of the drug may prove to be very useful due to higher sensitivity of fluorescence

over absorption®¢®

. Moreover, instead of monitoring the fluorescence intensity, it would be
very simple and effective, if the drug loading onto the carrier surface and subsequent release
to specific biomolecules like DNA/RNA can be directly monitored by the change in the
fluorescence colour. Herein, we have explored the distinctive interaction scenario, of GO and
DNA/RNA/proteins/sugars with an important anticancer drug, ellipticine (EPT) (Scheme
3.1). Ellipticine and its derivatives intercalate in DNA base-pairs, and inhibit the DNA
topoisomerase I enzyme activity, which ultimately restrict the DNA replication process and
RNA transcription.” EPT mainly exists in two prototropic forms depending on the polarity
and pH of the medium (Scheme 3.1). In non-polar and hydrophobic media, EPT
predominantly exists as neutral form and exhibit emission maxima around 410-440 nm;®
whereas in aqueous medium it exists as protonated form, showing emission maxima at 530
nm.® Thus, intrinsic dual fluorescence behaviour of EPT can be efficiently used to probe the
loading and subsequent release to biomolecules with the help of fluorescence-switching of

the drug, which would avoid the complexities associated with the standard techniques.

CHj CH3
+ +.H
12O
Z H* Z
) )
H CHs; H CHj3
Neutral Protonated

Scheme 3.1. Different prototropic forms of ellipticine.
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Herein, we have probed the interaction scenario between ellipticine and graphene oxide
(GO) and subsequent release to biomolecules like DNA/RNA with the help of fluorescence
(both steady state and time-resolved), Raman, electron microscope, powder XRD
measurements. Interestingly, intrinsic dual fluorescence behaviour of EPT can be efficiently
used to probe the loading and subsequent release to biomolecules with the help of

fluorescence-switching of the drug.

3a.2. Results and Discussion

3a.2a. Characterizations of Graphene Oxide (GO)

Results of GO charecterizations are presented in Figure 3.1. Overall, our results are in good
agreements with those reported earlier.’ Specifically, observation of the characteristics (i)
stretching vibrations at 1056 cm™ (epoxide or alkoxy-C—0O), 1384 cm™! (carboxyl C-O), 1630
cm™! (graphene C=C), 1710 cm™! (carbonyl moiety in -COOH) and 3444 cm™ (-OH) in the
FTIR spectrum (Figure 3.1a); (ii) D and G bands at 1336 cm™ and 1596 cm™ in the Raman

spectrum®®® (Figure 3.1b) altogether confirm the formation of GO. In Raman spectra,
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Figure 3.1. Graphene oxide characterizations (a) FTIR spectra (b) Raman spectra (c)
Thermal gravimetric analysis (TGA) curve at heating rate of 10°C/minute in nitrogen (d)
AFM image and depth profile of as prepared single layer GO and (e) HR-TEM image of GO.

compared to graphite, the intensity of the D band (Ip) increases while the intensity of the G
band (Ig) decreases (In/Ic = 0.34 for graphite and Ip/Ig = 1.10833 for GO and both the bands
are relatively broad in GO. The thermal stability of GO investigated by thermogravimetric
analysis (TGA) (Figure 3.1c), shows weight loss of ~20% below 100 °C and is primarily
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attributed to the trapped water molecules in between the m-stacked sheets.”® The further
weight loss amounting to ~50% around 200 °C could be due to pyrolysis of labile hydroxyl,
epoxy and carboxyl groups.’® Atomic force microscopy (AFM) image (Figure 3.1d) exhibits
two-dimensional sheets of GO with lateral dimension in the range of tens to hundreds of
nanometers and thickness of ~1 nm, which corroborates well with the previous report.”
Furthermore, HR-TEM image of GO (Figure 3.1e) clearly supports the AFM observations by

showing a layered structure with a single layer resolution.

3a.2b. Steady State Fluorescence Spectroscopy Results

Ellipticine (EPT) in aqueous buffer medium predominantly exists in protonated form
(Scheme 3.1) (as the pKa of quinoline nitrogen is ~7.4%%) and shows green emission at 530
nm®. With progressive addition of GO, the peak at 530 nm gradually shifts towards lower
wavelength and finally emits blue light at 450 nm (Figure 3.2a). Interestingly, we observe
hike in the blue fluorescence intensity with the gradual addition of GO, and this observation
differs from the previous findings, where GO acts as energy acceptor and quenches the
fluorescence of drugs/fluorophore.!” Notably, in all the prevoius cases where quenching is
observed, no new species is generated in presence of GO. However, in our case neutral form
of EPT generates at the cost of protonated form at the GO surface. Therefore, this
counterintutive fluorescence behavior of EPT (Figure 3.2a) may be attributed to the
increased population of neutral ellipticine molecules at the GO surface by the progressive
addition of GO to the ellipticine containing buffer solution. Notably, similar kind of
fluorescence enhancement was also observed for graphene bound -HPTS (8-hydroxy-1,3,6-
pyrenetrisulfonic acid trisodium salt) and -DHPDS (6,8-dihydroxy-1,3-pyrenedisulfonic acid
disodium salt), and it was attributed to shift of acid-base equilibrium in presence of
graphene.!! As blue emission corresponds to the neutral form of ellipticine (EPTn) (Scheme
3.1),% it infers that EPTx selectively binds to the GO surface mainly through n-m stacking
interaction with a loading capacity of ~76% off its initial concentarion (Note A2 in
Appendix), indicating GO can be used as a potential carrier for EPT (detection limit is 1.33
uM/ug of GO).
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Figure 3.2. Fluorescence profiles (Aex = 355 nm) of (a) ellipticine with GO (0-3.8 pg/ml); (b)
ellipticine-GO (E-GO) with increasing concentration of HSA (0-100 uM); The dotted
spectrum in (a) represents the emission profile of GO in buffer at the same experimental
conditions.

After that we were curious to know whether the drug interacts with serum albumin
protein, which is rich in blood serum. With gradual addition of HSA to the Ellipticine-GO (E-
GO) system (Figure 3.2b), the blue emission gets intensified, inferring EPTx is interacting
strongly with protein. Here it is pertinent to mention that EPT normally binds with protein in
its neutral form (EPTx) and hence, the intensification of blue emission might arise either
from the binding of free EPT molecules with the protein and/or interaction of GO-bound
EPTn molecules with the protein. It is already evidenced from the previous reports that
protein generally adsorbs on the surface of GO by hydrophobic, n-n stacking interactions
with m-conjugated sub-domains, hydrogen bonding interactions (between the oxygen
functional groups of GO and nitrogen and oxygen containing functional groups of protein) as
well as electrostatic interactions between protein surface charges and oxygen functional
groups over GO.3®!2 GO exhibits two Raman bands (Figure Ale in Appendix) at 1336 cm’!
(D-band) and 1596 cm™! (G-band) corresponding to sp® and sp?> C-atoms, respectively.

Table 3.1. Intensity ratio of D, G bands and the crystalline size (L) of the graphene domains.

Sample In/ 1c Lc= 4.4 (In/Ic)™!
Graphite 0.34 12.81
GO 1.10 3.97
GO + DNA 1.24 3.53
GO + RNA 1.15 3.80
GO + HSA 1.14 3.86
GO + HSA + DNA 1.17 3.75
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In comparison to graphite, the observed alteration of intensity ratio between D and G-
bands (Ip/lg) provides information on the structural parameters, specifically the =-
cunjugation.®”® The crystalline size in the graphene layers is determined to be L. = 4.4
(Ic/Ip)'? (Table 3.1), which is three times lower than that of graphite. This L. indicats that
few domains of graphitic fraction exists over GO on which ellipticine and biomolecules can
also bind via n-w interaction. Therefore, we believe that the enhancement of blue emission of
EPT is an outcome of adsorbed protein on GO surface (in which EPTn molecules experiences
more hydrophobic environment in presence of protein), and it is supported by circular
dichroism (CD) (Note A3 in Appendix) and time-resolved spectroscopy results (discussed
later). In view of drug delivery experiments, this observation has significant implication
which assures during the journey through the blood stream ellipticine will not be easily

released from the GO surface as it is further protected by serum protein.
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Figure 3.3. Fluorescence profiles (Aex = 355 nm) of (a) ellipticine-GO (E-GO) with
increasing concentration of Salmon sperm DNA (0-100 uM); (b) E-GO with increasing
concentration of ds(AT)is (0-8 uM); (c¢) E-GO with increasing concentration of TAR-RNA
(0-10 uM).

As GO has the ability to penetrate the cell,® which is enriched with DNA and RNA, next
step is to check the interaction behavior of E-GO composite with the above mentioned
biopolymers. To execute this experiment, we have taken salmon sperm DNA, ds(AT):s and
TAR-RNA. In presence of DNA, GO bound EPT exhibits a new emission peak at 520 nm, in
addition to 450 nm peak (Figure 3.3a, 3.3b). With the progressive increase of DNA
concentration, the peak at 520 nm dominates over 450 nm peak (Figure 3.3a, 3.3b). At high
DNA concentration, the 520 nm becomes major peak along with a small hump at 450 nm and
it reflects a clear fluorescence-switch from blue to green colour. The binding constant (Ky) is
estimated to be (6.18+0.6) x 10> M"! from Scatchard plot (Note A5 in Appendix), which is
very close to the value obtained from chromatin-DNA bound ellipticine (EPT)%. Almost

similar observation is noticed in case of TAR-RNA (Figure 3.2d) and the binding constant

(Kf = (1.014£0.1) x 10° M) estimated from the Scatchard plot (Note A5 in Appendix) is
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lower than that of DNA. Raman results (discussed later) also indicate that composite
formation of DNA and TAR-RNA with GO exhibits different modulation in the peak
intensities of characteristic G and D-bands (Ip/Ig = 1.24 and Ip/Ig = 1.17 for DNA and RNA,
respectively), which could be due to slightly different interaction scenario of DNA and TAR-
RNA with GO. Here it is pertinent to mention that TAR-RNA (29 bases) consists of bulge,
loop and a double stranded (arising from 20 complimentary bases) secondary structure'* and
it is known that protonated form of ellipticine (EPTy") interacts with DNA/RNA through
intercalative mode of binding!®. Therefore, the lower affinity of ellipticine towards RNA may
be attributed to the presence of bulge and loop secondary structures in case of TAR-RNA,
which is absent in case of DNA. In our case, the selective detection of RNA/DNA by
ellipticine is difficult, as the drug interacts with RNA/DNA with the protonated form, and
leads to the enhancement of 520 nm peak in either of the cases. Therefore, unlike other
probes,!® selective detection of DNA/RNA is not possible in the present scenario. The
sensitivity of the E-GO system is estimated by experiments with smaller dSDNA (ds(AT):s),
and we have verified that it can detect dsDNA concentration as small as 100 nM (Figure
3.3b).

The binding affinity of the drug towards DNA/RNA is also supported by steady state
anisotropy measurement, where it has been observed that with the gradual addition of DNA,
anisotropy value of EPT rises up and gets saturated at ~40 uM DNA. As the intensity at 450
nm does not vanish completely, we believe that there are few EPT molecules, which stick to
GO surface, cannot be released even at higher concentration of DNA/RNA. The releasing
capacities of GO bound EPT are 60% and 65% (Note A2 in Appendix) for DNA and RNA,
respectively. Fluorescence excitation spectra (Note A2 in Appendix) further confirms the
release of the drug from GO surface in presence of DNA/RNA, as a distinct peak is appeared
at ~315 nm, which is attributed to DNA/RNA bound ellipticine molecules'’. The interaction
behavior between E-GO and DNA/RNA have also been probed with time-resolved

fluorescence measurements.
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Figure 3.4. Fluorescence profiles (Aex = 355 nm) of (a) ellipticine-GO-HSA (EGH) with with
increasing concentration of Salmon sperm DNA (0-100 uM); (b) E-GO in aqueous PBS with
increasing concentration of Glucose (0-110 mM).

Note that the biological activity of EPT depends on the intercalation with DNA/RNA.'?
Therefore, it is important to demonstrate the interaction of GO bound EPT towards
DNA/RNA and in order to do so, we have titrated E-GO-HSA (EGH) system with salmon
sperm DNA (Figure 3.4a). It has been observed that DNA extracts EPT from protein-GO
system, which is reflected through the appearance of a new peak at 520 nm in presence of
DNA (Figure 3.4a). The peak at 520 nm becomes dominating at higher DNA concentration
and it is reflected by the bluish green fluorescence of the solution. An important finding from
this observation is that DNA has better binding affinity than HSA in a competing situation,
which is essential for the functioning of ellipticine as a potential anticancer drug. To further
demonstrate the specificity of E-GO system towards another important bio-molecule, namely,
sugar, we have titrated E-GO system with various concentration of glucose (Figure 3.4b).
Interestingly, neither increase in intensity likewise HSA nor fluorescence-switching likewise
DNA/RNA is observed. Thus, our GO-based molecular switch for sensing important
biomolecules resembles GO-based molecular beacon for detection of DNA-binding
transcription factor, where GO played the role of a nanoquencher,'® however, in the present

study GO provided the platform of fluorescence switching.

3a.2c. Fluorescence Lifetime Measurements

Fluorescence lifetime measurements of ellipticine are performed in GO, GO-HSA, GO-
DNA/RNA, and GO-HSA-DNA systems. We have monitored the decay profiles both at 450
nm as well as at 520 nm in order to probe the neutral (EPTn) as well as protonated form
(EPTH") of the drug. Instead of emphasizing individual components, we have considered

average lifetime to provide insight into the binding behaviour of EPT in the above mentioned
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systems. The decay characteristics of neutral drug molecules (monitored at 450 nm) in
presence of GO, GO-HSA, GO-DNA/RNA, and GO-HSA-DNA systems are displayed in
Figure 3.5a, and corresponding fitting results are given in Table 3.2a. Neutral ellipticine
(EPTn) in buffer solution gives an average fluorescence lifetime of ~710 ps, which is
enhanced to 2 ns in presence of GO. The increased lifetime may be attributed to m-n and
hydrophobic interactions between neutral form of the drug and GO basal planes. When E-GO
complex is titrated by bio-macromolecules like serum albumin (HSA), DNA and RNA, then
significant changes are observed in the decay profiles of EPT (Figure 3.5a). In presence of
HSA, fluorescence lifetime of E-GO increases from 2 ns to 6.2 ns, which indicates that the
drug in E-GO complex are further getting stabilized when protein adsorbs on the GO surface,
which is consistent with the intensity hike at 450 nm in presence of protein.

Table 3.2. Fluorescence decay (Aex = 375 nm) fitting parameters of ellipticine in presence of

GO and E-GO complex in presence of various bio-macromolecules, decays are collected at
(a) 450 nm and (b) 520 nm.

(@)

Sample T1 (ns) T2 (ns) T3 (ns) a; a a3 (1.)# (ns) x2
EPT in PBS 0.22 1.64 8.92 0.82 0.14 0.03 0.71 1.25
EPT + GO (3.8 pg/ml)  0.15 1.52 8.77 0.6 0.22 0.18 2.05 1.06
(E-GO)
E-GO + DNA (100 uM) 0.12 1.57 9.42 0.54 0.22 0.24 2.53 1.06
E-GO + RNA (10 uM) 0.18 1.97 9.5 0.53 0.28 0.2 2.53 1.09
E-GO + HSA (100 uM) 0.49 4.57 20.3 0.47 0.3 0.23 6.2 1.08
EGH + DNA (100 uM) 0.24 2.62 12.9 0.62 0.27 0.11 2.26 1.14
(b)

Sample Ti(ns) T2(ns) T3(ns) a a as (‘r># (ns) X
EPT in PBS - 1.95 6.46 - 0.87 0.13 2.52 1.08
EPT + GO (3.8 pg/ml)  0.22 1.89 9.12 0.51 0.37 0.12 1.88 1.04
(E-GO)
E-GO + DNA (100 pM) 0.37 3.63 15.3 0.36 0.2 0.44 7.6 1.01
E-GO + RNA (10 pM) 0.31 3 15 0.3 0.46 0.25 7.71 0.99

E-GO + HSA (100 uM) 0.39 3.32 16.7 0.57 0.31 0.12 3.23 1.14
EGH + DNA (100 pM) 0.26 2.76 13.3 0.57 0.27 0.17 3.08 1.12

1) = 1141+ T2ax+ T3a3; whereas y? is the measure of goodness of the fit. %% close to 1 is considered as

good fit.
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In case of DNA/RNA, no such significant changes are observed inferring that neutral
ellipticine (EPTn) molecules in the GO surface are not interacting with DNA/RNA at all,
which is also consistent with steady state observation, where we have seen the intensity at
~450 nm remains almost same in presence of DNA/RNA.

To verify the drug release behaviour inside the cell, we have gradually added DNA to the
ellipticine-GO-HSA (EGH) complex. The average lifetime of EGH complex drastically drops
from 6.2 ns to 2.26 ns in presence of DNA, inferring that EPTn form of drug is destabilized
when DNA/RNA interacts with EGH complex. This is because in presence of DNA/RNA,
EPTu" form of drug preferably interacts, and therefore, the equilibrium EPTN=EPTy" is
shifted towards the latter side. So, the lifetime results also supports our claim based on the
emission spectra that drug molecules are released from EGH complex in presence of

DNA/RNA and binds to DNA/RNA.

3000 4 Prompt (a) 3000 4 Prompt (b)
——Ellipin PBS (pH 7) ——EllipinPBS (pH7)
—— Ellip + GO 3.8 pgiml (E-GO) ——Ellip + GO 3.8 pg/ml (E-GOQ)
2500 4 ——E-GO + HSA 100 uM 2500 4 ——E-GO + HSA 100 uM
E-GO + DNA 100 1M E-GO + DNA 100 uM
———EGH + DNA 100 uM ——EGH + DNA 100 uM
2000 \ E-GO + RNA 10 uM 2000 4 \ -E-GO + RNA 10 uM

= E-GO + Glc 22 mM ——E-GO +Glc 22mM

1500 1500

Counts
Counts

1000 1000 |

500 500

10 15 20 25 30 10 15 20 25 30
Time (ns) Time (ns)

Figure 3.5. Fluorescence decay profiles (Aex = 375 nm) of ellipticine in presence of presence
of GO and E-GO complex in presence of various bio-macromolecules, decays at (a) 450 nm
and (b) 520 nm.

We have also probed the interaction behaviour between E-GO and glucose, and we
found that glucose is not perturbing the decay profile of GO-bound EPT, suggesting that
glucose is not at all interacting with drug, which corroborates well with our steady state
observation where we found that glucose does not alter the emission profile of GO-bound
EPT. Fluorescence lifetime profiles of protonated ellipticine (EPTH") collected at 520 nm in
presence of GO, GO-DNA, GO-HSA, GO-HSA-DNA, GO-RNA and GO-glucose are shown
in Figure 3.5b, and the results are compiled in Table 3.2b. EPTy" in aqueous buffer (pH 7)
exhibits an average lifetime of 2.52 ns. In the presence of GO the average lifetime slightly
decreases compared to EPTy" in aqueous buffer, and it is attributed to the quenching effect

by GO. However, when DNA/RNA is added to the GO-bound EPT, there is huge increment
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of average lifetime of EPTw', inferring that EPT is getting stabilized through interaction
(probably through intercalation binding mode) with DNA/RNA in its protonated form.

The average lifetime of EPTy" bound to E-GO-HSA complex increases when it was
being titrated by DNA, and this suggests that EPTy" is generating and getting stabilized in
presence of DNA. This corroborates well with steady state results where we have observed
that the peak at 520 starts appearing when E-GO-HSA complex is being titrated by DNA.
Therefore, both steady state and time-resolved experiments confirm that DNA has higher
binding affinity compared to E-GO as well as E-GO-HSA complex, which has important
consequence in the context of drug release inside the cell. In presence of glucose there is no
significant change in the average lifetime of EPTy", indicating that EPTy" in presence of
glucose neither interacts nor release from surface of GO, and this observation is quite
consistent with steady state emission results, where we have seen that emission spectra of

EPT is unperturbed in presence of glucose.

3a.2d. Scanning and Transmission Electron Microscopy Results

The microstructures of GO, E-GO, EGH, EGH-DNA and E-GO- DNA/RNA were imaged by
FE-SEM. From FE-SEM images, stacked-layers of GO platelets can be identified (Figure
3.6a), which is consistent with the AFM (Figure 3.1d) as well as HR-TEM (Figure 3.1e)
observation of isolated GO platelets. Addition of ellipticine apparently did not change the
morphology of GO (Figure 3.6b), which could be due to an easy intercalation of small EPT
molecules in between the layers of GO mainly through n-m stacking interactions (see
discussions in earlier section). Since GO has negligible fluorescence compared to EPT
(Figure 3.2a), the fluorescence-switching from green to blue in presence of GO is attributed
to the formation of EPTn molecules inside the stacked layer of GO, primarily driving the
equilibrium of EPTN=EPTH" towards the left.

Addition of DNA/RNA to E-GO system dramatically alters the morphology (Figure
3.6¢, 3.6d, 3.6h) and this morphology is totally different from ellipticine-DNA/RNA
morphology (Note Al in Appendix). We believe that n-n stacked E-GO layers were
completely exfoliated in presence of DNA/RNA and an extended (hundreds of microns)
networks of dsDNA-GO hybrid were formed involving similar interaction likewise the
formation of DNA-carbon nanotube hybrids.!” HR-TEM image (Figure 3.6i) also supports
the FE-SEM observation and at the same time confirms the presence of the both GO and
DNA in the GO-DNA hybrid composite likewise previously reported DNA-directed self-
assembled structure of GO.?° Once the exfoliation is achieved by DNA/RNA, EPT is left in
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PBS solution with its protonated (EPTx") form, which can be stabilized by the negative
surface charge of DNA/RNA via electrostatic interactions. However, we cannot rule out the
possibility that in presence of DNA/RNA, the drug desorbs and binds with DNA/RNA. Either
of the case, the blue shift in the fluorescence peak (~530 nm in PBS to ~520 nm in
DNA/RNA) reveals the interaction between EPTy" and DNA/RNA. In case of ellipticine-GO-
HSA (EGH) composite (Figure 3.6e, 3.6f), the distinctive assembly of HSA into leaf-like
fashion is visible and GO platelets are aggregated at the leaf-edges. Interestingly, this kind of
assembly structure is absent in case of ellipticine-HSA (Figure Ala). Therefore, this
distinctive interaction feature of EGH composite system may be ascribed to the self-

assembled structure of GO and HSA.

E-GO + DNA

Figure 3.6. FE-SEM images of (a) GO (3.8 pg/ml) in aqueous PBS (inset is closed view); (b)
ellipticine (7 pM) with GO (3.8 pg/ml) in PBS (E-GO complex); (c) E-GO complex with
Salmon sperm DNA (100 uM); (d) closed view of (c); (¢) E-GO complex with HSA (100
uM) (E-GO-HSA); (f) closed view of (e); (g) E-GO-HSA with DNA (100 uM); (h) E-GO
complex with TAR-RNA (10 uM); (i) HR-TEM image of E-GO complex with Salmon sperm
DNA.

E-GO + DNA

R kS

The observed intensity enhancement in the blue-fluorescence of EGH composite could
be due to insertion of additional EPTn moieties into the hydrophobic cavities of HSA that
overall shifts the equilibrium (EPTN=EPTu") more towards left. Astonishingly, upon
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addition of DNA to the EGH composite (Figure 3.6g), the morphology changes significantly.
The aggregated particle like features, (which are visible near leaf-edges of HSA in Figure
3.6f) no longer exist, rather it is extending into network and also, the leaf-like features of
HSA assembly were somewhat modified (Figure 3.6g). Such edge-assembly of HSA-DNA
supports the distinctive ternary complex formation as proposed during DNA-protein
interactions study.’®?! Overall, the assembly driving the equilibrium towards protonated form
of EPT (EPTwx") and thus switching of fluorescence from blue to bluish green occurred.
Interestingly, the E-GO-RNA composite exhibited entirely different morphology (Figure
3.6h) in comparison to the E-GO-DNA composite (compared to E-RNA in Figure Alc in
Appendix), although the fluorescence features of both the above mentioned composites are
same. This could be related to slightly different secondary structure of DNA and RNA, as we

have already discussed in the previous section.

3a.2e. Powder X-Ray Diffraction and Raman Spectroscopy Results

Results from FE-SEM analysis are complemented by PXRD patterns presented in Figure
3.7a. The characteristic 20 peak at ~9.36° corresponding to interlayer spacing of ~9.45 A of
GO is modulated upon interaction with EPTn moieties (20 ~10.5°). The reduction of the
interlayer spacing to ~8.42 A suggests an efficient intercalation of EPTn predominantly
through m-m interaction and thereby EPT acts as a gluing agent in sticking the GO sheets.
Notably, in earlier reports on the 3D self-assembly of GO and ssDNA resulted in the
formation of the composite materials for which no characteristics PXRD peak of GO was
observed.?? Similarly, in our composite systems (between GO and HSA/dsDNA/RNA), no
such characteristic PXRD peaks of GO was detected and thus infers that complete exfoliation
took place in the course of formation of various composite systems due to hydrogen bonding
(between polar functional groups of GO and primary amines of DNA??®), van der Waals force
and hydrophobic interactions between of GO and DNA/RNA.? To our knowledge, such
morphological pattern specifically of GO with dsSDNA originating from the three-dimensional
self-assembly is very unusual and reported here for the first time. We believe this kind of
GO-DNA network structures could find potential application in the fabrication of biomedical

devices such GO based field effect transistors and bio-cellular devices.?*
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Figure 3.7. (a) Powder XRD pattern of GO, E-GO with various biomolecules; (b) Raman
spectra of GO, GO with HSA, GO with RNA, GO with salmon sperm DNA; (c) Raman
spectra of HSA, RNA and DNA.

Keeping in mind the fact that PXRD is not an ideal tool to conclusively prove or
disprove the presence of GO in various composite systems prepared here, we have further
carried out Raman spectroscopy and the spectra are shown in Figure 3.7b and 3.7c.
Characteristic Raman signatures of both GO and different biomolecules can be easily
identified in the spectra of various self-assembled composite systems like GO-DNA, GO-
RNA, GO-HSA and GO-HSA-DNA.

It is also noteworthy to mention that E-GO, E-GO-DNA, EGH and EGH-DNA systems
in PBS solution were stable even at ambient conditions for more than 64 hrs (Note A6 in
Appendix). Thus, the additional functionalization step of GO which has so far been routinely
used in various drug delivery experiments**® is perhaps not necessary.

In summary, the green fluorescence of ellipticine (EPT) in phosphate buffer solution
(PBS, pH ~7) switched to blue upon addition of GO and subsequently switched back to green
upon addition of either DNA or RNA (Scheme 3.2). Since in reality the ellipticine-GO (E-
GO) complex is supposed to travel through blood stream before its targeted delivery to
intracellular components like DNA or RNA, hence, we investigated the fluorescence property
of E-GO complex in presence of HSA also, a major protein component presents in blood.
Remarkably, the intensified blue fluorescence of the E-GO-HSA (EGH) complex switched to
bluish green upon addition of DNA (Scheme 3.2), thereby directing towards potential use of
GO for site-specific delivery of EPT without much change in pH which sometimes seemed to
play a crucial role.”® However, with addition of sugar to the E-GO complex, no such
fluorescence-switching was observed. All the fluorescence-switching experiments are
performed in this work are schematically presented in Scheme 3.2. We attribute the observed

unique fluorescence-switching originating from the self-assembly of various components as
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evidenced from the electron microscopy results and mediated by specific interactions with

EPT.

E-GO + HSA - EinPBS ’Ffe-eo + DNA
oy Aem=520nm

Aem=450 nm

E-GO + HSA + DNA E-GO E-GO + RNA
hem=520 NmM Aem=520 Nnm

Scheme 3.2. Fluorescence-switching of ellipticine in presence of GO with various bio-
macromolecules (HSA/dsDNA/RNA).

3a.3. Conclusion

We have demonstrated here GO-based fluorescence-switching of ellipticine (EPT), during its
loading onto GO and subsequent release to specific biomolecules at physiological pH. Up to
76% of initial concentration of ellipticine (EPT) can be efficiently loaded onto GO, out of
which 60-65% can be released to DNA/RNA but not to glucose. Finally, we have shown that
ellipticine can also be released to DNA even from the E-GO-HSA composite. Electron
microscopy (FE-SEM and HR-TEM), X-ray diffraction and Raman spectroscopy altogether
suggest the formation of distinctive 3D assemblies involving GO and biomolecule(s)
probably through non-covalent interactions and responsible for the biomolcule(s) assisted
fluorescence-switching of ellipticine. Specifically, the GO-DNA assembly seems very
unusual and needs further exploration. Here presented fluorescence-switching approach to
monitor the drug loading and release through direct optical detection is very cheap and
appealing for clinical trial experiments by, keeping the cytotoxicity of GO in minimal range.
Moreover, our work is expected to stimulate future experiments across physical chemistry,
biochemistry, computational chemistry and material science, for the development of various

GO-based self-assembled structures with important biomolecules.
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3a.5. APPENDIX

Note Al. FE-SEM Images and Raman Spectra
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Figure Al. FE-SEM images of (a) ellipticine (7 uM) with HSA (100 uM), (b) ellipticine (7
uM) with DNA (100 uM), (c) ellipticine (7 pM) with TAR RNA (10 uM), (d) Phosphate
buffer (PBS, pH 7); and (e) Raman Spectra of graphite; (f) Powder X-ray diffraction of
graphite.
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Figure A2. (a) Absorption spectra and (b) excitation spectra (Aem = 450 nm) of ellipticine in
aqueous PBS with increasing concentration of GO (0-3.8 pug/ml).
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Note A2.

Loading Capacity of Drug On GO: The drug (ellipticine) loading on GO was monitored in
phosphate buffer saline (PBS, pH ~7) at room temperature. As ellipticine (EPT) is sparingly
soluble in water, hence, a small amount of concentrated DMSO stock solution of EPT was
added into aqueous PBS buffer solution and strongly sonicated to make system
homogeneous. After each addition of GO, the solution is strongly sonicated for 10-20
minutes. The loading capacity of drug was calculated by monitoring excitation spectra of the
drug, rather than the conventional absorption spectra, as fluorescence excitation spectra is
more sensitive than absorption spectra particularly when the concentration of the drug is in
the range of nano-molar to micro-molar. The drug loading capacity was determined by
monitoring its peak intensity at 300 nm (the peak at 300 nm arises due to the protonated form

of EPT in PBS) (Figure A3) with the help of following equation:

ellipticire final intensityin presenceof GO
Wloading capacity — 100- ( jXIOO

ellipticire intenisty without GO

where, Wioading capacity Stands for loading capacity of EPT, and we found ~76% drug (from its
initial concentration) was loaded on GO surface. The high loading capacity of EPT indicates
that drug binds to both sides of single layer GO sheet predominantly by m-m stacking

interactions.

-
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s Ellip in PBS (pH 7)
== Ellip + GO 0.6 ng/ml
s E|lip + GO 1.3 pg/ml
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Figure A3. Excitation spectra of ellipticine in presence of GO (Aem = 520 nm).

Unloading Capacity of Drug from GO: The progressive addition of DNA/RNA into
ellipticine-GO (E-GO) composite, drug releasing from GO takes place, and it is evident from
Figure 3.2 that after coming out from GO surface the drug binds to DNA/RNA in its

protonated form. The releasing capacity of the drug from GO was calculated monitoring the
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intensity at 315 nm (as a new peak starts appearing at ~315 nm after addition of DNA, RNA)!

in the excitation spectra (Figure A4) with the help of following equation,

ellipticire final intensityin presenceof GO j <10 O}

W, : +y =100—
unloading capacity {[ E-GOintenistyin presenceof DNA or RNA

where, Wunloading capacity Stands for releasing capacity of drug, and finally we found ~ 60% of

drug was released from GO.

DNA (100 uM) (a) ‘ RNA (10 uM) (b)
A

A

Fluorescence Intensity (a.u.)

300 350 400 450 300 350 400 450 500
Wavelength (nm)

Figure A4. Excitation spectra of ellipticine-GO (E-GO) system in presence of (a) DNA and
(b) RNA (Aem = 520 nm).

Note A3. Circular Dichroism Measurements

Circular Dichroism (CD) spectra of HSA were monitored by the progressive increase
concentration of the E-GO in the medium. HSA shows two distinct characteristic peaks at
208 nm and 222 nm, which appears from a-helices of the protein as HSA contains 65% of a-
helix in its structure.> GO itself doesn’t show any characteristic signal in CD. By the
progressively increasing concentration of GO in the fixed concentration of HSA, a prominent
decrease in CD signal at both of the dips is observed (Figure AS). The decreasing CD signal
is surely an outcome of modulation in the secondary structure of protein in presence of GO.
This ascribed to protein molecule adsorption over the GO surface by hydrophobic, n-n

stacking interaction between aromatic moieties of protein and m-conjugate domains of GO.
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Moreover electrostatic, H-bonding interactions also play crucial role in protein-GO

complexation process.
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Figure AS. CD spectra of HSA in presence of E-GO solution.

Note A4. Time Resolved Fluorescence Anisotropy

To obtain further information about the microenvironments of the drug in presence of GO,
GO-DNA, GO-RNA, GO-HSA-DNA, and GO-glucose systems, we have collected time-
resolved anisotropy decays, which directly reflect the restriction over rotational motion
imposed by the surrounding environment. The typical anisotropy decays are shown in Figure
A6, and corresponding data are given Table Al. The average rotational correlation time of
GO-bound EPT monitored at 450 nm is 110 ps. When GO-bound EPT is exposed to
DNA/RNA, severe restriction of rotational motion of EPTy' takes place (Figure A6),
inferring that the drug molecules are interacting to DNA/RNA probably through intercalation
binding mode. Interestingly, the decay profile consists of ‘dip-rise’ feature in case of E-GO-
DNA composite system, and the decay exhibits some residual anisotropy, which does not fit
within our experimental time window. This kind of not-so-common time-resolved anisotropy
arises due to the presence of multiple species, each characterized by its own lifetime and
anisotropy decay.> However, for the sake of relevance of the present work, we mainly focus
on normal anisotropy decay features.

Further, we performed anisotropy measurements for ellipticine and EPT-GO in presence
of serum protein (Figure A6) and the results are summarized in Table Al. Compared to
ellipticine-HSA, E-GO-HSA system exhibits significantly slower rotational correlation time
of ellipticine (Table Al), it attributes to the more confined environment of ellipticine
molecules in E-GO-HSA composite than E-HSA system. This observation infers that protein

adsorption takes place on the GO surface probably through hydrophobic, and n-m stacking
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interactions with electron conjugated sub-domains, hydrogen bonding interactions (between
the oxygen functional groups of GO and nitrogen and oxygen containing functional groups of
protein) as well as electrostatic interactions between protein surface charges and oxygen
functional groups over GO.*

Table Al. Time-resolved fluorescence anisotropy fitting parameters of ellipticine in presence
of GO and various bio-macromolecules containing GO in aqueous buffer solution.

Sample Tri(ns) Tr2(ns) Trs(ns) i f, f; ro  {Tr)" (ns)
EPT + GO (3.8 pg/ml)
(E-GO) 0.15 - - 037 - - 037 0.15
E-GO + RNA (10 uM) 0.08 8.08 - 0.19 015 - 034 3.7
EPT + HSA (100 pM) 0.10 0.88 200  0.19 0.02 0.09 0.33 6.12

E-GO + HSA (100 uM) 0.082 0.86 32.0 0.19 0.09 0.10 0.38 9.03
EGH + DNA (100 pM) 0.12 2.92 35.0 0.14 0.06 0.08 0.39 11.03

ey = (ufit nft sh)/(fi + £ + f3)

In order to probe drug releasing behaviour from E-GO-HSA (EGH) in presence of DNA,
anisotropy measurement was monitored (at 520 nm) in presence of DNA to the above
mentioned system. It is clearly shown from the results (Table A1 and Figure A6) that
rotational motion of the drug is getting more restricted in EGH-DNA system. This
observation leads us to conclude that DNA extracts the drug from EGH system by the
formation of ternary complex with protein absorbed on GO surface, thereby; drug is
experiencing slightly restricted motion compared to EGH system. When GO-bound EPT is
exposed to glucose, the anisotropy decay profile remains same, indicating glucose is not

interacting with E-GO, which is in agreement with steady state and lifetime results.

0.4 0.4

(a) i
— Ellip + GO (E-GO) T EHeR, ©
EGH + DNA

—— E-GO + DNA (100 uM)
034 —— E-GO + RNA (10 uM)
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Figure A6. Time-resolved fluorescence anisotropy decay profiles of (a) E-GO (4 pug/ml), E-
GO-DNA (100 uM) and E-GO-RNA (10 uM), (b) Ellip-HSA (100 uM), E-GO-HSA (100
uM) and EGH-DNA (100 pM).

IISER Pune 65



Chapter 3a. Appendix

Note AS. Binding Constants
The binding parameters of ellipticine (EPT) in presence of GO-HSA, GO-DNA, GO-RNA
and GO-HSA-DNA were estimated from modified Scatchard plot,” which is described as

follows

Mltotal 1 [L]toal
= 1
f NKg(1-f) N ()
Where, [M]ita is the final concentration of the macromolecule, [L]ww is the total
concentration of the drug, “N " is the number of sites in macromolecule and “f” represents the
fraction of ligand bound to macromolecule. The value of “f” can be evaluated from the

following equation

(ops—11)
f= e @)

o (lmax_IL)

where Iobs, I1, and Imax represents observed fluorescence intensity of the free drug and
maximum intensity after saturation of all binding sites, respectively. A plot of [M]otal /f vs.
1/(1-f) produces a straight line and one can calculate binding constant (Kf) from the slope.
The Scatchard plot for neutral ellipticine (EPTn) towards HSA was obtained by monitoring
the peak intensity at 450 nm with the progressive addition of HSA into the E-GO complex
(Figure A7a), and the binding constant of EPTn towards HSA is determined to be K¢ =
(1.44+0.15) x 10> M''. The high binding constant along with the favourable free energy
change (AG® = -29.43+2.96 kJ mol"! indicates that HSA interacts with GO surface. It is
evident from steady state spectra that when DNA/RNA interacts with E-GO complex, then
protonated form (EPTy") of the drug binds with those polynucleotides. The binding affinity
of EPTy" with DNA in presence of GO is estimated to be K¢ = (6.18+0.6) x 10° M™! from
Scatchard plot (Figure A7b). The high binding constant and the favourable free energy
change calculated (AG® = -33.03+3.3 kJ mol!) from the binding constant indicates that the
EPT is released from GO surface and intercalates with DNA as protonated form of the drug.
Very similar results are observed in presence of TAR-RNA (Figure A7c¢), where the
association constant is estimated to be K¢= (1.014+0.1) x 10° M™' which suggests the binding
process is highly energy favoured (AG° = -28.56+2.84 kJ mol') one. Drug release from
EGO-HSA complex in presence of DNA and its binding affinity to DNA can be
quantitatively determined from the binding constant estimated from the Scatchard plot
(Figure A7d), and the estimated association constant is K¢ = (2.21£0.22) x 10° M™!. The high

association constant and the favourable free energy (AG® = -30.5+3.0 kJ mol') change
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indicates that even though protein was giving further protection to drug on the surface of GO,
drug releasing takes place even in presence of DNA, because of the higher binding affinity of

protonated ellipticine (EPTy") to DNA compared to protein.
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Figure A7. Scatchard binding plots constructed from emission intensities of ellipticine in
presence of (a) GO-HSA, (b) GO-DNA, (c) GO-RNA and (d) GO-HSA-DNA.

Note A6.

Notably, the drug release in-vitro takes place within 72 hours.® Therefore, we have monitored
the precipitation of E-GO, E-GO-DNA, E-GO-HSA and E-GO-HSA-DNA solution for 72
hours. Interestingly, all the solutions remains well dispersed even for 72 hours (Figure A10),
which suggest that additional functionalization of GO, which has been routinely used in

various drug delivery experiments, is not necessary.

Figure A8. Pictures of (a) ellipticine-GO (E-GO) in aqueous PBS, (b) E-GO-HSA (EGH) in
aqueous PBS (c¢) E-GO-DNA in aqueous PBS (d) EGH-DNA in aqueous PBS at different
time intervals.
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3b. Loading of an Anticancer Drug into Mesoporous Silica Nanochannel
and Subsequent Release to Cellular DNA

3b.1. Introduction and Motivation of the Work

Recently, mesoporous silica nanomaterials (MSN) have attracted burgeoning interest
due to its large surface area, pore volume, highly ordered pore structure, adjustable
pore size (detail has been discussed in Chapter 1).! In addition to that, other unique
properties of MSN, such as, water dispersibility, versatile surface modification, high
drug binding affinity, low toxicity, cell penetrating ability and chemical stability,
makes it suitable for biological and biomedical applications, including drug delivery,
enzyme and protein immobilization, bio-separation.!”?> Thus, the study of MCM-
41with various drug molecules have been the subject of interest, and many research
works have been devoted to understand the stability and physical properties of drugs
encapsulated in MCM-41.!%1423 Few recent studies have shown the drug release from
MCM-41 carrier by some external trigger, e.g. changing the medium pH and presence
of bio-molecules.'®!%?3 However, it would be very simple and effective, if the drug
loading into the carrier and subsequent release to specific biomolecule, like, DNA can
be directly monitored by the change in fluorescence colour, without using any
sophisticated and complex technique. In this regard, an anticancer drug, ellipticine
(EPT), can be an ideal choice due to its interesting biological and photophysical
properties. As already described in Chapter 3a, Ellipticine (EPT), a pyridocarbazole
type of plant alkaloid,* exhibits its anticancer activity by means of intercalating in
between the DNA base pairs, thereby inhibiting the topoisomerase-II enzyme activity,
which eventually restricts the DNA replication process.*>*> Herein we have probed
the drug (EPT) loading in MCM-41 nanochannels and its subsequent release to
intracellular biomolecule, like, DNA with the help of fluorescence colour switch. We
have monitored the interaction scenario between MCM-41 and DNA through fluorescence
and circular dichroism (CD) studies. Finally, the translocation of the drug from the EPT-
lysozyme-MCM-41 composite system to DNA has been probed with the help of fluorescence
colour switch and CD measurements. Electron microscopy (FE-SEM) results suggest the
formation of distinctive 3D assemblies involving MCM-41 and the biomolecule(s) probably

through non-covalent interactions.
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3b.2. Results and Discussion

3b.2a. Steady State Fluorescence and Circular Dichroism Measurements

EPT in DCM exhibits a blue emission at 430 nm (Figure 3.1), corresponding to the
neutral from of the drug. In presence of MCM-41, blue emission gradually disappears
and a new green emission peak at ~505 nm starts appearing (Figure 3.1). At high
concentration of MCM-41, the blue emission peak totally vanishes and the peak at
~505 nm becomes the sole peak. The newly generated green emission band is
attributed to the protonated form of EPT. This switching in emission maximum
confirms that EPT molecules are involved in strong interaction with MCM-41. Here it
is necessary to mention that nano-pores of MCM-41 is occupied by the mild acidic
silanol —OH groups (pKa 3-4),'* which can easily donate proton to the surrounding
basic molecule/moiety. Therefore, we believe that upon encapsulation in the nano-
pores protonation of pyridine-N group takes place by accepting the proton from the
surrounding —OH groups (silanol, -Si-OH), and consequently results in protonated

form of EPT inside MCM-41.

10 = EPT in DCM

= EPT + 0.6 mg/m| MCM
= EPT + 2.0 mg/m| MCM

EPT + 4.0 mg/m| MCM
e EPT + 8.0 mg/m| MCM
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Figure 3.1. Emission spectra of EPT (Aex = 350 nm) in dichloromethane (DCM) solvent with
gradual addition of MCM-41.

Loading of EPT into MCM-41 nanochannel further verified through powder X-ray
diffraction (PXRD) measurements. PXRD patterns of the MCM-41 and EPT-MCM
samples are shown in Figure 3.2a. Both the samples exhibit a very intense diffraction
peak at 20 values of 2.1° for 100 reflection plane and three weak intense peaks at 3.7°,
4.5° and 5.9°, for 110, 200 and 210 reflection planes, respectively.® Presence of 100
reflection pattern (at 20 = 2.1°) indicates the presence of mesoporosity in both MCM-
41 and EPT-MCM samples. Long range ordered hexagonal MCM-41 mesoporous
phase is also confirmed by the PXRD. Characteristic PXRD diffraction peaks at 110,
200 and 210 confirms a 2-D hexagonal lattice structure for both the MCM-41 and
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EPT-MCM.® Notably, the small angle XRD diffraction peaks of EPT-MCM sample
isless intense than bare MCM-41. In general, the incorporation of organic molecules in
MCM-41 nanochannels decreases the scattering intensity.” Hence, the decrement in
the diffraction intensity peaks in small angle PXRD measurements reveals the
encapsulation of EPT drug molecule inside the nano-pores of MCM-41. The wide
angle PXRD measurements exhibits peaks in between 20° and 30° for both MCM-41
and EPT loaded MCM-41 (Figure 3.2b). However, the presence of sharp peak around
18° for EPT-MCM sample may be due to the crystalline EPT molecules bound to the
MCM-41.

5000 (100) o MCM-41 5000 ——MCM-41
——EPT-MCM (b) ——EPT-MCM
4000+ (a) 40005
> > 30004
i 3000 f
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2 £ 2000
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Figure 3.2. Powder X-ray diffraction (PXRD) pattern (a) small angle range (1-8°) and
(b) wide angle range (8-40°) of MCM-41 and EPT-MCM.

Moreover, nitrogen gas adsorption measurements are carried out to confirm the
drug loading inside the nano-pores. Nitrogen gas adsorption—desorption isotherms and
pore-size distribution of MCM-41 before and after the loading of EPT (30 mmolg™! of
samples) have been shown in Figure 3.3a. Both the samples represent type-IV
Brunauer-Emmett-Teller (BET) isotherms,® indicating the well defined mesoporous
structure of MCM-41 before and after loading of drug. The reduced amount of
adsorbed nitrogen in case of EPT containing MCM-41 sample confirms the
encapsulation of drug molecules within the nano-pores, which results in lower space
available for nitrogen gas adsorption. Moreover, pore size and pore volume of MCM-
41 decrease after loading of EPT drug molecules from 32 to 28-30 A and from 1.37 to
1.09 cm?® g!, respectively (Figure 3.3b). Furthermore, surface area also reduced from
1520 to 1200 m? g! after being loaded with EPT. Diminished surface area and pore
volume, along with shift in average pore size from 32 to 28-31 A indicate that the drug

molecules inside the nanochannels occupy the pore space. In summary, nitrogen gas
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adsorption results provide evidence that the drug molecules are indeed adsorbed inside

the nanochannels of MCM-41 samples.
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Figure 3.3. (a) Nitrogen gas adsorption and desorption of MCM-41 and EPT-MCM
(Filled and open markers denote adsorption and desorption, respectively) (b) Pore-size
distribution of MCM-41 and EPT-MCM.

Notably, for drug delivery/biological application, the MCM-41 needs to be
dispersed in aqueous medium. Hence, EPT loaded MCM-41 (EPT-MCM) was
extracted from DCM solvent (discussed in experimental section) and dried in ambient
atmosphere. Unbound or weakly bound drug molecules are removed by repetitive
washing with DCM solvent. Then, EPT loaded MCM-41 (EPT-MCM) has been
dispersed in phosphate buffer saline (PBS) solution (pH 7), which shows a single
emission peak at 515 nm (Figure 3.4). This is almost 15 nm blue shifted compared to
EPT in PBS, which shows an emission maxima at 530 nm. The observed
hypsochromic shift in emission maxima of EPT in presence of MCM-41 is attributed
to the lower polarity inside nano-pores of MCM-41, which further supports the
encapsulation of EPT molecules inside the nano-pores of MCM-41. We anticipate that
the strong electrostatic interactions between protonated EPT and negatively charged
Si-O™ (pKa 3-4) groups of MCM-41,'* may facilitate drug molecules residing inside

the nano-pores.
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Figure 3.4. Emission spectra of EPT (Aex = 350 nm) in DCM, PBS before and after loading
into MCM-41.

MCM-41 has penetration ability to the cell,»® which is enriched in DNA.
Moreover, it has been proved that MCM-41 exerts less cytotoxic effect to the cell.’®®
Thus, the next step is to check the interaction behaviour between EPT loaded MCM-
41 (EPT-MCM) and DNA (Figure 3.5a). Fluorescence intensity of protonated EPT
gradually increases with the progressive addition of ct-DNA (Figure 3.5a) along with
a significant (10 nm) red shift in emission maximum (insert in Figure 3.5a). This
change in emission maximum is clearly reflected by alteration in the fluorescence
colour from light green to intense green. Interestingly, emission results for EPT-
MCM-DNA system exactly matches with the previous results of EPT-DNA system,’
which suggests that EPT molecules are progressively releasing from MCM-41 nano-
pores and bind to DNA. To confirm the interaction scenario between ct-DNA and
EPT-MCM, we have also performed circular dichroism (CD) studies. The CD
spectrum of ct-DNA in buffer solution (at pH 7) exhibits a positive peak at ~280 nm
and a negative band at ~245 nm corresponding to a typical right handed B-form of
DNA (Figure 3.5b).!° Progressive addition of EPT-MCM to DNA solution gradually
reduces the ellipticity of two bands (~245 and 280 nm) with an additional positive
band appearing at ~320 nm. This newly observed band exactly matches (Figure 3.6)
with the induced CD signal of EPT appeared during DNA intercalation mode of
binding.!! Thus, CD studies further supports DNA induced release of drug molecules
from MCM-41 nano-pores. Due to high binding affinity of EPT towards DNA,’ the
drug molecules move from silica nanochannels to the segments of and it is believed to
be major driving force for the release of EPT molecules from silica nanochannels. In
addition to this, we cannot rule out the possibility of partial adsorption of DNA
segment into/onto MCM-41. In fact there are reports, which suggest that Na" ions
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present in the solution can cause a smaller amount of ct-DNA to be adsorbed inside/on
the pores of silica nanochannels due to the intervention of the electrostatic repulsion

between the negatively charged silica and the DNA molecule.!?
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Figure 3.5. (a) Emission spectra of EPT-MCM (Aex = 350 nm) in PBS with gradual addition
of DNA; (b) Circular dichroism spectra of DNA in PBS with gradual addition of EPT-MCM.
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Figure 3.6. Circular dichroism (CD) spectra of DNA in PBS presence and absence of EPT.

In order to protect pre-mature drug release, various nano-particles (ZnO and CdS
quantum dots etc.) were used as a pore blocker.®!* But efficient drug delivery
applications, bio-compatible polymers might be useful to avoid cytotoxicity issues.
We have chosen monomeric, globular lysozyme (Lyz) protein as a pore blocker. The
emission intensity at 515 nm of EPT-MCM complex decreases progressively with
increasing concentration of Lyz (Figure 3.7a). Here it is pertinent to mention that iso-

1;'* so it is expected that the protein exists as

electric point (pI) of Lyz is around 1
positively charged entity at the physiological condition. On the other hand, MCM-41
mainly exists as negative charged entity at physiological pH condition (pH 7.2),
because pKa of hydroxyl groups present in MCM-41 is around 3-5.!° As the size of the
protein (35 A) is slightly larger compared to pore diameter of MCM-41 (25-30 A), it is

expected that protein adsorbs at the surface or mouth of the nanochannels. Large
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number of negatively charged Si-O~ groups at the entrance of MCM-41 compared to
external surface facilitate the adsorption of protein molecules close to the mouth of
silica nano-pores. To get deep insight into the interaction between Lyz and EPT-MCM
complex, the CD experiment was performed. The CD spectrum of lysozyme in PBS
solution exhibits two negative bands in the ultraviolet (UV) region near 224 and 208
nm (Figure 3.7b) corresponding to the amount of a-helix in the secondary structure of
the protein.'® Addition of EPT-MCM to Lyz solution (Figure 3.7b), band intensity in
the 208-330 nm range gradually decreases (similar results were observed by MCM-41
alone, shown in Figure 3.8). The result indicates that the amount of a-helix in the
secondary structure of the protein decreases in presence of EPT-MCM, inferring the
perturbation of secondary structure of protein by the MCM-41. We believe that MCM-
41 causes conformational change in the native secondary structure of protein leading
to decrease in helical content. Conformational change of Lyz upon adsorption on
MCM-41 further supports our fluorescence results, where we have observed
decrement of fluorescence intensity of EPT-MCM in presence of Lyz. We believe that
the conformational change of Lyz leads to the exposure of some aromatic amino acids,
which involve in electron transfer process with the drug molecule present at the close
of the mouth or entrance. Furthermore, drug release kinetics (Figure 3.9) data shows
that <7% of the EPT drug releases from EPT-MCM system into buffer solution, which
is further reduced to <3% after lysozyme protection (i.e. for EPT-MCM-Lyz system).
Thus, here Lyz acts as a pore blocker to prevent premature drug release form MCM-

41.

1.0 (a) ——EPT-MCM in PBS 5 (b)
——EPT-MCM + 12 yM Lyz

> ——EPT-MCM + 24 uM Lyz oA

‘w08 ——EPT-MCM + 32 uM Lyz

S EPT-MCM + 45 uM Lyz 54

= ——EPT-MCM + 60 yM Lyz G

= 08 @ -10-

8 h=}

s E 15

Q04 o ]

g O 20

g -254 m— |_yz in PBS

T 02 ——Lyz + 0.5 mg/m| EPT-MCM
-30+ Lyz + 1.0 mg/ml EPT-MCM
35 e | yz + 2.0 mg/m| EPT-MCM

450 500 550 600 650 200 220 240 260 280
Wavelength (nm) Wavelength (nm)

Figure 3.7. (a) Emission spectra of EPT-MCM (Aex = 350 nm) in PBS with gradual addition
of lysozyme; (b) Circular dichroism spectra of lysozyme in PBS with gradual addition of
EPT-MCM.
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Figure 3.8. CD spectra of lysozyme in presence and absence of MCM-41 in PBS solution.
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Figure 3.9. Release profile of drug from EPT-MCM and EPT-MCM-Lyz systems at pH 7.4.

Note that the biological role of EPT depends on its intercalation activity with
DNA. Thus, it is important to demonstrate the interaction behaviour of protein blocked
EPT-MCM towards DNA, and in order to do so, we have treated the EPT-MCM-Lyz
system with ct-DNA (Figure 3.10). By progressive addition of DNA to EPT-MCM-
Lyz (Figure 3.10a) system, intensity of emission maxima at 515 nm significantly
increases along with 10 nm red shift in emission peak maxima (515 to 525 nm).
Alteration in emission profile of EPT-MCM-Lyz in presence of DNA is clearly
reflected by intensification of green emission. Interestingly, the peak maximum is
closely matching with peak position of the drug in presence of DNA alone. Therefore,
the above results indicate that DNA is capable of extracting EPT molecules from
protein-MCM conjugate, which is reflected through the significant changes in the
emission profile. Here it is necessary to mention that Lyz accumulates positive charge
on its surface mainly due to the existence of positively charged amino acids (4 Lysine,
1 Histidine and 14 arginine).!” As a result, positively charged lysozyme involves in
electrostatic interaction with negatively charged phosphate backbone of DNA, and

forms a protein-DNA complex. Because of this complex formation, the protein
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molecules, which act as pore blockers to MCM-41 nanochannels, are removed from
MCM-41, and subsequently, drug molecules can come out from MCM-41
nanochannels, and intercalates to DNA due to higher binding affinity of the EPT to
DNA. Notably, the binding ratio of DNA to lysozyme is of about 20 base pairs per
molecule of Lyz.!"® As ct-DNA has ~2000 base pairs, reasonable portion of DNA
involves in complexation with Lyz, and remaining part will be available for the
intercalation with EPT. As a result, translocation of the drug takes place from MCM-
41 to ct-DNA. The CD studies also help us in understanding the interaction behaviour
between EPT-MCM-Lyz composite and ct-DNA. On addition of ct-DNA to this EPT-
MCM-Lyz system, CD spectrum is drastically modified (Figure 3.10b). Intensity of
the negative peaks in the range of 210-230 nm systematically decreases and a new
negative band at ~245 nm appears along with two positive bands at 280 and 320 nm.
The negative band at ~245 nm corresponds to the helicity and a positive peak at ~280
nm due to base stacking of the added ct-DNA. Decrement of negative peaks in 210-
230 nm in presence of DNA indicates the strong interaction between Lyz and DNA,
which causes a major destabilization of native form of the protein. The appearance of a
prominent positive band at 320 nm is due to induced CD signal of EPT bound DNA,
confirming the translocation of EPT from the EPT-MCM-Lyz composite to the ct-
DNA. Thus, our steady state fluorescence and circular dichroism results confirm DNA

induced drug release from Lyz protected MCM-41 nano-pores.

Lyz + 2.0 mg/ml EPT-MCM (Lyz-EPT-MCM)
Lyz-EPT-MCM + 20 uM DNA

e Lyz-EPT-MCM + 50 uM DNA
Lyz-EPT-MCM + 100 uM DNA

400 450 500 550 600 556 200 2‘]10 EéD 32Iﬂ 3é0
Wavelength (nm) Wavelength (nm)
Figure 3.10. Emission spectra of EPT-MCM-Lyz (Aex = 350 nm) in PBS with gradual
addition of DNA; (b) Circular dichroism spectra of Lyz-EPT-MCM in PBS with gradual
addition of DNA.
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3b.2b. Time Resolved Fluorescence Results

Fluorescence lifetime measurement is an excellent technique to explore the excited
state environment around the fluorophore and it is highly sensitive to the excited-state
interaction between the probe and guest molecule.!” Thus, fluorescence lifetime data
can significantly contribute in realizing the interaction behaviour between ellipticine
and MCM-41, as well as translocation of EPT from MCM-41 to DNA. EPT in DCM
exhibits bi-exponential decay (collected at 430 nm) profile having a major component
of 16 ns (Figure 3.11a and Table 3.1). It is reported that ellipticine in non-polar
solvents (like dioxane, cyclohexane, hexane etc.) exhibits a very long lifetime
£20

componen

DCM solvent. Addition of MCM-41 to the DCM solution exhibits a tri-exponential

Hence, 16 ns lifetime component is attributed to neutral form of EPT in

decay profile (collected at ~505 nm) consisting of a ~20 ns long major component
(Figure 3.11a and Table 3.1). Increased lifetime in presence of MCM-41 indicates the

encapsulation and stabilization of protonated form of EPT inside the silica

nanochannels.
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Figure 3.11. (a) Fluorescence transients of EPT (Aex = 375 nm) in DCM solvent decay
collected at 430 nm (violate color decay) and fluorescence decay of EPT-MCM (Aex = 375
nm) in DCM solvent collected at 505 nm (green color decay); (b) Fluorescence transients (Aex
= 375 nm) of EPT (Acol = 530 nm), EPT-MCM (Acot = 515 nm), EPT-MCM with addition of

100 uM DNA (heot = 525 nm), EPT-MCM with addition of 60 uM Lyz (EPT-MCM-Lyz)
(Aeot = 515 nm) and EPT-MCM-Lyz with addition of 100 uM DNA in PBS (Acol = 525 nm).

The decay profile of free drug in PBS buffer (pH 7) monitored at 530 nm (Figure
3.11b and Table 3.1) is found to exhibit bi-exponential feature having average lifetime
of 2.5 ns, which is closely matching with literature reports.>?! However, lifetime (Tave
= 4.75 ns) of EPT-MCM in dispersed solution is significantly different than that of
EPT alone in PBS (tavg = 2.4 ns) (Table 3.1). The significant alterations in
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Table 3.1. Fluorescence transient fittings of EPT (10 uM) in absence and presence of MCM-
41 in DCM solvent, EPT (10 uM) in PBS; EPT-MCM in absence and presence of lysozyme
(Lyz) and EPT-MCM-Lyz system in presence of DNA. All decays are excited at 375 nm and
collected at respective emission maximum.

Sample ai az a3 ti(ns) T2(ns) 7T3(mS) PTavg(ms)
EPT in DCM at 430 nm - 0.18 0.82 - 2.74  16.07 13.67
EPT-MCM in DCM 048 015 036 119 574 1975  8.62
at 505 nm
EPT in PBS at 530 nm 0.87 0.13 - 1.91 5.74 - 241

EPT-MCM in PBS 034 043 023 059 3314 1348 474

at 515 nm
E-MCM + DNA - 017 083 - 5035 1578 13.96
at 525 nm
E-MCM + Lyz 049 039 0.2 0550 3.10 1487 3.2
at 515 nm

E-MCM + Lyz + DNA

at 525 nm 0.30 023 047 0157 2.54 15.1 7.75

#Tavg = (alTl +axt + 213’[3)

the decay profile confirms the strong interaction between EPT and MCM-41 (Figure
3.11b). Moreover, the appearance of longer lifetime component of ~14 ns indicates the
stability gained by drug molecule due to decreased non-radiative decay pathways of
the drug inside the nano-pores of MCM-41. Similar kind of longer lifetime component
was also noticed, when EPT molecules binds inside the protein nano-cavity,” DNA?®
and cucurbit[n]uril nano-cavity,?! etc.

Lifetime transients of EPT-MCM in presence of Lyz (collected at 515 nm) are
found to be tri-exponential (500 ps (49%), 3.1 ns (39%) and 15 ns (12%)) in nature
having an average lifetime value of 3.22 ns (Figure 3.11b and Table 3.1). Decrease in
the average lifetime of EPT-MCM in presence of Lyz clearly suggests some kinds of
interaction between EPT and protein. We have already mentioned that Lyz acts as a
pore blocker for MCM-41. Due to strong electrostatic interactions between MCM-41
and Lyz, some of the aromatic amino acids of protein come close contact to EPT

molecules, and thereby, involves in electron transfer reaction with protonated form of
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EPT, which results in generation of a fast 500 ps component. In consequence, intensity
as well as lifetime of EPT-MCM decreases in presence of Lyz.

To verify the drug release behavior, we have gradually added DNA to the EPT-
MCM-Lyz complex (Figure 3.11b). The average lifetime of EPT bound to EPT-
MCM-Lyz complex increases (3.22 ns to 7.75 ns) with gradual addition of ct-DNA
(Table 3.1). Interestingly, similar kind of lifetime feature also exists in EPT-DNA
system. Therefore, the lifetime results suggest that protonated EPT molecules are
translocating from MCM-Lyz and getting stabilized by DNA. Notably, when we
compared the lifetime of EPT in presence of EPT-MCM-DNA and with EPT-MCM-
Lyz-DNA systems, we have noticed a significant lifetime decrement in the latter case
compared to former one. Importantly, in the latter case, we have observed a very short
lifetime component of ~100 ps, which was absent in EPT-MCM-DNA and EPT-
MCM-Lyz systems. This observation suggests that some of the EPT molecules are
entrapped in between Lyz and ct-DNA due to electrostatic interaction between the
positively charged Lyz and negatively charged DNA surface. Our CD results also
supports this kind of complex formation, by which the secondary structure of protein
is significantly perturbed in presence of ct-DNA. In this ternary complex consisting of
Lyz-EPT-DNA, the protonated EPT molecules (stays in between the surface of DNA
and protein), involves in strong electrostatic interaction with negatively charged
phosphate backbone of DNA, by which electronic structure of protonated ellipticine is
getting perturbed,’ and as a result lifetime of EPT significantly reduces in this EPT-
MCM-Lyz-DNA system. In summary, lifetime results corroborate our steady state

fluorescence and CD results.

3b.2¢. Confocal Microscopy and Field-emission Scanning Electron Microscopy
(FE-SEM)

Confocal laser scanning microscopy (CLSM) images were recorded at 520 nm by the
excitation at 380 nm. EPT-MCM sample was collected after 24 hrs incubation in PBS
solution (Figure 3.12a). Green particles in the microscopy image clearly indicate that
EPT molecules are residing inside MCM-41 nano-pores. The EPT-MCM-Lyz confocal
image (Figure 3.12b) suggests that EPT molecules are not coming out from the
MCM-nano-pores vindicating our claims that Lyz adsorbs and protects premature drug

release.
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Figure 3.12. Fluorescence confocal laser scanning microscopy images of EPT-MCM (a); and
EPT-MCM-Lyz (b) in PBS solution after incubating 12 hours at room temperature (Aex = 380
nm) (Insert shows zoomed portion of respective systems); FE-SEM images of MCM-41 (c),
MCM-DNA (d), MCM-Lyz (e) and MCM-Lyz-DNA (f).

i P

Figure 3.13. FE-SEM image of (a) DNA and (b) lysozyme.

To visualize the MCM-41 interactions with bio-molecules (DNA/Lyz), systems
were subjected to field-emission scanning electron microscopy (FE-SEM) (Figure
3.12¢-f). For relative comparison, we have also recorded the FE-SEM images of Lyz
and DNA under identical experimental conditions (Figure 3.13). FE-SEM image of
pure MCM-41 is shown in Figure 3.12¢ and exhibits mono-dispersed thin platelets
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with an average particle size 200 nm. Addition of DNA to MCM-41 system
dramatically alters the morphology (Figure 3.12d) and this morphology is totally
different from the DNA alone system (Figure 3.13a). Interestingly, MCM-DNA
system shows a garland kind of morphology, in which MCM-41 particles are
connected by DNA, which acts as a thread here. To further confirm the morphological
pattern we examined elemental EDAX measurements (Figure 3.14). Presence of C
(10%), N (1.2%) and Si (80%) at the interface in the EDAX elemental analysis
supports the existence of DNA in MCM-DNA composite (Figure 3.14a). In case of
MCM-Lyz (Figure 3.12e) system, the composite morphology is not much different
compared to MCM-41 alone. However, Lyz alone shows distinct structural
morphology in the FE-SEM image (Figure 3.13b). Therefore, we anticipate that Lyz
easily adsorbs at the mouth of MCM-41, thereby, the structural morphology of MCM-
41 is not changing. EDAX analysis of MCM-Lyz system (Figure 3.14b) indicates the
presence of N (1.5%), C (10%) and Si (80%). Existence of nitrogen in the elemental
analysis comes from the amino acids of protein, which further confirms the presence
of Lyz in MCM-Lyz composite. Interestingly, MCM-Lyz-DNA system (Figure 3.12f)
shows very distinct structural morphology compared to individual systems. In this
system (MCM-Lyz-DNA), spherical MCM-41 particles are connected with threads,
which differ from MCM-DNA and MCM-Lyz morphological patterns. Moreover, the
MCM particles are in close proximity and they are connected by thread. We believe
that DNA here acts as glue due to formation of protein-DNA complex in between
adjacent MCM-41 particles. Moreover, EDAX analysis of MCM-Lyz-DNA (Figure
3.14¢) composite system infers the presence of nitrogen (1.2%), which confirms the

presence of biomolecule(s) in the composite system.

8025 Si 80.06

N 126
C 12.30
o 638

846

Figure 3.14. EDAX analysis of (a) MCM-DNA, (b) MCM-Lyz, and (c) MCM-Lyz-DNA.
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3b.2d. In vitro assay

To evaluate the potential of EPT loaded MCM-41 in drug delivery; we have treated
the HelLa cervical cancer cells with EPT-MCM in a time dependent manner. The
nuclei of the cells were stained with blue fluorescent Hoechst 33342 dye and fixed
cells were visualized under confocal microscopy. The gradual increase of green
fluorescence in CLSM images (Figure 3.15a) from 1h to 12h clearly demonstrated
that EPT-MCM slowly internalized inside the cells in a time dependent manner.
Moreover, the merged images evidently confirmed that EPT-MCM localized
temporally into the nucleus yielding increased amount of cyan colour after overlapping of
green and blue fluorescence. These CLSM images revealed unequivocally that EPT-MCM

internalized in the cancer cells and localized into the nucleus for targeting DNA.
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Figure 3.15. In vitro assay (a) CLSM images of HeLa cells at different time points
after treatment with EPT-MCM. (b) Dose dependent cell viability assay of EPT-
MCM, Lyz-EPT-MCM and free EPT in HeLa cells at 24h post-incubation.

We further assessed the efficacy of EPT-MCM and EPT-MCM-Lyz in HelL a cells.
EPT-MCM and EPT-MCM-Lyz were incubated with HeLa cells for 24h in a dose
dependent manner and cell viability was determined by MTT assay. HeLa cells were
also treated with free EPT in the same concentrations as controls. Both EPT-MCM and
EPT-MCM-Lyz showed much reduced ICso value of 3.36+0.15 uM and 3.69+0.10 uM
respectively compared to 1Cso = 7.67£0.47 uM for free EPT (Figure 3.15b).
Moreover, EPT-MCM and EPT-MCM-Lyz induced much increased HeLa cell death
(cell viability = 2.58+0.35% and 5.13£1.76 % respectively) compared to free EPT
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(cell viability = 12.840.64 %) at 50 uM concentration. This cell viability assay
revealed that EPT-MCM and EPT-MCM-Lyz showed much improved efficacy in

HeLa cancer cells compared to free ellipticine.

3b.3. Conclusion
We have demonstrated a MCM-41 based fluorescence switching of an anticancer drug,
Ellipticine (EPT), during its loading into silica nanochannels and subsequent release to
specific biomolecule, i.e. DNA (Scheme 3.1). Blue emission of EPT in DCM solvent
completely switches to green in presence of MCM-41 (Scheme 3.1), due to the
encapsulation and subsequent conversion of neutral to protonated form of EPT inside
the MCM-41 nano-pores. Facile donation of proton form mildly acidic silanol (-Si-
OH) groups of MCM-41 to neutral EPT is believed to facilitate this conversion
process. Powder X-ray diffraction (PXRD), N> gas adsorption and confocal
fluorescence microscopy results also confirm the adsorption of EPT inside the nano-
pores of MCM-41. Interestingly, addition of DNA to the aqueous dispersion of EPT
bound MCM-41 system results in drug release

from MCM-41 and subsequent binding to e ll“’“ s l

D . . ) \ , e
DNA, which is reflected by the intensification |EE=—_GEGSG_G—-m— - O vt S
2=315nm 5 ) Aem= 3515 nm
of green fluorescence color (Scheme 3.1). We =1
=3

»

have used lysozyme (Lyz) protein as a pore
blocker of MCM-41 in order to prevent I:

premature drug release. Finally, we have shown
EPT-MCM in DCM

by =505 nm

that EPT can be released to DNA even from o

_ Scheme 3.1. Fluorescence switching
the EPT-MCM-Lyz composite  system. of ellipticine (Aex = 350 nm) in
Electron microscopy results reveal the Presence of MCM-41 and various

) o o ) biomolecules (Lyz/DNA).

formation of distinct morphologies involving
MCM-41, DNA and Lyz probably through non-covalent interactions, and this is
believed to facilitate the DNA assisted release of drug molecules from silica
nanochannels. Furthermore, EPT-MCM was internalized into HeLa cancer cells
temporally over 12h and localized into nucleus to induce improved efficacy compared
to free drug. In summary, here we have presented fluorescence switching property of
EPT to probe the loading to MCM-41 carrier and subsequent release to DNA, which is

very cheap, straight forward and appealing for biomedical application of MCM-41.
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Chapter 4

Excited State Proton Transfer
Dynamics of Topotecan inside Bio-
mimicking Nano-cavity

The present chapter deals with understanding an important excited state phenomenon, i.e.,
excited state proton transfer (ESPT) process, of a potentially important anticancer drug,

Topotecan (TPT) in bio-mimicking nano-confined environment known as reverse micelles

(RM). The ESPT dynamics of TPT has been explored in aqueous reverse micelle using steady

state and time resolved fluorescence measurements.
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4. Excited State Proton Transfer Dynamics of Topotecan inside Bio-
mimicking Nano-cavity

4.1. Introduction

Topotecan (TPT) is a water soluble analogue of camptothecin (CPT), a pentacyclic alkaloid
belonging to a class of antitumoral agents.! TPT is found to be a potential inhibitor for the
growth of tumor cell through a unique mechanism by which it reduces the activity of the
human topoisomerase I (Top1) enzyme through the formation of a Topl—-DNA complex; !¢
thereby, stabilizes the cleavable Topl—-DNA complex that collides with the progression of the
replication fork, producing lethal double strand DNA break and cell death.!®* TPT consists of
five rings, of which four (A, B, D, and E) are six membered and one (C) is five membered.
The H-atoms on the 9- and 10-positions of the A-ring in CPT are replaced by
dimethylaminomethylene and hydroxyl groups, respectively (Scheme 4.1). These extra
functional groups on TPT enhance the solubility in physiological medium and reduce the
cytotoxicity to human tissues.'#?*¢ Hence, TPT has been clinically approved anticancer drug
for the treatment of several cancers.!“**¢ The presence of 6-hydroxyquinoline (6HQ, A- and
B-rings) subunit and the 9-dimethylaminomethylene group leads to the existence of different
protolytic forms of TPT in ground state as well as excited state. Nunzio et al. reported
elaborative pH dependent studies and solvent effect on the structural aspects of TPT, and it
was found that TPT exists in different protolytic forms, such as enol (E), cationic (C) and
zwitterionic (Z) forms depending on the pH as well as solvent.* Although in ground state the
drug exists in different forms (E, C and Z) (Scheme 4.2), interestingly, TPT exhibits a single
fluorescence peak (~530 nm) in aqueous solution (at physiological pH) responsible for the
emission from Z°, which is believed to be an outcome from the excited-state proton transfer
(ESPT) from -OH group of TPT to water.*> It was also found that the ESPT process in TPT
is sensitive to polarity,”® and thus, the excited-state photophysics of TPT can be modulated
inside the nano-cavities of a supramolecular host, such as cyclodextrin, calixarene,
cucurbituril and so forth. In continuation of this effort, Gavvala et al. reported that the ESPT
process of TPT is inhibited inside the cucurbit[7]uril (CB7) nano-cavity.® Although it has
been shown that the stability as well as photophysics of the drug can be modulated by

57 calixarene,® and cucurbituril,>® no

encapsulating the drug into liposomes,® cyclodextrins,
focus has been made on modulating the ESPT process of TPT inside biological nano-cavities,

where water often confined in a small pocket of a membrane.
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Scheme 4.2. Different prototropic forms of topotecan.

The reverse micelle (RM) is a nanometer-sized water droplet surrounded by a layer of
surfactant molecules immersed in a non-polar solvent, and the concept of RM is well
explored in Chapter 1. Recently, proton transfer attracts burgeoning interest to the researchers
due to its key role in a variety of biological and chemical processes.” In continuation of this
effort, fluorescence probes sensitive to H-bonding and proton transfer reactions are often
probed in the reverse micellar environments due to the above mentioned unique features.!'”
Herein, we report the encapsulation of TPT inside aqueous RMs, and the consequences of
confinement on photophysical properties of TPT using steady state and time-resolved
spectroscopic techniques. The prime focus of this work is to understand the effect of nano-
confinement and polarity on excited state proton transfer (ESPT) dynamics of TPT.
Interestingly, we have observed that ESPT dynamics is dramatically slowed down when the
drug molecules are encapsulated inside the RMs compared to bulk water. The time-resolved
emission spectrum (TRES) and time-resolved area normalized emission spectrum (TRANES)
provide information about the existence of multiple emissive species in the excited state. We
believe that our results might provide a new insight towards the understanding of
fluorescence properties of TPT inside cell-like environment, and therefore, delivery of TPT

inside the cell can be easily monitored by advanced imaging techniques.

4.2. Results and Discussion

4.2a. Steady State Measurements

The UV-visible absorption spectra of TPT with increasing water content of the RM are
depicted in Figure 4.1a. Absorption spectra of TPT in water-RM exhibit three characteristic
bands in the region of 250-410 nm, irrespective of the water content of RM. The absorption
maximum at ~380 nm along with a shoulder at 368 nm is mainly attributed to the m-m*

transition of quinoline moiety present in the TPT.*® With increasing water content of the RM,
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although the bands positions are not changing, the absorbance is enhanced. The solubility of
TPT in n-heptane is low, however, in presence of AOT and water the solubility enhances
significantly. The increased absorbance may be an outcome of increased solubility of TPT in
presence of AOT and water. Notably, a small shoulder at ~410 nm, which is believed to

appear from the zwitterionic form of TPT,*" is observed at higher wo values of the water-RM.
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Figure 4.1. (a) Absorption spectra and (b) Steady state emission profiles of TPT in water
(dotted line) and in AOT reverse micelles with progressively increasing water contents (wo).

Figure 4.1b depicts the steady-state emission profiles of TPT with increasing water
content of the RM upon excitation at 380 nm. Emission of TPT in n-heptane is negligibly
small, as the solubility of drug in n-heptane is very low. However, in presence of AOT (wo=
0), a broad emission profile of TPT appears indicating that the solubility of TPT takes place
in presence of surfactant. With the introduction of water to the system (wo = 2), an intense
peak at 420 nm is observed. On further addition of water (wo = 4), a shoulder at 515 nm is
clearly visible along with slight enhancement at 420 nm peak. The addition of water (wo> 4)
results in prominent appearance of a peak at ~515 nm along with concomitant decrement in
the intensity of higher energy peak. On further addition of water, the lower energy peak
exhibits red shift along with the hike in intensity, whereas the intensity of high energy peak
gradually decreases. As the emission property of TPT is highly dependent on the local
hydrogen bonding network,*® the observed phenomena are attributed to the differential
hydrogen bonding network inside RM. It is already reported that 420 nm emission band
appears from excited state cationic form (C”) of TPT.* Therefore, the initial increment in the
emission intensity at 420 nm clearly suggests that reverse micellar environment facilitates the
stabilization of cationic form of TPT (C-TPT). It is possible that C-TPT is involved in
electrostatic interaction with the negatively charged polar head groups of AOT, and this
interaction provides extra stabilization for cationic form of the drug inside the RM. As a

result, cationic form is the dominant species inside RM at wo <5, and is reflected in the
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emission profiles of TPT. It is well established that zwitterionic (Z*) form of TPT emits
around 520 nm.*> Thus, the appearance of a peak at ~515 nm after a certain wo value
indicates the formation of zwitterionic (Z°) form of TPT. Notably, although we are
selectively exciting the C-form (at 380 nm) of TPT, emission is detected from both
zwitterionic as well as cationic forms. Therefore, Z* form is generated at the cost of C” as a
result of excited state intermolecular proton transfer (ESPT) process from the —OH group of
TPT to the surrounding water molecule.

Water plays pivotal role for the proton transfer reaction due to its H-bond accepting and
conducting properties. Water is also recognized as an active participant in the transport
mechanism of the proton as well as in the stabilization of an ion pair.!! Initial addition of
water to the AOT containing n-heptane solution causes all the water molecules to be trapped
in the bound layers of AOT surfactant. The physical properties of these interfacial ‘bound’
water molecules are considerably different from the bulk water, as they are involved in strong
H-bond interactions with the head groups of AOT and thereby, shows higher viscosity, lower
mobility, lower polarity and diminished intra-solvent H-bonding network.!?> Moreover, the
pH of the water molecules associated with the sulfonate groups in the nano-cavity is less than
the bulk pH, as the hydronium ions of water are attracted towards the negatively charged
sulfonate groups.'?!3 Under the condition where the number of available water molecules are
reduced and/or where the structure of water is partially broken, the probability of proton
transfer is reduced.!" Thus, the conversion from C*to Z°, which is accompanied by the
excited state proton abstraction from the —OH group of the TPT by the water molecule, is
restricted inside RM. Notably, it was found that the extent of ESPT process is not efficient at
lower wo values. As for example, Spry et al. reported that the extent of ESPT of HPTS

reduces significantly at lower wo value of the RM.!%

Very recently, Sarkar and coworkers
also found the intermolecular ESPT in water-RM begins at wo = 8 and increases with
increasing wo value.!¢ Therefore, our observations are consistent with the literature reports.
The fact that the quenching efficiency of the C* emission grows monotonically and at the
same time the emission of Z* form increases (Figure 4.1b) with increasing wo suggesting that
hydrogen bond plays an important role for the formation as well as stabilization of Z*-TPT.
When the size of the RM is small, the coupled core-shell hydrogen bond network has

10a,14 and

hydrogen bond dynamics that are substantially slower than those of bulk water
reduce the extent of excited state proton transfer rate. As wo value of the RM increases, the
number of ‘bound’ water molecules, which are engaged in hydrogen bonding interaction with

SO* of AOT, decreases, and at the same time the population of ‘free’ water molecules
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enhances at the core of RM.!2®12¢¢12015 Therefore, it is expected that the extent of proton
activity (H-bonding interactions) accelerates with increasing percentage of ‘free’ water in
RM, and thereby, facilitates the conversion of C* to Z". The above observation is in good
agreement with the literature report, where it was found that wo>5 onwards water molecules
start forming ‘water pool’ inside the RM. 10410210016 The red shift in the emission peak of Z'-
TPT indicates the migration of TPT molecules from interfacial region towards the central
region of the RM. Interestingly, unlike single emission from Z" form in bulk water, we have
observed emission from both C* as well as Z" forms of TPT even at highest wo value of the
RM. This suggests that some TPT molecules are still residing near the AOT group of the RM,
where proton activity is not sufficient for the transformation of C* to Z*. Notably, the
appearance of an iso-emissive point at ~495 nm in the emission profiles suggests the
existence of equilibrium between C and Z forms of TPT in the excited state. Interestingly, at
highest water content of the RM, the emission spectra is not matching with that of pure water
spectrum, indicating the photopyrolytic reaction of the drug is getting modulated inside the

RM.

4.2b. Fluorescence Lifetime Measurements

The time-resolved fluorescence decays of TPT in dry AOT and after addition of water were
collected at the corresponding emission maxima of cationic and zwitterionic forms exciting at
375 nm. The fluorescence transients of C*-TPT in water-RMs at their corresponding emission
maxima are depicted in Figure 4.2a and the results are tabulated in Table 4.1. The decay
profile of C*-TPT at any wo value consists of two lifetime components. For example,
fluorescence transient at wo = 4 exhibits two lifetime components, 720 ps (22%) and 2 ns
(78%). The bi-exponential nature of decay profile indicates that the drug molecules
experience heterogeneous environment inside the RM. With raising water content of the RM,
percentage contribution of short lifetime component (~700 ps) continuously enhances,
whereas percentage contribution of long lifetime component (~2 ns) gradually reduces.
Notably, increasing water content of the RM, the percentage of ‘free’ water molecules
responsible for the formation of ‘water pool’ also increases.!?*%!20:162 The results indicate that
2 ns component, whose contribution diminishes as wo value increases, corresponds to the
lifetime of C*-TPT residing near head groups of RM, whereas the short lifetime component
may be attributed to the C*-TPT near the central ‘water pool’ of RM. Strong electrostatic
interaction between the negatively charged AOT head groups and the positively charged drug

molecule may be responsible for the long lifetime of cationic species residing at the interface

IISER Pune 92



Chapter 4. Modulation of Excited State Proton Transfer

of RM. Decrease in average lifetime of C*-TPT suggests that the cationic species gradually
move towards the central pool of RM, and, thereby, cationic species start photoprotolytic
reaction. The location of the probe will be confirmed by the time-resolved anisotropy

measurement discussed in later part.
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Figure 4.2. Fluorescence transients of TPT (excited at 375 nm) in reverse micelles with
progressively increasing water contents (wo); (a) Acol = 420 nm (b) Acot = 570 nm.

In order to avoid a minimal overlap from the emission of C*-TPT, the time-resolved
fluorescence signals from Z'-TPT in water-RMs were collected at 570 nm (Figure 4.2b) A
completely different and novel characteristic features come out when the time-resolved
fluorescence signals from Z*-TPT in water-RMs were collected at 570 nm (Figure 4.2b). The
decay profiles consist of two components (Table 4.1); one long nano-second component (~5
ns) and another rise component (0.25-1 ns). The ~5 ns component is assigned to be the
lifetime of Z°-TPT.*® Surprisingly, the shorter component (0.25-1 ns) has a negative pre-
exponential factor (Table 4.1). The negative amplitudes (or pre-exponential factor) indicate
that there exists an excited-state process which generates a new emitting state that is different
from the initially excited cationic species.!” Notably, although we are selectively exciting (Aex
= 375 nm) the cationic species, we are observing the emission from the zwitterionic species,
and it is attributing to the excited state proton transfer (ESPT) from —OH group of TPT to the
water molecule.* Thus, the negative pre-exponential factor appeared in the decay profile
provides the direct support for the conversion of C” to Z". The increment in the percentage of
long lifetime component (~5.0 ns) with the increase in water content of the RM suggests that
population of Z* species hikes inside the RM. The slightly increased lifetime of Z'-TPT
(Table 4.1) indicates that Z*-TPT is gaining stability inside the RM. It is well known that
extent of proton activity increases as water content inside the RM increases;'%1%:1%:140 hence,
facilitates the conversion of cationic form (C*) to zwitterions (Z°) via ESPT process.

Generally, the rise time appeared in the decay profile indicates the existence of excited state
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dynamics which is coming out from previously excited state. Therefore, the growth
component appeared in the decay profile indicates the dynamics of ESPT process by which
C" is converted to Z" species. Notably, the decay profile of TPT in bulk water is devoid of
any growth component (Figure 4.2b), indicating that the ESPT dynamics is too fast to be
detected by our TCSPC set-up. Here it is relevant to mention that Douhal group reported a
slow proton transfer dynamics even in bulk water, although the contribution is very less (5%).
The different observations by us and Douhal groups may be attributed to the different
instrument response of TCSPC set-up. A closer look of time-resolved results indicate that the
lifetime of growth component reduces (Table 4.1), inferring that the rate of ESPT dynamics
becomes faster as the water content of the RM increases. Notably, the dynamics of proton
transfer is dramatically affected by the ability of the solvent to reorganize.!°*!® The observed
dynamics also depends on the proton mobility, that is, the ability of the hydronium ion to
move away from the resulting anion. These properties make excited state proton transfer
(ESPT) a suitable probe for monitoring the local water environment. It was reported that, for
small water pool of RMs, the orientational relaxation of water is much slower than in bulk
water, and becomes increasingly fast as the size of RM increases.'?*1?%15:1° The slow rates of
water orientational relaxation in nanoscopic water environments demonstrate that the time
scale for hydrogen bond network rearrangement is slowed down substantially. In
consequence, ESPT dynamics, which depends on the dynamics of H-bonded network,
becomes sluggish at lower water content of the RMs, and it gradually accelerates as the
behaviour of water approaches towards the bulk. The presence of positively charged counter
ions (Na" ions) inside the RM may also have significant role on the observed slow ESPT
dynamics. In the absence of any ions in bulk water, proton transfer takes place directly to the
water molecule without any intervention, as water molecules do not involve in
electrostatic’/hydrogen bond interactions with the counter ions. Thus, we believe that the
ESPT dynamics inside RM is slowed down possibly also due to the screening effect of the
sodium ions presented at the interface of the RM. In fact there are reports, where it has been
observed that ESPT dynamics of HPTS gets affected by the presence of salt.?’ The variation
of polarity inside RM with respect to water content may also play crucial role in slowing
down of proton transfer dynamics, as it is known that PT dynamics of TPT is also dependent
on the polarity of the surrounding environments.*> In order to further elucidate this ESPT
process, we have performed kinetic isotope effect (KIE) experiment, and found considerable

(1.7 times) KIE effect when H>O is replaced by D-O inside RM (Table 4.2).
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Table 4.1. Fluorescence decay parameters of TPT in water reverse micelles (Aex = 375 nm).

wo Acol 11 (ns) 7T2(ns) T3 (ns) ax a2 a3 z::g x2
Water 570 nm 0.63 5.93 0.13 0.87 524 1.01
wo=0 570 nm 1.24 - 4.47 0.26 - 0.74 3.63 1.02
wo=4 420 nm 0.85 2.51 - 0.19 0.81 - 2.19  0.86

550nm 065 330 505  -0.10 028 062 410 098

570 nm 1.01 - 5.07 -0.35 - 0.65 3.64 1.15

wo=10 420nm  0.69  1.94 - 034 066 - 152 102
550nm 062 307 516 017 029 054 378 1.0l

570 nm 0.63 - 5.03 -0.35 - 0.65 351 1.08
wo=15 420 nm 0.57 1.60 - 046 0.54 - .12 1.04
570 nm 0.49 - 5.19 -0.32 - 0.68 3.66 1.04
wo=25 420 nm 0.51 1.47 - 0.52 048 - 097 1.12

s50nm 049 3.04 537 019 022 059 394 1.00

570 nm 0.42 - 5.26 -0.31 - 0.69 3.77 1.04

wo=50 420nm 050 142 . 057 043 - 089 1.19
s50nm 032 242 547 -0.16 0.9 065 408 1.02

570 nm 0.30 - 5.28 -0.30 - 0.70  3.76  1.06
wo=70 420 nm 0.42 1.30 - 0.58 042 - 0.79 1.25
570 nm 0.25 - 5.27 -0.30 - 0.70  3.76  1.07

#Tavg =aitit+ axtt asts

To get insight into the geminate recombination process, which is opposite of reversible
or irreversible recombination of proton to the zwitterionic form of the drug, we have analyzed
the time-resolved data around 520 nm (Table 4.1) for verifying the presence of any extra
component, which we might have missed in the decay profiles collected at red end side of the
emission spectra. Here, the time-resolved data consists of three components, among which
two components are very much similar to that of obtained in the decay profiles monitored at
570 nm. The third ~3 ns component is coming out from the cationic species of the drug,>* as
the emission of cationic species also contributes toward the 520 nm peak. Thus, we confirm
that geminate recombination process is not present in our system possibly because of the

presence of sodium ions in nearby vicinity of the drug, which can prevent diffusion of proton

IISER Pune 95



Chapter 4. Modulation of Excited State Proton Transfer

towards the zwitterionic form of the drug. The other possibility is that geminate

recombination is too fast to be detected by our set-up.

Table 4.2. Fluorescence decay parameters of TPT in D>O reverse micelles (Aex = 375 nm).

wo eol t1(ns) 72 (ns) ai a2 Tavg” (NS) $2
wo=15 570 nm 0.86 5.40 -0.37 0.63 3.74 1.15
wo =25 570 nm 0.72 5.54 -0.35 0.65 3.84 1.07
wo =50 570 nm 0.55 5.60 -0.35 0.65 3.86 1.18

# —
Tavg - alt1+ a2
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Figure 4.3. Time resolved emission spectra (TRES) of TPT in reverse micelle (Aex = 375 nm)
at (a) wo =4, (b) wo = 10, and (c) wo = 50.

To confirm the presence of two different types of species in the excited state, we have
constructed time resolved area normalized emission spectrum (TRANES), an advanced
technique to explore excited state components. TRANES method is a one-step extension of
the commonly used time resolved emission spectrum (TRES) analysis.?! TRES and TRANES
and of TPT inside the water-RM are depicted in Figure 4.3 and Figure 4.4, respectively. It is
clear from the figures that the emission intensity of C*-TPT progressively decreases with
time, whereas the intensity of Z*-TPT gradually rises up. This observation reinforces our
claim that Z" form of the drug is generated at the cost of C* form. The timescales at which Z*

form appeared are ~1.02 ns, ~700 ps and 280 ps for wo =4, wo = 10 and wo = 50, respectively.
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These time-scales are in good agreement with the respective growth component obtained in
the decay profiles collected at 570 nm (Table 4.1). Moreover, a clear iso-emissive point at
~480 nm in all above mentioned wo values suggests that two different types of emissive

species (C* and Z" form) are present in the excited state.
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Figure 4.4. Time-resolved area normalized emission spectra (TRANES) of TPT in reverse
micelle (Aex =375 nm) at (a) wo = 4, (b) wo = 10, (c) wo = 50.

4.2¢. Time Resolved Fluorescence Anisotropy Measurements

It is well established that time-resolved anisotropy measurements can provide important
information about the rotational motion of fluorophore, which directly reflects the extent of
restriction imposed by the surrounding environment.?? Thus, time resolved anisotropy
measurements have been employed to probe the encapsulation process of TPT inside the
RMs. The information regarding the rotational relaxation of TPT in bulk water and water
containing RMs are gathered by probing time-resolved fluorescence anisotropy of
zwitterionic form of TPT at 525 nm. The decay profiles are shown in Figure 4.5 and
corresponding results are summarized in Table 4.3. The rotational relaxation time (1) of drug
molecule in bulk water is 216 ps and single exponential in nature. However, the decays are

bi-exponential in nature in RMs. The bi-exponential decay is fitted by the eqn. 4.1,

r(t) =71, [flexp (r__ltr) + fexp (T_—Ztr)] (4.1
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where ro is the limiting anisotropy to represent the inherent depolarization of the probe
molecule, tir and 12 are the fast and slow rotational relaxation components of the probe
molecule inside RM, respectively, and fi and f> are the relative amplitudes of two
components, respectively. To get overall idea, the average rotational relaxation time has been
calculated, it becomes 2.4 ns, 2.1 ns and 1.8 ns for wo = 4, 25 and 50, respectively. The
significant increment in rotational relaxation time in RMs compared to water infers that the
drug molecules reside in highly restricted milieu. The faster rotational motion of TPT with
increasing wo value indicates that drug molecules are experiencing slightly less restricted

environments, as the size of the RM increases.

034 % ® TPT in water
) ® wy=4

[ ] WwWp = 50

r(t)

Time (ns)

Figure 4.5. Fluorescence anisotropy transients of TPT (Aex = 375 nm and Acol = 520 nm) in
reverse micelles and in bulk water.

Table 4.3. Time-resolved fluorescence anisotropy fitting parameters of TPT in reverse
micelles (Aex = 375 nm, Acol = 520 nm).

Sample 11 (ns) T2 (ns) fi f2 To S 0° (1) (ns)
Water - 0.22 - 1.00 0.39 - - 0.22
wo =4 0.91 3.05 0.31 0.69 0.38 0.83 28.05 2.40

wo =25 0.38 2.80 0.29 0.71 0.36 0.84 26.98 2.09

wo = 50 0.36 2.42 0.30 0.70 0.37 0.84 27.52 1.79

Mty = fitu+ BT

For detailed understanding of the bi-exponential behaviour of anisotropy decays, we
have used wobbling-in-a-cone mode!*™?* discussed in chapter 2. In this model, the order
parameter (S?) can be used for understanding the location of the probe inside the RM. The

order parameter describes the equilibrium orientational distribution of the probe inside the
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RM. S = 0 indicates that the motion is completely free, whereas S = 1 corresponds to the
completely restricted environment. Here in our systems, the estimated S value varies from
0.831 at wo = 4 to 0.837 at wo = 50 (Table 4.3). Moreover, the cone angle 6° calculated
(Table 4.3) from the order parameter varies from 28.05° (at wo = 4) and 27.52° (at wo = 50)
and the values are in accordance with the previous findings.?®> As the order parameters and
cone angles are not changing significantly with the wo values, we believe that TPT is not
located at the central ‘water pool’ but closer to the interface (even at higher water content of
the RM), and still feels the effect of both bound water and sodium counter ions.

Even though few organic probes (HPTS,!%®1%:10 D_Juciferin,'’¢7 HQ,!%* 2N68DS, !
2PBI,'% 7H4MC'® and MFOH!® etc.) are used to understand the role of water inside RMs by
excited state intermolecular proton transfer (ESPT) process, ESPT dynamics of a potential
anticancer drug, TPT, is being probed for the first time inside nano-cavity of RM. The
significant essence of the present work is that we could able to directly monitor the ESPT
process of TPT from the conversion dynamics of excited state cationic (C") to zwitterionic
form (Z") of the drug. Notably, the ESPT dynamics of TPT is ultrafast in bulk water;
however, the ESPT dynamics is slowed down drastically when TPT is entrapped inside the
RM. The sluggish ESPT dynamics of TPT is an outcome of several impacts. The combined
effects of nano-confinement and slow solvation dynamics of water are believed to be
responsible for the observed slow ESPT dynamics inside RM. The screening effects of
counter ions present at the interface of RM also have some role towards the ESPT dynamics.
We believe that the present findings are important to elucidate the role of water in many
biological functions and to understand small and fast structural changes in the water network,
which are essential factors in proton transfer reactions. Moreover, the study of photophysical
properties inside the RMs and its switchover from C* to Z* form might helpful to understand
the proton transfer dynamics of TPT inside biological membrane and its function as photo-

sensitizer trigger anticancer activity inside the tumor cell.

4.3. Conclusion

The photophysical properties of TPT have been studied in aqueous AOT reverse micelle
(RM) by steady-state and time-resolved fluorescence measurements. In bulk water, TPT
exhibits single emission, which is believed to be originated from zwitterionic (Z°) form of the
drug, as an outcome of excited state proton transfer (ESPT) process from excited state
cationic form (C") of TPT to the nearby water molecule. In AOT/n-heptane RM, the drug

shows dual emission attributed to the simultaneous existence of both C* and Z* forms of the
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drug. The presence of single iso-emissive point in time-resolved area normalized emission

spectrum (TRANES) further confirms the co-existence of two species (C* and Z°) in the

excited state. Interestingly, ESPT dynamics was found to be severely retarded within the

polar nano-cavity of RM, exhibiting time constant of ~250 ps to ~1 ns, which is slower than

the dynamics obtained for TPT in bulk water (30 ps). The retardation of EPST dynamics in

RM compared to bulk water might be due to cumulative effects of nano-confinement,

disrupted hydrogen bonding network of water molecules and the screening of the sodium ions

present at the interface.
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Chapter 5

Excited State Fluorescence Dynamics
of Highly Stable Copper Nanoclusters
Synthesized inside the Aqueous
Nanopool of Reverse Micelles

In this chapter, we have reported a new strategy for the synthesis of highly stable and
ultrabright fluorescent copper nanoclusters (CuNCs) within the water nanopool of reverse
micelles (RMs). The origin and mechanism behind the multi-fluorescence and spectral
broadening behaviors of CuNCs has been reported using TCSPC and femtosecond

fluorescence upconversion techniques.
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5. Excited State Fluorescence Dynamics of Highly Stable Copper
Nanoclusters Synthesized inside the Aqueous Nanopool of Reverse Micelles
5.1. Introduction and Motivation of the Work

Here, the introduction about the nanoclusters has been avoided, as concept of nanocluster has
already been introduced in detail in chapter 1. As already mentioned in Chapter 1, the
syntheses and stabilities of these noble metal (Au, Ag and Cu) NCs remain as one of the
primary challenges due to their aggregation phenomenon, which results in non-fluorescent

nanoparticles.! Among noble metal nanoclusters, gold (AuNCs) and silver (AgNCs) are

1b,2 2b,3b,4

significantly explored in terms of synthesis,'®? stabilization® and physical properties
compared to copper (CuNCs) due low oxidation potential of copper (Ecuan/cuo)= 0.34 V,
E%eayago) = 0.80 V and E°auamyauo) = 1.50 V).> Recently, dendrimers,® polymers’ and
various bio-molecules such as DNA oligomers,® and protein®*® have been efficiently utilized
as scaffolds for the synthesis CuNCs emitting from blue to near-infrared region. However,
most of these methods generate low quantum yield CuNCs. Moreover, the syntheses involve
toxic reducing agents, multiple steps and high cost scaffolds such as protein/DNA. Thus, a

new strategy for the synthesis of stable and highly fluorescent CuNCs under ambient

conditions remains one of the primary challenges.

L-cysteine

Scheme 5.1. Schematic representation of CuNCs synthesis inside the reverse micelles.

Keeping these aspects in mind, we have designed a simple and effective strategy for the
synthesis of highly stable and ultrabright fluorescent CuNCs with L-cysteine (Cys) as a
protecting ligand within the water nanopool of reverse micelles (RMs) (Scheme 5.1) without
using any toxic reducing agents. Here it is necessary to mention that the nano meter-sized
aqueous core of reverse micelle can act as a “nano reactor” for controlled reactions, which
leads to the formation of a wide variety of nanostructures.'® The significant advantage of this
approach is that the nanostructures are homogeneous and mono-dispersed, and one can

precisely tailor the size and morphology of nanostructures by controlling the structure of
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reverse micelles.' Notably, CuNCs obtained (in our study) from this method exhibits intense
fluorescence in blue-green regions and displays multi-fluorescence (excitation dependent
emission) behaviour. Moreover, we have observed that CuNCs synthesized inside the RMs
are extremely stable even after 180 days (stored at room temperature), because of the
inhibition of aerial oxidation of Cu(0) inside the reverse micellar core.

Understanding the origin and mechanism behind the multi-fluorescence and spectral
broadening behaviors of CuNCs are fundamentally important for their applications in
bioimaging and photonics. We elucidate that the broad fluorescence from CuNCs in RM
consists of two spectrally overlapped bands, corresponding to the metal-core and surface
states of CuNCs, respectively. The excited state dynamic properties of NCs have been
experimentally explored in the past decade by various techniques, such as ultrafast pump-
probe'! and ultrafast upconversion fluorescence,''*!2 but are mostly focused on AuNCs and
AgNCs. Dynamics studies of CuNCs are not available in the literature and its fundamental
understanding of the fluorescence mechanism is still lacking. In the present study, efforts are
also made on studying the relaxation dynamics of CuNCs using both TCSPC and ultrafast
fluorescence upconversion techniques. Here it is necessary to mention that fluorescence
upconversion is unique in its ability to preferentially monitor the exciton dynamics, intra-
band transition and fast solvation without interference from other processes such as excited
state absorption, or ground state bleaching or stimulated emission. The study of ultrafast
fluorescence dynamics in CuNCs allows for a deeper understanding of their fundamental
properties. Femto-second fluorescence upconversion and TCPSC decays of CuNCs in RMs
comprise of multitude of lifetime components spanning from <1 ps to few nano-second time
scale. The dynamics have been explained on the basis of several competing deactivation
pathways and a broad distribution of radiative electron-hole recombination dynamics
originating from core and surface states. We anticipate that our study will provide a deep

insight towards fundamental understanding of optical properties of CuNCs.

5.2. Results and Discussion

5.2a. Characterizations

Synthesized CuNCs are characterized with Fourier transform infrared spectroscopy (FTIR)
and matrix-assisted laser-desorption ionization time of flight (MALDI-TOF) mass spectrum.
As shown in the FTIR spectra (Figure 5.1), the stretching vibrations of —SH group (2550 cm’
1) disappears in case of CuNCs suggesting the attachment of L-cysteine on nanocluster

surface through Cu-S bond formation. For determining the number of Cu atoms in the cluster,
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we have recorded the mass spectra in positive-ion mode MALDI-TOF instrument. The
dominant m/z peaks at 580, 624, 646, 705, 735, and 911 (Figure 5.2) indicates a chemical
composition of Cus.6(Cys)s-4 in all reverse micelles. This result demonstrates that synthesized
CuNCs are composed of four to six copper atoms in all water content of three different
reverse micelles. UV-Vis absorption spectra of CuNCs in three different reverse micelles
exhibit broad absorption features and don’t show any characteristic absorption band above
550 nm (Figure 5.3), which mainly arises due to plasmonic nature of nanoparticles,

indicating that synthesized nanoclusters are stable and not forming bigger size nanoparticles.

L-cysteine in water

CuNCs in water

CuNCs in AOT-RM

CuNCs in CTAB-RM

Transmittance (%)

CuNCs in TX100-RM

i

3500 3000 2500 2000 1500 1000 500
Wavenumber (cm )

Figure 5.1. FTIR spectra of L-cysteine and CuNCs in water and different reverse micelles.
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Figure 5.2. Positive mode MALDI-TOF mass spectra of CuNCs in (a) AOT, (b) CTAB and
(c) TX-100 reverse micelles (wo = 10). The estimated composition of CuNCs in all reverse
micelles are as follows: [CusL3+Na'] = 640.71 (m/z), [CusL>+Na*] = 580.71 (m/z), [CusLs] =
680.13, [CusL3+2Na"™+2H"] = 728.69 (m/z), [CusLs+Na™+H'] = 756.10 (m/z), [Cusls-3H'] =
734.34 (m/z), [CusL3+Na™+2H"] = 705.23 (m/z), [CusLs-H'] = 800.71 (m/z), [CusLs+2Na’-
3H'] = 844.69 (m/z), [CusLotH'] = 624.76 (m/z), [CusLs+2Na'] = 911.06 (m/z); (d-f)
MALDI-TOF mass spectra of CuNCs in various reverse micelles (wo= 20).
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Figure 5.3. UV—Vis absorption spectra of CuNCs in water, AOT, CTAB and TX-100 RMs.

5.2b. Steady State Emission Results

Optical properties of CuNCs inside the reverse micelles have been investigated by
fluorescence studies. The emission spectra (Aex = 375 nm; Figure 5.4a) are found to be
dependent on the water content of AOT-RM, i.e. wo values. Enhancement in emission
intensity is observed in going from wo= 5 to wo= 10 along with a significant blue shift in the
emission maximum. However, the decrement in intensity takes place after wo= 10 although
the trend in spectral shift remains same. In order to understand the effect of surface charge on
optical properties of CuNCs, the measurements are carried out in other two RMs, namely,
CTAB and TX-100 reverse micelles having positively charged and neutral surfactant,
respectively. Almost Similar observation was noticed in case of CTAB and TX-100 RMs,
however, the trends in intensity increment and shift are slightly different (Figure 5.4b-c).

One notable observation in all the reverse micelle is the 4-5 times increment in emission
intensity of CuNCs inside the RM nano-cavity compared to bulk water. The enhancement in
the emission intensity of CuNCs inside the RM may be attributed to the enhanced rigidity of
the capping ligand (L-cysteine) generating from the restricted environment inside the reverse
micelle. The improved compactness inside the reverse micelle facilitates the cuprophilic
Cu(I)---Cu(l) interaction'®, which in term reinforces the formation of ordered nanoclusters
(NCs) self-assembly. The formation of NCs self-assembly inside the RM induces the
emission enhancement of CuNCs in two different ways. Firstly, the enhanced inter- and intra-
NCs cuprophilic interactions greatly facilitate the excited state relaxation dynamics via
radiative pathway. Secondly, the restriction of intramolecular vibration and rotation of
capping ligands reduce the non-radiative relaxation of excited states. These two combined

effects greatly enhance the emission intensity of NCs self-assembly inside RM nano-cavity.
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The above observation is also supported by the literature report, where it has been mentioned

that improved rigidity of the organic capping ligands of gold nanoclusters enhances the

luminescent yield of the material to a larger extent.’>!#
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Figure 5.4. Emission spectra of CuNCs synthesized inside the ‘water pool’ of (a) AOT and
(b) CTAB and (c) TX-100 reverse micelles by varying the wo values. Inset represents the
normalized emission spectra of CuNCs. Excitation dependent emission spectra of CuNCs in
(d) AOT, (e) CTAB and (f) TX-100 reverse micelles at wo= 15. The numbers in the legends
indicate the excitation wavelengths.

Here it is necessary to mention that the presence of oxygen can significantly reduce the
emission quantum yield of CuNCs. ™3¢
Cu(0)/Cu(I) to Cu(Il), and breaks the bond between the ligand and Cu(0)/Cu(I), thereby

destabilizing the CuNCs.*>!3¢ Use of non-aqueous solvent (n-heptane) as the bulk media for

This is because oxygen can easily oxidize

synthesizing the copper nanoclusters, minimizes the oxidation possibility of Cu(0)/Cu(I) by
aerial or dissolved oxygen. Thus, the absence of oxygen inside the RM is also responsible for
the emission enhancement inside the RM compared to bulk water. Another intriguing
observation is the stability of CuNCs inside the RMs. Our synthesized CuNCs inside the RMs

are stable even after 180 days storing at room temperature (Figure 5.5a), whereas CuNCs
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synthesized in bulk water, shows gradual decrement in emission intensity after 30" day
storage even at 4 °C (Figure 5.5a). Moreover, photo bleaching experiments have been
carried out to explore the stability of CuNCs, and it shows unchanged emission intensity even
after 10 hr irradiation of UV light (Aexc ~365 nm; Figure 5.5b), indicating the good photo-
bleaching resistance of the synthesized CuNCs clusters within the reverse micelles. Thus, our
strategy to synthesis CuNCs in reverse micelles paves away for long time storing of CuNCs.
Another important observation of our results is the red shift in emission maxima in going
from water to RM (even at highest water content). CuNCs are experiencing the different
micro-environment within the water ‘nanopool’ of RMs compared to bulk water, causing a

red shift in emission maxima compared to bulk water.
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Figure 5.5. (a) The variation of emission intensity of CuNCs synthesized in bulk water and
within ‘water pool’ of AOT, CTAB and TX-100 reverse micelles (at wo= 15) over time;(b)
The variation of emission intensity of CuNCs synthesized within water pool of reverse
micelles at wo = 15 under the UV-lamp (Aexc ~365 nm) exposure.

The intensity variation of CuNCs with wo value can be correlated to the number of
fluorescent CuNCs inside the RM. The weak intensity at wo = 5 is attributed to the less
number of available water molecules (as ‘water pool’ does not form properly at this water
content) and this results in the generation of less number of fluorescent CuNCs. While at
higher wo value (where sufficient number of water molecules presents), the presence of
higher number of fluorescent CuNCs in the water pool of AOT-RM is responsible for the
significant emission enhancement compared to wo= 5. The decrement in emission intensity
after a certain wo may be attributed to the reduced compactness arising due to the increased

volume of the ‘water pool” inside RM.

5.2¢. Excitation Dependent Emission and Emission Dependent Excitation Spectra
In order to understand the heterogeneity in optical properties, the emission (Figure

5.4d-f) and excitation spectra (Figure 5.6) of CuNCs are collected at various
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wavelengths. The fluorescence spectra of CuNCs in RMs exhibit gradual red shift and
spectral broadening with increasing excitation wavelengths (Figure 5.4d-f). This
observation suggests the existence of spectroscopic heterogeneity in solution of
CuNCs in RMs, and this kind of spectroscopic heterogeneity was also reported by
other noble metal NCs, such as, Silver and gold.*!?*!5 For small Au and Ag clusters,
the surface states are believed to be responsible for broad and excitation dependent
fluorescence.*!?*!> This kind of excitation wavelength dependent emission spectra of
CuNCs may originate from a combination of quantum confinement effects and
distribution of different emissive states.!?®!3813¢16 [n order to verify the above two
possibilities, we have recorded the excitation spectra of CuNCs in RMs at various
collections wavelengths (Figure 5.6a-c). Interestingly, the excitation spectra are found
to be varied with the emission wavelengths (range of 440-560 nm). The excitation
spectrum appears as single excitation band when the collection wavelength is <470 nm
(Figure 5.7). On the other hand, the excitation spectra collected at >470 nm are
composed of two spectral overlapped bands, which can be fitted by two Gaussian
functions (Figure 5.6d-f and Figure 5.7). These two excitation bands are centered at
375 and ~430 nm, and labeled as excitation band-1 (B-I) and band-2 (B-II),
respectively (Figure 5.6d-f and Figure 5.7). Out of these two excitation bands, the
band centered at 375 nm (B-I) hardly shifts with monitoring emission wavelengths; on
other hand, excitation band centered at ~430 nm (B-II) progressively shifts with
monitoring wavelengths (Figure 5.6g-i). As shown in Figure 5.6g, shift in excitation
maximum of B-II band is almost 30 nm, but the same in the case of B-I, is only ~8 nm.
Large spectral shift in B-II band generally associates with more heterogeneity
comprising of multi-emissive states in comparison to B-I band. Thus, we assign that
the B-I corresponds to metal core states and B-II is originated from the surface states.
We are assuming that, metal core states are exclusively arising from copper atoms
only, whereas, surface states may arise due to metal atoms bonded with protecting
ligands. During the excitation at B-I, the electrons are generated in the higher excited
core states, and then electrons quickly relax into the lower core states of CuNC
through the non-radiative pathway. Finally, the molecules come back to the ground
from core states state by radiative transition. Hence, the short wavelength excitation
leads to the fluorescence mostly originating from the core state. In contrast, during the
excitation at longer wavelength, the electrons move to the lower excited states, and

from there electrons mostly relax to the nearby surface states, which are close in
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energy to the core state. As a result, the fluorescence coming from the surface states is
of lower in energy compared to the core state. Therefore, the observed excitation
dependent emission spectral feature is believed to appear because of distribution of
different emissive states (core states and surface states), rather than the quantum
confinement effect. The spectral broadening (in both emission and excitation spectra)
arises due to broadening from surface localized states and the intrinsic broadening
from the core states of CuNC. The electron—electron (e-e) scattering in the core states
of CuNCs may be responsible for intrinsic broadening. After irradiation, exited
electrons in the excited states rapidly relax by thermalization process via e-e scattering

Pprocess.
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Figure 5.6. Excitation spectra of CuNCs synthesized within the ‘water pool’ of (a) AOT, (b)
CTAB and (c) TX-100 reverse micelles (at wo = 15) by varying the emission wavelengths.
(d), (e), and (f) are the deconvoluted excitation spectra collected at emission maxima; (g), (h),
and (i) are the overlays of deconvoluted excitation spectra.

In order to give a better understanding about the optical properties of CuNCs inside the
three different reverse micelles, we have provided the 2D fluorescence topographical map.

The emission maxima (Aexc ~320-460 nm) of CuNCs in the negatively charged AOT reverse
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micelles are mainly distributed in the 430-470 nm range (Figure 5.8a), exhibiting an intense
blue emission under the UV-light irradiation (365 nm, Scheme 5.2). Whereas emission
maxima of CuNCs inside the positively charged CTAB reverse micelles, (Aexc ~320-460 nm)
are majorly distributed around 500 nm (Figure 5.8b), producing cyan-green colour
fluorescence under the UV-light irradiation (Scheme 5.2). Inside the TX-100 reverse micelles
(neutral), the emission maxima of CuNCs (Aexc ~320-460 nm) are distributed in the range of
430-480 nm (Figure 5.8¢) which shows a blue-cyan fluorescence colour under the UV-light
(Scheme 5.2).
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Figure 5.7. Deconvoluted excitation spectra of CuNCs in AOT reverse micellar nanopool (wo
= 15) at emission maxima of 460, 470, 495 and 510 nm, respectively.
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Figure 5.8. 2D fluorescence topographical map of CuNCs synthesized within the RM of (a)
AQOT, (b) CTAB and (c) TX-100 reverse micelles at wo=15.

Spectral shift in emission maximum of CuNCs is majorly governed by the size,
composition and average Cu(l)---Cu(I) distance associated with cuprophilic
interactions.!*!3%!> Due to their similar composition of NCs (as discussed earlier), we
anticipate the spectral shift in the emission maxima of CuNCs in different RMs is attributed

to the alteration of average Cu(l):--Cu(l) distance. Generally, increase in average
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Cu(I)---Cu(I) distance arises the compactness of NCs leading to the blue shift in emission
maxima, while the decrement of the same causes red shift.'** This average Cu(I):--Cu(l)
distance in the CuNCs are majorly influenced by two kinds of cuprophilic interactions, intra-
(occurs within NCs) and inter-NCs (between neighboring NCs in the compact situation or
self-assembly).!*¢ Electrostatic repulsion between negative charged AOT surfactants and
carboxylate groups of Cys in CuNCs localizes the clusters towards the central ‘water pool’ in
AQOT reverse micelles (Scheme 5.2). This increases the average Cu(l)---Cu(I) distance by
inducing inter-NCs cuprophilic interaction in addition to the intra- interactions within the
NCs. However, this kind of inter-NCs cuprophilic interaction is absent in case of CTAB
reverse micelles due to electrostatic interactions between carboxylate group of Cys (capping
ligand) and positively charged —N(CH3)3 moiety of CTAB surfactant (Scheme 5.2), and
NCs are distributed near interfacial region (away from the central water pool). This causes
the decrement of average Cu(I)---Cu(I) distance for CTAB-RMs in comparison to that of
AOT-RMs, which results in a blue shifted emission maximum for AOT-RMs (blue emission
1.e. 430-470 nm) compared to CTAB-RMs (cyan-green emission around 500 nm). CuNCs
inside TX-100 RMs are distributed in both near interfacial as well as in the central ‘water
pool’ due to the absence of any charge in the surfactant chain which results in a random
Cu()---Cu(I) distance coming in between the average distances of AOT and CTAB-RMs.
Thus, the emission maximum of CuNCs inside TX-100 RMs (around 480 nm) appears in
between the emission maximums of AOT and CTAB-RMs exhibiting a mix blue-cyan

emission (Scheme 5.2).

TX100-RM

Scheme 5.2. Schematic representation of CuNCs arrangement within the ‘water pool’
of the reverse micelles of AOT (negative charged), CTAB (positive charged) and TX-
100 (neutral).

5.2d. Fluorescence Dynamics
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Both time-correlated single photon counting (TCSPC) and fluorescence upconversion
techniques have been used to explore the ultrafast relaxation dynamics of CuNCs in
different water content of various reverse micelles. A comparative investigation of the
CuNCs dynamics in all the RMs (wo = 10) are tabulated in Table 5.1 and the
representative fluorescence time resolved decay traces are shown in Figure 5.9-5.14
and Table 5.1-5.3. Multitudes of lifetime components are observed spanning from
picosecond to several nanoseconds. These components are categorized in various
timescales, such as, <1 ps, 10-15 ps, 200-300 ps, 1.5-2 ns and 5-7 ns. This results
infers that either several competing deactivation pathways or broad distribution of
recombination rate exist in excited CuNCs. Notably, the last three components are
obtained from TCSPC technique and fixed during the fitting of upconversion decay
profiles. At first, we will focus on the observed last three long relaxation dynamics,
which takes place from several hundred of picosecond to several nanosecond time
scales, and could be attributed to the fluorescence lifetime of the molecular like states

of CuNCs originating from the quantum confinement effect. As already discussed, the

Table 5.1. Fluorescence dynamics of CuNCs in reverse micelles (wo= 10).

)\.exc )\.em
(hm)  (nm)

System T1 T2 T3 T4 15

780 fs 9.5 ps 226 ps 1.57ns  5.53ns
(48.0%)  (37.0%) (9.0%) (4.0%)  (2.0%)

750 fs 11.5 ps 203 ps 1.49ns 547ns
(47.0%)  (31.0%)  (15.0%)  (5.0%) (2.0%)

800 fs 15.0 ps 185 ps 1.96ns 6.80ns
(50.0%) (30.0%)  (14.0%) (4.0%) (2.0%)

800 fs 11.0 ps 180 ps 1.76 ns  6.23 ns
(41.0%) (39.0%) (8.0%) (9.0%)  (3.0%)

700 fs 14.0 ps 244 ps 1.93ns 5.57ns
(50.0%) (24.0%)  (12.0%) (10.0%) (4.0%)

770 fs 16.0 ps 220 ps 1.92ns 5.87ns
(50.0%) (25.0%)  (12.0%)  (9.0%) (4.0%)

580 fs 17.0 ps 250 ps 2.00ns 5.62ns
(60.0%) (32.0%) (5.5%) (3.0%)  (1.5%)

AOT-RM 375 460

CTAB-RM 375 460

TX-100-RM 375 460

AOT-RM 420 500

CTAB-RM 420 500

TX-100-RM 420 500

Water 375 440

fluorescence from CuNCs is appearing from the electron-hole recombination process
originating from the core states and/or the surface states. Initially, photo-excited carriers are

generated in the higher excited LUMO (of the core state), and carrier reaches to the lowest
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LUMO through non-radiative relaxation process. In absence of any surface state, carrier
would reach to the ground state through radiative recombination process; thereby, the
fluorescence kinetic evolution by TCSPC would exhibit single exponential decay feature.
This kind of single exponential decay feature is observed in high quantum yield quantum
dots, in which the surface is well passivated.'?® However, CuNCs inside reverse micelle
exhibits multi-exponential long decay features in TCSPC. The presence of this multi-
exponential decay feature also confirms the presence of surface states in addition to the core
states. Three long components detected in the fluorescence decay profile are attributed to the
radiative electron-hole recombination dynamics either through the core state or from various
surface states. We anticipate that 200-300 ps component is originated due to the radiative
recombination process of carrier present in the core state; whereas the other two long nano-
second components are associated to the radiative recombination process from the two
different surface states. The origin of these two different surface states presently unclear but
may be originating from different cuprophilic interactions or the interaction of CuNCs with
capping ligands. The presence of 1.5-2 ns component may be attributed from the intrinsic
cuprophilic interaction within CuNCs through which surface state gets modified. Another
type of cuprophilic interaction is in between the neighboring NCs inside the compact
environment of RMs, which stabilizes the surface states compared to previous case, and
thereby enhances emission intensity and fluorescence lifetime. To confirm our assignments,
we have examined the changes of these components when the excitation wavelength was
turned away from 375 nm to 444 nm, where the surface states are preferentially excited.
Fluorescence decay traces of CuNCs obtained by the excitation at >420 nm (Aex = 420 nm in
upconversion and Aex= 444 nm in TCSPC) and collected at corresponding emission maxima
(500 nm) are shown in Figure 5.9b, 5.10b, 5.11b, 5.12b, 5.13b, 5.14b and the results are
summarized in Table 5.1-5.3. Interestingly, for all the systems (CuNCs in AOT, CTAB and
TX-100 reverse micelles), the relative contribution of 1.5-2 ns and 5-7 ns component
increases, whereas the relative contribution of 200 ps component decreases as the excitation
wavelength is shifted from 375 nm to 444 nm. Significant increment of the relative
contribution of slow lifetime components (1.5-2 ns and 5-7 ns) and simultaneous decrement
in the relative contribution from 200 ps lifetime component, suggests that the electron-hole
recombination dynamics from the surface states dominate at higher excitation wavelengths

(>420).
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Figure 5.9. Fluorescence upconversion decay profiles of CuNCs in water and various RMs
(wo=10) excited at (a) 375 nm, collected at 460 nm, and (b) 420 nm, collected at 500 nm.
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Figure 5.10. Fluorescence upconversion decay profiles of CuNCs in various RMs (wo= 15)
excited at (a) 375 nm and collected at 460 nm (b) 420 nm and collected at 500 nm.
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Figure 5.11. Fluorescence upconversion decays profiles CuNCs in various RMs (wo = 20)
excited at (a) 375 nm and collected at 460 nm (b) 420 nm and collected at 500 nm.
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Figure 5.12. Pico- to nanoseconds fluorescence decays of CuNCs in various reverse micelles
(wo=10), excited at (a) 375 nm and collected at 460 nm (b) 444 nm and collected at 500 nm.
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Figure 5.13. Pico- to nanoseconds fluorescence decays of CuNCs in various reverse micelles
(wo=15) excited at (a) 375 nm and collected at 460 nm (b) 444 nm and collected at 500 nm.
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Figure 5.14. Pico- to nanoseconds fluorescence decays of CuNCs in various reverse micelles
(wo=20) excited at (a)375 nm and collected at 460 nm (b) 444 nm and collected at 500 nm.

Table 5.2. Fluorescence dynamics of CuNCs in reverse micelles (wo= 15).

)\exc }-em
(nm) _(nm)

Sample T1 T2 T3 T4 15

750 fs 15.5 ps 280 ps 1.60ns  6.02 ns
AOT-RM 375460 (51000 (30.0%)  (10.0%)  (6.0%)  (3.0%)

800 fs 16.0 ps 220 ps 1.50ns  5.56 ns
CTAB-RM 375 460 5y 500y (26.0%)  (160%)  (45%)  (2.0%)

780 fs 16.0 ps 250 ps 1.80ns  5.58 ns
TX-100-RM - 375 460 (55 006y (20.0%)  (11.5%)  (5.5%)  (2.0%)

760 fs 15.8 ps 300 ps 1.50ns  4.60 ns
AOT-RM 4200500 55 000)  (28.0%)  (7.5%)  (10.0%)  (4.5%)

850 fs 15.5 ps 250 ps 1.85ns  5.77 ns
CTAB-RM 420 300 47 000)  (26.0%)  (125%)  (11.0%)  (3.5%)

820 fs 14.0 ps 250 ps 1.80ns  5.76 ns
TX-100-RM 420 500y 000)  (27.0%)  (10.0%)  (11.0%)  (4.0%)
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Table 5.3. Fluorescence dynamics of CuNCs in reverse micelles (wo= 20).

)\.exc )\.e m
(nm) (nm)

Sample Tl T2 T3 T4 T5

760 fs 12.0 ps 230 ps 1.68ns 5.30 ns
(51.0%) (30.0%) (10.5%)  (6.0%) (2.5%)

850 fs 15.0 ps 250 ps 1.43ns 5.52 ns
(49.0%) (31.5%) (13.0%) (4.5%) (2.0%)

800 fs 16.0 ps 280 ps 1.90ns 5.60 ns
(50.0%) (28.0%) (13.5%)  (6.0%) (2.5%)

750 fs 11.0 ps 260 ps 1.64ns 5.29ns
(49.0%) (29.5%) (9.0%) (9.0%) (3.5%)

780 fs 13.0 ps 250 ps 1.74ns 5.78 ns
(50.0%) (26.0%) (11.0%)  (9.5%) (3.5%)

800 fs 9.5 ps 300 ps 1.97ns 5.80ns
(48.0%) (26.0%) (11.0%) (11.0%) (4.0%)

AOT-RM 375 460

CTAB-RM 375 460

TX-100-RM 375 460

AOT-RM 420 500

CTAB-RM 420 500

TX-100-RM 420 500

Time-resolved emission spectra (TRES) of CuNCs in reverse micelle were collected to
further explore multi-emissive states and to understand the interplay between the core and
surface states (Figure 5.15). Representative TRES spectra in all the reverse micelles (Figure
5.15-5.17) clearly depict that the emission peak maximum gradually shifts towards higher
wavelength regions with increasing time delay from 0 to 20 ns without showing any iso-
emissive point. In general, the red-shifted fluorescence spectra in TRES are reported to be
due to the excited-state relaxation process and/or multiple emissive species or states.!” Upon
excitation at 375 nm, the fluorescence maximum were found to shift from ~430 nm to ~480
nm depending upon the systems, when the delay time is extended from O ns to 20 ns. The
peak around ~430 nm is originated from the core state and the peak in the range of 480-500
nm is arising from surface states. Interestingly, when the excitation wavelength is shifted to
405 nm, the emission peak is transferred towards the lower energy sides. Thus, we conclude
that the spectral shift of CuNCs in TRES is attributed to the contribution of excited electron

relaxation from the core to surface states.
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Figure 5.15. Time resolved emission spectra (TRES) of CuNCs in AOT reverse micelle (wo=
10) excited at (a) 375 nm and (b) 405 nm.
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Figure 5.16. Time resolved emission spectra (TRES) of CuNCs in CTAB (wo = 10)
reverse micelles excited at (a) 375 nm and (b) 405 nm.
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Figure 5.17. Time resolved emission spectra (TRES) of CuNCs in TX-100 (wo= 10) reverse
micelles excited at (a) 375 nm and (b) 405 nm.

Now, we focus on fast dynamics that have been detected by fluorescence
upconversion set-up. Some possible processes resulting in fast dynamics of 0.5-1 ps in
CuNCs (Table 5.1) include intra-band transition, Auger recombination and ultrafast
hydration dynamics. In our experiment, we have also collected decay profiles at
different excitation laser powers (Figure 5.18). Decay profiles are almost similar or
unchanged with the laser fluence; hence, Auger recombination dynamics could be
ruled out. Thus, the observed 0.5-1 ps dynamics is assigned to the intra-band transition
and/or inertial part of solvent response arising due to the charge character of Cu cluster
(Scheme 5.3). Such solvation component may arise due to the adsorbed solvent
molecules around the excited state CuNCs. The excited state non-radiative relaxation
of electron from core to surface states is also an important process in this whole
excited state dynamics events of CuNCs. Although upconversion observes only the
radiative dynamics, but the non-radiative processes depletes the radiative rate, thereby,
affecting the radiative decay kinetics. Hence, the non-radiative decay dynamics can be
indirectly detected in upconversion decay profile. We assign the 10-15 ps component
to the non-radiative relaxation dynamics from core to surface states (Scheme 5.3).

Notably, other non-radiative process, such as electron-phonon scattering event may
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appear in this time-scale. However, the electron-phonon scattering is very weak in this

type of small quantum-sized nanoclusters.!?>!3
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Figure 5.18. Excitation laser power dependent femto-second fluorescence decay profiles of
CuNCs in CTAB reverse micelles (wo=15). (Aexc = 375 nm and Aem = 460 nm).
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Scheme 5.3. Schematic illustration showing all the excited state relaxation dynamics
of CuNCs.

In summary, the broad fluorescence and excitation dependent emission spectra of
CuNCs inside RMs arise due to the radiative e-h recombination processes from the
core and surface states. As shown in Scheme 5.3, after photo-excitation, excited
electrons involve in intra-band non-radiative transition in sub-picosecond time scale,
and trapping of excited electrons to the various surface states from core states takes
place in 9-15 ps time-scale (Scheme 5.3). Excited electrons, which stay in the core
states, come back to the ground state through radiative pathway, and this radiative
electron-hole recombination dynamics from the core state takes place in ~200 ps time
scale (Scheme 5.3). Whereas electrons trapped in various surface states recombine
with holes in the ground state in nanosecond time-scales (Scheme 5.3). We believe

that unraveling the excited state carrier dynamics of CuNCs through our study
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provides a new perception towards the fundamental understanding of the optical

properties of CuNCs.

5.3. Conclusion

Here, we have presented new synthetic strategy for the fluorescent copper nanoclusters
(CuNCs). Interestingly, CuNCs synthesized inside the water pool of reverse micelles
are stable even for ~180 days, whereas CuNCs synthesized in bulk water is stable only
for 40 days. Steady state and time-resolved fluorescence spectroscopic techniques
have been used to investigate the mysterious origins of excitation-dependent
fluorescence spectral shift of CuNCs and its excited state carrier dynamics. We
elucidate that the broad fluorescence from CuNCs in RM consists of two spectrally
overlapped bands corresponding to the metal-core and surface states. The intrinsic
emission of CuNCs distributed in shorter wavelength regions mainly originates from
metal-core, and the extrinsic fluorescence band is caused by surface states. The
extrinsic emission band has a much broader emission due to the presence of numerous
surface states. The trapping of excited electrons in the various surface states leads to
emission in the longer wavelength regions as well as excitation dependent emission of
CuNCs in RM. Femto-second fluorescence upconversion and TCSPC decay profiles
of CuNCs in RMs comprise of an ultrafast sub-pico second (~500-800 fs), a fast pico
second (10-15 ps), a slow sub-nanosecond (~200 ps) and two slow nano-second (1.5-2
ns and 5-7 ns) components. The two fast components of ~800 fs and 10-15 ps are
attributed to the intra-bands non-radiative transition of excited state electron and the
relaxation of carrier from core to surface/trapped states of CulNCs, respectively. Slow
sub-nanosecond component is appearing due to the radiative electron-hole
recombination from the core states, whereas slowest components (1.5-2 ns and 5-7 ns)
are originated due to radiative electron-hole recombination from two different types of

surface states.
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The Creative Commons Attribution Non-Commercial-NoDerivs License (CC-BY-NC-ND)
permits use, distribution and reproduction in any medium, provided the original work is properly
cited, is not used for commercial purposes and no modifications or adaptations are made. (see
below)

Use by commercial "for-profit" organizations

Use of Wiley Open Access articles for commercial, promotional, or marketing purposes requires
further explicit permission from Wiley and will be subject to a fee.

Further details can be found on Wiley Online Library

http://olabout.wiley.com/WileyCDA/Section/id-410895.html

Other Terms and Conditions:

v1.10 Last updated September 2015

Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or
+1-978-646-2777.

https://s100.copyrig ht.com/Customer Admin/PLF .jsp?ref=5f73125a-f1€9-491d-94f9-f05e44126177 5/5



5/14/2018

RightsLink Printable License

ROYAL SOCIETY OF CHEMISTRY LICENSE

TERMS AND CONDITIONS
May 14, 2018

This Agreement between Mr. Raj Kumar Koninti ("You'") and Royal Society of Chemistry ("Royal
Society of Chemistry") consists of your license details and the terms and conditions provided by
Royal Society of Chemistry and Copyright Clearance Center.

License Number
License date
Licensed Content Publisher

Licensed Content
Publication

Licensed Content Title

Licensed Content Author
Licensed Content Date
Licensed Content Volume
Licensed Content Issue
Type of Use

Requestor type

Portion

Number of
figures/tables/images

Format

Distribution quantity
Will you be translating?
Order reference number

Title of the
thesis/dissertation

Expected completion date
Estimated size

Requestor Location

Billing Type
Billing Address

4264671147159

Jan 09, 2018

Royal Society of Chemistry
RSC Advances

Removal of Pb(ii) from aqueous solution by mesoporous silica
MCM-41 modified by ZnCI2: kinetics, thermodynamics, and
isotherms

Foad Raji,Alireza Saraeian,Majid Pakizeh,Faridreza Attarzadeh
Apr 17,2015

5

46

Thesis/Dissertation

non-commercial (non-profit)

figures/tables/images

1

print and electronic
500

no

Exploring the Optical Properties of Anticancer Drugs/Metal
Nanoclusters inside the Confined Environments and on the
Graphene Oxide Surface

Jan 2018
1

Mr. Raj Kumar Koninti
Department of Chemistry
IISER-Pune

Pune, Maharashtra 411008
India
Attn: Mr. Raj Kumar Koninti

Invoice

Mr. Raj Kumar Koninti
Department of Chemistry
IISER-Pune

https://s100.copyrig ht.com/Customer Admin/PLF .jsp?ref=8518a928-83c7-4681-9bd4-53fba89e167d

1/4



5/14/2018 RightsLink Printable License

Pune, India 411008
Attn: Mr. Raj Kumar Koninti

Total 0.00 USD
Terms and Conditions

This License Agreement is between {Requestor Name} (“You”) and The Royal Society of
Chemistry ("RSC") provided by the Copyright Clearance Center ("CCC"). The license consists
of your order details, the terms and conditions provided by the Royal Society of Chemistry,
and the payment terms and conditions.

RSC / TERMS AND CONDITIONS

INTRODUCTION

The publisher for this copyrighted material is The Royal Society of Chemistry. By clicking “accept”
in connection with completing this licensing transaction, you agree that the following terms and
conditions apply to this transaction (along with the Billing and Payment terms and conditions
established by CCC, at the time that you opened your RightsLink account and that are available at
any time at .

LICENSE GRANTED
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details of your proposed use, no license is finally effective unless and until full payment is received
from you (by CCC) as provided in CCC's Billing and Payment terms and conditions. If full
payment is not received on a timely basis, then any license preliminarily granted shall be deemed
automatically revoked and shall be void as if never granted. Further, in the event that you breach
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license is automatically revoked and shall be void as if never granted. Use of materials as described
in a revoked license, as well as any use of the materials beyond the scope of an unrevoked license,
may constitute copyright infringement and the RSC reserves the right to take any and all action to
protect its copyright in the materials.

WARRANTIES

The RSC makes no representations or warranties with respect to the licensed material.
INDEMNITY

You hereby indemnify and agree to hold harmless the RSC and the CCC, and their respective
officers, directors, trustees, employees and agents, from and against any and all claims arising out of
your use of the licensed material other than as specifically authorized pursuant to this licence.

NO TRANSFER OF LICENSE

This license is personal to you or your publisher and may not be sublicensed, assigned, or
transferred by you to any other person without the RSC's written permission.

NO AMENDMENT EXCEPT IN WRITING

This license may not be amended except in a writing signed by both parties (or, in the case of
“Other Conditions, v1.2”, by CCC on the RSC's behalf).

OBJECTION TO CONTRARY TERMS

You hereby acknowledge and agree that these terms and conditions, together with CCC's Billing
and Payment terms and conditions (which are incorporated herein), comprise the entire agreement
between you and the RSC (and CCC) concerning this licensing transaction, to the exclusion of all
other terms and conditions, written or verbal, express or implied (including any terms contained in
any purchase order, acknowledgment, check endorsement or other writing prepared by you). In
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