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Metal nanoparticles (MNPs) exhibiting surface plasmon resonance (SPR) properties
can interact with the oscillating dipoles of organic molecules in a pronounced manner.
Molecules which absorb light near to the SPR absorption peak of MNPs can induce changes
in the photophysical and electronic properties of MNPs due to plasmon-molecule
interactions. These interactions can also increase or decrease the field incident on the dye
molecule and perturb their electronic transitions. Plasmon-molecule interactions are governed
by several factors such as the spectral overlap between the molecular and plasmonic
resonance, chemical composition and concentration of the dye molecule, shape and size of
MNPs and the distance between MNPs and dye molecule. If the coupling interactions are
weak, various surface-enhanced phenomena are known to arise whereas strong coupling often
results in the formation of hybrid ‘plexcitonic’ states. Irrespective of the strength of the
coupling interactions, the optical properties of the hybrid systems are markedly different from
those of their constituents.

Plasmon-molecule coupled systems have incredible potential in materials science and
biology. Several literature reports exemplify their utility as ultrafast switches, bistable
devices, modulators, sensors, photocatalysts and biological imaging agents. A limited number

of examples are also known wherein molecule-plasmon interactions have been utilized in
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photodynamic therapy (PDT) although the mechanistic details of such systems are generally
overlooked. Motivated by these facts, we aim to study systematically the photophysical
properties of a series of nanocomposites with the objective of understanding the underlying
mechanism of plasmon-molecule interactions. We chose gold nanoparticles and organoboron
compounds for our investigations because of the low toxicity and tuneable absorption profile
of gold nanoparticles and the luminescence features of the dye molecules.

Chapter 1 focuses on literature review of plasmon-molecule interactions from
fundamentals to applications. We have briefly discussed surface plasmons, excitons, and their
interactions in terms of coupling strength. Further, various types of plasmon-molecule
coupled systems and their applications have been discussed. Finally, the recent advancements
in plasmon-molecule interactions for applications in PDT have been discussed, highlighting
the importance of mechanism which will help in the development of new plasmon-molecule
coupled systems.

Chapter 2 describes the synthesis and characterization of dye molecules as well as
their nanocomposites. NMR spectroscopy revealed that various supramolecular interactions
between the individual components play a key role in the formation of stable
nanocomposites. We studied the effect of structural variations in the dye molecules B1-B5 on
nanocomposite formation and it was observed that sterically bulky molecule destabilizes the
nanocomposites. Further, the dye molecule B6 containing a stimuli-responsive group was
employed so as to study the effect of immediate environment on the photophysical properties.
We also synthesized a multi-chromophoric nanocomposite containing two dye molecules in
order to study the impact of interaction between the two molecules on the photophysics of the
nanocomposites.

Chapter 3 discusses the photophysical properties of all the nanocomposites. The
nanocomposite formation resulted in major changes in the photophysical properties of their
components: bathochromic shifts were observed in the absorption maxima of the dye
molecules and gold nanoparticles whereas the fluorescence of the dye molecules was
completely quenched. On the other hand, in the multi-chromophoric nanocomposite, Forster
resonance energy transfer (FRET) was observed to occur between the two dye molecules on
the surface of gold nanoparticles. This opened up radiative pathways and made this
nanocomposite moderately fluorescent. In the case of the dye B6 wherein the absorption
overlap was minimal with gold nanoparticles but a significant overlap was observed between
the fluorescence of B6 and the absorption of gold nanoparticles, plasmon-enhanced

luminescence was observed. Further, we observed that chemical structure of dye molecules
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had a significant effect on the photostability and photosensitization properties of the
nanocomposites. Thus, our findings highlight the importance of spectral overlap between dye
molecule and gold nanoparticles on plasmon-molecule coupling.

Chapter 4 focuses on the potential application of the synthesized nanocomposites as
photosensitizers for PDT. Ultrafast spectroscopy was used to map the excited state processes
in the nanocomposites and our investigations revealed hot electron migration from dyes B1-
B3 to gold nanoparticles. Further, the nanocomposites exhibited enhanced plasmonic
lifetimes which resulted in an increase in singlet oxygen generation upon plasmonic
photoexcitation. However, we observed a reversal in the direction of hot electron migration
from gold nanoparticle to dye molecule B6 which resulted in enhanced luminescence.
Further, the nanocomposites were found to be photostable and biocompatible and thus were

utilized as photocytotoxic agents against cancer cells and luminescence imaging agents.
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Chapter 1

Plasmon-Molecule Interactions: From Basics to

Applications

1.1. Introduction.

The rational design of devices capable of harnessing and manipulating light-matter
interactions and their fundamental investigation at the nanometre scale level has long been a
significant focus of scientific research interest.'* Because they can emphasize and bait
optical energy in subwavelength spatial regions, plasmon-molecule coupled systems are
perfect for this application.*®) Plasmon-molecule interaction refers to the interactions
between the surface plasmons of noble metal nanostructures and the excitons of organic
molecules. Plasmon-molecule interactions have received a lot experimental and theoretical

attention due to their wide range of applications in surface-enhanced Raman spectroscopy!’~

9] [10,11]

, plasmon-enhanced fluorescence , plasmon-enhanced solar light harvesting and
photocatalysis!!>!*), and ultrasensitive chemical and biological sensors!'®!?]. This chapter
covers the basics of surface plasmons, excitons, their interactions with organic molecules,

and their various applications, followed by an overview of the thesis.

1.2.  Surface Plasmons.

Surface plasmons (SP) or plasmons are the coherent and collective oscillations of free
surface electrons at a metal-dielectric interface that are excited by incident photons of
light.?”) Surface plasmons of metal nanoparticles interact with illuminating light to generate a
hybrid particle recognized as the surface plasmon polariton. Although surface plasmons have
been known since 1957 by R. H. Ritchie!?’], their importance has grown since the early 2000s
when H. A. Atwater explored their application in sensors and electronics.?!! Depending on
the morphology of the metallic structure, these surface plasmons are classified as localized
surface plasmons (LSPs) and propagating surface plasmons (PSPs)?>%] (Figure 1.1). PSPs
are excited on metal surfaces at frequencies larger than the wavelength of incident light, and
these plasmonic oscillations propagate for 10 to 1000 of micrometres along the metal
surface.” LSPs are confined charge density oscillating on the surface of metallic

nanostructures. LSPs are excited on the surface of metal nanostructures with a smaller
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frequency than the electron mean free path within the material and the incident light
wavelength.!?’! Localized surface plasmon resonance (LSPR) occurs when the frequency of
free electron oscillations matches the frequency of the electric field component of incident
light, resulting in a sufficient enhancement of the localized electromagnetic field. The
frequency of LSPR of a metal nanostructure can be tuned by changing the shape and size of
the nanostructures as well as the dielectric constant of the surrounding medium.>-?! This
electromagnetic field enhancement also results in various surface-enhanced phenomena that
may be studied using multiple spectroscopic techniques. Several studies discuss the
advancement of plasmonic nanostructures to confine surface plasmons in design and
nanofabrication, with applications in biosensors®*”), nanolasersi®!l, light-emitting diodes*?33],

sB+151 nanophotonics®>3%], nano-optics®738, etc.

(@)

solar cell

(b) |

Figure 1.1. Schematic illustration for the mechanism of (a) localized surface plasmons
(LSPs) and (b) propagating surface plasmons (PSPs). Reproduced with permission from ref.
[39].

1.3.  Excitons.

In 1931 and 1932, Frenkel and Peierls, respectively, introduced the concept of
excitons as “excitation waves”.[***!] An exciton is a quasi-particle that is electrically neutral
and is composed of an electron and a hole pair held together in a bound state by Coulomb
force. Excitons generally exist in various materials, such as semiconductors and insulators.
Depending on the coupling strength of the electron-hole pair, they are further categorized as

Frenkel and Mott-Wannier excitons.[*>*}] Frenkel excitons are formed when an electron and a
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hole bind by a strong coulombic force of the same order as the unit cell size (Figure 1.2a).
Frenkel excitons, which have binding energies of 0.2-1.2 eV*, are found in aggregates of
organic molecules, conjugated polymers, and molecular crystals. Frenkel excitons can also be
sub-divided into two categories based on the spin states of the bound electron-hole pairs:
short-lived singlet excitons and long-lived triplet excitons.!*’! Charge transfer excitons (CT
excitons) are a form of Frenkel exciton that is highly delocalized and has low oscillator
strengths. CT excitons are coulombically bound electron-hole pairs on opposite sides of a
heterojunction interface in different materials. On the contrary, Mott-Wannier excitons
typically exist in semiconductors with binding energies much lower than the thermal energy
(kT ~ 26 meV) at room temperature.'**’1 Wannier excitons have weaker oscillator strengths
as compared to Frenkel excitons. They also have large Bohr radii, delocalizing over 10 to
1000 atoms.!*8) Wannier excitons are observed in 2D semiconductors such as transition metal

1491 and are delocalized across

dichalcogenides. They have exciton binding energies of 0.5 V
several unit cells in the 2D sheet (Figure 1.2b). However, molecular excitons are a synonym
for Frenkel excitons in a molecular crystal system. When a molecule absorbs a quantum of
energy, the electron moves to the lowest empty molecular orbital and the hole to the highest
occupied molecular orbital; this bound excited electron-hole state is known as a molecular
exciton.’*>!] Many fascinating properties arise from molecular excitons with nanosecond

lifetimes, such as exciton transfer or energy transfer from one to another molecule where the

molecular excitons have proper energetic overlap with the absorbance of another molecule.
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Figure 1.2. Schematic of (a) Frenkel and (b) Mott-Wannier excitons.

1.4. Coupling between LSPs and Excitons.
The interaction between plasmons and excitons is known as plexcitons which are

152,331 When the LSPR of a metal nanostructure matches to the molecular

polaritonic in nature.
frequency, energy is exchanged between plasmons and excitons. Further, plexcitons are

divided into two types based on Dicke’s hypothesis: strong and weak coupling.>*>>! The
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integration strength of the separate sub-systems, i.e., excitons and metal plasmons,
determines weak and strong coupling in a plexciton system.

When the energy transfer between the light and the exciton is more significant than
their average dissipation, a strong plexciton coupling is achieved. Because of the strong
coupling, the wave function is also perturbed. Furthermore, this results in a new hybrid state
that lacks the distinct properties of either original system.®! This strong coupling leads to
several interesting phenomena that have applications in various fields. Furthermore, the
strong coupling can create a hybrid state, which is associated with Fano resonancel®”, found
in many materials. Rabi splittingl®® refers to the strong coupling process in a microcavity
system, that is associated with splitting the peak with distinct coupling intensities. Quantum
coherent oscillation can be achieved via such strong coupling, which has applications in
quantum information processing.”®! As strong coupling can change the electromagnetic
environment of a fluorophore, it can be utilized to alter the reaction rate of various chemical

[60,61

transformations. I The strong coupling of superconducting qubit and microwave can be

used for a variety of applications such as routers, photon detectors/¢?!

, single-photon
switches!®!, and so on.

In the case of weak coupling, matter and the optical field can be thought of as distinct
entities that merely exchange energy.[®* For the weakly coupled systems, plasmons and
excitons’ electromagnetic wave functions and modes remain unperturbed. Still, the
electromagnetic field of plasmon interacts with the excitonic dipole moment. A weak
coupling system exhibits many well-known phenomena such as increased radiation rate,
absorption cross-sections, and energy exchange between excitons and plasmons.[®! Such
weak coupling is caused by plasmonic enhancement of the local electromagnetic field near
the excitonic material and Forster -type coulombic interactions.

A schematic illustration of weak and strong coupling is shown in Figure 1.3. The
main difference between these two couplings is in their energy dissipation channels. The LSP
mode, on the other hand, is dissipated through radiative losses and ohmic losses associated
with the metal nanoparticle. The comparison of the two regimes of strong and weak coupling
is defined by g - the rate of energy transfer between light and matter, k - the escape rate of
light from system and vy - the loss rate of polarization of matter. Weak and strong coupling is
said to occur when g <<y, k and g >> v, «, respectively.[®® The main divergence of these two
couplings is that the strong coupling resembles reversible spontaneous emission'®’], whereas
the weak coupling gives irreversible spontaneous emission.!®* Furthermore, this irreversible

spontaneous emission can be suppressed or enhanced, making it attractive for applications
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like promoting absorption, surface-enhanced phenomena, fluorescence enhancement, and
fluorescence quenching. Many reviews have been thoroughly documented to understand the
coupling of light-matter from a quantum perspective view for both weak and strong coupling

and their applications.!®>%8]

YT / . \ g

2 - .
77777777777777777777777777777777777 fi\ /5\

Figure 1.3. Weak and Strong Coupling. The analogy between an atom in a single-mode
leaky cavity (left) and an atom inside the local field of a resonant LSP mode is supported by a

metal nanoparticle (right). Reproduced with permission from ref. [69].

Plasmon-molecule coupling arises from the interaction of a dye molecule with the
surface plasmons on metal nanostructures.l® It can also be classified as strong or weak
coupling depending on the magnitude of the coupling between plasmons and organic
molecules, as described earlier. It is known that organic chromophores behave like oscillating
dipoles, and metal surfaces can respond to the oscillating dipole, thereby resulting in
modified optical properties. The electric field felt by a chromophore will be affected by its
interactions with the metal surface and the interaction of light with the metal surface. These
interactions can increase or decrease the field incident on the chromophore and perturb the
electronic transitions. Further, metal nanostructures exhibiting LSPR properties can interact
with dyes more pronouncedly forming the hybrid states with unique photophysical properties.
Furthermore, the conjugation of metal nanostructures with other materials such as
biomolecules, semiconductor nanocrystals, and organic molecules allows tuning their

photophysical properties.

1.5.  Various types of Plasmon-Molecule Interactions.
The interaction of dyes with several metallic nanostructures such as colloidal
nanoparticles, nanoshells, nanorods, etc., has been studied. Based on these studies, it is

generally accepted that the interaction between the metal nanostructures and organic dyes is
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governed by the overlap of the LSPR peak of metal nanostructures and the dyes. The
concentration of the dyes and the distance between nanomaterial and the dye molecules are
also crucial in governing the optical properties. Three types of interactions between the
localized plasmons and organic molecules have been reported as shown in Figure 1.4. (a) If
the absorption of the plasmon and the molecules do not overlap, it leads to a coupling
effected through changes in the refractive index. The adsorption of dye molecules on
nanoparticles increases the refractive index of the nano-environment surrounding the
nanomaterial resulting in a decrease in the Coulombic restoring force that acts on free
electrons. The reduced restoring force thus leads to red-shifted plasmon resonance. (b) If the
absorption of the plasmon and the molecules overlap, it results in plasmon-molecule
resonance coupling whereby hybrid states are created. The plasmon-molecular resonance
coupling can be very strong resulting in drastic changes in the plasmonic and molecular
absorption properties. (c¢) When the molecule and the plasmon have overlapping absorption
and fluorescence, the emission intensity of the fluorophores is remarkably enhanced. The
enhancement in fluorescence can be explained based on the increase in the excitation rate due
to the local electric field enhancements and the increase in the radiative emission rate caused
by the increased local densities of photonic states. A detailed understanding of these three

types of plasmon-molecule interactions is discussed in the following section.
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Figure 1.4. Illustration of the three types of plasmon-molecule interactions. (a) Adsorption
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of molecules without absorption induces a plasmon shift. (b) Resonance coupling occurs
between metal nanostructures and adsorbed molecules with strong absorption. (c)
Fluorescence enhancement occurs when fluorophores are adjacent to metal nanostructures.

Reproduced with permission from ref. [6].

1.5.1. Adsorption.

In the first situation, the absorption spectra of organic dyes do not overlap with
plasmon absorption, or dye electronic absorption energies are far away from plasmon
resonance energies (Figure 1.4a). Dye adsorption increases the refractive index of the nano-
environment around the metal nanostructures. Therefore, an additional induced polarisation
charges accumulate around the nanostructures in the presence of external electromagnetic
excitation. Furthermore, it increases the screening of the Coulombic restoring force, which
acts on free electrons in metal nanostructures. Therefore, the restoring force is reduced. Due
to the wavelength-independent nature of refractive index, it results in a red shift in the
localized plasmon resonance. This plasmon-molecule interaction lies at the heart of the
widely known refractive index sensors. The refractive index sensitivities of metal
nanostructures are the key parameters determining the sensor’s sensing ability. When the
refractive index of the medium is increased by a factor of one, the plasmon peak shifts

towards longer wavelength. More polarization charges accumulating around nanostructures

7



Chapter 1

result in stronger Coulombic restoring force screening and larger plasmon resonance red
shifts. The ability of metal nanostructures to polarize charge is determined by the local
electromagnetic field distribution. The charge polarization of the nanomaterial is driven by
the sizes and shapes of the metal nanostructures. Therefore, the refractive index sensitivity is
significantly associated with these parameters. It is crucial to understand the key factors that
influence the refractive index sensitivity of metal nanostructures to realize the full potential
of plasmonic sensors. These plasmon-molecule interactions of metal nanostructures and non-
absorbing organic molecules can aid in assessing the essential structural and plasmonic
properties and understanding the fundamental aspects of refractive index sensitivities of

metal nanostructures.

1.5.2. Resonance Coupling.

When the absorption of molecules overlaps with the absorption of LSPR of metal
nanostructures in the second scenario, resonance coupling occurs (Figure 1.4b). The
refractive index of molecules which absorb an intense light has both real and imaginary
components. The real parts of the refractive index alter abruptly near the molecular
absorption peak. Due to the refractive index alteration, the plasmon shifts are much more
prominent when molecules are adsorbed on metal nanostructures. This resonance coupling
can also be explained from another aspect. The local field adjacent to the surface of metal
nanostructures is strongly enhanced when plasmon resonances are excited, with a field
intensity enhancement factor of six orders of magnitude. When molecular absorption energy
matches the plasmon resonance energy, the molecular transition will effectively couple with
the LSPR of metal nanostructures via a local electric field. This coherent plasmon-molecule
resonance coupling is found to be incredibly strong, affecting plasmonic and molecular
absorption properties and forming the hybrid states and anti-crossing patterns on the coupling

70-131 The hybrid states are formed in a similar way as molecular states are

energy diagram.!
generated by hybridizing two atomic states with similar energies (Figure 1.4b). These hybrid
states result in unique photophysical properties to the plasmon-molecule coupled systems.
Over the last few years, plasmon-molecule resonance coupling in hybrid nanostructures has
been explored for various applications. Surface-enhanced Raman spectroscopy (SERS) is the
first application of this type. Fleischmann observed Raman signal enhancement on the rough
surface of Ag film in 1974, and this was also the first report on the interaction of surface
plasmons with organic molecules.[”* Further, this finding leads to the growth of SERS. The

highest Raman shift is observed when the plasmon resonance wavelengths of a metal
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nanostructure are situated between the excitation and vibrationally shifted wavelengths. As
light-absorbing dyes are commonly used in SERS studies, choosing the suitable
nanostructures and excitation laser wavelengths are essential for obtaining the best SERS
detection performance and gaining a better knowledge of the plasmon-molecule resonance

coupling.

1.5.3. Fluorescence Enhancement.

In the third case, when both the absorption and emission of molecules overlap with
those of plasmons, the emission intensity of the molecules increases significantly (Figure.
1.4c). When an organic molecule is placed near metal nanostructures, the fluorescence
emission intensities change significantly because of plasmonic excitation, called plasmon-
enhanced fluorescence (PEF). The fluorescence enhancement has usually been considered the
result of two factors. One case is an increment in excitation rate caused by local electric field
enhancements near metal nanostructure surfaces. The other effect is an increase in the rate of
radiative emission caused by increasing local densities of photonic states surrounding metal

nanostructures.”>7°]

Figure 1.5. Cartoon diagram of plasmon-enhanced fluorescence.

A simplified cartoon diagram of PEF is shown in Figure 1.5. Py denotes the excitation

power absorbed by a fluorophore conjugated with metal nanostructure. Metal nanostructures
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can then generate an excited electronic state of the molecule as well as an LSPR within the
nanostructure. The presence of the metal nanostructure is expected to have no significant

effect on the non-radiative decay rate (knr) of the hybrid state. But the surface average of the

[Ejocl
|Eo|

local electric field intensity enhancement can be easily calculated by the equation: |E| =
Therefore, the new excitation power experienced by the local electric field will be determined
by the formulal’”! <|E|*>.P,. So, the quantum yield for the fluorophore is now calculated as
Qioc and the fluorophore enhanced emission is proportional to Fenhanced = (<|E[*>.P0)eQioc.
Additionally, the induced dipole in the nanostructures affects radiation power.l”® For a simple
spherical nanoparticle with a radius of a, the dipole-induced applied field inside the sphere is

E—E . .
€+2€m Eo, where ¢, em, and g9 are the dielectric constant of the
m

proportional to Eo. P = goemdna’

metal, medium and vacuum respectively. The resonant enhancement occurs at a minimum
value of |e+ 2&m|.

For several materials, the increase in radiative emission rate was found to be
exponential. This increase in emission rate results in very short fluorescence lifetimes,
increased photostabilities, and more photons emitted per unit time. Therefore, the coupling
between the emission frequency of the fluorophore and the resonance frequency of metal
nanostructures can cause the metal to emit light (with enhanced intensity) at the same
emission frequency (elastic scattering) of the fluorophore. This is also known as metal-
enhanced fluorescence (MEF). MEF, like the SERS, also strongly relies on the plasmon
wavelength of metal nanostructures. Furthermore, the distance between molecules and metal
nanostructures is crucial in fluorescence enhancement or quenching.!””! Drexhage and co-

89 showed for the very first time in 1960 the distance-dependent decay rate of a

workers
fluorophore in front of a mirror; since then, the history of fluorescence on metal surfaces has
proliferated. Various groups have shown throughout the PEF history that the signature of an
electromagnetic component of a plasmonic system is dependent on the distance between
molecules and metal nanostructures. Recent advancements in PEF or MEF emphasized the
significance of PEF in stimulating novel approaches in analytical detection, single-molecule

detection (SMD) and imaging, diagnostics, and nanostructure fabrication.

1.6.  Applications of Plasmon-Molecule Interactions.
The following section focuses on the various applications of these three types of

plasmon-molecule interactions.
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1.6.1. Applications of Plasmon-induced Refractive Index Sensing.

Low-cost, real-time, high-miniaturization and ultrasensitive sensors are in high
demand for their use in environmental remediation and clinical diagnosis. Metal
nanostructure-based refractive index plasmonic sensors are greatly attributed to this purpose.
When the refractive index of the medium is increased, the plasmon peak shows a linear red
shift. By simply monitoring the plasmon red shift, it is possible to detect the changes in the
refractive index of the medium surrounding the metal nanostructures, which is very useful for
optical sensing of chemical and biomolecular analytes.!®!*! Au-based plasmonic refractive
sensors are reviewed in this chapter due to their high chemical stability, biological
compatibility, and ease of conjugation with various chemical and biological molecules.
However, there are two basic requirements for a plasmonic refractive index sensor: To detect
the presence of a specific chemical or biological species, the surface of the nanostructures
should be allowed to attach with recognition molecules particular to the target species.
Surface capping should be designed in such a way so that the non-specific binding gets
reduced. The changes in the refractive index after binding of the target molecules to the
surface of nanostructures would be determined by various factors, such as the number of
molecules bound per nanostructure, the molar mass of the molecules, their proximity to the
nanostructures surface, and the refractive index of the medium. However, the refractive index
shift caused by the binding of a few molecules is expected to be very low. To obtain excellent
sensitivity in such conditions, the magnitude of the plasmon band shift caused by a slight
change in refractive index in the local medium should be as high as possible.®*! Moreover,
the small surface areas of metal nanostructures can significantly reduce non-specific
interactions, allowing for more targeted binding interactions. Furthermore, because of the
small size of metal nanostructures, small liquid sample volumes are required, which can
overcome the mass-transport limit. Several experimental and theoretical studies have been
reported over the last few decades for such refractive index sensors at both the ensemble and
single-particle levels.***® For example, Van Duyne and co-workers®® first investigated
plasmon resonance sensing for Alzheimer's disease using Ag nanotriangle monolayers
fabricated using the lithography technique. The detection limit of down to ~1 pM
concentration was obtained. Marco and co-workers®” reported the detection of Stanozolol
hormone with a detection limit of the pM level on glass substrates coated with Au
nanoparticles. Chilkoti and co-workers®!! reported biotin-functionalized Au nanorods to
detect streptavidin, with a detection limit of as low as 19 nM. Irudayaraj and co-workers!®!!

reported effectively detecting antilgG targets using functionalized colloidal Au nanorods
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containing IgG Fab segments. Due to the specific binding nature, anti-IgG targets in colloidal
solution could thus bind to the functionalized gold nanorod probes, leading to the shift in
longitudinal plasmon peak of Au nanorods. They also demonstrated shape-dependent
plasmon resonance in multiplexed sensing. To sense three other IgG recognition units
simultaneously, they used a mixture of three conjugated Au nanorods with different IgG
recognition units with aspect ratios of 2.1, 4.5, and 6.3. Many previous studies have shown
that the sensitivity of refractive index sensors increases as the localized plasmon wavelength
increases for a particular metal nanostructure. For example, Au nanorings with a plasmon
peak at 1300 nm had a refractive index sensitivity 12 times higher than Au nanospheres with
a plasmon peak at 550 nm.[**** The metal nanoshell structure also significantly enhances
sensitivity over simple spherical metal nanoparticles. Xia and co-workers®! reported that
hollow Au nanoshells exhibited six times higher plasmon sensitivity than a similar-sized solid
Au nanosphere. El-Sayed and co-workers!®! performed electrodynamic simulations to

explore plasmon sensing concerning the aspect ratio of colloidal gold nanorods (Figure 1.6).
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Figure 1.6. Shape tunability of the plasmonic sensitivity. By increasing the gold nanorod
aspect ratio, the sensitivity of the longitudinal surface plasmon resonance to surrounding
medium refractive index changes can be increased. Reproduced with permission from ref.

[95].

Further, Wang and co-workers!®® studied the refractive index sensitivity of numerous

Au nanostructures of different shapes and sizes (Figure 1.7). They varied the size and shape
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of the Au nanostructures to produce plasmon wavelengths ranging from 525 nm to 1150 nm.
They demonstrated that Au nanospheres with the shortest plasmon wavelength had the lowest
refractive index sensitivity of 44 nm/RIU (Refractive index unit). In contrast, Au
nanobranches with the longest wavelength possessed the maximum refractive index
sensitivity of 703 nm/RIU. Furthermore, the refractive index sensitivities of Au nanorods and
Au bipyramids increased as the plasmon wavelengths increased. Their findings revealed that
the refractive index sensitivities were primarily determined by the shapes and sizes of the Au
nanostructures. They also investigated how the refractive index varies with different shapes

of Au nanostructures while keeping the longitudinal peak at the same wavelength.
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Figure 1.7. Au nanostructures with various shapes and sizes: (a) nanospheres, (b)
nanocubes, (¢) nanobranches, (d-f) nanorods, and (g-j) nanobipyramids with increasing
aspect ratios; and normalized extinction spectra of (k) nanospheres (black), nanocubes (red),
and three different nanorods (green, blue and purple) and (1) four different nanobipyramids
(red, green, blue and purple) and nanobranches (black); and the dependency of the
longitudinal plasmon shift on the refractive index (m) for the nanorods at 653 nm (blue
circles) and nanobipyramids at 1096 nm (red squares), respectively. Reproduced with

permission from ref. [96].
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Furthermore, Wang and co-workers prepared seven Au nanostructures with a
longitudinal plasmon peak at 730 nm, including large nanorods, nanobipyramids, oxidized
nanobipyramids, dog-bone-like nanorods, peanut-like nanorods, and tiny nanorods. The
refractive indices of these Au nanostructures was observed to be shape and curvature-
dependent.”’! The large nanorods had the highest index sensitivity of 326 nm/RIU, while the
tiny nanorods had the lowest of 156 nm/RIU. The refractive index sensitivities of such Au
nanostructures were determined mainly by the ease with which the free-electron cloud in the
nanostructure was shifted relative to the positive atomic lattice by an external electric field.
When the displacement of the free-electron cloud in the nanostructures became easier, higher
refractive index sensitivities were observed. In general, the removal of free electrons in
nanostructures is determined by their polarizability and the local electric field around their

surface, both of which are strongly anticipated by the shapes and sizes of the nanostructures.

1.6.2. Applications of Resonance Coupling.

When LSPR interact strongly with light-absorbing chromophores, a hybrid state is
formed with distinct spectral properties that differ from individual constituents. Plasmon
resonance frequency increases the local electric field near metal nanostructures. This strongly
enhanced near-field has the potential to increase the spectroscopic signals of molecules in the
proximity of metal nanostructures. The most common example of resonance coupling is
SERS. Raman scattering spectroscopy can give comprehensive information about a

molecular structure.

wexi wvib

Figure 1.8. SERS is graphically represented as inelastic light scattering by molecules

adsorbed onto the metallic surface.
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The absorption frequency of an excited photon (wex) coupled to the vibration
frequency (vib) of a molecule generates an emission at distinct frequencies Mem = MexEWvib,
where the sum or difference results in anti-Stokes or Stokes Raman scattering, respectively
(Figure 1.8). As a result, three inelastic transitions are engaged in this process: absorption,
vibrational excitation, and emission. The environment affects vibrational excitation through
chemical interaction, but the other two processes are governed by the availability of photonic
states at various position of the molecules. One of the primary drawbacks of Raman
scattering spectroscopy is that most molecules exhibit a weak Raman scattering signal. Only
about one in 10 million scattered photons show Raman scattered effect. Therefore, the Raman
scattering signal enhancement at the surface metal nanostructures (typically 10-10° times) is
known as SERS. One of the primary reasons for this SERS enhancement is increasing the
local electric field. Usually, computational electrodynamics is used to determine the
increment of the electromagnetic field. When plasmons on a SERS substrate are excited at
the frequency of mex, the electric field amplitude E(wex) increases. The molecular positions
are then used to evaluate E(wex). The SERS enhancement is thus defined as
|E(wex)*|E(@")|*/|Eo|*, where Eo is the incident (laser) field amplitude and ' is the Raman-

(98-100] A5 a result, the electromagnetic component of SERS enhancement is

shifted frequency.
directly proportional to the square of the field strength experienced by any metal
nanostructure. Changes in the chemical polarizability of the molecule as a consequence of the
interaction with the metal surface are another source of SERS enhancement. According to
Raman scattering theory, when molecules oscillate, the applied electric field can experience
induced polarization (Po) and emit scattered light at a Raman-shifted frequency of ®’. The
strength of induced polarization (Po) relies on the polarizability of the electrons in molecule
(aRo) and the magnitude of the incident electromagnetic radiation Eo (with incident frequency
of wex). Furthermore, the induced polarisation (Po) can be determined by using the formula as
follows: Po(w') = aRo(wex,0)Eo(w’), where afy is changed in electron clouds during
vibrations.!'?!) SERS has grown into a flourishing field of research and technology since its
discovery. Many research articles have been published for this plasmonic enhancement of
Raman scattering, both theoretically and in their diverse applications.

The Raman scattering enhancement is highly tuneable with respect to the shape, size,
and composition of the metal nanostructure.'® A schematic illustration of the SERS
enhancement for various shapes of the Au nanostructures is shown in Figure 1.9. Since silver
has more vital plasmonic fields than gold, silver nanostructures often provide more

significant SERS enhancement than gold nanostructures.!'] The shape tunability of SERS
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(194] Since nanorods have a sharper

enhancement is commonly observed on gold nanorods.
curvature than nanospheres, their plasmon fields are substantially more potent, resulting in an
intense SERS at the longitudinal axis mode of resonance.®”) By varying the aspect ratio of the
nanorod, it is possible to tune the resonance frequency of the Raman enhancement from
visible to NIR.!'%] Adjusting the SERS enhancement to the NIR region to study biomolecules
offers vast benefits. Raman signals are generated by the excitation of a sample with a laser
whose frequency is resonant with an electronic transition in the sample. But, the use of deep
UV or visible lasers typically causes photochemical damage to such biomolecules.
Furthermore, interference from fluorescence from specific residues often limits the usage of
this technique for biomolecules. As a result, nanorod allows a NIR laser to produce a strong
Raman signal without causing any photochemical damage or interference since biomolecules

n.l'%! The potential to investigate

such as proteins and DNA do not absorb in the NIR regio
fundamental science at the nanoscale using SERS to develop practical societal tools for
personalized medicine and other challenges!’! puts SERS well for future advances in various

fields such as electrochemistry, medicine, biology, and material sciences.
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Figure 1.9. Schematic illustration for the SERS enhancement as a factor of surface coverage

for different gold nanostructures.

Besides SERS, the effect of numerous organic molecules with metal nanostructures
was investigated to develop optoelectronic devices capable of energy transfer, switching and

lasing. In the 1980s, Philpott and co-workers!!?! and Olson and co-workers!!%”! studied the
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coupling effect of Rhodamine B and the Nile red over Ag thin film both theoretically and
experimentally. Further, Ebbesen and co-workers!!®) used the same idea and developed a
switchable photonic device by coating a poly(methylmethacrylate) film containing a
photochromic dye on the outer surface of Ag hole arrays. UV and visible light were used to

199) fabricated a non-

turn on and off the device. Similarly, Brongersma and co-workers!
volatile plasmonic switch on an aluminium film containing a photochromic dye with efficient
switching power densities of ~6.0 mW/cm? ina 1.5 pm x 8 um device.

Scientists have studied the numerous photophysical properties resulting from the
hybrid state to better understand the resonance coupling in terms of dye concentration and the
plasmonic nature of metal nanostructures. Wiederrecht and co-workers!”®! investigated a case
study of coherent coupling between molecular J-aggregate excitons of 5,5’-dichloro-3,3’-
disulfopropylthiacyanine sodium salt (TC) dye and noble metal nanostructures (Figure
1.10a). They showed that this resonance-coupling strongly depends on the position of the
plasmon peak of metal nanoparticles. A constructive coherent coupling is observed for Ag
nanoparticles, resulting in increased absorption of J-aggregate/metal nanoparticle
heterostructures over bare nanoparticles whereas a destructive coherent coupling is observed
for Au nanoparticles, resulting in decreased absorption. Halas and co-workers’®! further
studied the wavelength-dependent coherent coupling nature of plasmon in hybrid
nanostructures composed of Au nanoshells and a molecular J-aggregate of 2,2’-dimthyl-8-
phenyl-5,6,5",6’,-dibenzothiacarbocyanine chloride (Figure 1.10b). They showed that the
plasmon energies of Au nanoshells could be adjusted systematically by varying the core
size/shell thickness ratio. Furthermore, the asymmetric energy splitting and anti-crossing
features of such hybrid nanostructures were clearly observed. Wang and co-workers!!!]
reported molecule-plasmon coupling in gold nanorods coated with the cyanine dye HITC
(Figure 1.10c). Au nanorods of different longitudinal plasmon wavelengths were synthesized
and covered with HITC by a layer-by-layer assembly method. It was observed that the optical
properties of hybrid system were significantly different compared to its constituents and that
the longitudinal plasmon peaks were split into two, thereby suggesting the molecule-plasmon
coupling. Further, the coupling-induced plasmon shift depended on the dye concentration and
the space between the dye and the nanorod. They also investigated the effect of different dyes
on the resonance coupling of different Au nanostructures. Au nanostructures were chosen for
each dye to match the longitudinal plasmon resonance peak with the dye absorption peak as
closely as possible to increase the resonance coupling strength. Red-shifted plasmon peaks

were observed, which differed significantly between dyes. The increase in plasmon shifting

17



Chapter 1

was observed when the molecular volume-normalized absorptivity was increased.
Furthermore, the pH-sensitive resonance coupling between Au nanorods and HITC dye was
observed. They also looked into resonance coupling on single Au nanorods. The scattering
peak position and intensity caused by resonance coupling shifted systematically with respect
to the initial longitudinal plasmon wavelength. Further, they showed the switchable nature of
resonance coupling using photo decomposing of HITC molecules. When the dye was
decomposed by laser illumination, the resonance coupling was switched off. Thomas and co-
workers!!!'!) studied the role of oscillator strengths and spectral widths on the coupling
between plasmons and excitons (Figure 1.10d). Two systems were designed for studying
plexitonic interactions wherein chromophores were attached covalently and non-covalently to
plasmonic structures. The chromophores were selected in such a way as to have absorbance
in the entire UV-vis region. The experimental data supported the importance of spectral
widths and effective oscillator strengths in governing plexcitonic coupling. These studies laid
the foundation for developing various ultrasensitive sensing and photonic devices based on

resonance coupling.
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Figure  1.10. Schematic  representation of (a)  ground-state  spectra  of
dibenzothiacarbocyanine dye coated Ag and Au nanoparticles, (b) hybrid nanostructure of Au
nanoshell and thiacarbocyanine dye, (c) HITC-Au nanorod hybrid nanostructure (left), and
(right) their absorption spectra, and (d) Ag nanoparticles functionalized with fluorescein
isothiocyanate (left) and (right) Au nanorods functionalized with 1,1’-diethyl-2,2’-cyanine
iodide or 1,1’-diethyl-2,2’-carbocyanine iodide. Reproduced with permission from ref. [73,

70, 110 and 111].
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1.6.3. Applications of Plasmon- or Metal-enhanced Fluorescence.

In general, two factors affect the fluorescence properties of a fluorophore: (i)
excitation of an electron from the ground state to an excited state and (ii) radiative transition
from the excited state to the ground state. The plasmon resonance peak of a metal
nanostructure can interfere strongly with both these processes. Separation of the fluorophore
from the metal surface has been found to be important in both of these processes. Werts and
co-workers!''?] showed that fluorescence quenching occurred when the distance between
fluorophores and the metal surface was less than 5 nm. After a certain distance, metal
nanostructures showed significant enhancements in an electric field, excitation and radiative
decay rates than the non-radiative decay rate, resulting in increased fluorescence intensities

and reduced emission lifetimes.!!''*"!"3 Bagchi and co-workers!!!¢]

investigated theoretically
the distance dependence MEF, precisely the energy transfer rate from a dye to a nanoparticle
as part of the more significant issue of excitation energy transfer. Geddes and co-workers!”!
used a DNA scaffold to determine the distance-dependent MEF quantitatively, well-matched
with theoretical calculations. Furthermore, the coupling with the surface plasmon could alter
emission direction and spectral shape of fluorophores. Several studies on MEF-based devices

117

have been reported over the years, including fluorescence microscopy!'!”), fluorescence

1191 and new devices developed for fluorescence

microarray scanners!!''®] microplate readers!
signal amplification. Furthermore, several MEF-based sensors!!?*!?!l have been documented
in the literature to detect various analytes, such as biomarkers, pathogens, and toxins, to aid
in the early diagnosis of diseases.

The fluorescence enhancement factor is critical in plasmon or metal-enhanced
fluorescence experiments. Consequently, many systematic studies are being conducted to
understand the factors influencing the enhancement factor and find the upper limit. Moreover,
this fluorescence enhancement has been addressed at the single-particle level, avoiding the
influence of inhomogeneous broadening and the system's non-uniformity of excitation and
emission. For instance, Moerner and co-workers!!!l developed Au bowtie nanoantennas
embedded in a polymer matrix with a NIR light-absorbing dye (Figure 1.11a). The
fluorescence enhancement factor is found to be up to 1340, the highest ever observed. Wang

122]

and co-workers!'??! investigated fluorescence imaging and spectroscopic measurements on a

single-particle level of Au nanorods core-shell/oxazine 725 heterostructures (Figure 1.11b).

Orrit and co-workersH?!

showed plasmon-enhanced single-molecule fluorescence
enhancement of a dye conjugated with Au nanorods coated on glass by a factor of 1100

(Figure 1.11c). Chen and co-workers!'?* used super-resolution fluorescence microscopy to
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monitor a single catalytic reaction on an Au nanorod surface with a spatial resolution of ~40

nm (Figure 1.11d).
(b)
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Figure 1.11. Schematic representation of (a) MEF of NIR dye loaded Au bowtie
nanoantennas, (b) polar plot of the fluorescence intensity of Au nanorod-oxazine 725 hybrid
nanostructure, (c) fluorescence imaging of SMD enhanced by Au nanorod and (d) catalysis
by the silica-coated Au nanorod Reproduced with permission from ref. [11, 122, 123 and
124].

DNA origami has been used to fabricate MEF nano-architectures due to its molecular
self-assembly nature. Tinnefeld and co-workers!'?! used DNA origami to arrange Au NP
dimers to generate variable inter-particle distance and then modulated the plasmonic hotspot
to enhance the plasmon-enhanced fluorescence. Maximum fluorescence enhancement of 117-
fold was observed when a dye molecule was placed in the 23-nanometer gap between 100-
nanometer Au nanoparticles. Knoll and co-workers!'?®! employed MEF techniques to
investigate the kinetic parameters of mismatched DNA interactions in DNA hybridization.
Liang and co-workers!'!”! designed a novel Au nanorod array biochip to detect molecular
beacons at up to 10 pM. Many studies showed that these plasmonic nanoantennas are used for
various applications, including DNA binding assays!'?!, genetic disorder diagnosis!'?’],

forensic testing!'%!, and ultra-sensing sample matrix under physiological conditions!'?!],

1.7. Applications of Plasmon-Molecule Interaction in Photodynamic Therapy.
Photodynamic therapy (PDT) is a therapeutic approach that is particularly effective
for treating malignant and premalignant tumours. In the early 1900s, using PDT as a novel

therapeutic approach was proposed. H. Tappeiner and A. Jodlbauer coined the term

20



Plasmon-Molecule Interactions: From Basics to Applications

“photodynamic action” upon finding the demand for oxygen in photosensitization
reactions.['?8] The first big breakthrough in PDT happened in 1975 at the Roswell Park
Cancer Institute in Buffalo. Dougherty and co-workers!!?’! reported first-time successful
treatment of tumours using PDT in animal specimens, beginning a new era for this therapy.
The first PDT clinical trials were conducted in the late 1970s. The effects of light and
hematoporphyrin derivatives (HpD) on five patients with bladder cancer were investigated in
this study.!3!

PDT comprises three major components: a photosensitizer (PS), light, and molecular
oxygen. PDT mainly involves the activation of a photosensitizer by light, which results in the
generation of cytotoxic reactive oxygen species (e.g., singlet oxygen) within cells, causing
irreversible cellular damage and cell death. PDTs are categorized into two types, denoted as
type I and type II, based on the photochemical reaction process used to generate reactive
oxygen species (ROS). Upon photoactivation, PS goes to the excited singlet state from the
ground singlet state and then to the excited triplet state via intersystem crossing (ISC). For
type I PDT, the PS in the triplet excited state participates in an electron transfer process to
react directly with triplet oxygen (°02) or cellular substrate to produce superoxide anions
(0O2+) and hydroxyl radicals (OH"), respectively.l'*!) However, cytotoxic singlet oxygen ('02)
is produced in type II PDT due to an energy transfer between the PS in the triplet excited
state and the surrounding *0,!!**! (Figure 1.12).

PS in Excited
singlet state
: ~o_Isc / OH-, 0,7\

~
a \\
PS in Excited H,0 | 20,
triplet state
/ Free radicals
H« Hydrogen/electron

transfer

_— 0,

. Energy transfer
Light

Figure 1.12. Schematic illustration of the PDT mechanisms.

An ideal PS should have qualities like a high capacity for singlet oxygen generation,
absorption bands within the therapeutic window, and the capabilities to colocalize in cancer

tissue. The advancement of PDT primarily depends on developing new luminescent PS with
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excellent photostability and the potential to generate singlet oxygen in the NIR absorption
region due to more tissue penetration.!'*}] Scientists have worked hard to develop new PS,
ranging from the first generation, such as porphyrins and their derivatives!!*¥], to the second
generation, such as chlorins and phthalocyanines!'*>!3%] to the third generation, including

[137.1381 "to provide more

their conjugation with antibodies or encapsulation with carriers
targeted therapy (Figure 1.13). Further, 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene
(BODIPY)!*”) has gained much importance in scientific research as an efficient
photosensitizer used as a PDT agent of cancers as an alternative class to nonporphyrin-based
photosensitizers (Figure 1.13). The inclusion of a heavy atom in the BODIPY core, such as
Br or I, enhances the excited state intersystem crossing, facilitating singlet oxygen

[140.141] However, most PSs have limited use in cellular conditions due to poor

production.
solubility and fluorescence quenching in the cellular medium. As a result, two aspects of
photosensitizers should be considered: first, their photophysics, which is crucial for the
generation of reactive oxygen species efficiently, and second, their distribution in cellular
environments, specifically their ability to localize in cell membranes, which is the site of

action in PDT. Several reports have been published over the last few decades on designing

small-molecule PSs!'*?! activatable PSs!'**!1*4] and nanosystem-based approaches!!4>~14] for
improving PDT.
HO.__CHs
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o
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Figure 1.13. Selected examples of photosensitisers (PSs).
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Plasmon-molecule interactions have incredible potential in materials science and
biology as discussed earlier. Several literature reports exemplify their utility as ultrafast
switches, bistable devices, modulators, sensors, photocatalysts and biological imaging

agents [149-151,57,152,153]

A few examples are also known wherein molecule-plasmon
interactions have been utilized in PDT. For instance, Geddes and co-workers!!** reported that
this principle could be employed for enhancing singlet oxygen generation of organic
photosensitizers. It was shown that the singlet oxygen yield of Rose Bengal was dependent
on the theoretical electric field enhancement or enhanced absorption of the photosensitizer in
the presence of metallic nanoparticles in close proximity. Although the mechanism of singlet
oxygen generation was speculated to be improved triplet yields, no experimental evidence
was provided to substantiate the same.l'! It was also suggested that such systems are
potentially valuable for PDT. Chen and co-workers!!>®! showed that strong plasmon
resonance coupling enhanced singlet oxygen generation in an electrostatically bound AuNRs-
chlorin e6 system. Further, they utilized it to kill the cancer cells. In another study, Wu and
co-workers!*” reported that plasmon resonance energy transfer (PRET) from plasmonic
nanoparticles to PSs caused plasmon quenching dips, an effective technique to enhance 'O,
generation. They used the photosensitizer chlorin e6 with AuNR as a model system for this
study. When the LSPR band of Au NR overlaps with the Q band of Ce6, and the distance
between Ce6 and the Au NR is within the acting distance of PRET, a significant quenching
dip in the LSPR band was observed. Plasmon-molecule interactions are also employed for

158] reported

antibacterial activity via the PDT method. For instance, Zhang and co-workers!
that the resonance coupling between the surface plasmon of silver nanoparticles and
photosensitizers enhanced singlet oxygen generation by up to three-fold. They evaluated the
PDI activity of the hybrid photosensitizer on a model gram-positive bacterium,
Staphylococcus epidermidis, as well as gram-negative bacteria, Escherichia coli, and drug-
resistant Acinetobacter baumannii. They showed that their nanohybrid systems killed both
gram-positive and gram-negative bacteria efficiently compared to the individual component.
Heyne and co-workers!!® showed metal-enhanced 'O, generation in silica-coated silver
nanocubes coupled with Rose Bengal dye. They also used it for the photodynamic killing of

Gram-positive bacteria, Staphylococcus aureus, and Gram-negative bacteria, Escherichia

coli.
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1.8.  Scope and Objectives of the Present Investigation.

As previously discussed, plasmon-molecule interactions have sparked considerable
interest for their numerous applications in material science and biology. The above sections
summarized various aspects of surface plasmons, excitons, and their interaction. Furthermore,
the various categories of plasmon-molecule interactions and their applications were
discussed. Recent advances in plasmon-molecule interaction for applications in PDT were
also reviewed. Although the results of such investigations were promising, the mechanistic
details of are generally overlooked and theoretical calculations have been mainly used to
support their observations.

Our group recently reported a three-component heavy atom-free supramolecular
nanocomposite containing tryptophan, a BODIPY molecule, and gold nanoparticles.['®” The
BODIPY molecule was observed to be non-covalently attached to the surface of gold
nanoparticles through various supramolecular interactions. The nanocomposite formation
resulted in significant changes in the photophysical properties of their components. The
nanocomposites were also observed to generate singlet oxygen more efficiently than their
components. It was also proposed that the observed differences in photophysical properties
were caused by the emergence of a hybrid state. Motivated by these facts, this dissertation
aims to study the photophysical properties of a series of nanocomposites to reveal the
underlying mechanism of plasmon-molecule interactions. One of the challenges in this area is
the inability to control the size of molecular aggregates interacting with metal nanoparticles.
To address this issue, we attempted to simplify the synthetic methodology by carefully
designing the dye molecules and their self-assembly around nanoparticles. In this scenario,
this dissertation is devoted to tuning the photophysical properties of dye-loaded gold
nanoparticles through plasmon-molecule coupling.

Chapter 2 describes the synthesis and characterization of dye molecules and their
nanocomposites. NMR spectroscopy revealed that various supramolecular interactions
between the individual components play a vital role in forming stable nanocomposites. We
studied the effect of structural variations in the dye molecules on nanocomposite formation
and it was observed that sterically bulky molecule destabilizes the nanocomposites. Further, a
naphthalidenimine-boron complex containing a stimuli-responsive group was employed to
study the immediate effect of environment on the photophysical properties. We also
synthesized a multi-chromophoric nanocomposite containing two dye molecules to study the

impact of interaction between the two molecules on the photophysics of the nanocomposites.
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Chapter 3 discusses the photophysical properties of all the nanocomposites. The
nanocomposite formation resulted in significant changes in the photophysical properties of
their components: bathochromic shifts were observed in the absorption maxima of the dye
molecules and gold nanoparticles, whereas the fluorescence of the dye molecules was
completely quenched. On the other hand, in the multi-chromophoric nanocomposite, Forster
resonance energy transfer (FRET) was observed to occur between the two dye molecules on
the surface of gold nanoparticles. This opened up radiative pathways and made this
nanocomposite moderately fluorescent. In the case of the stimuli-responsive
naphthalidenimine-boron complex, wherein the absorption overlap was minimal with gold
nanoparticles but a significant overlap was observed between the fluorescence of the dye and
the absorption of gold nanoparticles, plasmon-enhanced luminescence was observed. Thus,
our findings highlight the importance of spectral overlap between the dye molecule and gold
nanoparticles on plasmon-molecule coupling. Further, the chemical structure of dye
molecules significantly affected the photostability and photosensitization properties of the
nanocomposites.

Chapter 4 focuses on the potential application of the synthesized nanocomposites as
photosensitizers for PDT. Ultrafast spectroscopy was used to map the excited state processes
in the nanocomposites and our investigations revealed hot electron migration from the
BODIPY dyes to gold nanoparticles. Further, the nanocomposites exhibited enhanced
plasmonic lifetimes, increasing singlet oxygen generation upon plasmonic photoexcitation.
However, we observed a reversal in the direction of hot electron migration from gold
nanoparticles to the naphthalidenimine-boron complex which resulted in enhanced
luminescence. Further, the nanocomposites were found to be photostable and biocompatible
and thus were utilized as photocytotoxic agents against cancer cells and luminescence

imaging agents.
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Chapter 2

Synthesis and Characterization

2.1. Introduction.

Metal nanoparticles (MNPs) combined with molecular adsorbates (dyes) provide a
platform to construct heterostructures or ‘hybrid’ materials whose photophysical properties
may be tuned at the nanoscale.l'®! Molecules that absorb light near the surface plasmon
resonance (SPR) absorption peak of MNPs can induce changes in the photophysical and
electronic properties of the hybrid system as compared to their individual constituents due to
plasmon-molecule interactions.”'® Plasmon-molecule interaction is typically governed by
the spectral overlap between the molecular and plasmonic resonances, the concentration of
the dyes, and the distance between nanoparticles and the dyes.'®?3 In the recent past,
plasmon-molecule coupled systems have been extensively studied because of their potential
applications in the fields of materials science and biology. The development of plasmon-
molecule coupled systems has sparked an enormous interest because of its fascinating
properties. They have been used in various applications including optoelectronics?*27),

sensors?®331 photocatalysis** 4, and bioimaging>4!.
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The plasmon-molecule interactions in several MNP-dye combinations were studied in
the recent past. In several reports, scientists primarily discussed the design and application of
plasmon-molecule coupled systems. However, no systematic studies have been conducted to
investigate the effect of the chemical structure and functional groups of dye molecules on
plasmon-molecule interactions. We chose gold nanoparticles as MNPs for our studies due to
their low toxicity, light absorption at specific wavelengths, and size and shape-dependent
absorption profiles.’%! Further, we chose boron-containing organic dyes for our study due
to their impressive luminescence properties in the visible range.’>%¥ To investigate the effect
of chemical composition on the stability and photophysical properties of dye-loaded gold
nanoparticles, we used a series of 4,4’-difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY)
molecules B1-BS with varying structural bulkiness.

BODIPY was discovered in 1968 by Treibs and Kreuzer while attempting to
synthesize acylated pyrrole from dimethyl pyrrole and acetic anhydride using BF3;.OEt; as a
Lewis acid.®¥ BODIPYSs consist of two pyrrole heterocycles linked by a methene bridge and
a boron atom. BODIPYs exhibit excellent photostability, sharp absorption, and emission
profiles with high fluorescent quantum yield.>’] Moreover, the optical properties of
BODIPYs can be tuned through simple derivatizations of the BODIPY core at the a-, B-,
meso-, and B(III) positions by incorporating different substituents with varying electron
densities (Figure 2.1). Furthermore, BODIPY could be functionalized with heavy atoms and

33-37] Because

transition metal complexes to increase the population of excited triplet states.!
of their remarkable photophysical and electrochemical properties, BODIPYs have been used
for a variety of applications in various fields such as bioimaging, lasers, organic light-
emitting diodes (OLEDs), dye-sensitized solar cells (DSSCs), nonlinear optics (NLOs),
sensing, photodynamic therapy, and so on.’®® However, biological applications of
BODIPYs are limited due to time-consuming synthesis with low overall yields and poor
water solubility and fluorescence quenching in aqueous medium. Several strategies have been
used to improve the utility of BODIPYs in aqueous medium. Supramolecular self-assembled
nanostructures with various supporting matrices such as surfactants and polymers were the
most commonly used technique.[%>%®) We used gold nanoparticles as a matrix in this study,
which not only aids in self-assembly but also modulates the photophysical properties of the
system.[7%1 Furthermore, the naphthalidenimine-boron complex (B6) containing a stimuli-
responsive group was used where the absorption overlap was minimal, but a significant

overlap was observed between the fluorescence of B6 and the absorption of gold
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nanoparticles to study the effect of the immediate environment and absorption overlap on the

photophysical properties of nanocomposites.

Nucleophilic Substitution (Sy)

meso Cross Coupling Reaction

Sn, Pd catalyzed cross coupling
Suzuki, Stille, Sonogashira

Sk, Pd catalyzed cross coupling
Suzuki, Stille, Sonogashira

Figure 2.1. Nomenclature of BODIPYs and the commonly employed reactions for its

functionalization.

Chart 2.1. Chemical structures of dyes B1-B6 used in this study.

2.2.
2.2.1. Syntheses of Dye Molecules.

Results.

BODIPY molecules B1-B5 and the naphthalidenimine-boron complex B6 used in this

study were synthesized as per literature procedures (Chart 2.1).I7>1 BODIPYs B1, B2, B4,

and BS were synthesized by reaction of pyrrole or 2,4-dimethyl pyrrole with acetyl chloride

or benzoyl chloride, followed by the reaction with BF3.OEt; as shown in Scheme 2.1. The
percent yields for B1, B2, B4, and BS were found to be 30%, 24%, 15%, and 18%,

respectively. BODIPY molecule B2 was subsequently reacted with N-iodosuccinimide to
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give BODIPY B3, as shown in Scheme 2.2 with a yield of 82%. The naphthalidenimine-
boron complex B6 was synthesized by the condensation reaction of N,N-diethyl-p-
phenylenediamine with 2-hydroxy-1-naphthaldehyde in methanol followed by boron
complexation with BF3;.0Et; as shown in Scheme 2.3. The percent yield for B6 was found to

be 78%.

Rt 0 i i 3 ¥ R BLRLR,=H
m\ + N — N B2 Ry, Ry =CHs
N R RO Noge NS B4, R;=HandR; = Ph
Ri F F Rq B5, R1 = CH3 and R2 =Ph

Scheme 2.1. Synthesis of BODIPYs B1, B2, B4, and BS. Reaction conditions (i) dry
CHxCly, 1t, 10-12 hrs, (ii) EtsN, BF3.0Ety, 0 °C, 4-6 hrs.

Scheme 2.2. Synthesis of BODIPY B3. Reaction conditions (i) N-iodosuccinimide, dry
CH,Cly, rt, 4 hrs.

N
v T
OH 0 N> o BN
! i, i, i !
DO ~ 1
NH,

B6

Scheme 2.3. Synthesis of molecule B6. Reaction conditions (i) MeOH, reflux, 4 hrs, (ii) dry
CH2Clz, N2, 0 °C, 30 minutes, (iii) EtsN, BF3.0Eto, rt, 4 hrs.

2.2.2. Characterization of Dye Molecules.

The dye molecules (B1-B6) were characterized by '"H NMR and mass spectrometry.
In the 'H NMR spectrum of B1, we observed peaks corresponding to six aromatic and three
aliphatic protons. Fifteen aliphatic and two aromatic proton signals were observed in 'H
spectrum of B2 thereby confirming its synthesis. Furthermore, the disappearance of the two

aromatic protons upon iodination confirmed the conversion of B2 to B3. Next, eleven
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aromatic proton signals in 'H spectrum confirmed the synthesis of Bd4. Similarly, the
synthesis of BS was determined by observing the seven aromatic and twelve aliphatic proton
signals. Moreover, we observed eleven aromatic proton signal, four aliphatic proton signal
having quartet at 3.43 ppm and six more aliphatic proton signal having triplet at 1.22 ppm,
which confirmed the formation of B6 (Figure 2.2).

2.2.3. Syntheses of Dye-loaded Gold Nanoparticles.

The dye-loaded gold nanoparticles were prepared by the reaction of tryptophan,
HAuCl4, and the dye molecules. In a typical synthesis, a concentrated solution of a dye (B1-
B6) in acetone was mixed with a solution of HAuCls and tryptophan in water and stirred at 25
°C for 16 hours to yield the nanocomposites (NC1-NC6), as shown in Scheme 2.4a. We also
synthesized tryptophan capped gold nanoparticles (Au NP) as a control system, as shown in
Scheme 2.4a. Furthermore, we prepared the organic nanoparticles (ONP1-ONP6) of the
individual dyes using the reprecipitation method followed by stirring for 16 hours as shown
in Scheme 2.4c.

Further, the multi-chromophoric nanocomposites (NC7) was synthesized by the
mixing of B2 and B3 in acetone with a solution of HAuCls and tryptophan in water and
stirring at 25 °C for 16 hours. The mixed organic nanoparticles of B2 and B3 was also
prepared using the same method as shown in Scheme 2.4b. After the synthesis, the
precipitated gold nanoparticles (Au NP), organic nanoparticles (ONP1-ONP7) and
nanocomposites (NC1-NC7) were collected by centrifugation and further purified by
washing with deionized (DI) water thrice. They were further redispersed in DI water and
characterized by various microscopic and spectroscopic techniques. The characterization data

for all systems will be discussed in subsequent sections.
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OH_O

@ 9 NHz
8oo<r.t, HAuCl,/H,0 N\, _HAuCl/Dye (B1-B6) O%%
OO NH r.t, H,O/acetone (9/1) OO

Au NP Trp NC1-NC6

r.t, HoO/acetone (9/1)
-< Dye (B2, B3) HAUCI,/Trp

r.t, H,O/acetone (9/1)
ONP7 NC7

r.t, H,O/acetone (9/1)> OOO

8)

8

ONP1-ONP6

(©)  Dbye (B1-B6)

Scheme 2.4. General scheme for the synthesis of (a) L-tryptophan capped gold nanoparticles
(Au NP), the nanocomposites NC1-NC6, (b) multi-chromophoric nanocomposites NC7, its
organic nanoparticles ONP7 and (c) organic nanoparticles ONP1-ONP6 of individual dyes
B1-B6.

2.2.4. Characterization of Dye-loaded Gold Nanoparticles.

The shape and size of nanocomposites were ascertained by high-resolution
transmission electron microscopy (HR-TEM), which showed spherical particles with an
average diameter of 97 £3,66£3,70=2, 60+ 3,57 + 3, 65 + 2 and 54 + 1 nm, respectively
for NC1-NC7 (Table 2.1 and Figure 2.3). Dynamic light scattering (DLS) measurements of
the nanocomposites also corroborated with the HR-TEM measurements, wherein we
observed particle sizes of 98 £3, 70 £ 1, 73 £ 1, 62 £ 3, 58 £ 3, 69 = 1, and 56 + 1 nm,
respectively for NC1-NC7 (Figure 2.4). Our control system, gold nanoparticles (Au NP) also
exhibited spherical shapes with an average diameter of 35 £ 3 nm in HR-TEM whereas DLS
revealed a size of 32 + 3 nm for the same (Table 2.1 and Figures 2.3a and 2.4a). The organic
nanoparticles ONP1-ONP6 were characterized by DLS and exhibited particle sizes with an
average diameter of 92 + 3, 147 £ 4, 190 + 3, 158 + 3, 187 = 4, and 139 £ 1 nm (Table 2.1
and Figure 2.5). Furthermore, the synthesis of multi-chromophoric organic nanoparticles
(ONP7) containing both B2 and B3 was attempted under similar conditions; however, the

synthesis was not reproducible, and particles with different size distributions were obtained
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for different batches (Figure 2.6). The formation of nanocomposites was further confirmed by
elemental maps and EDX analyses using various microscopic techniques. The presence of
gold, carbon, nitrogen, oxygen, boron, fluorine, and iodine in NC7 was confirmed by
elemental mapping and EDX analysis using HR-TEM and field emission scanning electron
microscopy (FESEM) (Figures 2.7 and 2.8). Further, we used FESEM to confirm the
formation of NC6. We observed a spherical particle size of 70 £ 1 nm for NC6 and the
elemental maps and EDX analysis revealed the presence of gold, carbon, nitrogen, oxygen,
boron, and fluorine in NC6 (Figure 2.9).
(@) , »
' o ®
| 4
»

- e?
o %" &

e e AN PR 4L X

Figure 2.3. High-resolution transmission electron microscopy (HR-TEM) images of (a) Au

NP and (b-h) NC1-NC7 were obtained by drop-casting aqueous solutions of the
nanocomposites. The observed average particle sizes were 35 £ 3 nm for Au NP and 97 + 3,

66+3,70+2,60+3,57=+3,65+2, and 54 = 1 nm for NC1-NC7, respectively.
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Figure 2.4. Particle size analysis of Au NP and NC1-NC7 by dynamic light scattering in

water. The observed average particle sizes were 32 = 3 nm for Au NP and 98 £ 3,70 £ 1, 73
+1,62+3,58+£3,69+ 1, and 56 = 1 nm for NC1-NC7, respectively.
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Figure 2.5. Particle size analysis of ONP1-ONP6 by dynamic light scattering in water. The

observed average particle sizes were 92 + 3, 147 £4, 190+ 3, 158 £3, 187+ 4, and 139+ 1
nm for ONP1-ONP6, respectively.
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Figure 2.6. Particle size analysis by dynamic light scattering of three different batches of
ONP7 in water. The observed average particle sizes were 200 = 1, 290 = 1, and 324 + 1 nm

for (a-c), respectively.

Table 2.1. Particle sizes of gold nanoparticles Au NP, the nanocomposites NC1-NC7 and
the organic nanoparticles ONP1-ONP6 in water.

System Average Diameter (nm)
Au NP 35+3
NC1 97+3
NC2 66 + 3
NC3 70 +£2
NC4 60+ 3
NCS 57+3
NCo6 65+2
NC7 54+ 1
ONP1 92+3
ONP2 147 + 4
ONP3 190 £3
ONP4 158+3
ONP5 187+4
ONP6 139+1

Note: Particle size for Au NP, NC1-NC7 was measured by using HR-TEM and DLS whereas particle size for
ONP1-ONP6 was measured by DLS.
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Figure 2.7. (a) HR-TEM micrographs with elemental maps and (b) EDX analysis of NC7 in

water.
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Figure 2.8. Elemental maps obtained from field emission scanning electron microscopy

(FESEM) and (b) EDX analysis with atom percentage of element for NC7 in water.
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Figure 2.9. (a) Field emission scanning electron microscopy (FESEM) image of NC6. The

observed average particle size was 70 = 1 nm. (b) EDX analysis with atom percentage of all

elements in NC6 in water.

The formation of nanocomposites NC1-NC7 was further substantiated by UV-Vis
absorption spectroscopy. The dye molecules B1-B6 exhibited absorption peaks at 495, 490,
520, 496, 497 and 450 nm, respectively (Figure 2.10a). The gold nanoparticles Au NP
showed an absorption maximum of 530 nm. On the other hand, the nanocomposites NC1-
NC4 exhibited two absorption peaks at 497 and 550, 520 and 566, 450-800, 498 and 557 nm,
respectively, which could be assigned to the electronic transitions in the dye molecules and
SPR in gold nanoparticles (Figure 2.10b). As a result of the formation of nanocomposites, the
molecular peak and surface plasmon resonance (SPR) peak of Au NP underwent a
bathochromic shift. However, NC6 exhibited absorption maxima at 443 and 523 nm having a
blue shift in the molecular and plasmon peak. Similarly, NC7 showed a unique broad
absorption spectrum from 410-800 nm, indicating a strong interaction between the individual
components (Figure 2.10b). It is to be noted that the nanocomposite NCS synthesized from
BS - the bulkiest of all the BODIPYs used herein — behaved strangely: there were
inconsistencies in the size of the nanocomposites obtained from different batches, and their
absorption spectra could not be reproduced (Figure 2.11). The peculiar behaviour of NC5
indicates the role of structural features in the nanocomposite formation. It is assumed that the
steric hindrance imposed by the bulky methyl and phenyl groups, BS does not interact
efficiently with gold, resulting in unstable nanocomposites. Because of the ambiguity in the

structure of NC5, it was not used for further studies.
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Figure 2.10. UV-Vis absorption spectra of (a) dye molecules B1-B6 (11, 17, 12, 18, 12 and

12 uM, respectively) in acetonitrile and (b) Au NP and nanocomposites NC1-NC4 and NC6-

NC7 in water. [NC1-NC4], 16 pg/mL; [NC7 and Au NP], 12 pg/mL and [NC6], 16.6

pg/mL.
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Figure 2.11. UV-Vis absorption spectra of NCS in water were obtained from different
batches. [NC5], 20 pg/mL for the 1%, 2", 3 and 5™ batch and 50 pg/mL for the 4™ batch.

2.2.5. Binding of Individual Components in the Nanocomposites.

After synthesis and characterization, we are interested in studying the binding strength
between the individual components in nanocomposites using NMR spectroscopy. First, we
investigated how the chemical structure of BODIPY dyes B1-B3 affects the stability of
nanocomposites NC1-NC3. In this direction, we recorded the 'H NMR spectra of tryptophan
(Trp), Au NP and the nanocomposites NC1-NC3 in D>0O. It was observed that the aliphatic
protons Hc and Hg of Trp showed downfield shifts of A 0.30 and 0.10 ppm, respectively,
after being accommodated in Au NP whereas the aromatic protons Hej showed negligible
shifts under the same conditions (Figure 2.12a, b). On the other hand, the aliphatic proton Hc
of tryptophan appeared upfield in NC1 as compared to Au NP, whereas the aromatic protons
He.jappeared downfield (Figure 2.12b, c). In NC2 and NC3, the chemical shift position of the
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aliphatic proton Hc was intermediate to Au NP and NC1, whereas the aromatic protons He;
were significantly downfield shifted (Figure 2.12d, e). The observation of downfield shift for
Hc in Au NP as compared to Trp suggests that the side chain of the tryptophan moiety is
bound strongly to gold in Au NP, whereas the aromatic rings interacted minimally. In NC1,
the position of H¢ is similar to that in Trp, indicating that the tryptophan moieties are
displaced by B1, thereby implying strong interaction of B1 with gold. The intermediate
position of He in NC2 and NC3 as compared to Au NP and NC1 suggests that the interaction
between B2 and B3 with gold is weak because of their steric bulkiness imparted by the
methyl groups on the BODIPY core. On the other hand, the downfield shift of the aromatic
protons of NC2 and NC3 indicates a strong interaction between the methyl groups of the

BODIPY B2 and B3 with the aromatic ring of tryptophan.

(e) NC3

Il
Al
(L

f.8 - f.4 | 7.0 4.2 ?;.8 - 3.4
Chemical Shift (ppm)
Figure 2.12. 'H NMR spectra of (a) tryptophan (Trp), (b) Au NP, and (c-e) the

nanocomposites NC1-NC3 in D>O.

Furthermore, we observed a broad peak in the '’F NMR spectrum of ONP1 in D-O
whereas three broad peaks were observed for NC1 (Figure 2.13b, ¢). A comparison of 'H-'H
COSY measurements and integral peak values for NC1 and ONP1 and Au NP indicated a
strong interaction between the protons of B1 and tryptophan (Figures 2.14, 2.15, and 2.16).
The significant changes in the '’F NMR spectrum of NC1 as compared to B1 substantiate the
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strong interaction of B1 with gold. Further, it is proposed that hydrogen bonds are formed
between the aromatic -NH of the tryptophan and a fluorine atom of the —BF, unit of B1.
Further, the comparison of 'H-'H COSY measurements and integral peak values for NC1,
ONP1, and Au NP were also supportive of the strong interaction between the protons of B1
and tryptophan. The incorporation of both tryptophan and BODIPY B1 moieties and their
strong association in NC1 was also demonstrated by the 'H-'H DOSY spectrum (Figure
2.17).

(a) B1
CF;COOH

J\

65 -70 -75 -80 -85 -90 -95 -100 -105 -110 -115 -120 -125 -130 -135 -140 -145 -150 -155

(b) NC1
CF,COOH

A .

130 -132 -134 -136 138 140 -142 -144 146 -148 -150

A

65 70 -75 -80 -85 -90 -95 -100 -105 -110 -115 -120 -125 130 -135 -140 -145 -150 -155 -1

(c) ONP1 CF,COOH

A |

65 -70 -75 -80 -85 -90 -95 -100 -105 -110 -115 -120 -125 -130 -135 -140 -145 -150 -155
Chemical Shift (ppm)

Figure 2.13%, F NMR spectra of (a) B1 in CDCls, (b) the nanocomposite NC1, and (c)

the organic nanoparticles ONP1 in D;0.
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Figure 2.14%), 'H-'H COSY spectrum of the nanocomposite NC1 in D,O.
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Figure 2.15%, 'H-'H COSY spectrum of the organic nanoparticle ONP1 in DO.
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Figure 2.17V¢), 'H-'H DOSY spectrum of the nanocomposite NC1 in D,O.

Based on the NMR data, we propose a model for the nanocomposites as shown in
Figure 2.18. It is inferred that the composition of the nanocomposites is complex, and the
synergism of multiple non-covalent interactions stabilizes the nanocomposites. The observed
downfield shifts in the aromatic region could thus be the result of a combination of hydrogen
bonding, n-n stacking, and CH-r interactions between the BODIPY core and the indole ring

of tryptophan. The varying steric bulkiness and the hydrophobicity of the BODIPY molecules
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thus define the binding strength of the BOIDPYs to gold through supramolecular interactions,

eventually resulting in nanocomposites with differing stabilities.

(b)

Figure 2.18. Schematic representation showing the (a) chemical composition and (b) the

various non-covalent interactions in the nanocomposite NC1.

Similarly, we also studied the binding interaction between the various constituents in
the nanocomposite NC6 using NMR spectroscopy. The H¢ proton of the tryptophan moiety
exhibited an upfield shift in NC6 as compared to Au NP, whereas the aromatic protons He-H;
showed a downfield shift. The position of the Hc proton (9, 4.06 ppm) was intermediate in
NC6 as compared to Trp (, 3.90 ppm) and Au NP (3, 4.20 ppm) which suggested that the
interaction of B6 with gold is moderate (Figure 2.19). This observation also indicates that a
few of the tryptophan moieties on the surface of gold nanoparticles are replaced by B6 upon
nanocomposite formation. Further, the incorporation of B6 and Trp in NC6 was also
evidenced by '°F NMR spectroscopy. The —BF, moiety exhibited a broad quartet in the '°F
NMR spectrum of ONP6 from 6 —135.01 to —135.13 ppm in D>O, which was observed to
shift downfield significantly to & —77.37 ppm in NC6 in D>O (Figure 2.20). This downfield
shift in NMR spectra suggested that various supramolecular interactions were responsible for

holding B6 on the surface of gold nanoparticles in NC®6.

52



Synthesis and Characterization

T
T
Q.

HC
Hy, |l H H. Hi m ’;m ™

78 76 74 72 70 42 40 38 36 34 32
Chemical Shift (ppm)

Figure 2.19. 'H NMR spectra of (a) Trp, (b) Au NP, and (c) the nanocomposite NC6 in
D-2O.
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Figure 2.20. '°F NMR spectra of (a) molecule B6 in CDCl; and (b) ONP6 and (c) the
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nanocomposite NC6 in D;0.

2.3.  Quantification of Dye-loading in Nanocomposites.
After synthesis and characterization, we wanted to estimate the amount of dye
molecules incorporated into the nanocomposites using the solvent extraction method. The

dyes incorporated in the nanocomposites was extracted using dichloromethane (the extraction
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protocol is described in the experimental section), and the extracted dyes were quantified
using UV-Vis absorption spectroscopy (Figure 2.21). As the interaction between B1 and gold
was strong, simple solvent extraction failed to remove the incorporated dye, so, we used
cysteine as a competing ligand to evict B1 from NCI1. However, because of the
comparatively weaker interaction between other BODIPYs and gold, we could extract those
dyes from the nanocomposites NC2, NC3, NC4, NC6 and NC7. UV-Vis absorption spectral
analysis of the extracted DCM part revealed the w/w loading content of dyes B1-B4 and B6
incorporated in nanocomposites NC1-NC4 and NC6 as 19, 13, 57, 8 and 10%, respectively
(Table 2.2). We used "H NMR spectroscopy to estimate the loading content in NC6 utilizing
a mixture of extracted B6 from NC6 and a known concentrated solution of B6 in CDCl3,
which also matched with the UV-vis absorption estimated values (Figures 2.22 and 2.23).
Furthermore, the w/w loading content of B2 and B3 in multi-chromophoric nanocomposite
NC7 was found to be 9 and 20%, respectively (Table 2.2). It is clear that co-encapsulation
reduced their loading content within NC7 because we used nearly half the concentration of
B2 and B3 during synthesis. After DCM extraction, the aqueous part of each nanocomposite
showed only the surface plasmon peak of Au NP in UV-Vis spectroscopy. Considering the
fact that a simple solvent extraction protocol could extract the dyes, covalent modification
may be ruled out, and it is apparent that the dyes were incorporated into the nanocomposites

through reversible supramolecular interactions.

Table 2.2. Dye-loading contents of B1-B6 in various nanocomposites.

Sample Loading Content (w/w %)
NC1 19%
NC2 13%
NC3 57%
NC4 8%
NC6 10%
NC7 B2 (9%) and B3 (20%)
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Figure 2.21. Comparison of the UV-Vis absorption spectra of B2, B3, B4 and B6 in
acetonitrile with the dichloromethane extract of NC2, NC3, NC4, NC6 and NC7, and the

aqueous part of NC4 after DCM extraction.
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Figure 2.22. '"H NMR spectrum of extracted B6 from NC6 in CDCls.
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Figure 2.23. '"H NMR spectrum of the mixture of B6 (7.2 mM) and extracted B6 from NC6

in CDCls.
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2.4. Conclusions.

In summary, we have synthesized a series of water-soluble supramolecular
nanocomposites NC1-NC6 containing BODIPY derivatives B1-BS or the naphthalidenimine-
boron complex B6 and gold nanoparticles via a simple synthetic procedure. Additionally, we
also synthesized a multi-chromophoric nanocomposite NC7 by incorporating two
electronically distinct BODIPY chromophores, B2 and B3. The stability and strength of the
nanocomposites were studied by NMR spectroscopy. It was observed that an increase in the
steric bulkiness of the BODIPY molecules destabilized the nanocomposites. Further, we
proposed that the downfield shift of the aromatic protons tryptophan moieties in
nanocomposites was caused by a combination of hydrogen bonding, n-n stacking, and CH-nt
interactions between the indole ring of tryptophan and dye molecules, which determined the
stability of nanocomposites. Furthermore, the interaction of SPR on gold nanoparticles and
dye molecules significantly changed their SPR and molecular peak, confirming the formation
of stable nanocomposites. The dye loading experiment also revealed that the dyes were

incorporated into the nanocomposites through reversible supramolecular interactions.

2.5. Experimental Section.
2.5.1. General Techniques.

All experiments were carried out at room temperature (25 = 1 °C) unless otherwise
mentioned. NMR spectra were measured on a 400 MHz Bruker Avance II 400. Chemical
shifts are reported in parts per million (§) calibrated using tetramethyl silane as an internal
standard for samples in CDCIl3 and DMSO-ds and to the residual solvent signals at & 4.79
ppm for samples in D>0. '°F NMR spectra were referenced by inserting a sealed capillary
containing 5% trifluoroacetic acid (s, & —76.55 ppm) in D>O into the NMR tube.
Hexafluorobenzene was also used in a sealed capillary tube as the internal standard for '°F
NMR spectra, and the reference peak position for '°F was taken as & —164.9 ppm. Mass
spectra were measured on a Shimadzu GC coupled with a GCMS-QP 2010 plus mass
detector or a single-quadrupole mass spectrometer Quantum (Shimadzu) with 100% dimethyl
polysiloxane (Restek Rxi-1 ms; 30 mm X% 0.25 mm, 0.25 um film thickness) column. HR-
TEM images were acquired on a Jeol 2100 HR operating at 120 kV. Samples were prepared
by depositing a drop of diluted nanoparticle suspension on a 300 mesh TEM grid and dried
under vacuum for 2 hours. Field emission scanning electron microscope (FESEM) images
were captured using Bruker Nano GmbH Gemini SEM 500 FESEM and Jeol JSM-7610FPlus
FESEM. A dynamic light scattering experiment was performed using Malvern Zetasizer 2000

56



Synthesis and Characterization

DLS spectrometer with a 633 nm CW laser. The particles were dispersed in Milli Q water
before analysis. Absorption spectra were recorded on a Shimadzu UV-Vis spectrophotometer

in 3 mL quartz cuvettes having a path length of 1 cm.

2.5.2. Materials.

Pyrrole, 2,4-dimethyl pyrrole, and boron trifluoride diethyl etherate were purchased
from Alfa Aesar. 1-Hydroxynapthaldehyde and N,N-diethyl-p-phenylenediamine were
purchased from TCI Chemicals. HAuCl4, benzoyl chloride, N-iodosuccinimide, glycine, and
1,3-diphenylisobenzofuran (DPBF) were purchased from Sigma-Aldrich. Acetyl chloride, L-
tryptophan, silica gel (60-120 mesh), sodium sulphate, acetone, dichloromethane, hexane,
methanol, and triethylamine were purchased locally. Solvents were distilled before use.

Distilled water was used for all experiments.

2.6.  Syntheses.
2.6.1. Synthesis of BODIPY B1 and B2."!:"*]

Freshly distilled pyrrole (0.48 mL, 7 mmol) or 2,4-dimethyl pyrrole (0.72 mL, 7
mmol) was dissolved in 100 mL dry dichloromethane, and acetyl chloride (0.24 mL, 3.5
mmol) was added drop-wise under an atmosphere of nitrogen at 25 °C. The reaction mixture
was then stirred for 12 hours at 25 °C. After cooling to 0 °C in an ice bath, triethylamine (2.5
mL, 17.5 mmol) was added and stirred for 30 minutes. BF3.OEt> (1.29 mL, 10.5 mmol) was
then added and stirred for another 12 hours at 25 °C. The reaction mixture was washed with
water (3 x 25 mL) and brine solution (20 mL), and the organic layers were collected, dried
over NaxSOy, filtered, and evaporated to get a dark residue. The crude product was purified
by column chromatography over silica gel using a mixture of dichloromethane and hexane to

afford compound B1 or B2.

B1 (30% yield): '"H NMR DMSO-ds, 298 K, 400 MHz) § (ppm) 2.71 (s, 3H), 6.62-6.64 (m,
2H), 7.63-7.64 (d, 2H, J = 4 Hz), 7.99 (s, 2H); GC-MS m/z calculated for CioHioBF2N:
(M+H)": 207.09, found: 207.10.

B2 (24% yield): 'TH NMR (CDCls, 298 K, 400 MHz) & (ppm) 2.41 (s, 6H), 2.52 (s, 6H), 2.58
(s, 3H), 6.05 (s, 2H), GC-MS m/z calculated for C14H7BF2N2 [M]": 262.15, found: 262.10.
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2.6.2. Synthesis of BODIPY B3.I"!]

To a solution of B2 (50 mg, 0.19 mmol) in dry CH>Cl> (10 mL), N-iodosuccinimide
(257 mg, 1.14 mmol) was added, and the reaction was stirred under an atmosphere of
nitrogen at 25 °C for 3 hours. The reaction mixture was then washed with water (3 x 25 mL)
and brine solution (20 mL); the organic layers were collected, dried over Na,SOs, filtered,
and evaporated to get a pink residue. The crude product was purified by column
chromatography over silica gel using a mixture of dichloromethane and hexane to afford
compound B3 in an 82% yield. 'H NMR (CDCls, 298 K, 400 MHz) § (ppm) 2.44 (s, 6H),
2.57 (s, 3H), 2.64 (s, 3H), 2.78 (s, 3H); GC-MS m/z calculated for Ci4sHsBF2N2l, [M]":
513.90, found: 513.83.

2.6.3. Synthesis of BODIPY B4 and B5.I">7!

Freshly distilled pyrrole (0.5 g, 7.45 mmol) or 2,4-dimethyl pyrrole (0.5 g, 5.25
mmol) and benzoyl chloride (0.37 g, 2.63 mmol) were dissolved in 150 mL dry DCM, and
the reaction mixture was stirred for 16 hours at room temperature. After cooling the reaction
mixture to 0 °C, triethylamine (3 mL) was added and stirred for 5 minutes, followed by
BF3-OEt; (2 mL). The reaction mixture was allowed to warm up to room temperature, and
stirring was continued for 4 hours. The reaction mixture was then washed with water thrice
(15 mL each), and the organic layer was collected and dried over sodium sulphate. The
solvent was evaporated off using a rotary evaporator. The product was purified by column
chromatography on silica gel (60-120 mesh) using a 1:1 mixture of hexane and DCM to
afford the product.

B4 (15 % yield): '"H NMR (CDCls, 400 MHz, 298 K) § (ppm) 6.55 (2H, d, ] = 4 Hz), 6.94
(2H, d, J = 4 Hz), 7.52-7.61 (5H, m), 7.95 (2H, s); GC-MS m/z calculated for Ci;sH11BF2N;
(M)": 268.09, found: 268.16.

B5 (18% yield): 'H NMR (CDCls, 400 MHz, 298 K) § (ppm) 1.37 (6H, s), 2.56 (6H, s), 5.98
(2H, s), 7.26-7.29 (2H, m), 7.47-7.49 (3H, m); GC-MS m/z calculated for C19H9BF2N, (M)
324.16, found: 324.10.

2.6.4. Synthesis of naphthalidenimine-boron complex, B6.!""!
1-Hydroxy-2-naphthaldehyde (250 mg, 1.45 mmol) and N,N-diethyl-p-
phenylenediamine (0.28mL, 1.45 mmol) were refluxed in methanol (30 mL) for 4 hours. The
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solvent was evaporated in a rotary evaporator, and the dark orange residue was dissolved in
50 mL anhydrous dichloromethane (DCM) and cooled to 0 °C in an ice bath. After adding
triethylamine (0.5 mL, 2.978 mM), the reaction mixture was stirred for 15 minutes, followed
by BF3.0Et; (1 mL, 7.446 mM) and stirred for 4 hours at room temperature. The solvents
were then evaporated in a rotary evaporator. The crude product was purified by column
chromatography on silica gel using a mixture of DCM and hexane (50:50) as the eluent to
yield B6 in 78 % as a red powder. M.p.: 261-262 °C; '"H NMR (CDCls, 400 MHz, 298 K) §
(ppm) 1.22-1.18 (t, 6H), 3.43-3.38 (m, 4H), 6.72-6.69 (d, J = 12 Hz, 2H), 7.38-7.33 (m, 2H),
7.47-7.45 (d, J = 8 Hz, 2H), 7.59-7.55 (m, 1H), 7.69-7.65 (m, 1H), 7.79-7.77 (d, J = 8 Hz,
1H), 8.39 (s, 1H), 8.63-8.61 (d, J = 8 Hz, 1H); HRMS (ESI-MS) m/z calculated for
C21H21BF2N2O [M+H]": 367.1715; found: 367.1784.

2.6.5. Synthesis of nanocomposites NC1-NC6.

A solution of L-tryptophan (25 mM) in 8 mL Milli Q water was kept under constant
stirring. An aqueous solution of HAuCls was added (I mL from a 5 mM stock solution),
followed by a solution of individual dye molecule (B1-B6) in acetone (I mL from a 5 mM
stock solution). The solution, which turned brown upon mixing, was stirred for 16 hours at 25
°C. The precipitated residue was collected after centrifugation, washed with Milli Q water (3
x 1 mL), dried, and redispersed in Milli Q water. The formation of nanocomposites was

monitored through UV-Vis absorption spectroscopy and was characterized by DLS and TEM.

2.6.6. Synthesis of multi-chromophoric nanocomposite NC7.

For the synthesis of multi-chromophoric nanocomposites NC7, an aqueous solution of
L-tryptophan (25 mM) in 7 mL and HAuCl4 (2.5 mM) in 1 mL was mixed with the solution
of B2 and B3 in acetone (1 mL each from 2.5 mM stock solutions). The solution, which
turned brown-orange upon mixing, was stirred for 16 hours at 25 °C. The precipitated
nanocomposites was purified by centrifugation and characterized by various spectroscopic

and microscopic techniques.

2.6.7. Synthesis of tryptophan capped gold nanoparticles (Au NP).

A stirred solution of L-tryptophan (25 mM) in 9 mL water was added to an aqueous
solution of HAuCl4 (1 mL from a 5 mM stock solution). The solution was observed to turn
pale pink upon mixing. The reaction mixture was stirred for 10 minutes, centrifuged, and the

residue was collected, washed with water (3 x 1 mL), dried, and dispersed in water. The
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formation of nanocomposites was monitored through UV-Vis absorption spectroscopy and

was characterized by DLS and TEM.

2.6.8. Synthesis of organic nanoparticles ONP1-ONP7.

Organic nanoparticles were synthesized by a simple reprecipitation method. To 9 mL
of Milli Q water, | mL from a 5 mM stock solution of individual dye molecule (B1-B6) in
acetone was added, and the resulting suspension was stirred for 12 hours. The reaction
mixture was then centrifuged, the residue was collected, washed with water (3 X 1 mL),
dried, and redispersed in Milli Q water. The formation of nanoparticles was monitored
through UV-Vis absorption spectroscopy and DLS.

Further, the synthesis of multi-chromophoric organic nanoparticles ONP7 containing
both B2 and B3 was attempted under similar conditions. To 8 mL of Milli Q water, 1 mL of
each molecule B2 (2.5 mM) and B3 (2.5 mM) in acetone was added, and the resulting
suspension was stirred for 12 hours. The reaction mixture was then centrifuged, the residue
was collected, washed with water (3 x 1 mL), dried, and redispersed in Milli Q water. The

formation of nanoparticles was monitored through UV-Vis absorption spectroscopy and DLS.

2.7.  Quantification of dye loading.

1 mL of a solution of the nanocomposites (NC1-NC4 and NC6-NC7) was stirred with
1 mL of DCM in a glass vial for 3 hours. The DCM part was extracted three times and dried
on anhydrous Na>SQOjs. Further, the DCM part was adjusted to 1 mL using DCM and analysed
by UV-vis spectroscopy. The incorporated dye content in nanocomposites was calculated by
comparing it with the absorbance of a standard stock solution of dye molecules (B1-B6) in
DCM. The loading content of B6 was calculated by 'H NMR spectroscopy using a mixture of
extracted B6 from NC6 and a known concentrated solution of B6 in CDC13."”) The signals of
the known concentration of B6 were integrated and normalized to which the unknown
extracted B6 was added, and the increase in the integral was measured. The concentration of

the extracted B6 was then calculated by using the formula equation 2.1,

I N
Ce=-% x =44 x Ca 2.1
Ieal Nx

where [, N, and C are the integral area, the number of nuclei, and the concentration of the

concentrated B6 (cal) and extracted B6 (x).
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Photophysical Properties
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Changes in Photophysical properties

3.1. Introduction.

Plasmon-molecule coupling causes a variety of fascinating phenomena such as
surface-enhanced Raman scattering, plasmon-enhanced fluorescence, refractive index-
induced plasmon shifting, plasmon-enhanced nonlinear optical properties, etc.!"'3 The
photophysical and electronic properties of plasmon-molecule coupled systems differ

substantially from their individual constituents.['*!7]

Importantly, the photophysical
properties of these systems are determined by the strength of the plasmon-molecule
coupling.!®! Recent advancements in plasmon-molecule coupling show that the coupling
strength is dependent on various parameters such as the concentration of the dye molecules,
spectral overlap between the dye molecules and plasmons, and distance between the dye
molecules and the plasmonic surfaces.!'”%! On the other hand, photophysical properties of
organic dyes is compromised under physiological conditions because of aggregation and

s.12627] Various self-assembled structures containing organic

other intermolecular interaction
photosensitizers, such as micelles, vesicles, or nanoparticles, are prepared using polymers or
surfactants as a supporting matrix to prevent aggregation and improve water solubility.?8-3"
However, these support matrices rarely interact electronically with organic molecules,
whereas the usage of metal nanoparticles aids not only in the self-assembly process but also

31-35

in modulating the photosensitization properties.[*!>) The impact of chemical structure and

functional groups of dye molecules on plasmon-molecule coupling, which eventually can
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result in significant changes in photophysical and photosensitization properties, are not yet
explored systematically.

This chapter discusses the effect of the chemical structure and functional groups of
dye molecules on the photophysical and photosensitization properties of plasmon-molecule
coupled systems. Our findings show that the chemical structure of the dye molecules B1-B6
has a significant impact on the photophysical properties of dye-loaded gold nanoparticles
NC1-NC7 (Chart 3.1). We investigated the photostability and photosensitization properties of
nanocomposites, and found that the chemical structure had a significant impact on them.
Furthermore, we presume that molecules aggregate on the surface of gold nanoparticles. To
evaluate the changes in the photophysical properties of dyes upon aggregation, we carried out
systematic aggregation studies of dye molecules in water-acetonitrile mixtures. Our findings
show that the chemical structure of the dye molecules influences their aggregation behaviour.
In the case of mixed aggregates of BODIPY B2 and B3, on the other hand, we observed
Forster resonance energy transfer (FRET) between aggregates of B2 and B3. Furthermore,
the effect of the immediate environment on the photophysical properties of nanocomposites
NC6 containing the stimuli-responsive group naphthalidenimine-boron complex B6 was
investigated in glycine buffer at different pH. We also investigated the photophysical
properties of a multi-chromophoric nanocomposite NC7 containing two BODIPY molecules
B2 and B3, where we observed simultancous FRET and hot electron transfer. Despite
numerous reports of energy transfer between gold and organic motifs, there is no precedence
for gold nanoparticles acting as a matrix to facilitate FRET between two organic

chromophores.

Chart 3.1. Chemical structures of the dyes B1-B6 used in this study.
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3.2. Results.
The photophysical properties of various systems are presented in the following order:
dye molecules B1-B6 in acetonitrile, their aggregation behaviour in water-acetonitrile

mixture, organic nanoparticles ONP1-ONP6 and the nanocomposites NC1-NC7.

3.2.1. Photophysical Properties of Dye Molecules.

BODIPY dyes generally demonstrate high fluorescence quantum yields, narrow
emission bandwidths with high peak intensities, and relatively high absorption coefficients in
solution.[¢381 Furthermore, they have excitation/emission wavelengths in the visible range.
Similar to this general perspective, we also observed sharp absorption and emission peaks
with high fluorescence quantum yields for the BODIPY dyes B1-B5 which in acetonitrile
exhibited absorption peaks at 495, 490, 520, 496, and 497 nm, and the emission peaks at 520,
509, 560, 517, and 508 nm, respectively (Figure 3.1). As represented in Table 3.1, high
fluorescence quantum yields were observed for the molecules B1, B2 and BS whereas the
fluorescence quantum yield of B3 was found to be low due to the heavy atom effect, which
facilitates intersystem crossing. However, the rotation of the meso-phenyl group about the C-
C single bond causes non-radiative decays thereby resulting in low fluorescence quantum
yield for B4.1*] Further, the excited state lifetime was measured by time-correlated single-
photon counting (TCSPC) experiments and the molecules B1-B3 and BS exhibited mono-
exponential fluorescence decay profiles with lifetime values of 8.41 + 0.05, 5.85 + 0.02, 1.63
+0.01 and 3.95 £ 0.04 ns, respectively (Table 3.1 and Figure 3.2).

b
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Figure 3.1. (a) UV-Vis absorption and (b) fluorescence spectra of B1-BS (11, 17, 12, 18 and
12 uM, respectively) in acetonitrile. Excitation wavelength, 490 nm for B1, B2, B4 and BS
and 520 nm for B3.
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Figure 3.2. Fluorescence lifetime decay profiles of (a) B1 (11 uM), (b) B2 (17 uM), (c¢) B3
(12 uM) and (d) BS (12 uM) in acetonitrile. Excitation wavelength, 440 nm.

Table 3.1. Photophysical properties of the dye

experimental conditions.

molecules B1-B6 in acetonitrile under various

System Aabs (Nm) Aem (NM) (Of T (ns)
B1 495 520 0.87 8.41 +£0.05
B2 490 509 0.95 5.85+£0.02
B3 520 560 0.01 1.63 +0.01
B4 496 517 0.03 n.d.

BS 497 508 0.65 3.95+0.04
B6 450 630 n.d. n.d.
B6 + HC1 425 502 0.63 9.37+0.01

n.d., Not determined due to low or quenched emission nature of materials.

On the other hand, the naphthalidenimine-boron complex B6 showed a broad

absorption and emission spectrum in acetonitrile with maxima at 450 and 630 nm,

respectively (Figure 3.3). Very low fluorescence intensity was observed for B6 in acetonitrile

(Table 3.1). It is anticipated that because of the charge transfer from (diethyl)amino (donor)
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to boryl group (acceptor), B6 showed a low fluorescence quantum yield in polar solvents like
acetonitrile. To confirm the charge transfer phenomenon, we recorded the emission spectrum
of B6 after adding a drop of hydrochloric acid to the solution of B6 in acetonitrile. It was
observed that absorption and emission maxima exhibited substantial blue shifts to 425 and
502 nm, respectively after the addition of hydrochloric acid (Figure 3.3). Further, significant
increase was observed in the fluorescence intensity with a fluorescence quantum yield of 0.63
(Table 3.1). The enhancement in the fluorescence was also observed visually wherein B6 in
acetonitrile was colourless while the addition of hydrochloric acid resulted in bright green
emission under UV light (inset of Figure 3.3a). The addition of hydrochloric acid facilitates
protonation of the (diethyl)amino group, which inhibits the charge transfer process and causes
emission from the locally excited state of B6, which exhibited enhanced intensity and blue-
shifted emission maximum. Furthermore, we observed a mono-exponential fluorescence
decay profile with a lifetime of 9.37 + 0.01 ns after the addition of hydrochloric acid (inset of
Figure 3.3b). In contrast, the lifetime of B6 in acetonitrile was unreliable due to very low
emission. This dye B6 thus serves as an ideal choice for studying the effect of immediate

environment on nanocomposite formation.

(a) 0.45; (b) 4004
——B6 in acetonitrile
—— B6 in acetonitrile with drop of HCI

= IRF 390
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=)
) 53007
O 0.304
= =y
@
_g qC> 200
(7] = e e = e ——
el = ‘ ‘ : ‘
< 0.157 = 100 50 100 150 200
T 1001

Time (ns)

ACN  ACN +HCI

400 500 600 700 500 600 700 800
Wavelength (nm) Wavelength (nm)

Figure 3.3. (a) UV-Vis absorption and (b) fluorescence spectra of B6 (12 M) in acetonitrile

and after the addition of a drop of hydrochloric acid. Inset of (a) shows photographs of B6 in

acetonitrile and after the addition of a drop of hydrochloric acid under UV light and inset of

(b) shows the fluorescence lifetime decay profiles of B6 after the addition of a drop of HCL.

3.2.2. Aggregation of BODIPY Molecules.

As described in section 2.2.4 of Chapter 2, it is assumed that chromophores aggregate
on the surface of gold nanoparticles during nanocomposite formation. So, we were curious to
investigate the aggregation properties of BODIPY molecules B1-B3 systematically which

formed stable nanocomposites. It is widely acknowledged that the optical properties of
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aggregates differ significantly from those of their monomeric forms. The aggregation
behaviour of molecules B1-B3 were investigated by varying the water content from 0 to 90%
in acetonitrile. BODIPY molecules B1-B3 exhibited sharp absorption peaks at 495, 490, and
520 nm and emission peaks at 520, 509, and 560 nm in acetonitrile (Figure 3.1a). When the
solvent system was gradually changed from 0 to 90% water in acetonitrile, only minor
changes were observed in the absorption and emission maxima of molecules B1 and B2
(Figure 3.4).
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Figure 3.4. (a, c) UV-Vis absorption and (b, d) fluorescence spectra of B1 (13 pM) and B2

(21 uM) in water-acetonitrile mixtures. (i) 100% acetonitrile and (ii) 90% water- acetonitrile

mixture. Excitation wavelength, 490 nm.

Under similar experimental conditions, significant changes were observed in the
photophysical properties of the molecule B3. When the amount of water was increased from
0 to 60%, we noticed a gradual hypochromic shift in the absorption maximum at 520 nm. A
further increase in the water content to 90% resulted in significant hypsochromic shifts and
the appearance of a new absorption maximum at 463 nm (Figure 3.5a). Following the
changes in the absorption spectrum, the emission intensity of B3 gradually decreased as the
water content increased from 0 to 60%, and an increase in the water content to 90% resulted

in a sudden decrease in the emission intensity (inset of Figure 3.5b). It was also observed that
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when the water content was more than 80%, a new peak appeared at 502 nm (inset of Figure

3.5b).
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Figure 3.5. (a) UV-Vis absorption and (b) fluorescence spectra of B3 (14 uM) in water-
acetonitrile mixtures. (i) 100% acetonitrile, (i) 90% water-acetonitrile mixture. Inset shows

the emergence of a peak at 502 nm. Excitation wavelength, 490 nm.

Next, we investigated the aggregation behaviour of the sterically bulky BODIPY BS,
which failed to form a stable nanocomposite (Section 2.2.4, Chapter 2). A minor change was
observed in the absorption maximum of B5 when the amount of water was increased from 0
to 80%. Further, we observed a hypochromic shift in the absorption maximum at 497 nm and
broadening around 520 nm at 90% water content (Figure 3.6a). A gradual decrease in the
emission maximum at 508 nm was observed when the water content was increased from 0 to
80%. Further, a significant hypsochromic shift in the emission maximum of BS was observed
in 90% water-acetonitrile (Figure 3.6b). A subtle change in the meso-position of a phenyl
group in BS BODIPY caused a significant decrease in fluorescence intensity, indicating that a

fast aggregation is plausible for BS due to the more hydrophobic phenyl group.
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Figure 3.6. (a) UV-Vis absorption and (b) fluorescence spectra of BS (21 uM) in water-
acetonitrile mixtures. (i) 100% acetonitrile and (i) 90% water-acetonitrile mixture. Excitation

wavelength, 490 nm.
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We were curious to study the aggregation of a physical mixture of molecules B2 and
B3 under similar conditions since we used B2 and B3 to synthesize the multi-chromophoric
nanocomposite NC7. We observed two absorption peaks at 490 and 520 nm in an equimolar
mixture of B2 and B3 in acetonitrile, whereas emission maxima were observed at 509 and
538 nm. These peaks are assigned to individual molecules. The observation of identical peaks
for the physical mixture as compared to the individual constituents indicated that the
interaction between B2 and B3 in acetonitrile was negligible. We observed a decrease in the
absorbance peak at 490 nm as the water content was increased, whereas the peak at 520 nm
disappeared. Furthermore, a new shoulder emerged at 471 nm, indicating that the molecules
were aggregated in 90% water-acetonitrile mixture (Figure 3.7a). Surprisingly, the
fluorescence changes exhibited by the mixture of B2 and B3 upon increasing the water
content were markedly different as compared to the individual molecules. While minor
changes and a decrease in intensity were observed for B2 and B3, respectively, we observed
an enhancement in the emission intensity at 507 nm in the case of the mixture of B2 and B3
when the water content was increased to 90% (Figure 3.7b). To ascertain the origin of the
fluorescence enhancement, we measured the fluorescence lifetimes of the mixture of B2 and
B3 in 90% water-acetonitrile. It was observed that the mixture of B2 and B3 exhibited a
mono-exponential decay with a lifetime of 6.37 = 0.01 ns (Figure 3.8).
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Figure 3.7. (a) UV-Vis absorption and (b) fluorescence spectra of a mixture of B2 (21 pM)
and B3 (14 pM) in water-acetonitrile mixtures. (i) 100% acetonitrile and (ii) 90% water-

acetonitrile mixture. Excitation wavelength, 490 nm.
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Figure 3.8. Fluorescence lifetime decay profiles of the aggregates of B2 and B3 in 90%

water-acetonitrile mixture and ONP2 (8.6 pg/mL) in water. Excitation wavelength, 440 nm.

The changes in the spectroscopic properties of B1, B2, and B3 in acetonitrile-water
mixtures indicated molecular aggregation. While the minor differences in the absorbance and
fluorescence of B1 and B2 showed the formation of random aggregates, the blue-shift in
absorption and quenching of fluorescence of B3 indicated H-type aggregation. Furthermore,
the significant decrease in the absorbance and the quenching of the fluorescence of BS
showed that the hydrophobic phenyl group caused n-n stacking between the aromatic cores
and led to fast molecular aggregation in BS. On the other hand, blue-shift in the absorption
and fluorescence enhancement of a mixture of B2 and B3 indicated a different type of

aggregation.

3.2.3. Forster Resonance Energy Transfer (FRET) between the Aggregates of B2 and
B3.

It is proposed that the enhanced fluorescence in the case of the mixed aggregates of
B2 and B3 arises because of a Forster resonance energy transfer (FRET) process from the
aggregates of B3 to the aggregates of B2. A substantial overlap between the emission
spectrum of the aggregates of B3 with the absorption spectrum of the aggregates of B2
further confirms the feasibility of FRET (Figure 3.9). Furthermore, the fluorescence lifetime
value for the mixture of B2 and B3 aggregates (6.37 + 0.01 ns) is quite comparable with the
lifetime value of B2 (5.85 £ 0.02 ns) and ONP2 (6.42 £ 0.01 ns), substantiating FRET
between the aggregates of B3 and B2 (Table 3.1).
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Figure 3.9. Overlap between the normalized absorption spectrum of the aggregates of B2
and the normalized emission spectrum of the aggregates of B3 in 90% water-acetonitrile

mixture.

Next, we employed femtosecond transient absorption spectroscopy (TA) to
understand the FRET phenomena.[***!] In acetonitrile, molecules B2 and B3 showed TA
signals at 500 and 520 nm, respectively. In the case of the aggregates of the mixture of B2
and B3, the signature of the molecule B3 disappeared. In 90% water-acetonitrile mixture, the
TA signal for the mixture of B2 and B3 consisted of the features of the molecule B2 at 500
nm and an aggregation-based bleach at 463 nm (Figure 3.10). We also compared the
dynamics of the molecular bleach signal of B2 with the similar bleach feature of a mixture of
B2 and B3 in a 90% water-acetonitrile mixture. The mixture of B2 and B3 exhibited much
slower dynamics than the pure B2 in acetonitrile (Figure 3.11). These findings are consistent
with our steady-state fluorescence measurements and support FRET between aggregates of
B2 and B3. It is worth noting that FRET is only feasible in the aggregated state due to the
complementarity between the emission and absorption spectra of the aggregates. It may also
be noted that only minor changes were observed in the steady-state and TA peak positions of
a mixture of B2 and B3 in acetonitrile compared to the individual molecules, thereby

indicating negligible interaction between B2 and B3 in acetonitrile.
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Figure 3.10. Transient absorption spectra of (a) B2 (49 uM) and (b) B3 (31 uM) in
acetonitrile and a mixture of B2 (21 uM) and B3 (14 pM) in (c) acetonitrile and (d) 90%

water-acetonitrile, respectively. Excitation wavelength, 450 nm.
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Figure 3.11. Comparison of the dynamics of the characteristic bleach feature of molecule B2

in acetonitrile and a mixture of B2 and B3 in 90% water-acetonitrile.

3.2.4. Aggregation of B6.

The aggregation properties of the naphthalidenimine-boron complex B6 was studied
by varying the water content from 0 to 90% in an acetonitrile-water mixture system. B6
exhibited an absorption maximum at 450 nm in acetonitrile and when the solvent system was
progressively changed from 0 to 40% water in acetonitrile, a minor change was observed in

the absorption intensity. However, in 50% water-acetonitrile, we noticed a hypochromic shift
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in absorption maxima at 450 nm. When the water content was further increased from 60 to
90%, a broadening along with a bathochromic shift and a hypochromic shift from 450 nm to
540 nm were evidenced (Figure 3.12a). B6 showed an emission maximum at 630 nm in
acetonitrile and when the water content was increased from 0 to 50%, a minor change was
observed in the fluorescence intensity (inset of Figure 3.12b). This could be due to the
retention of the monomeric state of molecule B6 in the presence of lower water content.
Surprisingly, an enhancement in fluorescence intensity and a hypsochromic shift in peak
maxima at 590 nm were noticed while increasing the water content from 60 to 80%.
Furthermore, we observed a reduction in emission intensity at 90% water content which was
accompanied by red-shifted emission maxima at 600 nm (Figure 3.12b). It is inferred that fast
aggregation of B6 at higher water content (=90%) resulted in the formation of less-emissive
amorphous species whereas in lower water content (<90%), it favoured the formation of
highly emissive crystalline aggregates.”) When B6 was observed under a UV lamp,
significant orange fluorescence was observed with the naked eye above 60% water content
whereas the solution was colourless below 60% (Figure 3.13). These observations suggest

aggregation-induced emission (AIE) for B6.
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Figure 3.12. (a) UV-Vis absorption and (b) fluorescence spectra of B6 (18 puM) in

acetonitrile-water mixtures. Inset of (b) shows the spectral changes up to 50% water content.

To gain insights into the aggregation behaviour, we measured the fluorescence
lifetime for the aggregates of molecule B6 from 60 to 90% water content. The data below
60% water content was unreliable due to the low emission. When water content was
increased from 60 to 90%, the contribution of the short-lived component gradually increased,
whereas the contribution of long-lived component decreased significantly (Table 3.2 and
Figure 3.14). This change presumably indicates the transition from the charge transfer state to

the locally excited state, which accounts for the shortened lifetime.
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Figure 3.13. Photograph of B6 (18 uM) in acetonitrile-water mixtures (from 0 to 90%) under
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Figure 3.14. Fluorescence lifetime decay profiles of B6 (18 pM) in different water-

acetonitrile mixtures. Excitation wavelength, 440 nm.

Table 3.2. Fluorescence lifetimes of B6 in water-acetonitrile mixtures.

Solvent 71 (ns) T2 (ns)
60% water-acetonitrile 0.97+0.03 (16.31%) 2.58+0.005 (83.69%)
70% water-acetonitrile 1.00+0.04 (12.63%) 2.68+0.005 ns (87.37%)
80% water-acetonitrile 0.88+0.02 (29.82%) 2.25+0.005 ns (70.18%)
90% water-acetonitrile 0.92+0.01 (39.08%) 2.44+0.006 ns (60.92%)

3.2.5. Photophysical Properties of Organic Nanoparticles ONP1-ONP6.

BODIPY molecules are prone to show aggregation caused quenching (ACQ) or weak
emission due to the self-absorption and strong m-n interaction caused by planar n-conjugated
structures.’’*] We investigated the photophysical properties of organic nanoparticles

(ONPs) of BODIPYs in water. The absorption and emission spectra of ONPs in aqueous
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media significantly differed from those of the corresponding molecules and the aggregates in
acetonitrile-water mixture. The formation of organic nanoparticles primarily broadened the
absorption and emission spectra. The absorption and emission maxima of the organic
nanoparticles ONP1-ONPS were observed at 495, 455 and 488, 530 (br), 490 and 487 (br),
and at 526, 515, 550, 499, and 506 nm, respectively. Furthermore, the emission intensities of
ONP1-ONPS5 significantly reduced and had lower fluorescence quantum yields (Table 3.3
and Figure 3.15b). This finding indicates that BODIPY molecules B1-B5 exhibited prominent
ACQ behaviour in aqueous media during organic nanoparticle formation. The
naphthalidenimine-boron complex B6, on the other hand, behaved differently during
nanoparticle formation. We observed a broad absorption spectrum with an absorption
maximum at 540 nm for ONP6 whereas the emission maximum showed a blue-shift to 590
nm (Figures 3.15a and 3.16a). It is noteworthy to see a significant increase in the fluorescent
intensity of ONP6 with a moderately good fluorescence quantum yield of 0.16. (Table 3.3).
The enhancement in fluorescence intensity in ONP6 was confirmed by the fluorescence
lifetime decay measurement. We observed a bi-exponential lifetime decay with a lifetime
value of 0.69 £ 0.008 ns (69.45%) and 1.89 + 0.01 ns (30.55%), whereas the lifetime data for
B6 in acetonitrile was not reliable due to significantly low emission (Figure 3.16b). These
spectral characteristics indicated different types of aggregation of dye molecules during the

organic nanoparticle formation which is dependent on their chemical structure.

Table 3.3. Photophysical properties of the organic nanoparticles ONP1-ONP6 in water.

System Aabs (Nm) Aem (NM) (O3
ONP1 495 526 0.10
ONP2 455 and 488 515 0.05
ONP3 530 (br) 550 n.d.
ONP4 490 499 n.d.
ONP5 487 (br) 506 n.d.
ONP6 540 (br) 590 0.16

n.d., Not determined due to low or quenched emission nature of materials.
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Figure 3.15. (a) UV-Vis absorption and (b) fluorescence spectra of ONP1-ONP6 (9.3, 8.6,
9.2,19, 12, and 12.2 pg/mL, respectively) in water.
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Figure 3.16. (a) A comparison of fluorescence spectra of B6 in acetonitrile and ONP6 in
water and (b) fluorescence lifetime decay profiles of ONP6 in water. [B6], 16 pM and
[ONP6], 12.2 pg/mL.

3.2.6. Absorption and Fluorescence Properties of Nanocomposites.

The absorption maximum of nanocomposites revealed distinct peaks attributed to
their constituents, namely dye the molecules and the gold nanoparticles. However, it is
important to note that the absorption spectra of the nanocomposites were not additive of the
individual components and moreover differed significantly from those of their constituents.
For example, nanocomposite NC1 containing BODIPY B1, nanocomposite NC2 containing
BODIPY B2, and nanocomposite NC4 containing BODIPY B4 showed two absorption peaks
at 497 and 550 nm, 520 and 560 nm, and 498 and 557 nm, respectively (Table 3.4 and Figure
3.17a). Gold nanoparticles Au NP, on the other hand, exhibited absorption maxima at 530 nm
due to surface plasmon resonance (SPR) (Table 3.4 and Figure 3.17a). This suggested that
interaction between the BODIPY moiety and the gold nanoparticles in NC1, NC2 and NC4

caused redshifts in the SPR and molecular peaks as compared to their components. However,

79



Chapter 3

NC3 showed a broad absorption spectrum starting at 450 nm and extending up to 800 nm
indicating the electronic transitions between the constituents, whereas NC6 showed two
absorption peaks at 443 and 523 nm which were blue-shifted as compared to the individual
components. The multi-chromophoric nanocomposite NC7 evidenced a distinct absorption
feature as compared to the individual nanocomposites NC2 and NC3. A broad absorption
spectrum was observed for NC7, extending from 410 to 650 nm and tailing up to 800 nm

(Table 3.4 and Figure 3.17a).

Table 3.4. Photophysical properties of the nanocomposites NC1-NC4, NC6 and NC7 in

water.
System Aabs (Nm) Aem (NM) (O3
NC1 497, 550 n.d. n.d.
NC2 520, 566 n.d. n.d.
NC3 450-800 n.d. n.d.
NC4 498, 557 n.d. n.d.
NCé6 443, 523 620 0.13
NC7 458, 518, 550 520 0.12

n.d., Not determined due to low or quenched emission nature of materials.

Further, we studied the emission properties of the nanocomposites. BODIPY
molecules B1-B3 showed a sharp, intense emission whereas a complete quenching of
fluorescence was observed for NC1-NC3. But, NC4 showed an emission maximum similar
to B4, indicating the leaching out of B4 from NC4 over time due to its unstable nature (see
Section 3.2.9) (Table 3.4 and Figure 3.17b). On the other hand, the multi-chromophoric
nanocomposite NC7 showed a moderately intense emission maximum at 520 nm while the
individual nanocomposites, i.e., NC2 and NC3, were found to be non-emissive. The
fluorescence quantum yield (®r) of NC7 was found to be 0.12 (Table 3.4 and Figure 3.17c).
Furthermore, NC6 was observed to be luminescent in nature with a distinct emission
maximum at 620 nm (Table 3.4 and Figure 3.17d). The fluorescence quantum yield (®f) of
molecule B6 was found to be very low in acetonitrile whereas NC6 exhibited a moderately

good fluorescence quantum yield of 0.13 in water (Table 3.4).
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Figure 3.17. UV-Vis absorption spectra of (a) NC1-NC6. Fluorescence spectra of (b) NC1-
NC4 and (c) NC2, NC3 and NC7 in water. (d) Comparison of fluorescence spectra of B6 in
acetonitrile and NC6 in water. [NC1-NC4], 16 pg/mL; [NC7 and Au NP], 12 pg/mL; [B6],
16 uM and [NC6], 16.6 pg/mL.

3.2.7. Fluorescence Lifetimes.

The fluorescence lifetime of NC6 and NC7 were measured by time-correlated single-
photon measurements. The lifetime decay for NC6 in water was observed to bi-exponential
with lifetimes of 0.64 = 0.006 ns (65%) and 2.52 + 0.01 ns (35%) whereas ONP6 in water
exhibited lifetimes of 0.69 = 0.008 ns (69%) and 1.89 + 0.01 ns (31%) (Table 3.5 and Figure
3.18a). However, the lifetime data for molecule B6 was unreliable due to its low fluorescence
intensity. Moreover, the fact that the average lifetime value for NC6 (Tave = 1.92 + 0.01 ns)
was higher than those for ONP6 (tave = 1.56 = 0.01 ns) suggested that NC6 had lesser non-
radiative transitions. The lifetime value also suggested that fluorescence in NC6 in water was

caused by efficient plasmon-molecule coupling.
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Table 3.5. A comparison of lifetime measurements of ONP6 and NC6 in water, BODIPYs
B2 and B3 in acetonitrile, the organic nanoparticles ONP2 and the nanocomposites NC6 and

NC7 in water, and the aggregates of B2 and B3 in 90% water-acetonitrile mixture.

Sample T (ns)
ONP6 0.69 £ 0.008 ns (69%) and 1.89 + 0.01 ns (31%)
NC6 0.64 £+ 0.006 ns (65%) and 2.52 + 0.01 ns (35%)
B2 5.85+0.02 ns
B3 1.63+0.01 ns
ONP2 6.42£0.01 ns
NC7 0.21 +0.01 ns (14%), 5.12 = 0.11 ns (69%), and 12.88 +
0.41 ns (17%)
Aggregates of B2 and B3 6.37+0.01 ns

To understand the origin of fluorescence in multi-chromophoric NC7, we compared
the fluorescence lifetimes of individual systems, such as the BODIPY molecules B2 and B3
in acetonitrile, as well as their organic nanoparticles (ONP2 and ONP3) and nanocomposites
(NC2 and NC3) in water with NC7. B2 and B3 in acetonitrile manifested mono-exponential
lifetimes of 5.85 + 0.02 ns and 1.63 = 0.01 ns, respectively, as discussed earlier. Likewise, the
organic nanoparticles of B2, i.e., ONP2, exhibited a mono-exponential decay with a lifetime
of 6.42 + 0.01 ns (Table 3.5 and Figure 3.18c). However, the data obtained for organic
nanoparticles of B3, i.e., ONP3, and the nanocomposites NC2 and NC3, were unreliable
because the emission of these systems was substantially quenched. Next, we observed a tri-
exponential decay for the multi-chromophoric NC7 with fluorescence lifetimes of 0.21 + 0.01
ns (14%), 5.12 £ 0.11 ns (69%), and 12.88 + 0.41 ns (17%) (Table 3.5 and Figure 3.18b).
Surprisingly, the lifetime of the major component of NC7 (5.12 + 0.11 ns, 69%) was similar
to that of B2 and ONP2, implying that the incorporation of B2 could have caused the
emission of NC7. Further, FRET between the aggregates of B2 and B3 was proposed in the
case of NC7, where gold nanoparticles served as a supporting matrix to facilitate the FRET
process. Furthermore, the fluorescence lifetimes for the mixed aggregates of B2 and B3 (6.37
+ 0.01 ns) and ONP2 (6.42 = 0.01 ns) were comparable with the major component of NC7
(5.12 £ 0.11 ns, 69%) thereby confirming the FRET process in NC7 (Table 3.5).
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Figure 3.18. Fluorescence lifetime decay profiles of (a) NC6 (16.6 pg/mL) and ONP6 (12.2
pg/mL) in water, (b) B2 (17 uM) and B3 (12 uM) in acetonitrile, and NC7 (12 pg/mL) in
water and (c) aggregates of B2 and B3 in 90% water-acetonitrile mixture, and ONP2 (8.6

pug/mL) in water. Excitation wavelength, 440 nm.

3.2.8. Environment-Sensitive Photophysical Properties of NC6.

The photophysical properties of NC6 were observed to be environment-sensitive due
to the donor-acceptor nature of the compound B6. The absorption and emission spectra of
NC6 were recorded in glycine buffer with pH ranging from 2 to 12. The absorption spectra of
NC6 showed minor changes at different pH, but the emission maximum showed a significant
blue shift of 19 nm at pH 2 (Figure 3.19). It is assumed that at pH 2, the N,N-diethylamino
group was protonated, which inhibited the intramolecular charge transfer process in B6, and
resulted in a blue-shifted emission maximum from the locally excited state. The pH-
dependent changes in the emission were also visible to the naked eye, wherein a green colour

was observed in the case of pH 2, whereas the colour was orange at other pH (Figure 3.20).
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Figure 3.19. UV-Vis absorption and (d) fluorescence spectra of NC6 (16.6 pg/mL) in
glycine buffer (10 mM) at various pH. Excitation wavelength, 450 nm.
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Figure 3.20. Photographs of NC6 (16.6 pg/mL) at pH 2 to 12 after illuminating with a UV

lamp.

3.2.9. Photostability.

After studying the photophysical properties of the nanocomposites, we were interested
in exploring their potential application as a photosensitizer for PDT. At the outset, we
verified the photostability of various systems by irradiating their aerated solutions. The
photostability of the dye molecules, organic nanoparticles and nanocomposites was evaluated
by monitoring the changes in the absorption spectra of their solution after irradiation under a
Xenon arc lamp for 10 minutes. First, we investigated the photostability of the dye molecules
B1-B6 in acetonitrile. The absorbance of B3 and B6 remained unchanged after irradiation,
demonstrating their excellent photostability. Under similar conditions, however, the
absorbance of B1, B2, B4 and BS5 decreased significantly, indicating photobleaching (Figure
3.21 and Table 3.6). We also investigated the photostability of the organic nanoparticles
ONP1-ONP6 in an aqueous solution under the same conditions. We noticed significant
changes in the absorbance of ONP1-ONP3, ONP5 and ONP6, indicating that the systems
undergo photobleaching. ONP4, on the other hand, showed no changes in the absorption
spectrum after photoirradiation, demonstrating its excellent photostability (Figure 3.22 and

Table 3.6).
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Figure 3.21. Changes in the UV-Vis absorption spectrum of (a-f) B1-B6 (11, 17, 12, 18, 12

and 20 puM, respectively) in acetonitrile upon irradiation using a Xenon arc lamp.
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Figure 3.22. Changes in the UV-Vis absorption spectrum of (a-f) ONP1-ONP6 (9.3, 8.6,

9.2, 19, 12, and 12.2 pg/mL, respectively) in water upon irradiation using a Xenon arc lamp.
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Table 3.6. Photostability and photosensitization properties of B1-B6 in acetonitrile, ONP1-

ONP6 and NC1-NC4, NC6 and NC7 in water.

System Photostability [0JN
B1 No n.d.
B2 No n.d.
B3 Yes 0.6244
B4 No n.d.
BS No n.d.
B6 Yes n.d.

ONP1 No n.d.

ONP2 No n.d.

ONP3 No n.d.

ONP4 Yes 0.28

ONP5 No n.d.

ONP6 No n.d.

Au NP Yes 0.027851

NC1 Yes 0.46
NC2 Yes 0.12
NC3 Yes 0.42
NC4 No n.d.
NC6 at pH 7.4 Yes 0.25
NC6 at pH 10 Yes 0.31
NC7 Yes 0.68

n.d., Not determined due to low or quenched emission nature of materials.

Next, we were intrigued to investigate the photostability of the gold nanoparticles (Au
NP) and the nanocomposites NC1-NC4 and NC6-NC7 in an aqueous solvent under similar
conditions. The nanocomposites NC1-NC3 and NC7 did not exhibit changes their absorption
spectra when exposed to light, confirming their photostability. However, photoirradiation
caused a significant increase in the absorption maxima at 498 nm for NC4. It is assumed that
the bulky phenyl group in the meso-position of B4 caused the photobleaching for NC4.
Furthermore, when exposed to light, Au NP demonstrated excellent photostability (Figure
3.23 and Table 3.6).
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Because of its environment sensitive fluorescence properties, we studied the
photostability of NC6 in glycine buffer at pH 2, 4, 6, 7.4, and 10. The absorption maximum
of NC6 was observed to be negligibly affected by irradiation at pH 7.4 and 10, demonstrating
the excellent photostability of NC6 under these conditions. However, the absorbance of NC6
was found to decrease at pH 2, 4, and 6, indicating photobleaching (Figure 3.24 and Table
3.6). Furthermore, for imaging application, it is desired that NC6 remain stable in the pH
range up to pH 4. So, we tested the stability of NC6 in the dark for 10 minutes at pH 4 and
7.4. The absorption maximum remained unchanged at pH 4 and 7.4 under these conditions,

demonstrating its excellent stability (Figure 3.25).
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Figure 3.23. Changes in UV-Vis absorption spectrum of (a-d) NC1-NC4, (e) NC7 and (f)
Au NP in water upon irradiation using a Xenon arc lamp. [NC1-NC4], 16 pg/mL and [NC7
and Au NP], 12 pg/mL.
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Figure 3.24. Changes in the UV-Vis absorption spectra of NC6 (16.6 pg/mL) in glycine
buffer (10 mM) at pH (a) 2, (b) 4, (c) 6, (d) 7.4 and (e) 10 upon irradiation using a Xenon arc

lamp.
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Figure 3.25. Changes in the UV-Vis absorption spectra of NC6 (16.6 pg/mL) in 10 mM
glycine buffer at pH (a) 4 and (b) 7.4 in the dark.

3.2.10. Photosensitization.

After studying the photostability, we were curious to investigate the
photosensitization properties of the nanocomposites. The photosensitization properties of the
nanocomposites were investigated using 1,3-diphenylisobenzofuran (DPBF), which rapidly
reacts with singlet oxygen ('02) to form a peroxide that decomposes into 1,2-
dibenzoylbenzene (DBB) (Figure 3.26).1°1 As the product of this reaction is colourless, it can
be monitored with absorption spectroscopy. Aqueous solutions of a mixture of DPBF and the

nanocomposites NC1-NC3 and NC7 were photo-irradiated using a 450 W Xenon lamp and
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the changes in the UV-Vis absorption spectrum were recorded at regular intervals. We
observed a decrease in absorbance at 420 nm after irradiation, indicating photooxidation of
DPBF (Figure 3.27 and Figure 3.28). The reaction rate differed for each nanocomposite and
served as a parameter to assess the efficiency of 'O, generation. The quantum yield for 'O,
generation (®) was also calculated using methylene blue (MB) as a reference standard, and
the results are shown in Table 3.6. It is worth noting that the 'O2 quantum yields of NC1 and
NC3 were relatively high (0.46 and 0.42, respectively) and comparable to that of methylene
blue (®a = 0.52)%! (inset of Figure 3.27). Under similar conditions, Au NP was also capable
of producing 'O, but the quantum yield of 'O, was significantly lower (®a = 0.027).1°"]
However, the multi-chromophoric nanocomposite NC7 exhibited the highest 'O, quantum
yield of ®a» = 0.68 (inset of Figure 3.28 and Table 3.6), whereas the individual
nanocomposites NC2 and NC3 showed ®x values of 0.12 and 0.42, respectively. Thus, it can
be concluded that incorporation of BODIPY molecules B1-B3 in gold nanoparticles increases
the photostability of the nanocomposites and produces a significant amount of 'O, as
compared to their individual components. It is also important to note that the 'O, quantum
yield was dependent on the chemical structure of the dye molecule. Next, we investigated the
photosensitization properties of NC6 using a 350 W Xenon lamp with a 475 nm cut-off filter
in glycine buffer at pH 7.4 and 10. The 'O, quantum yield of NC6 was found to be 0.25 and
0.31 at pH 7.4 and 10, respectively, using MB as a standard (Figures 3.29a-c, and Table 3.6).
It is important to note that under similar conditions in acetonitrile, molecule B6 was unable to
generate 'O (Figure 3.29d), and the quantum yield of Au NP in 'O, was found to be very low
(®a = 0.027) (Table 3.6). A comparison of the !0, generation capability of B6, NC6, and Au
NP highlights the importance of plasmon-molecule interactions in modulating the

photosensitization property.

o TN S W &
O /o\ OQ 020 OQ o & O

1,3-diphenylisobenzofuran (DPBF) 1,2-dibenzoylbenzene (DBB)
Figure 3.26. Reaction of 'O, with DPBF.

To confirm the photosensitised generation of 'O> by the nanocomposites, we carried

out control experiments in the absence of light and oxygen under similar conditions. We did
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not notice any significant decrease in the absorbance of DPBF at 420 nm under either
condition, thereby demonstrating the generation of 'O, only in the presence of both light and
oxygen. Furthermore, we observed negligible changes in the absorbance of DPBF at 420
when irradiated in the presence of sodium azide — a known singlet oxygen quencher,*”]
confirming the presence of 'O, (Figure 3.30). Further, the 'O, generation of nanocomposites
NC2, NC3 and NC7 was confirmed by NIR luminescence measurement. We observed a
luminescence peak at 1280 nm upon irradiation in the presence of NC2, NC3 and NC7,
confirming 'O, generation. It is worth noting that the highest peak intensity was observed for

NC7, followed by NC3 and NC2, which is in line with the 'O> quantum yield of these for

nanocomposites (Figure 3.31).

YeA+BTX

(a) 0.5, 0s (b) 0.5, 0 1o el
Y=A+B*X B 000228 B878BSES
oa 1.0 Paramotorvalue Enor e 08 R0l Nowts 1 oo
o £ os 5 oo Trbsoees o o8
O 8 R SDN P 8 0.4
(CU 0.3, :rj 06 -0.99503 0.02707 7  <0.0001 © 0'3,
-e § '8 30 60 99 120 150 180
202 04 3 021 Time (5)
0 o)
< 0 30 60 90 120 150 180 <
0.1 Time (s) 0.14
0.0 , ; ; ; ‘ 0.0 , : : : ‘
300 400 500 600 700 800 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm)
0 VeAiBeX 0 Y=A+B*X
(¢) o5 10 Paavae €
1.0 A 0.96536 0.01857
y £ 0.8 B -0.00429 1.71719E-4
0.4 E 0.8 R SO N P 0.4 ; 06 T}egesooz gnn;s 7 <0.0001
o g 09971 001721 7 <0001 Q) S
o 206 8 Lo4
S 034k 2\ 2 @ 0. <
@© A o 0.2
-8 ; = 0o
8 0.2 60 90 120 150 180 8 0. 0 30 60 90 120 150 180
Q Time (s) Ne] Time (s)
< <
0.1 ’ 0.1
270 s
0.0 : : : : ‘ 0.0 : : : e
30 400 500 600 700 800 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

Figure 3.27. Changes in the UV-Vis absorption spectrum of a solution of 1,3-
diphenylisobenzofuran (DPBF, 65 uM) and (a-c) NC1-NC3 (16 pg/mL) and (d) MB (16
pug/mL) in 5 % ethanol-water mixture. Insets show the respective curve fitting data for the

decrease in the absorbance of DPBF at 420 nm.
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Figure 3.30. The relative changes in absorbance at 420 nm of a solution of DPBF in the
presence of methylene blue (MB) or the nanocomposites (a-c) NC1-NC3 in 5% ethanol-
water mixture, (d) NC6 in 5% ethanol-glycine buffer (10 mM) at pH 7.4 and (e) the multi-
chromophoric nanocomposite NC7 in 20 % ethanol-water mixture, respectively under

different experimental conditions.

__2000-
©

~ -@-NC2
>..1 500+ -@-NC3
.‘g NC7
$ 10001

——

=

— i

= 500

0 i

1100 1200 1300 1400 1500
Wavelength (nm)

Figure 3.31. Luminescence spectra of NC2, NC3 and NC7 in water. Excitation wavelength,
377 nm. [NC2, NC3 and NC7], 12 pg/mL.

3.3.  Discussion.
We investigated the photophysical properties of a few nanocomposites containing dye
molecules and gold nanoparticles. The changes in absorption and emission maxima in

acetonitrile-water mixtures is attributed to molecular aggregation of the dye molecules. The
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minor shift in the absorption and emission maxima indicates a random aggregation of the
BODIPYs B1 and B2 whereas a systematic decrease in the absorption and emission maxima
of BS revealed a controlled aggregation of BS (Figures 3.4 and 3.6). The blue shift in
absorption maxima and fluorescence quenching, on the other hand, demonstrated the

4841 However, one striking finding from the

formation of H-aggregates for B3 (Figure 3.5).!
self-assembly experiments was the difference in the spectral features of aggregates containing
both B2 and B3 as compared to individual aggregates of B2 and B3. In the case of dilute
solutions (micromolar concentrations), we observed blue shifts in the absorption maxima, and
the spectrum of a mixture of B2 and B3 in a 90% water-acetonitrile mixture was reasonably
sharp, with a maximum at 500 nm and a bump at 463 nm that may be attributed to the
individual aggregates. On the other hand, the absorption spectrum of a concentrated solution
(millimolar concentrations) of a 1:1 mixture of B2 and B3 in 100% water was broad, with an
absorption maximum at 508 nm with a shoulder at 457 nm (Figure 3.32). The difference in
the spectral features of a mixture of B2 and B3 at different concentrations could be attributed
to an environment-dependent self-assembly process. It is assumed that the mixture of B2 and
B3 formed small, regular aggregates in dilute conditions in 90% water-acetonitrile mixture.
In contrast, large, irregular aggregates were formed at higher concentrations in 100% water.
DLS measurements also supported the formation of irregular aggregates in 100% water for
the mixture of B2 and B3 (Figure 3.33). Furthermore, the naphthalidenimine-boron complex
B6 exhibited a red shift in absorption maxima and a sudden increase in emission intensity

after 50% water content, indicating aggregation-induced emission (Figure 3.12).
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Figure 3.32. UV-Vis absorption spectra of concentrated (millimolar concentration) and
dilute solutions (micromolar concentration) of a mixture of B2 and B3 in 100% water and

90% water-acetonitrile, respectively.
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Figure 3.33. Particle size analysis by dynamic light scattering of three different batches of
the mixture of B2 and B3 in 100% water. The observed average particle sizes were 200 + 1,

290 £+ 1, and 324 £ 1 nm for (a-c), respectively.

It is hypothesized that the increase in the fluorescence intensity in the mixture of
aggregates of B2 and B3 resulted in a FRET process from the aggregates of B3 to the
aggregates of B2, as demonstrated by the emission at 507 nm with a lifetime of 6.37 £ 0.01 ns
for a mixture of aggregates of B2 and B3 in the 90% water-acetonitrile mixture. This lifetime
matched well with the lifetime of ONP2 of 6.42 + 0.01 ns (Table 3.5), validating the FRET
from aggregates of B3 to aggregates of B2. Significant overlap between the emission
spectrum of B3 aggregates and the absorption spectrum of B2 aggregates (Figure 3.9) further
confirmed the feasibility of the FRET process. Similarly, the existence of energy transfer
between the aggregates of B3 and B2 was also observed in the transient absorption
spectroscopy experiments (Figures 3.10 and 3.11). Notably, the FRET process is favoured
only in the aggregated state because of the complementarity between the emission and
absorption spectra of the aggregates, thereby signifying the importance of molecular
aggregation for the FRET process.

The photophysical properties of organic nanoparticles (ONPs) in water showed a blue
shift, broadening in the absorption spectra and significantly quenched the fluorescence.
However, ONP6 showed a red shift in absorption maximum and a blue shift in emission
maximum with a substantial enhancement in emission. The changes in the absorption and
emission spectra of ONPs substantiate the importance of the chemical structure of dye
molecules for their different aggregation behaviour in water. The optical properties of the
nanocomposites were significantly different when compared from those of the chromophores,
organic nanoparticles and pristine gold nanoparticles. The spectral features of the
nanocomposites were consistent with the hybridized signature of molecular and plasmonic
absorptions. For example, NC1 showed absorption maxima at 500 and 550 nm whereas B1

and Au NP had absorption maxima at 495 and 530 nm. As a result, a red shift in the
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absorption maxima of the molecular and plasmonic peaks was observed for NC1. Similar
differences were observed in the absorption spectra of NC2-NC4 when compared to their
constituents. On the other hand, NC6 showed a blue shift in the molecular and plasmonic
peak maxima as compared to the individual components (Figure 3.34). These results indicate
a strong interaction between the dye molecules and gold in the nanocomposites. Furthermore,
NC7 exhibited a broad spectrum from 400 to 800 nm. Surprisingly, the absorption spectrum
of NC7 showed significant differences from the additive spectrum of the individual
components, i.e., ONP2, ONP3, and Au NP, indicating strong interactions between the

individual components while incorporated in NC7 (Figure 3.35).
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Figure 3.34. A comparison of the UV-Vis absorption spectra of (a) dye molecules B1-B6,
(b) organic nanoparticles ONP1-ONP6, (c) the gold nanoparticles (Au NP) and
nanocomposites (NC1-NC4 and NC6).
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Figure 3.35. A comparison of the UV-Vis absorption spectrum of NC7 with the individual
components ONP2, ONP3, and Au NP, and the additive spectra of ONP2, ONP3, and Au

NP in water.

Plasmon-molecule coupling between the dye molecules and gold nanoparticles

resulted in the quenching fluorescence of the dye molecule for NC1-NC3, whereas NC6 and
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NC7 were found to be fluorescent. Further, an overlap in the absorption of B6 with gold
nanoparticles was minimal, but there was a significant overlap between the fluorescence of
B6 and the absorption of gold nanoparticles resulting in plasmon-enhanced luminescence in
the case of NC6. In the case of the multi-chromophoric nanocomposite NC7, it is inferred
that the mixed aggregates of compounds B2 and B3 are formed on the surface of gold
nanoparticles, thereby facilitating a FRET from the aggregates of B3 to the aggregates of B2.
The photostability and photosensitization properties of nanocomposites were also
dependent on the chemical composition of the dye molecules. The sterically bulky BODIPY
B4 induced photo instability to the nanocomposite NC4. We noticed that photostable
nanocomposites could generate 'O, in the presence of oxygen and light. The quantum yield of
!0, in nanocomposites was significantly higher than their individual components, with the

multi-chromophoric nanocomposite NC7 having the highest value of @5 = 0.68.

3.4. Conclusions.

We studied the photophysical properties of dye molecule B1-B6, their aggregates, the
organic nanoparticles ONP1-ONP6 and the nanocomposites NC1-NC7. BODIPY molecules
B1-BS exhibited sharp absorption and emission maxima while the naphthalidenimine-boron
complex B6 showed a charge transfer phenomenon from the donor (diethyl)amino group to
the acceptor boryl moiety. Aggregation studies in acetonitrile-water mixture revealed changes
in absorption and emission maxima for B1-B3 and BS. In tune with the literature reports, B1,
B2, B3 and BS formed molecular aggregates in aqueous media, and the spectroscopic
characteristics indicated that H-type aggregates were formed as evidenced by the blue shift in
the absorption maxima and quenching in fluorescence. However, a mixture of B2 and B3
exhibited blue-shifted absorption maxima while the fluorescence intensity increased as the
water content increased from 0 to 90%. It was further confirmed that an increase in
fluorescence intensity in the case of the mixed aggregates of B2 and B3 was caused by
Forster resonance energy transfer (FRET) from aggregates of B3 to B2. A similar type of
FRET was proposed for the multi-chromophoric nanocomposite NC7 on the surface of gold
nanoparticles between the aggregates of B2 and B3, thereby making the nanocomposite
fluorescent. On the other hand, the naphthalidenimine-boron complex B6 showed
aggregation-induced emission when the water content was increased from 0 to 90%.

The formation of organic nanoparticles (ONPs) in water mainly showed a broadening
and blue shift in absorption maxima while quenching of fluorescence was observed for

BODIPY molecules B1-B5. However, a significant red shift in absorption maxima and
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enhancement in emission intensity with a blue shifted maximum was noticed for B6 upon
organic nanoparticle formation, resulting in an aggregation-induced emission.

The formation of the nanocomposites caused significant changes in the photophysical
properties of its constituents: bathochromic shifts in the absorption maxima of the dye
molecules and gold nanoparticles were observed, while the fluorescence of the dye molecules
was quenched for all the nanocomposites except NC6 and NC7. Further, the plasmon-
enhanced luminescence was observed in the case of NC6 where the overlap of the absorption
of B6 with gold nanoparticles was minimal. Thus, our findings highlight the importance of
spectral overlap between the dye molecule and gold nanoparticles on plasmon-molecule
coupling.

We also studied the photostability and photosensitization properties of B1-B6, ONP1-
ONP6 and NC1-NC7. The chemical composition of the dye molecules significantly affects
the photostability and photosensitization of the nanocomposites. NC4 was observed to
unstable upon irradiation while NC6 exhibited pH depended photostability and
photosensitization properties. The 02 quantum yield was observed to depend on the chemical
composition of the dye molecules, and multi-chromophoric nanocomposite NC7 was the

most efficient photosensitizer.

3.5. Experimental Section.
3.5.1. General Techniques.

All experiments were conducted at room temperature (25 + 1 °C) unless otherwise
mentioned. The particles were dispersed in Milli Q water before analysis. Absorption spectra
were recorded on a Shimadzu UV-2600 UV-vis spectrophotometer in 3 mL quartz cuvettes
having a path length of 1 cm. Fluorescence spectra were recorded on a Fluorolog 3-221
fluorimeter equipped with a 450 W Xenon lamp. The fluorescence quantum yields were
determined by using optically matched solutions. Rhodamine 6G (®r= 0.95) in ethanol was

used as the standard. The fluorescence quantum yields were calculated using equation 3.1,

3.1)

where I is the integrated intensity, OD is the optical density at the excitation wavelength, n is

1 (sample)x0D (ref) xn?(sample)
I (ref)x0D (sample) xn?(ref)

Dr(sample) = Pr(ref) x

the refractive index of the solvent, ref. stands for the reference standard. Fluorescence
lifetimes were measured on a Fluorolog TCSPC Horiba FL-1057. The fluorescence decay
profiles were deconvoluted using IBH data station software V2.1 and minimizing the 7>

values of the fit to 1 + 0.1. Photostability and photosensitization experiments were carried out
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using a 450 W of 350 W Xenon arc lamp (Oriel instruments) with a 475 nm cut-off filter
(Newport Corporation). The changes in absorption spectra after irradiation were recorded on
a Shimadzu UV-Vis spectrophotometer in 3 mL quartz cuvettes having a path length of 1 cm.
3.5.2. Femtosecond transient absorption spectroscopy.>!

We used a Ti: sapphire amplifier system (Astrella, Coherent, 800 nm, 3mlJ/pulse
energy, ~ 35 fs pulse width, and 1 kHz repetition rate) and Helios Fire pump-probe
spectrometer for the ultrafast measurements. The output laser beam was cleaved into the
pump (95% of the output) and probe (remaining 5%) beams using two different beam
splitters. The required pump wavelength was obtained using Optical Parametric Amplifier
(OPerA-SOLO) for the photo-excitation of the sample. A perfect pump-probe delay was
maintained by placing a delay stage in the probe beam path. Monochromatic probe light
passes through a sapphire crystal generating visible probe pulses. The probe beam passes
through sample dispersion and falls upon fiber-coupled CMOS detectors connected with the
computer system. The chirping and fitting of the collected TA data was done in surface

explorer software.

3.5.3. Aggregation studies in acetonitrile-water mixture.

A stock solution of the dye molecules B1-B3, B5 and B6 in acetonitrile was prepared.
Diluted solutions for measurement were then prepared from the stock solution in the cuvette
using acetonitrile-water mixtures. The acetonitrile-water fraction was kept constant for all the

molecules.

3.5.4. Investigation of pH-responsive property of the nanocomposite NC6.

Glycine buffer (10 mM) in 40 mL was prepared by following a standard method.
Stock solutions of NC6 (16.6 pg/mL) were prepared by varying the pH from 2 to 12 before
use. The changes in UV-vis and emission spectra were recorded at different pH in glycine

buffer.

3.5.5. Photostability of the various systems under different conditions.

A solution of the dye molecules in acetonitrile were irradiated using a 450 W or 350
W Xenon lamp with a 475 nm cut-off filter. The change in absorption was monitored over 10
minutes with a one-minute time interval. Further, an aqueous solution of the organic

nanoparticles or the nanocomposites were irradiated under similar conditions and changes in
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absorption spectra were changed recorded. Furthermore, the nanocomposite NC6 was
prepared in glycine buffer (10 mM) at pH 2, 4, 6, 7.4 and 10. The solution was irradiated
using a 350 W Xenon lamp with a 475 nm cut-off filter. The change in UV-Vis absorbance of

NC6 was monitored at one-minute intervals over 10 minutes.

3.5.6. Investigation of 'Oz generation of nanocomposites under different conditions.

The solutions of the nanocomposites and methylene blue in water were mixed with a
solution of diphenylisobenzofuran (DPBF) in 5% ethanol-water or 20% ethanol-water in a 3
mL cuvette. The solution was irradiated using a 450 W Xenon lamp with a 475 nm cut-off
filter. The decrease in absorbance of DPBF at 420 nm was monitored at intervals of 30
seconds. On the other hand, the nanocomposite NC6 in glycine buffer (30 mM) of pH 7.4 or
pH 10 was admixed with the solution of DPBF in 5% ethanol-glycine buffer (30 mM) at the
same pH. Then, the change in absorption of DPBF at 420 nm was monitored in the presence
of NC6 after irradiation using a 350 W Xenon lamp with a 475 nm cut-off filter at intervals

of 30 seconds.

3.5.7. Determination of '02 quantum yield.
The quantum yield of singlet oxygen was estimated using a previously reported
method!! with methylene blue (MB, @A = 0.52) as a reference standard and the following

equation 3.2.

m (sample)XF (ref)

@y (sample) = Oy (ref) x

(3.2)

m (ref)XF (sample)
where m is the slope of the difference in the change in the absorbance of DPBF (at 420 nm)

with irradiation time, and F is the absorption correction factor, which is given by F = 1-10~
oD
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Chapter 4

Mechanism and Applications

A0
Trp
"
Dye

Direction of hot e migration depends on the chemical
structure of dyes

4.1. Introduction.

Plasmon-molecule coupled systems have rich and intriguing optical properties, which
have led to their use in various fields ranging from optoelectronicst!"* and spectroscopy>* to
imaging!®® and sensing!*®’. Plasmon-molecule coupled systems exhibit strong absorption
due to the localized surface plasmons and has been shown to promote many photophysical
processes such as Raman scattering!!®'?] fluorescence!!>"!], Forster resonance energy
transfer!'®), phosphorescence!'’], and singlet oxygen ('0,) production!'®2!1. 10, is a highly
reactive species, the lowest and most stable excited state of molecular oxygen.l*”) '0; is a
widely used chemical reagent and cytotoxic agent.’*) Generally, 'O> is generated by
photosensitization, a process in which a photosensitizer produces 'O2 upon light exposure via
energy transfer.”¥! Production of photosensitized 'O, is essential for many applications,

I.[25728]

including photodynamic therapy (PDT) of cance , photodynamic inactivation of micro-

nB%31 " photodegradation®?), wastewater treatment!*3],

organisms!?”), photoinduced oxidatio
and fine chemical synthesis®. When '0; is produced near or within tumour cells and micro-

organisms, it can efficiently react with various cellular targets, causing detrimental structural
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31 However, most

damage that eventually leads to their inactivation and death.!
photosensitizers show several drawbacks, including a tendency to aggregate in biological
media, poor cellular uptake, and low-to-moderate 'O> quantum yield.®® Besides, due to the
dark toxicity of heavy atoms such as bromine and iodine, the development of heavy-atom-
free photosensitizers is an extensively researched topic. To overcome this shortfall, plasmon-
enhanced 'O, production has been developed recently as a viable method. It occurs as a result
of plasmonic coupling between photosensitizers and noble metal nanostructures, which is a
promising method for increasing the efficacy of PDT. Nonetheless, the ability of noble metal
nanostructures to boost 'O production is relatively unexplored. Furthermore, the underlying
mechanism of plasmon-enhanced 'O, generation is still unknown. Many theoretical studies
have shown that metal nanostructures facilitate intersystem crossing in the plasmon-molecule
hybrid system.[?!*%] As a result, these hybrid systems subsequently generate more 'O due to
the enhanced intersystem crossing and triplet yield.!!*%

As described in Section 3.2.10 of Chapter 3, a few of the synthesized nanocomposites
efficiently photosensitized the generation of '0,. This chapter describes the elucidation of the
mechanism of photosensitized 'O, generation using ultrafast spectroscopy. Our results show
that hot charge carrier migration is the key for the observed photophysical properties and that
the direction of hot electron transfer is determined by the chemical composition of the dye
molecules, which also played a significant role in the photophysical properties of
nanocomposites. Finally, we studied their utility as a cytotoxic and imaging agents against
cancer cells due to their luminescence and biocompatibility. Furthermore, due to the

environment-dependent luminescence nature of nanocomposite NC6, we used it for the

selective detection and killing of cancer cells.

4.2. Results.
4.2.1. Transient Absorption Spectroscopy (TA) Studies.

Transient absorption (TA) spectroscopy is widely used to investigate the intrinsic
photophysical behaviour of a variety of materials.*’*") To study the mechanism of the 'O,
generation of nanocomposites and to realize the native photophysical behaviour in this hybrid
system, we investigated the excited-state charge carrier dynamics using TA spectroscopy.
First, we wanted to see how the chemical structure of the BODIPYs B1-B3 affected the '02
generation efficiency of nanocomposites NC1-NC3. In the transient absorption spectra of B1-
B3 in acetonitrile, we observed a strong photoinduced bleach feature peaking around 505,

502, and 518 nm corresponding to the spin allowed 7-n* transitions from So to S; statel*!4*]
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(Figures 4.1a-c). The primary channel for the effective production of 'O, in BODIPYs is the
population of triplet states via the singlet-triplet intersystem crossing (ISC) process.’*”!
However, in the presence of gold nanoparticles, the mechanism of 'O, generation in gold-
BODIPY nanocomposites may differ. This could be due to the ISC process being aided
against fast relaxation of S; to So!*’! or the plasmonic photoexcitation induced population
increment in oxygen singlet states.*¥] In our previous nanosecond transient studies, we
observed no signature of triplet state formation for NC1.[**) Thus, plasmonic photoexcitation
of these systems could be the mechanism of 'O, generation in gold-BODIPY
nanocomposites.

To better understand this, we studied the TA spectra of nanocomposites NC1-NC3
using 450 nm pump excitation. We noticed that the transient absorption spectra of the
nanocomposites NC1-NC3 were dominated by the gold plasmonic bleach signal at 545 nm,
indicating a strong resonance coupling between gold nanoparticles and the molecular
entities!*!*%! (Figures 4.1d-f). We observed a significantly redshifted plasmonic bleach signal
in NC1-NC3 as compared to the plasmonic bleach signal in gold nanoparticles (Au NP),
which was observed at 540 nm under the same photoexcitation (Figure 4.2). It is worth noting
that a strong photoinduced absorption at 490 nm replaces the BODIPY ground state bleach
feature in the spectra of the nanocomposites (Figures 4.1d-f). This could imply a BODIPY to
metal charge transfer phenomenon in the nanocomposites. The quenching of the steady-state
fluorescence of B1-B3 incorporated into nanocomposites NC1-NC3 also supports this
interference. It is also well known that the fast relaxation of plasmonic excitations in Au NP
inhibits the electron transfer process, resulting in low singlet oxygen efficiency. In the case of
nanocomposites NC1-NC3, it is hypothesized that the longer plasmonic lifetime caused
photoexcited electron migration from BODIPY to Au NP, allowing a longer time for electron

transfer into oxygen singlet states.
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Figure 4.1. Transient absorption spectra of (a-c) the BODIPY molecules B1-B3 in
acetonitrile, and (d-f) the nanocomposites NC1-NC3 in water as a function of pump-probe
delay time for 450 nm photoexcitation and 200 pJ/cm? laser fluence. [B1], 11 uM; [B2], 49
uM; [B3], 31 uM and [NC1-NC3], 16 pg/mL each.
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Figure 4.2. Transient absorption spectra of pristine Au NP (16 pg/mL) as a function of

pump-probe delay time for 450 photoexcitation and 200 pJ/cm? laser fluence.

To determine the coupling strength in nanocomposites NC1-NC3, we studied the
bleach dynamics of pure molecules B1-B3 in acetonitrile and nanocomposites NC1-NC3 in
water as a function of pump-probe delay time. It was noticed that the growth time of the
ground state bleach was longer for B1 than for B2 and B3, implying a longer relaxation time
for B1 and indicating the possibility of hot electron transfer in NC1, which is very unlikely in
NC2 and NC3. The slower recovery kinetics of B1 would favour over B2 and B3 for
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plasmon-molecule coupling, resulting in efficient electron transfer to gold (Figure 4.3a). We
observed a gradual decrease in the growth time of the plasmonic bleach from NC1 to NC3,
whereas a rapid rise was observed in the case of Au NP. The growth time component of a
plasmonic signal was caused by electron-electron scattering in photoexcited hot electron gas
before they are thermalized in the SPR state.!*”] Thus, an increase or decrease in scattering
time would indicate a change in electron population in the metal regime. Our experimental
results in Figure 4.3b showed that the electron population in metal excited states followed the
order NC1 > NC2 > NC3 > Au NP. It is hypothesized that a higher BODIPY interaction
probability readily increased plasmon lifetime, resulting in a superior singlet oxygen
population. However, the higher singlet oxygen efficiency of NC3 as compared to NC2 may
be due to the broader plasmonic absorption of NC3, as shown in Figure 4.1f. Due to their
poor gold-BODIPY interaction, it is also inferred that the heavy atom effect!*® of the B3
entity contributes to singlet oxygen generation in NC3 along with the gold-mediated
phenomena.

(a

~

(b)

04

E £
—_ 14 O -
2 2
a -2 o - Au NP
% % @ NC1
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41 , : , 81— , : ,
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Figure 4.3. Normalized evolution of the transient decay kinetics of (a) B1-B3 and (b) NC1-
NC3 following plasmon-molecule interactions probed at the bleach maxima after 450 nm

photoexcitation. The kinetics of Au NP is also plotted as a reference.

Based on our experimental findings, we also propose a simplified scheme for
discussing the differentiation of 'O, generation and photoinduced processes in NC1 and NC2
(Figure 4.4). In the presence of gold, photoexcited BODIPY electrons are transferred into
metal SPR states or occupy the unfilled 6sp band with subsequent intra-band relaxation. This
would slow down the fast relaxation of plasmonic electrons and increase the gold carrier
lifetime, both of which are critical for electron extraction to fill the singlet states of oxygen.
The appearance of a molecular bleach signal in the transient spectra of NC1 after 3 ps

indicates the refilling of the S; state via back-electron transfer from gold to B1. However,
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gold hot electron absorption obscures it in the early time scales (< 3 ps). But the bleach
intensity was very low compared to pure BODIPYS, indicating a low carrier population in the
state, preventing back-migration of transferred electrons towards Si, which helped to populate
the singlet state of oxygen. The fast relaxation of photoexcited electrons in the molecular
regime makes hot electron transfer minimal for NC2. Further, electron transfer would be
possible only from near band-edge states to the molecular singlet state of oxygen in NC2.
According to our experimental results on singlet oxygen efficiency, hot electron transfer is
the most effective channel for the delocalization of molecular electrons into gold due to the

plasmon-molecule interaction, resulting in a commendable singlet oxygen yield.

@) (b)
E

r N

0, ('A)

0, (°%)

Figure 4.4. Schematic display of the excited state photophysical processes in (a) NC1 and

(b) NC2 after 450 nm pump excitation resulting in the generation of singlet oxygen.

Following that, we wanted to investigate the mechanism of 'O, generation in the
multi-chromophoric nanocomposites NC7, which contained BODIPY B2 and B3. To explore
this further, we studied the TA spectra of various systems using a 350 nm pump excitation.
The rationale behind using a high-energy 350 nm pump is to examine the TA spectra of
organic nanoparticles, which have a steady-state absorbance of around 463 nm and produce a
clean, scatter-free spectrum. We observed bleach maxima at 502 and 518 nm in acetonitrile
for B2 and B3, respectively (Figure 4.5). However, the spectra of their organic nanoparticles
ONP1 and ONP2 revealed a significant blue shift and a sharp bleach peak at 463 nm (Figures
4.6a-b). After that, we studied the TA spectra for a mixture of B2 and B3 in acetonitrile
consisting of two peaks at 502 and 518 nm, attributed to individual bleach peak positions of
B2 and B3 (Figure 4.7a). This observation indicated that the molecules retained their original
signature in the mixture and that no additional property emerged in the system. Intriguingly,

the transient absorption spectra of a mixture of B2 and B3 in an aqueous medium were
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significantly different from those of the mixture in acetonitrile: while the multi-chromophoric
organic nanoparticles ONP7 showed a blue-shifted peak at 463 nm in 100% water (Figure
4.6¢), two peaks were observed at 463 and 505 nm in 90% water-acetonitrile mixture (Figure
4.7b). These findings corresponded to the steady-state absorption spectra of the molecules
and their aggregates. During the aggregation process, the bleach signal corresponding to
molecule B3 vanished while that of molecule B2 remained, and a new peak corresponding to

molecular aggregates appeared at 463 nm.
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Figure 4.5. Transient absorption spectra of (a) B2 (49 puM) and (b) B3 (31 pM) in
acetonitrile for 350 nm photoexcitation and 200 pJ/cm? laser fluence as a function of pump-

probe delay time.
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Figure 4.6. Transient absorption spectra of (a) ONP2 (8.6 pg/mL), (b) ONP3 (9.2 pg/mL)
and multi-chromophoric organic nanoparticles ONP7 (11.6 pg/mL) in water for 350 nm

photoexcitation and 200 pJ/cm? laser fluence as a function of pump-probe delay time.

The ultrafast dynamics of nanocomposites NC2, NC3 and NC7 were then
investigated under similar conditions. After photoexcitation at 350 nm, the transient
absorption spectra of Au NP showed a plasmonic bleach at 549 nm and a broad photoinduced
absorption peak at 493 nm (Figure 4.8c). The strong bleach signal was also linked to a wide
bleach signal that extended up to 650 nm. The nanocomposite NC2 showed peaks at 447 and
565 nm, as well as photoinduced absorption peaks at 495 and 639 nm, whereas NC3 showed
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peaks at 463 and 545 nm, as well as photoinduced absorption peaks at 492 and 627 nm
(Figures 4.8a-b). The multi-chromophoric composite NC7, on the other hand, showed a
bleach signal at around 545 nm, a weak bleach at 463 nm, and photoinduced absorption peaks
at 493 and 630 nm (Figure 4.7c). After applying a 350 nm pump pulse, significant
photoinduced features were observed in both blue and red wings. The plasmonic signal of
gold was observed to exhibit a marginal blue shift in the case of NC7 and a marginal red shift
in the case of NC2. Eventually, we observed a significant increase in the plasmonic signal
intensity of gold in the presence of BODIPY aggregates in NC2, NC3 and NC7.
Furthermore, we compared the dynamic profiles of the plasmonic bleach maxima of NC7 to
the kinetic profiles of Au NP, NC2, and NC3 (Figure 4.9). As compared to Au NP, the
plasmonic signals for NC3 and NC7 decayed much slower, indicating enhanced charge
carrier separation in the nanocomposites. As a result, the highest hot electron transfer from

BODIPY aggregates of B2 and B3 to gold in NC7 occurred, resulting in high 'O, generation.
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Figure 4.7. Transient absorption spectra of a mixture of B2 (21 uM) and B3 (14 pM) in (a)
acetonitrile and (b) 90% acetonitrile-water and (c) the nanocomposite NC7 (12 pg/mL) in
water for 350 nm photoexcitation and 200 pJ/cm? laser fluence as a function of pump-probe

delay time.
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Figure 4.8. Transient absorption spectra of (a) NC2, (b) NC3 and (c) Au NP in water for
350 nm photo-excitation and 200 pJ/cm? laser fluence as a function of pump-probe delay

time. [NC2, NC3 and Au NP], 12 pug/mL.
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Figure 4.9. (a) Evolution and (b) normalized evolution of the transient decay kinetics in the
nanocomposites NC2, NC3 and NC7 following plasmon-molecule interactions probed at the

bleach maxima. The kinetics of Au NP is also plotted as a reference.

Next, we studied the TA spectra of B6, ONP6, and NC6 using 360 nm pump pulses
to understand the photophysical properties of NC6. We observed one positive peak at 525 nm
and one negative peak around 630 nm in the TA spectra of B6, which can be attributed to
photoinduced absorption and stimulated emission (SE) bleach, respectively (Figure 4.10a).
However, a bleach signal at 540 nm was observed for ONP6, which corresponded to the
steady-state absorption maximum. Furthermore, the red regime of the spectra of ONP6 was
dominated by a photoinduced absorption feature, which was observed to reduce the SE
bleach signal at 630 nm (Figure 4.10b). It is inferred that this could be the effect of molecular
aggregation upon organic nanoparticle formation. On the other hand, we observed two
negative peaks at 555 and 630 nm and a positive peak along with a photoinduced absorption
peak of 490 nm for NC6 (Figure 4.10c). The bleach at 555 nm could be attributed to the
surface plasmon resonance of gold nanoparticles, which was observed in the case of Au NP
around 560 nm (Figure 4.10d). It is important to note that the TA spectra of NC6 showed a
minor blue shift in the bleach and a significant decrease in signal intensity when compared to
Au NP. Further, we noticed a bleach around 630 nm in the TA spectrum of NC6, which is the
signature of the SE signal corresponding to molecule B6. This implies that both the molecule
and the gold plasmons significantly contributed to the NC6 transient signal. Furthermore, we
studied the dynamic profiles of NC6 and Au NP at their corresponding bleach maxima
(Figures 4.11a-b). It is clear that the dynamic profile of NC6 has been significantly altered
when compared to Au NP. The NC6 signal decays much faster than the Au NP signal. The
extremely fast kinetics of NC6 could be due to a low charge carrier population in NC6,

indicating a charge transfer phenomenon from the gold nanoparticles to the molecule.
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Moreover, we also compared the dynamic profiles of B6, ONP6, and NC6 at the bleach
maxima at 630 nm, which shows the dramatic evolution of the SE signal from pure molecule
B6 to molecular aggregate ONP6 and then to nanocomposite NC6 (Figure 4.11c). The
negative signal in B6 was changed entirely to a positive signal in ONP6, as B6 was
aggregated upon forming the organic nanoparticles. However, in the presence of gold
nanoparticles, the negative feature reappeared in its original position, even though the
molecule is still aggregated in NC6. This could be due to an increased charge carrier
population in the molecular singlet state of NC6 in the presence of the gold nanoparticle,
thereby increasing the luminescence. Furthermore, it is proposed that increasing the charge
carrier population at the LUMO level would significantly increase the likelihood of
intersystem crossing (ISC) and singlet-triplet electron transfer, facilitating singlet oxygen
generation in NC6.
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Figure 4.10. Transient absorption spectra of (a) B6 (18 uM) in acetonitrile, (b) ONP6 (12
pg/mL), (c) NC6 (12 pg/mL) and (d) Au NP (24 pg/mL) in water for 360 nm photoexcitation

in a wide range of pump-probe delay probed in a broad wavelength regime.
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Figure 4.11. (a) Evolution and (b) normalized evolution of the transient decay kinetics of
NC6 and Au NP at 555 and 560 nm bleach maxima and (c) a comparison of the kinetics of
molecule B6, ONP6, and NC6 at 630 nm bleach maxima.

4.2.2. Photobiological Studies.

After establishing the mechanism of photophysical processes in the nanocomposites,
we were interested in evaluating their potential for biological applications. The first step in
this direction was to see if they were biocompatible. A preliminary screening was performed
against toxin-sensitive HUVEC cells to confirm the biocompatibility of the nanocomposites
NC2, NC3 and NC7. The viability of cells in the presence of various concentrations of NC2,
NC3 and NC7 indicated their biocompatibility. The cell viability assay revealed that more
than 80% of cells are viable in the dark at up to 10 ug/mL concentrations (Figure 4.12a).
Next, we tested the effectiveness of NC3 and NC7 in serving as PDT agents at the same
concentration. C6 glioma cells with internalized nanocomposites NC3 or NC7 were exposed
to white light to demonstrate their efficacy as a PDT agent. Then, the intracellular Reactive
Oxygen Species (ROS) generation was investigated using a non-fluorescent 2,7-
dichlorofluorescein diacetate (DCFDA) dye as a probe. DCFDA is oxidized in the presence
of ROS to yield a green fluorescent derivative, 2,7-dichlorofluorescein (DCF). After 24 hours
of incubation with the nanocomposite, the cells were exposed to white light from a LED for
20 minutes. We experimented with identical conditions in the absence of light as a control.
As shown in Figure 4.12b, in the presence of light, 10 pg/mL of NC3 and NC7 generated
~254 % and ~274% intracellular ROS over untreated C6 glioma cells. In contrast, these
treated groups were also found to generate intracellular ROS (~164% and ~185%,
respectively) under dark conditions.

In vitro phototoxicity of the three nanocomposites (NC2, NC3 and NC7) was further
tested at various concentrations ranging from 2.5 to 40 pg/ mL in the presence and absence of

white LED light. The dose-dependent toxicity of the nanocomposites against glioma cells
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(Figure 4.12c) showed cell viability ranging ~50 to ~65% beyond 5 pg/mL concentration for
both NC3 and NC7 under dark. Now, considering that the molecule B3 is the common entity
present in both NC3 and NC7, the dose-dependent effect of its free form was assessed against
cancer cells (Figure 4.13). It was found that cell viability significantly decreased beyond 0.75
png/mL with a marginal rise in intracellular ROS with increasing concentration. Due to the
non-covalent interaction between Au NP and B3, the intracellular release of the latter is
warranted and could be linked to the dark toxicity. However, pronounced phototoxicity was
observed following white light irradiation with cell viability of ~25% for both NC3 and NC7
at 10 pg/mL (Figure 4.12d). Thus, NC3 and NC7 could serve as potential candidates for
PDT.
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Figure 4.12. (a) Dose-dependent biocompatibility of nanocomposites NC2, NC3 and NC7
with human umbilical cord endothelial cells (HUVECs) under dark conditions. (b) Percentage
intracellular ROS generated with NC3 and NC7. Dose-dependent toxicity of the
nanocomposites NC2, NC3 and NC7 under (c¢) dark and (d) light conditions.
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Figure 4.13. Dose-dependent effect of B3 on (a) intracellular ROS generation and (b)
viability of C6 cells.

Further, we were interested in studying the mechanism of PDT, which may involve
cell arrest at a specific checkpoint in the cell cycle. So, we examined the effect of
nanocomposites NC2, NC3 and NC7 on cell cycle perturbations in the presence and absence
of light for C6 cancer cells, as shown in Figure 4.14. Nanocomposites NC3 and NC7 in the
presence of light blocked the entry of cells into the G2/M phase due to mitotic arrest in the S-
phase. Consequently, these photo-damaged cells could not complete the cycle, leading to the
commencement of apoptosis. The cells harbouring G2/M DNA were found to be ~7.3% and
~2.9% in NC3 and NC7 treated cells, respectively, as compared to 19.5% in the control.
Further, the percentage of the apoptotic population due to phototoxicity of NC3 and NC7 was
investigated. In tune with the observation of toxicity in both dark and light conditions, NC2
and NC3 showed necrotic populations in dark conditions (Figure 4.15). In the presence of
light, they predominantly induced the cells into early (~10%) and late (~90%) apoptosis.
Prior reports show that elevated intracellular ROS leads to oxidative stress followed by
necrosis and apoptosis. While both NC3 and NC7 were phototoxic to glioma C6 cells, NC7
was further evaluated as a tracer using confocal microscopy due to its pronounced
fluorescence. NC7 showed concentration-dependent accumulation of the nanocomposite with
significant green and weak red emissions when excited at 488 nm and 561 nm, respectively
(Figure 4.16). No evident emission was observed in both regions from cells treated with NC3
and untreated control. Thus, NC7 could induce PDT-induced cancer cell death at
concentrations as low as 10 pg/mL and allow intracellular fluorescent labelling at higher
concentrations (100 pg/mL). Further, concentration-dependent internalization of NC7 was

confirmed by quantifying intracellular gold content with inductively coupled plasma-mass
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spectrometry (ICP-MS) analysis (Figure 4.17). These findings further validated the cellular
uptake depicted by confocal microscopy.

Furthermore, the cytotoxic assessment of nanocomposites (NC3 and NC7) was
performed by the Live/Dead assay by examining cells under confocal microscopy after
incubation with 10 pg/mL of nanocomposite and subsequent incubation with fluorescent
markers that differentiate between live and dead cells. To substantiate the phototoxic nature
of NC3 and NC7, C6 cancer cells were treated with fluorescein diacetate (FDA) to stain
metabolically active cells with the intact plasma membrane and propidium iodide (PI) to stain
the nucleus of damaged membrane cells. We observed that ~99% of cells treated with NC3
and NC7 followed by white light exposure sustained membrane damage as depicted by their

PI uptake. However, with dark treatment, more than 70% of cells were alive (Figure 4.18).
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Figure 4.14. Cell cycle analysis of NC2, NC3, and NC7 treated C6 cells under light and
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dark conditions. [NC2, NC3 and NC7], 10 pg/mL.
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Figure 4.15. Percentage necrotic and apoptotic population of NC3 (10 ug/mL) and NC7 (10
pg/mL) treated C6 cells under dark and light conditions.
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Figure 4.16. Confocal laser scanning microscopy images of NC3 and NC7 treated C6
glioma cells. B/F are bright-field images; 405, 488, and 561 nm are the wavelengths of the

laser used to excite the nanocomposites. The scale bar is 10 um.
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Figure 4.17. Cellular uptake analysis of NC7 quantified by I[CP-MS.
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Figure 4.18. Live/dead cell staining assay NC3 (10 pg/mL), NC7 (10 ug/mL) to assess the
cell viability post PDT effect. The green channel depicts live cells and the red channel depicts

compromised/dead cells. The scale bar is 100 pm.

Next, we studied the PDT activity of NC6. We investigated its biocompatibility with
normal L929 fibroblast cells. Even at higher concentrations, NC6 demonstrated excellent
biocompatibility, with >70% of cells viable at a concentration of 200 pg/mL (Figure 4.19a).
Next, we studied the phototoxic effect of NC6 against C6 glioma cells. So, we conducted a
dose-dependent cytotoxicity experiment of NC6 against C6 glioma cells in the dark and with
an incandescent white LED light irradiation. At a concentration of 200 ug/mL of NC6, ~60%
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of cells were observed to be viable in the dark whereas after 60 min of irradiation, only 30%
of the cells were viable (Figure 4.19b). Thus, when exposed to white light, NC6 showed a
significant increase in phototoxicity against C6 glioma cells, implying that NC6 could be a
candidate for PDT. Furthermore, because of its environment-sensitive luminescence, we used
confocal microscopy to test the effectiveness of NC6 as a tracer for site-selective
accumulation. NC6 was found in the cytoplasm of cancerous and normal cells, as evidenced
by emission in the green and red channels. We only observed the accumulation and
significantly intense green emission via the green channel in the case of C6 glioma cell lines
due to the acidic nature of the cancer cells, whereas the accumulation was observed as green
and red emission via both green and red channels in the case of L929 normal cell lines
(Figure 4.20). Furthermore, the fluorescence intensity in both cell lines was quantified using
the software Zen 3.5. The percentage intensity of the green channel was more than 20 times
greater than that of the red channel in the C6 cell line, whereas it was three times greater in
the L929 cell line (Figure 4.21). These findings show that NC6 can be used as a fluorescent

intracellular labelling agent to differentiate between normal and cancer cells.
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Figure 4.19. Cell viability assessment of the nanocomposite NC6 against (a) L929 mouse
fibroblast cells and (b) C6 cancer cells under dark and light irradiation using 36 W white

LED at various concentrations.
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Figure 4.20. Confocal laser scanning microscopic images of NC6 (5 pg/mL) treated C6
glioma cells and L.929 normal cells upon 12 hours of incubation. B/F are bright field images;
405, 488 and 561 nm denote the wavelength of the laser used to excite the nanocomposite.
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Figure 4.21. Cell viability assessment of the nanocomposite NC6 against C6 cancer cells

under (a) dark and (b) light irradiation using 36 W white LED at various concentrations.

4.3. Discussion.

We used ultrafast spectroscopy to investigate the possible mechanisms of 'O
generation in nanocomposites. Generally, a plasmonic signal is produced by the collective
oscillation of metal (e.g., gold) 6sp electrons near their Fermi level and is known as the

surface plasmon resonance (SPR).*”) This plasmon-mediated feature is controlled by
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electron-electron scattering before being thermalized, followed by relaxation toward the
ground state via phonon-phonon and electron-phonon scattering.[*! In transient spectroscopy,
the electron-electron scattering process dictates the rise time component of a plasmonic
bleach, while phonon-phonon and electron-phonon scattering rates dominate the decay time
scales.[**% Thermalization of coherent hot electrons in SPR states occurs at 100 fs for
pristine gold nanoparticles.’!! In line with these findings, we discovered that the rise of the
gold plasmonic bleach was very fast (100 fs) in Au NP.

Similarly, ultrafast TA spectroscopy was used to explain the photophysics of
nanocomposites and to visualize the behaviour of photoexcited charge carriers in the
femtosecond time scale. The nanocomposites showed hybrid nature in their TA spectra,
comprising a dominant plasmonic signature, photoinduced absorption peak, and an
aggregated molecular signature. Further, we investigated the role of charge carrier separation
in increasing singlet oxygen generation in the gold-BODIPY composite systems NC1-NC3.
A significant increase in the plasmonic bleach signal intensity and subsequent red shift was
observed for NC1-NC3. A comparison of the dynamic profiles of the plasmonic bleach in
NC1-NC3 and Au NP revealed that the time scales for electron-electron and electron-phonon
scattering were found to be much higher in nanocomposites than that of corresponding
pristine gold nanoparticles in the order NC1 > NC2 > NC3 > Au NP (Figure 4.3). As a
result, photoexcited electrons in the molecular system were transferred to the gold moiety,
increasing the hot carrier population in the metallic system and thus increasing 'O, generation
in NC1-NC3 upon plasmonic photoexcitation. Eventually, the system with more charge
carriers produced more amount of 'O,. Moreover, the !0, quantum yield of NC3 was found
to be higher than NC2 due to the heavy atom effect of BODIPY B3.

Furthermore, in the case of the multi-chromophoric nanocomposite NC7, it is claimed
that the mixed aggregates of BODIPY B2 and B3 are formed on the surface of gold
nanoparticles, thereby facilitating a FRET from the aggregates of B3 to the aggregates of B2.
FRET, being a dipole-dipole interaction in the excited state, competes with electron transfer
from BODIPY to gold and imparts fluorescence to NC7 (Figure 4.22). Further, the presence
of aggregates of BODIPYs of B2 and B3 has a substantial effect on the plasmonic properties
of gold. It is inferred that the bleach signature of NC7 is plasmonic and strongly modified in
the presence of B2 and B3 aggregates. The extremely slow decay dynamics also suggest that
the photoinduced bleach signal in NC7 is a hybrid gold-molecule system rather than a pure
plasmonic form (Figure 4.9). Again, the significant increase in positive features indicates an

increased charge carrier population in the multi-chromophoric system NC?7, as these positive
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signals are expressions of hot electron absorption in the system. The hot carrier signal
intensity was found to be the highest in NC7 (Figure 4.23). These observations would be
possible only if charge carriers in the system were extensively delocalized. The bleach at 463
nm is similar to the typical bleach signature of BODIPY molecule aggregates but with a
much lower signal intensity. Previously, gold and silver nanoparticles embedded with
molecular J-aggregates demonstrated similar transient behaviour.’?! An increase in the
plasmonic lifetime is thought to aid in the efficient extraction of electrons toward oxygen
singlet states, resulting in an enhancement in the singlet oxygen generation efficiency for
NC7 (®a = 0.68) when compared to NC3 (®a = 0.42), NC2 (®a = 0.12) or Au NP. In the
case of NC7, electron transfer probability is significantly increased (a two-fold increase in
plasmonic bleach intensity) due to stronger coupling between gold nanoparticles and
aggregates of B2 and B3, resulting in a significant increase in singlet oxygen generation
efficiency. Furthermore, plasma-enhanced formation of triplet states in chromophores could
be an additional pathway that boosts singlet oxygen generation in NC7. This is supported by
the observation of a long-lifetime species in NC7 with a lifetime of 12.88 + 0.41 ns (section
3.2.7 of Chapter 3). The strong interaction of molecular aggregates of B2 and B3 and gold
nanoparticles leads to extensive charge separation in NC7 and improves singlet oxygen

generation efficiency.

Figure 4.22. Schematic representation of NC7 and the simultaneous FRET and electron
transfer from BODIPY aggregates to gold resulting in fluorescence and singlet oxygen

generation. BODIPY aggregates are represented using one molecule to improve visibility.
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Figure 4.23. Transient decay profiles at 493 nm for Au NP, NC2, NC3 and NC7.

Following that, we employed ultrafast TA spectroscopy to investigate the behaviour
of photoexcited charge carriers on the femtosecond time scale in NC6. Previously, we
observed that photoexcited electrons in the molecular system were transferred to the gold
moiety, increasing the hot carrier population in the metallic system for gold-BODIPY
nanocomposites. The situation was entirely different in NC6, where we used the stimuli-
responsive naphthalidenimine-boron complex B6. The charge carrier dynamics of the
plasmonic bleach were much faster in the presence of B6, implying electron transfer from
gold to the molecule. Furthermore, a significant decrease in the intensity of the plasmonic
bleach signal indicates that hot electrons are being transferred from gold to molecule at an
ultrafast time scale. Moreover, the dynamics of NC6 were found to be very fast as compared
to Au NP. When the dynamic profiles of the plasmonic bleach in Au NP and NC6 are
compared, the time scales for electron-electron and electron-phonon scattering in NC6 were
found to be much shorter (Figure 4.11). This substantiates the electronic migration from gold
to the molecule. Moreover, transient spectra of NC6 were composed of both plasmonic and
molecular signatures, i.e., plasmonic bleach at 555 nm and SE signal at 630 nm. It is worth
noting that the SE signature was missing in the aggregated state of the molecule, i.e., ONP6,
where a strong photoinduced absorption was observed (Figure 4.10). Thus, the reappearance
of the SE signature in NC6 indicates that charge carriers on the edge of singlet excited states
have been enhanced. Furthermore, it is hypothesized that the increment in the charge carriers
at the edge of the molecular singlet state of B6 endorsed intersystem crossing and aided the
generation of singlet oxygen in NC6.

Preliminary photobiological studies revealed that the nanocomposites NC3, NC6 and

NC7 have the potential to serve as efficient PDT agents against C6 glioma cancer cell lines
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when exposed to white LED light. Even though the singlet oxygen quantum yield of NC7
was significantly higher than that of NC3, the PDT activities of both were comparable. We
attribute this to a similar quantity of intracellular ROS generated by both under white light
irradiation. The mechanism of cancer cell death indicated that it occurred via the apoptosis
and necrosis pathways in NC3 and NC7. Further, owing to the fluorescence properties and
moderately long lifetimes, NC7 may be considered superior to NC3 with utilization as a
cellular nanotracer. The pH-responsive luminescence property and 'O» generation of NC6
were used as an intracellular tracer for differentiating and selective killing cancer cells over

normal cells.

4.4. Conclusion.

Ultrafast spectroscopy was used to investigate the excited charge carrier dynamics in
nanocomposites in order to better understand their mechanism of 'O, generation. These
studies revealed that the hot electron migration from BODIPY (B1-B3 or mixture B2 and B3)
to gold nanoparticles was observed in NC1-NC3 and NC7. Further, the nanocomposites
showed an enhancement in the plasmonic lifetime than the pristine gold nanoparticles,
increasing the 'O, generation upon plasmonic photoexcitation. The higher the plasmonic
lifetime, the more charge transfer from molecule to gold nanoparticles with the highest 'O>
quantum yield in the case of NC7. In contrast, a reversal of hot electron migration from gold
to molecule B6 was observed for NC6, resulting in increased luminescence due to the fast
photorelaxation process. Moreover, it was assumed that increased charge carrier population to
the molecular LUMO level facilitated singlet to triplet electron transfer, resulting in efficient
!0, generation by NC6. Photobiological studies showed that the nanocomposites NC3 and
NC7 could generate ROS under cellular conditions and induce cell death in glioma cells upon
light irradiation through necrosis and apoptosis. However, because of its luminescence, NC7
was chosen as the intracellular tracker agent over NC3. Because of the pH-dependent
luminescence switching and photosensitization properties, nanocomposite NC6 was used to

detect and kill cancerous cells over normal cells.

4.5. Experimental Section.
4.5.1. Materials.

L.929 mouse fibroblast and glioblastoma C6 cells were obtained from National Centre
for Cell Sciences, Pune, India. Human umbilical vein endothelial cells (HUVECs) (Cat. No.
2517A) and endothelial growth medium (Cat. No. 3162) were purchased from Lonza. 2,7-
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Dichlorofluorescein diacetate (DCFDA), fluorescein diacetate (FDA), bisbenzimide (Hoechst
33342) and propidium iodide (PI) were from Sigma-Aldrich. 3-(4,5-Dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT), Dulbecco’s Modified Eagle Medium (DMEM)
containing 10 % fetal bovine serum (FBS) and 1% v/v penicillin-streptomycin solution were
purchased from HiMedia.

4.5.2. Femtosecond transient absorption spectroscopy.”>’]

We used a Ti: sapphire amplifier system (Astrella, Coherent, 800 nm, 3mlJ/pulse
energy, ~ 35 fs pulse width, and 1 kHz repetition rate) and Helios Fire pump-probe
spectrometer for the ultrafast measurements. The output laser beam was cleaved into the
pump (95% of the output) and probe (remaining 5%) beams using two different beam
splitters. The required pump wavelength was obtained using Optical Parametric Amplifier
(OPerA-SOLO) for the photoexcitation of the sample. A perfect pump-probe delay was
maintained by placing a delay stage in the probe beam path. Monochromatic probe light
passes through a sapphire crystal generating visible probe pulses. The probe beam passes
through sample dispersion and falls upon fiber-coupled CMOS detectors connected with the
computer system. The chirping and fitting of the collected TA data was done in surface

explorer software.

4.5.3. Cell culture.

L.929 mouse fibroblast, glioblastoma C6 cells and Human umbilical vein endothelial
cells (HUVECs) were cultured and maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% antibiotics antimycotic
solution at 37 OC in a humidified incubator containing 5% COx.

4.5.4. In vitro biocompatibility.>*]

The biocompatibility of NC2, NC3, and NC7 was evaluated using an MTT assay
against HUVEC cells, whereas NC6 was assessed against L929 mouse fibroblast cells. 200
uL of cells were seeded in a 96-well flat culture plate at a density of 2.5 x 10 cells per well
and cultured for 24 h at 37 °C under 5% CO;. To analyse biocompatibility, different
concentrations of NC2, NC3, and NC7 (0-40 pg/mL) and NC6 (0-200 ng/mL) were added to
the cells in triplicate and incubated for 48 hours. The cells were washed with prewarmed 1X
PBS thrice to remove traces of the sample. 20 ul. MTT solutions (5 mg/mL in PBS) diluted
with 180 pL media were added to the wells and incubated for 4 hours, after which the plates
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were centrifuged at 1500 rpm for 5 min at room temperature. 150 pL DMSO was added to
each well to dissolve the formazan crystals, and all the wells were aspirated well before
taking absorbance. The absorbance of the suspension was measured at 570 nm on an ELISA

reader. The cell viability was calculated using the following equation 4.1.

Absorbance of the treated cells

Cell Viability (%) = x100 4.1)

Absorbance of the control cells

4.5.5. Invitro ROS Assay.’*>]

In vitro ROS was measured using 2,7-dichlorofluorescein diacetate (DCFDA), a non-
fluorescent dye that can readily diffuse into cells and cleave by the intracellular esterases to
form 2,7-dichlorofluorescein (DCF) by the ROS generated in cells. C6 cells were incubated
with NC3 and NC7 for 24 hours and then exposed to white light from a LED for 20 minutes.
Cells treated with gold nanoparticle alone were taken as control. After 24 hours, cells were
washed with Hank’s buffer and incubated with DCFDA (50 pg in 2mL serum-free media) for
1 hour. Then the cells were rewashed with Hank’s buffer to remove any excess dye. Then the
cells were treated with lysis buffer (0.IM Tris HCI containing 1% Tween 20). The
supernatant of lysed cells was evaluated for fluorescence intensity. ROS amounts directly
correlate with the excitation wavelength of 488 nm and emission wavelength of 535 nm,
respectively.

4.5.6. In vitro photodynamic therapy.*>!

Different concentrations of NC2, NC3, NC6 and NC7 were tested against C6 using the MTT
assay. Cells were seeded at 2.5 x 10* cells per well in a 96-well flat culture plate at 37 °C
under 5% CO- for 24 hours. The cells were then treated with different concentrations of NC2,
NC3, and NC7 (0-40 ug/mL, each) and NC6 (0-200 ug/mL) prepared in media the following
day. After 24 hours, the cells were exposed to white light for 20 minutes for NC2, NC3,
NC7, and NC6, and then incubated for 24 hours in the CO, humidified incubator. The cells
were washed with prewarmed PBS buffer thrice to remove traces of the sample. 20 uL MTT
(5 mg/mL in PBS buffer) diluted with 180 pL media was added to the wells and incubated for
4 hours. After 4 hours, the plates were centrifuged at 1500 rpm for 5 minutes at room
temperature. 150 pnLL. DMSO was added to each well to dissolve the formazan crystals and all
the wells were aspirated well before taking absorbance. The absorbance of the suspension
was measured at 570 nm on a microplate reader. The cell viability was calculated using the

same equation 4.2.
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4.5.7. Cellular uptake study.>*>!

C6 glioblastoma cells were seeded at a density of 5 x 10* cells in a 35 mm Petri dish
on a coverslip, and NC3 (100 pg/mL) and NC7 (10 and 100 pg/mL) were added to it after 24
hours. Further, C6 glioblastoma cells and 1.929 cells were seeded at a density of 1 x 10* cells
in a 35 mm Petri dish on a coverslip, and NC6 (5 ug/mL) was added after 24 hours. The next
day, the cells were washed with PBS and fixed with 3.7% paraformaldehyde, followed by
staining with Hoechst 33342. The coverslips were mounted on a glass slide and allowed to air
dry and observed under Zeiss confocal microscope.

Further, the amount of gold internalized by C6 cells was quantified using ICP-MS to
determine the intracellular concentration of NC7. Briefly, the cells were incubated with
different concentrations of NC7 for 24 hrs. Before harvesting, the cells were washed thrice to
remove unbound nanoparticles. The cells were digested with ICP grade 35% HNOj3, followed
by heating at 50 °C until the colour of the solution became transparent. Next, the solution was

allowed to cool and diluted with 9 mL of Milli-Q water before analysis.

4.5.8. Live/Dead cell staining assay.>*>>]

Fluorescein diacetate (FDA)/propidium iodide (PI) staining was used to determine
the number of viable and nonviable cells. 5 x 10 cells were seeded in a 35 mm Petri dish and
treated with NC3 and NC7 followed by a similar method as described above, followed by
white light exposure.

4.5.9. Annexin V apoptosis assay.’*>]

Apoptosis detection was performed using the Annexin V FITC and PI, Apoptosis
Detection Kit (Invitrogen). C6 cells were seeded at a density of 1 x 10° cells and treated with
NC3 and NC7, followed by white light exposure. Post-treatment, the cells were harvested
and washed with PBS. The cell pellet was resuspended in 1X- Annexin V binding buffer,
followed by staining with Annexin V and PI for 15 minutes at room temperature in the dark.
The distribution of cell population in different quadrants was analysed with quadrant
statistics. The lower left quadrant depicts the percentage of viable cells, the lower right
quadrant depicts the early apoptotic population, the upper right quadrant depicts late-

apoptotic cells and the upper left quadrant represents the percentage of necrotic cells.
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4.5.10. Cell cycle analysis.[>*>]

PI/RNase staining solution was used to determine the distribution of cells in different
phases based on the DNA content of the cells by flow cytometry analysis. Briefly, C6 cells
were seeded into a 35 mm Petri dish at a cell density of 1x10° cells, followed by treatment
with NC2, NC3, and NC7, followed by treatment with white light. Before fixation, cells were
harvested and washed with PBS. According to the manufacturer’s protocol, the fixed cells
were incubated with 0.5 mL of PI/ RNase staining solution for 20 min in the dark at room
temperature. The samples were analysed using a 488/532 nm bandpass filter under a flow

cytometer.
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