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SYNOPSIS

Curcumin is a naturally occurring yellow-orange pigment derived from the rhizomes of
Curcuma longa (turmeric). Curcumin shows a wide variety of biological effects which includes
antioxidant, antiangiogenic, anticarcinogenic, and wound-healing capacities [1]. Curcumin has a
great affinity for biological membranes at neutral pH and has been shown to alter their properties
[2-6]. It might thus be tempting to speculate that many of its biological activity may arise from
its effect on the membrane structure. In addition, studies have shown that the anticarcinogenic
and antibacterial effect of Curcumin is enhanced when combined with light and oxygen [7-9].
Therefore spectroscopic characterization of photoexcited Curcumin and effect of Curcumin on
membrane bilayer is a subject of potential interest. This is one of the objectives of the current

thesis.

Chlorin ps (Cps), an amphiphilic Chlorophyll derivative is currently being used for
photodynamic treatment of tumors and bacterial infections [10-11]. Cps has three carboxylic acid
groups whose protonation and deprotonation plays an important role in controlling the
hydrophobic and hydrophilic species of the drug at different pH [12]. The pH dependent acid-
base equilibrium of the drug is believed to play an important role in the higher uptake of Cps in
tumors where extra-cellular pH can be slightly acidic [10]. Thus, knowledge of the factors
governing the dynamics of the diffusion of Cps across membranes may be useful for a better

understanding of the cellular uptake of the drug. This is the second objective of this thesis.
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The organization of this thesis is as follows:

Chapter 1 provides an introduction to Curcumin and Cpe.

Chapter 2 describes in detail about the experimental procedures for spectroscopic
characterization techniques with a particular emphasis on the Second Harmonic generation
(SHG) spectroscopy. SHG spectroscopy has been demonstrated to probe various surfaces and
interfaces at length scales of few nanometer [13]. The transport kinetics of a molecule across a
lipid bilayer can be monitored by the SHG technique provided it possesses a reasonable
hyperpolarizability value at the excitation wavelength. The underlying principles of using SHG
spectroscopy to monitor real time molecular diffusion across a bilayer are discussed in this

chapter.

Chapter 3 describes the results of the photophysical processes of the medicinal pigment
Curcumin in polar-nonpolar solvent mixtures investigated with steady state and picoseconds time
resolved fluorescence spectroscopy. Several spectroscopic studies have been carried out to
investigate the properties of photo excited Curcumin. It has been predicted that excited-state
hydrogen atom transfer (ESHT), and solvation are the two fundamental photophysical processes
of the pigment after photoexcitation [14-16]. In nonpolar solvents the ESHT process is dominant
and in polar protic solvents, both ESHT and solvation processes are dominant. These processes
are typically completed within few picoseconds in neat solvents. The results of the photophysical
investigations of the pigment in toluene-polar solvent mixture are presented. The observed trend
in the fluorescence properties of the pigment correlated with the polar solvent (like acetonitrile or

chloroform) mole-fraction. However when the polar solvent is MeOH which has a strong H-
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bonding property, the fluorescence (intensity and lifetime) of the pigment first increases and then
decreases with increasing mole-fraction of MeOH. In addition, fluorescence decays of the
pigment, taken at the red edge of the emission spectrum started to show measurable rise times
the magnitude of which decreased gradually with increasing MeOH mole-fraction. This is
attributed to the modulation of the non-radiative rates associated with the excited state
intermolecular hydrogen (ESIH) bonding between the pigment and the polar protic solvent. As a
consequence the solvation times of the pigment in the binary mixture were observed to slow
down considerably (20-40 times) at certain solvent compositions compared to neat MeOH.
Additional experiments carried out suggest the existence of at least three species in the excited
state. The observed results are rationalized with a scheme where ground state of the pigment
exists in free and H-bonded (intermolecular) state. Optical excitation results in a mixture of these
species in the excited state and the observed spectral relaxation correspond to the conversion of
these two species in to a third species where dipolar solvation and intermolecular H-bonding
have been optimized. The effect of replacing MeOH with other alcohols (Ethanol, 1-Propanol, 1-
Butanol and 1-Octanol) was also studied. The observed changes in the fluorescence properties of
the pigment in toluene-alcohol mixtures depended only modestly upon the nature of the alcohol
except 1-Octanol. The observed results suggest that ESIH bonding between the pigment and the
polar protic solvent does not depend upon the alkyl chain length of the alcohol but depends upon
the viscosity of the medium. In order to investigate how this phenomena depends upon specific
H-bonding property of the polar solvent two solvents were chosen which have either H-bond
accepting (HBA) or H-bond donating (HBD) property. The solvation time constant of Curcumin
increases significantly (and therefore, can be detected with ~40 ps time resolution) when

1,1,1,3,3,3-Hexafluoro-2-Propanol (which have only H-bond donating ability) is used with
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toluene. These results suggest that the rate limiting step in the excited state dynamics of the
pigment in toluene-polar solvent mixtures might be the formation and reorganization of the
intermolecular H-bonding between the keto group of the pigment and the H-bond donating

property of the polar solvent.

Chapter 4 describes the diffusion characteristic of the photosensitizer Cpg across an egg lecithin
membrane investigated by SH spectroscopy. Cps can be hydrophilic at neutral pH and
hydrophobic at acidic pH due to protonation/de-protonation of its carboxylic groups. The first
and second pK, of the three carboxylic acid groups have been identified at pH 7.0 and 4.8
respectively. At acidic pH, addition of liposomes to a Cps solution generates an instantaneous
rise (<1 second) in the second harmonic (SH) signal of the drug followed by decays whose time
constants ranged from ten to hundreds of seconds. The instantaneous rise is attributed to the
adsorption of Cpg to the outer lipid bilayer and the decay is attributed to the diffusion of the
lipophilic species of the drug. At pH 6, the intensity of the generated SH signals on addition of
liposome reduced and at physiological pH it was too weak to be detected. The characteristics of
the SH signal of the drug changed significantly when liposomes incorporating cholesterol were
used at a low temperature. Under these conditions, the SH signal consisted of an instantaneous (<
1s) followed by a slower rise (10-90s) and then it decayed on a much longer time scale. It was
also observed that at room temperature, the magnitude of increase of the SH signal from Cps
after addition of liposomes at acidic pH were similar irrespective of the lipid head group
(negatively charged POPG or zwitterionic POPC). The observed results indicate that adsorption
and subsequent transport of the drug across the bilayer is most likely caused by hydrophobic

interaction between the drug and bilayer which becomes significant at acidic pH.
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Chapter 5 describes the effect of Curcumin and Cpg on the transport kinetics of two organic
cations Cpg across a negatively charged lipid bilayer investigated by the SH technique. The
diffusion characteristics of two organic cations, LDS-698 (LDS) and Malachite Green (MG)
were observed to be significantly affected in the presence of liposomes containing these two
drugs. Although the effect of Curcumin in reducing the diffusion of LDS at neutral pH was
observed to be superior to Cps, a significant reduction in the average diffusion time of LDS in
the presence of Cps indicates definite interactions between the negatively charged drug and
negatively charged liposomes which is not detected by static spectroscopy. The quantum of
reduction in the average diffusion times of the organic cations by the drugs were observed to
depend upon the pH and temperature of the medium as well as the cation type. A comparitive
study on the effect of Curcumin and Cpg on the diffusion of cations at different pH shows that
membrane permeability induced by Curcumin was observed to be dependent upon pH of the
medium whereas for Cpg it was observed to be independent of the medium pH. This is an

interesting finding of the present study.

Finally in Chapter 6 a summary of the major observations are presented. A brief outline of

future investigations that may evolve from the thesis is also provided.
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Chapter -1

In this chapter a brief introduction of Curcumin and Chlorin ps are provided with a
particular emphasis on some of their biological properties which are relevant to the work
presented in this thesis. The chapter is concluded by providing the scope and motivation of the

present work.

1.1. Curcumin

Curcumin is a naturally occurring yellow-orange pigment derived from the rhizomes of
Curcuma longa (turmeric) [1]. Turmeric, cultivated in several tropical parts of Asia, is used as a
spice in Indian cooking, a cosmetic agent for skin care and a traditional medicine. The medicinal
potential of turmeric has been demonstrated against various diseases such as common cold,
fever, skin disease, stomachache, liver disease etc. In addition it also has beneficial effects
against wounds and chronic inflammations. Additional interest in the spice was created when
epidemiological studies showed 10-50% lower incidence in certain types of cancer among those
who consumed the spice regularly [2-3]. About 2-8% of turmeric by weight consists of a
naturally occurring yellow-orange pigment known as Curcumin. The biological properties of
Curcumin have been reported as early as in 1970s [4-6]. The ability of Curcumin to act as an
anticancer agent was demonstrated in mid 1990 [7] and thereafter interest in the biological

activity of the pigment has increased significantly.



1.1.1. Chemical structure and keto—enol tautomerism

The chemical structure of Curcumin (Scheme 1.1) consists of two o-methoxyphenolic
moieties which are attached symmetrically through two m-conjugated ethylene linkers (o, f-
unsaturated B-diketone). Various spectroscopic techniques have been employed to study the
structural, photophysical, photobiological and biophysical properties of Curcumin and its
derivatives in solution phase [8-22, 28-38, 43-50]. Although several possible isomeric structures
of Curcumin are possible, only three of them can be considered as candidates for the ground state
of the pigment (Scheme 1.1). Ab-initio computations showed that the trans-diketo form (1) has
minimum energy compared to the cis-diketo form (1) [22] making this as the stable isomer of
Curcumin. The driving force for the cis to trans isomerization was attributed to the negative
charges on the carbonyl groups, which resulted in a strong electrostatic repulsion between the
two carbonyl groups. However, NMR and IR spectroscopic investigation of Curcumin in
chlorobenzene revealed that the cis-keto structure undergoes a keto-enol rearrangement by
transfer of a proton from the CH, group to form the enol form (I11) which is essentially the major
conformer of Curcumin present in a variety of solvents [21-22, 28-32]. This was also supported
by theoretical studies which showed that the cis-enol structure is the most stable form of the
ground state of Curcumin both in the gas phase and in aqueous solution [33-38]. The large dipole
moment (7.7 and 10.8 Debye in the gas and solution phases, respectively) of the cis-enol form
leads to the formation of a strong intramolecular hydrogen bond, as well as the extended
conjugation of the molecular backbone which makes it more favorable than the diketo form [33-
34]. NMR spectroscopic analysis showed that in solution the cis-enol form coexist as two
symmetric keto-enol tautomers (11l & 1V, Scheme 1.1) whose interconvertion involves a rapid

intramolecular hydrogen atom transfer (IHT) process [22].



Cis-diketo (1)

Trans-diketo (Il)

Cis-enol (llI)

|

Cis-enol (IV)

Scheme 1.1: Chemical structures of the cis-diketo, trans-diketo and keto-enol tautomeric forms

of Curcumin.



1.1.2. Excited state photophysical properties

Studies have shown that the anticarcinogenic and antibacterial effect of Curcumin is
enhanced when combined with light and oxygen [23-27]. Therefore spectroscopic
characterization of Curcumin excited state is a subject of current research interest.

The excited state properties of Curcumin have been investigated in several studies and
the obtained results point to the occurrence of two fundamental photophysical processes: excited-
state intramolecular hydrogen atom (or proton) transfer, ESIHT (or ESIPT) process, as well as
dipolar solvation [9-20]. Photoexcitation of Curcumin from the ground electronic (Sy) state to
the first excited singlet (S;) state is accompanied by a significant change in the dipole moment
(Ap ~ 6.1 D) [9] and therefore solvation is expected to play an important role in the excited-state
relaxation dynamics of Curcumin. Also, several studies [9, 14-15, 17] have predicted that the
ESIHT process in the hydrogen-bonded chelate ring of the cis-enol form (Structures 1l & 1V,
Scheme 1.1) plays an important role in the efficient nonradiative deactivation process of the
excited state. It is pertinent to note that earlier studies on the ESIPT process occurring in
molecules having an asymmetric intramolecular hydrogen-bonded chelate center have shown
that this process is ultrafast (in the range of a few hundred femtosecond) [39-42]. Curcumin
being a symmetric molecule (with respect to the hydrogen-bonded chelate center, structures il
and IV, Scheme 1.1), it is therefore unlikely that the ESIHT process will lead to any change in
the excited state absorption and emission profile thereby enabling to monitor the process
spectroscopically. Adhikary et al. studied the excited-state photophysics of Curcumin in
alcoholic solutions as well as in surfactant micelles using subpicosoecond fluorescence
upconversion spectroscopy [17-18]. They reported the presence of two decay components in the

excited-state kinetics with the lifetimes of about 12-20 and 100 ps in methanol and ethylene



glycol (EG). Deuteration of the acidic hydrogens of Curcumin had no effect on the shorter
lifetime component but significantly affected the longer lifetime component. Therefore they
attributed the shorter lifetime component associated to solvation of the S; state and longer
lifetime to the ESIHT process. Ghosh et al. has also studied the dynamics of the S; state in
different solvents using time-resolved absorption and fluorescence spectroscopic techniques with
subpicosecond time resolution [43]. They have observed that solvation is the major process
contributing to the relaxation dynamics of the S; state. Solvation dynamics is also influenced by
specific hydrogen-bonding interaction between Curcumin and the solvent. In nonpolar solvents
nonradiative deactivation of the S; state occurs via ultrafast excited-state intramolecular
hydrogen transfer (ESIHT) reaction in the six-membered hydrogen-bonded chelate ring of
Curcumin. In polar solvents, nonradiative deactivation of the S; state occurs as a result of
stretching vibration in the intermolecular hydrogen bonds formed in the hydrogen-bonding (both
donating and accepting) solvents.

Erez et al. have studied the temperature dependence of nonradiative process of Curcumin
in ethanol and 1-propanol by steady-state and time-resolved spectroscopy [44]. They have
observed that the trends in nonradiative rate constants (temperature range: 175-250 K) are
similar as the dielectric relaxation times of both neat solvents. They attribute the nonradiative
process of the pigment to solvent-controlled proton transfer. They have also observed a kinetic
isotope effect on the nonradiative process. Based on their results they propose that excited-state
proton transfer breaks the hydrogen-bonded planar hexagonal chelate ring of the cis-enol form
which, in turn, enhances the nonradiative process driven by the twist angle between the two

phenol moieties.



They have also studied the ESIHT reaction occurring between excited Curcumin, a
photoacid and acetate, a mild base, by monitoring the fluorescence property of Curcumin in
methanol and ethanol solutions [45]. They observed that the steady-state emission intensity as
well as the average fluorescence decay time is reduced by a factor of 5 in presence of 1.8 M
acetate ions. This large reduction in the fluorescence is attributed to excited-state proton transfer

from the acidic groups of Curcumin to the acetate anion.

1.1.3. Biological effects

It has been demonstrated that Curcumin exhibits potential therapeutic application against
several chronic diseases including cancer [51-63]. Currently, there are several phase | and phase
Il ongoing clinical trials on Curcumin for the treatment of variety of cancers and also for
Alzheimer’s disease [3]. Recent research has shown that Curcumin modulates a number of
targets including growth factors, growth factor receptors, transcription factors, cytokines,
enzymes and genes regulating cell proliferation and apoptosis [51-63]. Curcumin shows
phototoxicity to bacterial systems, which is mediated through the excited states of Curcumin and

their subsequent reactions with oxygen [64].

1.1.4. Interaction with biological membranes

Curcumin has a great affinity for biological membranes and has been shown to alter their
properties [64-73]. Following an earlier study [64] it has been proposed that Curcumin can
regulate the action of membrane proteins indirectly by changing the physical properties of the
membrane rather than direct binding to the protein. Subsequently it has been demonstrated that
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Curcumin is capable of altering the properties of model and cell membranes [65-68]. Jarugaa et
al. have observed that rat thymocyte cells treated with Curcumin exhibit increased membrane
permeability [64]. They have also observed that Curcumin significantly affects the bilayer
properties in erythrocyte membranes [65].

Subsequently studies have been carried out to investigate the effect of Curcumin on the
properties of several model bilayers [66-69]. The interaction of Curcumin with a model bilayer
consisting of 1, 2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) lipid has been studied by
isothermal titration calorimetry and X-ray lamellar diffraction [66]. Results obtained suggest that
Curcumin causes thinning of the bilayer as well as weaken its elastic moduli. Solid-state NMR
and differential scanning calorimetry experiments revealed that Curcumin has a strong effect on
model membrane structure consisting of DMPC, DHPC and DPPC lipids. Results obtained
suggest that the drug inserts deep into the membrane in a trans-bilayer orientation, anchored by
hydrogen bonding to the phosphate group of lipids. In addition NMR results also suggested that
Curcumin forms higher order oligomeric structures in the membrane that span and likely thin the
bilayer [67]. In another study the effect of Curcumin on model multilamellar DPPC and DEPE
membranes were studied by a variety of experimental techniques [68]. On the basis of the
obtained results it has been suggested that the drug is oriented in the bilayer with its main axis
parallel to the acyl chains and interacts with the polar head groups of the lipid in such a way that
favors negative curvature of the membrane. Sun et. al., have investigated Curcumin induced
changes in the membrane thickness and membrane area of giant unilamellar vesicles made from
DOPC. They have observed that the drug binding to the bilayer is a two-step process. Initially

Curcumin binds to the interface and then at higher concentrations gradually partitions to the



hydrocarbon region. The presence of Curcumin alters the physical properties of the lipid bilayer,
including a decrease of the hydrocarbon thickness and softening of its elastic rigidity [69].
Kunwar et al. have investigated the fraction of Curcumin localized in different sites of
phosphatidylcholine (PC) liposomes by monitoring the quenching of Curcumin fluorescence by
potassium iodide and acrylamide. The results obtained showed that the distribution of Curcumin
in the liposome is pH-dependent. The neutral form of Curcumin predominant at pH 5.0 is
preferentially located in the hydrophobic phase, whiles the anionic form of Curcumin
predominant at pH 9, is mostly located in the liposomal surface. At pH 7, the drug is non-

uniformly distributed into different compartments of the liposomal bilayer [71].

1.2. Chlorin pg

Photosensitizers which are derived from the plant pigment Chlorophyll-a have received
considerable attention because they possess significantly higher absorption in the longer
wavelength region (660-800 nm) which is a desirable feature for achieving higher depth of
treatment in photodynamic therapy [74]. Various Chlorophyll-a derivatives have been
synthesized and evaluated for their photo-therapeutic efficacy. Chlorophyll-a derivatives, on the
basis of their chemical nature can be categorized in two classes: hydrophobic such as
pheophorbide and its derivatives and amphiphilic such as Chlorin-eg and Chlorin ps (Cps) and
their derivatives [75-78]. Cpe is an amphiphilic photosensitizer having three ionizable carboxyl
groups in the lower periphery of the molecule (Scheme 1.2). The molecule has a strong
absorption around 400 nm (called the soret band) and another prominent absorption band around
660 nm (called g-band) and good singlet oxygen generation capacity (singlet oxygen guantum

yield ~0.60 in ethanol) [74]. The synthesis and phototoxic property of Cps was reported as early



as in 1986 by Hoober et al [76]. Several studies have been carried out at RRCAT and elsewhere
on photophysical, photochemical and photo biological characterization of Cpg [76-98]. In-vivo
studies carried out in hamster cheek pouch model on efficacy of Cps for photodynamic treatment
of tumors led to promising result. Cps showed preferential accumulation in small size tumors
(dia < 5 mm), rapid clearance from skin and complete tumor regression after PDT [87, 93].

However, for relatively large tumors its uptake was poor which compromised the PDT efficacy.

1.2.1. Photophysical and photobiological properties: Effect of pH

Cps has three ionizable carboxylic acid groups and consequently neutral and several ionic

forms (structures A-D, Scheme 1.2) of Cps are expected to be present depending upon the pH of

hydrophilicity increasing

pH decreasing

Scheme 1.2: Different structures of Chlorin ps present in the pH range of 3-8.



the solution. Steady state and time-resolved fluorescence properties of Cps, have been
investigated as functions of pH [77]. It has been observed that a decrease in the pH of the
medium causes protonation of the ionizable carboxylic acid side chain, leading to an increase in
hydrophobicity and consequent aggregation. The pK, for inter-conversion between structures C
and D has been reported to be around 7.0 which is similar to the value observed for the pK, of
the side chain carboxylic groups of other porphyrins [96-97]. This would suggest that an increase
in hydrophobicity at low pH would have significant influence on the cellular uptake of Cps. The
effect of reducing the extracellular pH from 7.4 to 6.0 on the uptake of Cpg, has therefore been
investigated in two mammalian cell lines, human colon (Colo-205) and breast (MCF-7)
adenocarcinoma cells [78]. In Colo-205 cells, the uptake of Cps was observed to increase as the
pH of the incubation medium decreased. In contrast, no significant variation in uptake was
observed for MCF-7 cells. A possible explanation offered to explain this effect was mechanism
for drug uptake is cell line dependent. It was proposed that drug uptake in Colo-205 cells occurs
mainly through endocytosis whereas in MCF-7 cells the uptake is controlled by diffusion.

An understanding of the photobleaching of the photosensitizer and the resulting
photoproducts is essential since these have significant influence on the photodynamic efficacy of
the photosensitizer. Therefore the photobleaching process of the drug was studied in neat
phosphate buffer, phosphatidylcholine liposomes and in 10% fetal bovine serum [84]. The rate of
photobleaching of Chlorin ps in neat buffer and liposomes were comparable, but it was three
times faster in the serum media. Additional studies indicate that the photobleaching of the drug
in these environments may proceed via a type Il mechanism.

Subsequently the effect of pH on the binding properties of the drug with various

macromolecules has been studied [77, 80-82, 85-86, 90]. The effect of pH on the formation of
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complexes of Cpg with surfactants has been studied [77, 81, 85]. lonic surfactants are found to
cause aggregation of the drug only at submicellar concentrations. A significant pH effect is
observed in the ionic surfactant induced aggregation process as the charge on the drug is
controlled by the pH of the medium. The neutral Tx-100 was also observed to induce
aggregation of the drug at low surfactant concentrations. The obtained results are rationalized by
the interplay of electrostatic and hydrophobic effects between the drug and the surfactants where
pH plays a major role. The effect of pH on the binding of Cps with phosphatidylcholine
liposomes was also investigated by absorption and emission spectroscopy [80]. Substantial
changes in the absorption and emission spectra of the drug were observed when liposomes were
added at acidic pH. At higher pH these changes became progressively smaller. Fluorescence
quenching studies suggest that at acidic pH (5.0) the drug localizes in the central hydrophobic
region of lipid bilayer and for neutral pH (7.0) the drug binds closer to the charged liposome
interface. The influence of pH on the binding of the drug with Cremophor EL, a potential drug
delivery vehicle has been monitored by fluorescence spectroscopy [82]. Interestingly it has been
observed that the hydrophilic species of the drug bound preferentially with the hydrophobic
delivery medium. The binding of the drug with serum albumins and lipoprotein have also been
studied and it was concluded that hydrophobic interactions are responsible for the binding [86,
90].

In a recent study the effect of silica nanoparticles (SiNPs) having positively charged
amino groups on the acid-base ionization equilibrium of Cpg in agueous medium is significantly
affected as a result of strong electrostatic binding between the negatively charged drug and SiNP
[92]. At neutral pH the spectroscopic signature of the drug bound to SiNPs suggests that the tri-

anionic form of the drug remains bound to the positively charged SiNPs. It was concluded that
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the interplay of hydrophobic and electrostatic forces in the drug-nanoparticle binding process
might affect the relative uptake and photodynamic efficacy of the free drug and the drug-
nanoparticle complex in cancer cells. Subsequently studies were carried out on cellular uptake
and phototoxicity of the free drug and its complex with SiNP in colon (Colo-205) and oral cancer
(Nt8e) cell lines [98]. Phototoxicity measurements showed that the Cpg-SiINP complex was more
effective as compared to free Cps. The observed increase in photodynamic activity of Cpg-SiNP
complex was attributed to the enhanced photostability of the Cps-SiNP complex.

The binding of the drug with positively charged gold nanorods have also been studied at
neutral pH conditions [95]. Absorption, emission and photostability of the drug-nanorod
complex were observed to depend critically on the nature of the nanorod coating material.
Therefore before exploring the efficacy of the drug-nanorod complex for combined hyperthermia
and photodynamic therapy applications a judicious choice of the nanorod coating material is

essential.

1.3. Objective and scope of the present thesis

The excited state properties of Curcumin are a subject of current research interest.
Solvation dynamics and excited state proton transfer of the pigment are shown to be the major
processes occurring in the excited state of the pigment. In nonpolar solvents the major process is
the ultrafast excited-state intramolecular hydrogen transfer (ESIHT) reaction occurring in the
six-membered hydrogen-bonded chelate ring of Curcumin. Whereas in polar solvents both
solvation and excited state proton transfer can occur. Additionally it has been shown that in polar
solvents the dynamics of solvation is also influenced by specific hydrogen-bonding interaction

between Curcumin and the solvent [38]. In this thesis a significant portion has been devoted to
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elucidate the role of polarity and hydrogen bonding properties of polar solvents on the excited
state properties of the pigment.

The Chlorophyll a derivative, Cpg has three carboxylic acid groups whose protonation
and deprotonation plays an important role in controlling the hydrophobic and hydrophilic species
of the drug at different pH. The pH dependent acid-base equilibrium of the drug is believed to
play an important role in the higher uptake of Cps in tumors where extra-cellular pH can be
slightly acidic. Thus, knowledge of the factors governing the dynamics of the diffusion of Cps
across membranes may be useful for a better understanding of the cellular uptake of the drug. In
addition drug-liposome interactions may also change the properties of a lipid bilayer [96]. Both
Curcumin and Cpg have great affinity for biological membranes and therefore the effect of these
two drugs on bilayer properties is a subject of potential interest. The second part of the thesis
work is therefore devoted to investigate the diffusion properties of Cps and the effect of
liposomal Curcumin and Cpg on the diffusion properties of two organic cations across a lipid

bilayer.
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The organization of the remaining chapters of this thesis is as follows:

Chapter 2 describes in detail about the spectroscopic characterization techniques used with a

particular emphasis on the Second Harmonic spectroscopic technique.

Chapter 3 describes the photophysical studies used to characterize the excited state processes of

the medicinal pigment Curcumin in polar-nonpolar solvent mixtures using steady state and

picosecond time resolved fluorescence spectroscopic techniques.

Chapter 4 describes the diffusion characteristic of the photosensitizer Cpg across an egg lecithin

membrane investigated by Second Harmonic spectroscopy.

Chapter 5 describes the effect of Curcumin and Cpg on the transport kinetics of two organic

cations across a negatively charged lipid bilayer investigated by the SH spectroscopy.

Finally in Chapter 6 a summary of the major observations are presented. A brief outline of

future investigations that may evolve from the thesis is also provided.
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Chapter -2

Instrumentation and Methods

In this chapter we present preparation and characterization details of liposomes, details of
the spectroscopic characterization techniques used with a particular emphasis on Second
Harmonic (SH) spectroscopic technique. Sample preparation details are given in individual

chapters (3-5).

2.1.  Preparation of unilamellar liposomes

The lipids POPG and POPC were obtained from Sigma and were used as received. Two
methods were used for liposome preparation:
(A)Rotary evaporation method:-

A 0.1M stock solution of phospholipids was formed in Chloroform. Then 980 uL of
Chloroform and 200 pL of Methanol were added to a 50 ml round bottom flask
containing 20 pL of phospholipid stock solution and mixed well. After mixing, ~ 7 mL
buffer were slowly added to round bottom flask by a pipette to avoid mixing of the
aqueous and organic phase. The mixture was then rotated in a rotary evaporator under
vacuum till complete evaporation of the organic solvents as evidenced by the lack of
bubble formation. This method allows unilamellar liposomes to be prepared in a very

short time [1]. The final lipid concentration obtained by this method was ~0.3 mM.
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(B) Thin film method:-
For experiments requiring a higher lipid concentration the thin film method was used. In
this method around 200 pL of 0.1M of phospholipid stock solution in Chloroform was
taken in a round bottom flask and the solvent was evaporated for 8-10 hours in a rotary
evaporator using a vacuum pump. The lipid film produced was then dispersed in 10 ml of
buffer solution with sonication to produce liposomes [2]. The final lipid concentration

prepared in this way was ~2.0 mM.

Liposomes produced by above methods are then passed several times through cellulose-acetate
membranes (pore size: 100 or 200 nm) to reduce their polydispersity. The prepared liposomes

are then stored in a refrigerator for further use and discarded when they are over a week old.

2.2. Size & Zeta potential measurements of liposomes

The average size of the liposomes suspended in aqueous buffer medium was measured by
the dynamic light scattering technique using a Brookhaven 90Plus particle size analyzer. The
instrument can measure the size of particles in the range from ~1 nm to 6 um with an accuracy of
+ 5%. It uses a 35 mW diode laser as the light source and the scattered signal is collected at 90°.
The sample volume required is ~2 ml. With this system the average diameter of the particles as
well as their polydispersity can be measured. The instrument is also fitted with the ZetaPlus unit
which is used to measure the zeta potential (a measure of the surface charge) of the liposomes.
The instrument can measure zeta potential (range £ 150 mV) of nanoparticles having sizes

ranging from 10 nm to 30 um with an accuracy of + 2%.

22



2.3. Principles of absorption and emission spectroscopy

The processes responsible for absorption and fluorescence of fluorophores can be
illustrated by a Jablonski diagram (Figure 2.1). The diagram illustrates the electronic states of
molecules and the transitions between them. The ground state, first and second electronic states
are represented by Sp, S; and S; respectively. The transitions between the electronic states are
indicated as vertical lines. The excitation of the molecules from ground state to excited states is
very fast and completed within 10™°s without change in the nuclear coordinates of the molecule
(Franck-Condon principle). If molecule is excited to some higher vibrational level of either S; or
S, electronic state, the molecules rapidly relax to the lowest vibrational level of S; by internal
conversion process and this process completed within 10™2 second or less. The internal
conversion process is generally complete prior to emission process. The molecules can also relax
from the higher vibrational level to the lowest vibrational level via vibrational relaxation process
by energy loss to other molecules present in the medium through collisions. This process is
completed within 10™° to 10™*? second. Fluorescence is observed when molecules return from
lowest vibrational state of S; electronic state to Sy electronic state by emission of a photon. The
rate of such transition is ~10® second. The wavelength of the emitted photon is dependent on the
energy gap between Sp and S;.

The molecules in the singlet excited state S; can also undergo a spin conversion to the
first triplet state T, by intersystem crossing (rate ~10° second). The probability of the
intersystem crossing increases if the vibrational levels of two states overlap. The radiative
emission from triplet excited state T; to ground state Sy is known as phosphorescence. It is a spin

forbidden process and the energy of the emitted photon is generally shifted to longer wavelength
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(lower energy) as compared to the fluorescence. The triplet state has a long lifetime and rate of

such transition is slow (milliseconds to seconds) [3-5].
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Figure 2.1: Jablonski diagram of transitions between different electronic energy levels.

2.3.1 UV-Visible absorption spectroscopy

The steady state absorption spectra were measured using a UV-VIS absorption
spectrometer model Cintra 20 (GBC Scientific Equipments Ltd.). It is a dual beam direct ratio
recording system having Czerny-Turner style monochromator with holographic grating and
variable slit widths and the detector is a photomultiplier tube. Automatic lamp peaking and
wavelength calibration is done on power up. The excitation sources are 35 W tungsten—halogen
lamp and 30 W deuterium lamp which change automatically at selected wavelength. The
wavelength range of the instrument is 190 - 900 nm with variable spectral band pass (0.2 nm to 5
nm in steps of 0.1 nm) having a wavelength accuracy of + 0.2 nm. The photometric linearity of

the instrument is better than 1% up to an absorbance value of 3.
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2.3.2. Steady-State Fluorescence spectroscopy

The steady state emission measurements were carried out using a Spex Fluorolog 2
fluorimeter. It has a 450W Xenon lamp as the excitation source. The excitation light is passed
through a monochromator (focal length: 20 cm) and focused on the sample placed in the sample
chamber at spot size of ~2 mm by ~6 mm. For all fluorescence measurements the emission was
collected at right angle geometry. The emitted fluorescence after passing through a double
monochromator (focal length: 20 cm each), was collected by a PMT (Hamamatsu R955) which

is sensitive from 250 to 850 nm.

2.4. Fluorescence Lifetime Measurements

The time resolved fluorescence measurements were done using the time correlated single
photon counting (TCSPC) technique [3, 6-7]. This technique is based on the concept that after an
excitation event, the temporal probability distribution of emission of a single photon yields the
actual intensity against time distribution of all the emitted photons. In the experiment this
probability distribution is constructed by sampling a single photon emission, following a large
number of excitation events.

A schematic diagram of a TCSPC system operating in the forward mode is presented in
Figure 2.2. A short laser pulse excites the fluorescent sample at a high repetition rate. The
fluorescence emitted by the sample is detected by the detector (MCP-PMT). A reference
photodiode (PD) triggered by the excitation laser pulse is usually used to start the time-to-
amplitude converter (TAC). The role of TAC is to measure the delay time between the excitation
pulse and the pulse produced from the MCP by the emitted photon. After being started by the

reference PD the TAC charges a capacitor with constant current and generates a linear voltage
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ramp, which increases with time. As soon as the output of the MCP reaches the TAC further
charging of the capacitor is stopped. The output of the TAC is now a voltage which is
proportional to the time delay between the excitation event and the emission event. This voltage
is converted to a numerical value by an analog-to-digital converter (ADC) and stored in a multi-
channel analyzer (MCA) at a particular channel number. The sample is repeatedly excited by the
laser pulse, and the corresponding fluorescence photons are detected, and the TAC output for
each absorption-emission event is sent to the MCA which generates a histogram. This histogram
corresponds to the emission decay profile of the sample which is convoluted with the instrument
response function (IRF) of the TCSPC system. The IRF is the intrinsic or dead time taken by the
TCSPC system which limits the time resolution of the system. The IRF is generally recorded by
detecting the scattered light from a non-fluorescent scattering sample. The intrinsic emission
decay kinetics is then deconvoluted from the IRF using an iterative technique [3, 6-7].

One important constraint in the method is that two photons from the same light pulse
must not reach the sample detector. The errors introduced by multiple photons reaching the
detector are called pile up errors. In order to avoid pile-up errors, the average count rate at the
detector must be 1 to 5% of the excitation rate. Low excitation pulse energy and low sample
concentration are also recommended to ignore pile-up errors [6-7].

The emission lifetimes of the fluorophores were recorded by using a TCSPC system
called Lifespec-RED manufactured by Edinburgh Instruments. The excitation source was the
second harmonic output of the tunable femto second laser (Coherent Model Verdi pumped by
Coherent Model Mira) having pulses of ~150 fs duration. A pulse picker (Coherent model 9200)
was used to select pulses at 3.8 MHz repetition rate. The fluorescence was collected at right

angles to excitation. Proper optical filters were used to avoid the scattered excitation light
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reaching to the detector. The instrument response function (IRF) of the system with a
Hamamatsu microchannel plate PMT (R3809U-50) was ~50ps. The fluorescence decays were
deconvoluted from the IRF using the iterative software based on global least squares analysis
algorithm provided by the manufacturer. The goodness of the fit was judged by the reduced chi-

square values and visual inspection of the plots of weighted residuals.
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Figure 2.2: Schematic diagram of a TCSPC system

2.5. Solvation Dynamics measurements

Chemical reaction rates in the solution phase are strongly affected by both general and

specific interaction between the solute (reactants/intermediates/products) and solvent molecule.
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It is therefore important to study and understand how the solvent molecules interacts with solute
molecules in order to gain insight about the reaction dynamics. Fluorescence spectroscopy offers
a way to study the solvent relaxation dynamics around a solute provided the solute is fluorescent.
This is usually accomplished by constructing and analyzing the time dependent fluorescence
spectrum of the solute [8-20]. Photoexcitation of certain solute molecules from ground state to
excited state (Sp = S;) may lead to a significant change in the dipole moment of the solute. The
orientation of the surrounding solvent molecules then starts to rearrange around the newly
created dipole. As a result the excited state energy of the solute molecule starts to relax and its
fluorescence spectrum starts to shift towards lower energy (or, longer wavelength) with
increasing time (Figure 2.3). This relaxation process and the corresponding dynamics of
solvation can be monitored by constructing time dependent emission spectrum of the solute

using the time resolved fluorescence spectroscopic technigue.
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Figure 2.3: Schematic diagram of dipolar solvation of a polar solute after optical excitation.

The excited state relaxation process of the solute molecules are expressed by a solvent

correlation function C(t), defined as [9]
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_ v(t) — v(o)

‘O = 0 =)

(2.1)

Where v(0), v(t), and v(e) denote the peak frequency of the fluorescence spectra of the solute at
time zero, t, and infinity respectively.

Measurement of time resolved emission spectra (TRES) is the most general and precise
way to quantitatively describe the solvation function, C(t). The TRES were generated from a set
of fluorescence decays taken at different wavelengths (covering the whole emission band of the
solute molecule). The fluorescence decays are then fitted with multi-exponential function to

obtain the fitted curve D(A,t).

DA t) = z 0, (e 7D 2.2)

l

Where a(A) and t(A) are the pre-exponential factor and time constant at a particular
wavelength L. The TRES spectra, S(A,t) are constructed using the fitted curve, D(A,t), after their
normalization with respect to the steady state fluorescence spectrum, So(A) as [9-15]

So(D)

S(A4,t) =D(4, t)m

(2.3)

After conversion from a wavelength representation to one linear in energy i.e. frequency,
the TRES data are fitted by the empirical “log-normal function” [14], which represents a broad,

asymmetric electronic emission band and defined as

In[1+2b(v—v,)/ A]ﬂ (2.4)

gv) = goexp [— In(2) ( ,

where go, vp, b and A are the peak height, peak frequency, asymmetric parameter, and

width parameter, respectively. Once the TRES data have been fitted by the log-normal function,
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the corresponding peak frequencies are used to construct C(t). The constructed C(t) is then fitted

with exponential function

C(t) = z:'cxiexp‘t/’g (2.5)

l

to extract the solvation time constants. In this work we have observed that the decay of
C(t) can be fitted satisfactorily with single or double exponential components. The average
solvation time constant is then obtained using the relation, <ts> = a;t15 + a5, Where a; and a,

are the relative contribution of the solvation time 115 and o, respectively.

2.6. Second Harmonic Generation (SHG)

2.6.1. Introduction

Optical second harmonic generation (SHG) is the nonlinear conversion process by which

two photons of frequency o are converted to a single photon of frequency 2o (Figure 2.4),

() :
W
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Figure 2.4: Energy-level digram illustrating SHG. The electronic energy states (g) and (f)

corresponds to the ground and excited state and (i) corresponds to the virtual state.
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which, in the electric dipole approximation, requires a noncentrosymmetric medium. Therefore
an interface between two dissimilar centrosymmetric media is capable of generating SHG since
it is noncentrosymmetric. Since only the first few atomic or molecular monolayers on either side
of the interface participate in this symmetry breaking, the SHG process can be used as a highly

surface-selective optical probe of interfacial phenomena [21].

2.6.2. Symmetry requirements

The interaction of weak light field with matter is dominated by linear process. However
when the light field becomes very intense, non-linear process such as second and third harmonic
generation becomes experimentally observable. Shortly after the invention of the optical laser in
1961, source of intense light became available and optical second harmonic generation was
observed in a quartz crystal [22].

For weak light field, the induced polarization P(t), linearly depends upon the electric field
strength.

P(t) = xWE, () (2.6)
Where » is linear susceptibility and E,(t) is incident electric field.

But in case of intense light field, the optical response can be described by expressing the
polarization P(t) as a power series in the field strength E,(t) as [23]:

P(t) = yWE,(t) + xPE, () E,(t) + x®PE, () E,(t) E, () + ... (2.7)

P(t) = PDO@®) + PAO®) + PO + ... (2.8)

Where @ and »® is known as the second and third-order nonlinear susceptibility
respectively.

The induced second order polarization P‘(t) can be expressed as [24-27],
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PO(t) = xPE,(t) Ey(t) (2.9)
Where E,(t) is incident electric field and ¥ is the second order nonlinear susceptibility
of the non linear medium. A rigorous expression for eq. (2.9) where PA(t) and E,(t) are

expressed as vectors and y'? as a tensor is

PR = Zjaxisn Eb®) EE®) (2.10)

Where i, ], k are the three normal coordinates of laboratory system. For a medium having
inversion symmetry, the reflection along that plane will not change the sign or magnitude of 5.
However, an inversion operation on the electric field E(t) reverses both the sign of the electric
field and that of the second order polarization P@)(t).

Therefore the Eq. 2.9 is transformed as:
—PA () = yPD(-E, () (-E, (@) (2.11)

Combining Eq. 2.9 with Eq. 2.11, we get P(t) = - P@(t), and therefore, P?(t) must be
zero. Thus, the solution for »® must be zero. This means that SHG is not allowed in a
centrosymmetric medium. However, at an interface between two different bulk media, where
inversion symmetry is no longer conserved, P@(t) is not necessarily equal to - P@(t) on
performing an inversion operation. Therefore »® at interface is not necessarily to be zero,

suggesting that SHG from interfaces is allowed.

2.6.3. SHG from centrosymmetric structures

The net coherent second harmonic (SH) field in a bulk medium (which is
centrosymmetric) is zero. This is due to the fact that in bulk medium, for every molecule oriented

in one direction, there is a neighboring one oriented in opposite direction and located at a

32



distance that is much less than the coherence length of the process. The nonlinear polarizations
induced in these oppositely oriented molecules by the intense incident light are of opposite phase
with respect to each other and therefore they cancel. As a consequence, the net polarization is
zero and coherent SH light is not generated in the bulk medium. In contrast, incoherent SHG
(also called hyper-Rayleigh scattering, HRS) is possible in bulk centrosymmetric medium. This
has been attributed to the fluctuation in molecular density and molecular orientation in isotropic
bulk solution which can disrupt the phase cancellation and generate incoherent SHG or HRS.
SHG has also been observed in individual large non-centrosymmetric molecule in randomly
oriented suspension in bulk solution [28-29].

Although SHG is forbidden in centrosymmetric media, microscopic centrosymmetric
particles suspended in a liquid medium can generate SHG [30]. We explain this by considering a
bare microsphere of diameter L. We note that opposite positions of the microscopic particle
surface has oppositely oriented surface structures and the generated second harmonic (SH)

electric field will have opposite phases. The total SH field is:
E,, & BPE,E, (1 - e-iAH) (2.12)
Where [3(2) is the second-order polarizability of the microsphere and AK is scattering vector:
Ak = ko, — 2k, (2.13)
Here Ez(u and %w are the light propagation vectors for the second harmonic light at 2®

and the fundamental light  respectively. The amplitude of the scattering vector is defined as:

dm(n,, — 4
ak = o = M20) _ AR (2.14)
Ao A

Therefore it follows that if the separation length L between the oppositely oriented

molecules is much less than wavelength of fundamental light, then AK.L « X and consequently
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E,o = 0. On the other hand, if separation length L is comparable to the wavelength of
fundamental light, then E,, # 0. Therefore although the particle is centrosymmetric depending

upon its diameter and wavelength of incident radiation it can generate SHG. For the case when

AKk. f~n, E,., will be maximum.

2.6.4. SHG: A tool to monitor bilayer transport of molecules

The adsorption and transport kinetics of molecules and ions across a lipid bilayer can be
monitored by using the SHG spectroscopic technique [29-36]. The reason for this is that SHG
will occur from molecules that are located only in the bilayer region. In addition, the molecule of
interest should have a reasonable hyperpolarizability at the wavelength of fundamental radiation.
If the size of the liposomes is of the order of the wavelength of the fundamental (~ 800 nm)
radiation, the SH field generated from the molecules adsorbed on the outer lipid bilayer can add
coherently to generate a non-zero SH field (Figure 2.5). In contrast, due to their random
orientation molecules present in the bulk water will not generate SHG but they can still generate
incoherent SH by HRS as discussed before. It is pertient to note that due to its coherent nature
SH generated from molecules adsorbed on the outer surface of the liposome will be significantly
higher than the incoherent HRS generated from molecules present in the bulk medium. When
dye molecules diffuse across the lipid bilayer, and get absorbed to the inner surface of the
liposome, the adsorbed molecules on the inner and outer surface of the lipid bilayer are
oppositely oriented. Since the oppositely oriented molecules are separated by the bilayer
thickness (~ 5 nm) which is expected to be much less than the coherence length of the SHG

process, the SHG generated from the oppositely oriented molecules will cancel each other. Thus
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the resulting SH field generated from the molecules adsorbed on the liposome surface will be
proportional to the population difference between the outer and inner surface. Therefore, the
diffusion process can be monitored in real time by monitoring the SHG signal subsequent to the
addition of molecules to the liposomes. Eisenthal’s group at Columbia University was the first to
demonstarte the use of SHG to monitor the diffusion of an organic cation Malachite green (MG),
across a bilayer [31]. They have studied the diffusion process of MG across a negatively charged
phospholipid bilayer under different conditions [31-35].
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Figure 2.5: SH generated from molecular adsorption on a liposome. Initially when molecules
are adsorbed at the outer surface the SH signal is maximum. As the molecules diffuse through

the lipid bilayer, and adsorb onto the inner surface the SHG signal becomes minimum.
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2.6.5. Experimental setup

The schematic of the experimental setup used to montior the diffusion process by the SH
technique is shown in Figure 2.6. The fundamental radiation was the quasi-CW output (tunable
from 780 to 850 nm) of a Ti-Saphhire (Coherent Mira) laser pumped by a green (532 nm,
Coherent Verdi 5W) laser. The average laser power used in the experiments varied between 450
to 650 mW and the pulse width was ~150 fs. The polarization of the laser was fixed in the
vertical plane by using a half wave plate (HWP). The laser beam was focused into the sample by
a convex lens having a focal length of 10 cm. The generated SH light was detected using a
Edinburgh Instruments TCSPC system (Model LifeSpec Red). A band pass filter was placed
before the monochromator of the TCSPC system to reject the fundamental. The wavelength
resolution of the monochromator was 2 nm. The generated SH light was detected at right angles
with respect to the fundamental (800 nm) by a cooled Hamamatsu MCP-PMT using single
photon counting technique. A typical SH intensity-time profile of a hemicyanine dye, LDS-698
is shown in Figure 2.7. The SH signal from buffer alone is negligible and after addition of the
dye the signal increased modestly due to HRS from the dye. A significant increase in the SH
signal intensity was observed after addition of POPG liposomes which occurs due to electrostatic
adsorption of the dye on the outer surface of the liposome. As time progresses the SH signal
starts to decay signifying diffusion of the dye from inner to outer bilayer. The diffusion time
constants can be extracted by exponential fitting of the SH intensity data following liposome

addition.
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Figure 2.6: Schematic of the experimental set up used to measure HRS and SH signals.
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Chapter -3

Photophysical studies of Curcumin excited state in toluene-polar

solvent mixtures

3.1. Introduction

Curcumin, which exhibits a wide variety of biological and photochemical properties [1-
10] is currently the subject of a large number of spectroscopic investigations. Several studies
have focused on the photophysical properties of the excited states of Curcumin [11-29] and have
predicted about the occurrence of two fundamental photophysical processes in the excited state,
namely the excited-state hydrogen atom (or proton) transfer (ESHT), and solvation [12-29].
In a recent study by Palit and co-workers [26] subpicosecond time-resolved fluorescence and
absorption spectroscopic techniques are used to study the dynamics of the excited singlet (S;)
state of Curcumin in a wide variety of neat solvents. In nonpolar solvents because of the
presence of six-membered hydrogen-bonded chelate ring of the cis-enol form (Scheme 3.1) the
ESHT process is expected to be primarily intramolecular in nature and based on previous studies
[31-36] it should be completed within a few hundreds of femtoseconds. However in polar protic
solvents, like methanol (MeOH), there will be significant perturbation of intramolecular H bond
as solvent molecules will compete to form intermolecular H bond with Curcumin. As a result
specific solvent effects such as H bond reorganization between Curcumin and solvent will affect
the relaxation of the S; state of Curcumin in these solvents and indeed it has been observed [26].
In neat solvents this relaxation is typically completed within few picoseconds. In this chapter we
present the result of our studies on Curcumin excited state behavior in a binary solvent mixture

consisting of toluene and different polar solvents.
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Scheme 3.1: Likely structures of Curcumin in non hydrogen bonding (top) and hydrogen

bonding (bottom) solvents showing the intra molecular and inter molecular hydrogen bonds.

MeOH is arbitrarily chosen as an example of a hydrogen bonding solvent. The bottom picture is

oversimplified in the sense that only two solvent molecules are shown and the phenolic OH

groups are excluded from hydrogen bonding with the solvent.

3.2. Materials & Methods

Curcumin (Sigma product no. C7727) was further purified by TLC according to a

reported method [39]. Deuterated methanol (MeOH-d,) from Across Chemicals (99 atom % D;

product no. A 0305352) was used as received. For the experiments on Curcumin in MeOH-d,,

Curcumin was allowed to equilibrate in the deuterated solvent for 48 h (as reported earlier [24-
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25]) to ensure complete exchange of the enolic hydrogen with deuterium. Toluene, Ethanol, 1-
Propanol, 1-Butanol, 1-Octanol, DMSO and HFP were all spectroscopic grades (purity > 99%)
and were used as received.

For all spectroscopic measurements the optical density of Curcumin (1 cm optical path)
were kept typically ~0.2-0.3 at the maximum, which corresponds to micro-molar concentrations
of the drug. All the experiments were performed at room temperature. Fluorescence quantum
yield of the pigment were calculated with respect to its value reported in toluene [12-15] after
proper correction for the slight variation in the absorption spectra in different solvent mixtures.

For the time-resolved fluorescence experiments the acquisition time window had a width
of ~2.5 ns with 2048 channels, corresponding to 1.22 ps per channel. All the Curcumin solutions
were excited by vertically polarized light at 420 nm, and the emission was detected at magic
angle over the whole band after rejecting the excitation light by an appropriate filter. To obtain
the time-dependent spectra of Curcumin in toluene-polar solvent mixtures, fluorescence decays
were taken at 10-nm intervals with a resolution of 4 nm, having 10K counts in the peak channel.
The fluorescence traces were fitted to a single or multi exponential function after de-convolution
by the iterative re-convolution method using FAST software supplied by the manufacturer of the
TCSPC system. The average lifetimes were calculated using the relation: T = Y ajti; Where a;
and 7; are the pre-exponential and lifetime values. The radiative (k;) and nonradiative (K.) rates
are calculated from the fluorescence quantum yield (®5) and average lifetime (tay) as: Ky = ®¢ / Tay

and Knr = (1/ tay) - K.
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Figure 3.1: Normalized absorption (top), emission (middle) and fluorescence decays (bottom) of

Curcumin in some alcoholic solvents (left panel) and in different non—alcoholic solvents (right
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Table 3.1: Photophysical parameters of Curcumin and Kamlet-Taft (K-T) parameters® of

some solvents

Solvent K-T parameters Abs Em Stokes o° a T T, Tav

(em™) | (em™) | shift (em™) (ps) | (ps) (|OS)gb
¥ o B

Toluene | 0.54 | 0.00 | 0.11 | 23964 21739 2225 0.067 | 0.08 34 140 130

MeOH 0.60 | 093 | 0.62 23663 17825 5838 0.025 | 0.30 24 90 70
MeOH-d, 23842 17825 6017 0.050 | 0.18 83 235 170
EtOH 054 | 086 | 0.75 23427 18248 5179 0.050 | 0.24 86 258 127
PrOH 052 | 084 | 0.90 23368 18484 4884 0.090 | 0.20 58 229 195
BuOH 0.47 0.84 | 0.84 23427 18281 4746 0.120 | 0.11 53 372 337
OcOH 0.40 | 0.77 0.81 23368 18761 4607 0.165 | 0.13 92 472 423
CHCl, 0.58 | 0.44 0 23842 19607 4235 0.080 | 0.08 42 338 314
MeCN 0.75 | 019 | 0.62 23902 19157 4745 0.080 | 0.05 32 408 389
DMSO 1.00 | 0.00 0.76 23200 18450 4750 0.050 | 0.15 39 147 161
HFP 0.65 196 | 0.00 23665 17545 6120 0.038 | 0.89 84 533 133

8Source: http://www.stenutz.eu/chem/solv26.php

bThe errors in the values are estimated to be about ~10%

3.3. Results

Figure 3.1 show the normalized absorption (top panel) normalized emission (middle

panel) and fluorescence decay curves (bottom panel) of Curcumin in the nonpolar solvent
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toluene, and in different polar solvents. Compared to toluene, in all the polar solvents used in this
study the vibronic structure in absorption and emission spectra are lost suggesting significant
solute-solvent interaction in the ground and excited state. The photophysical parameters of
Curcumin in these solvents as well as the solvent Kamlet-Taft (KT) parameters are provided in
Table 3.1. For the alcohol solvents, as expected, increasing alkyl chain length decreases the
polarity parameter (7*) of the solvent. In addition, with an increase in the alkyl chain length, the
H-bond donating (HBD) property (a) decreases while the H-bond accepting (HBA) property ()
does not show any definite trend. As the polarity of the alcohol solvents decreases (from
Methanol to Octanol) the Stokes shift decreases and the corresponding average lifetime increases
(Table 3.1). In the Kamlet-Taft scale, while the polarity of MeCN and CHCI3 are comparable to
that of MeOH, the former is primarily a HBA and the latter, a HBD solvent (Table 3.1). In
Kamlet-Taft scale DMSO and HFP have stronger HBA and HBD property respectively
compared to MeCN and CHCls.

The photophysical properties of Curcumin were studied in different types of toluene—polar
solvent mixtures. In a binary mixture of toluene and MeOH (MeOH-d;) the steady state
fluorescence spectra of the pigment shows an interesting behavior (Figure 3.2). The vibrational
structure present in the fluorescence spectra of the pigment in toluene remains more or less
unchanged as MeOH (MeOH-d,4) mole-fraction is increased to 0.01. After that the spectral shape
starts to get broad accompanied by a red sift and an increase in fluorescence intensity till MeOH
(MeOH-ds) mole-fraction of 0.14 (0.40). The fluorescence intensity then drops down
significantly as the mole-fraction of the polar protic solvent approaches unity. The variation in
fluorescence lifetime follows similar pattern (Table 3.2 and Figure 3.3). Corresponding changes

in the absorption spectra of the pigment however were insignificant (data not shown). In order to
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find out which properties of the solvent (e.g. polarity, H-bonding ability) are responsible for this

kind of changes, the polar protic solvent MeOH is replaced with other polar but aprotic solvents
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Figure 3.2: Evolution of Curcumin fluorescence in binary solvent mixtures of toluene-MeOH
(left) and toluene-MeOH-d, (right). The arrows indicate increase in the MeOH/ MeOH-d, mole-

fraction from 0 to 1 (Aex =420 nm).
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Figure 3.3: Fluorescence decays (Aex = 420 nm) of Curcumin in binary solvent mixtures of
Toluene-MeOH (left) and Toluene-MeOH-d, (right). The numbers corresponds to the alcohol

mole-fraction. The instrument response function is shown as black dotted line.
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such as chloroform (CHCI3) and acetonitrile (MeCN). When MeOH is replaced by CHCls, the
fluorescence properties of the pigment correlated with the mole-fraction of CHCI3, however

when MeOH is replaced with MeCN, the fluorescence properties does not exactly correlate

Table 3.2: Lifetime parameters of Curcumin in toluene-MeOH and toluene-MeOH (d,)

solvent mixtures

MeOH T1 ap T ado Tav MeOH (d4) T1 a; T ado Tav
mole | (ps) (ps) (ps) mole (ps) (ps) (ps)
fraction fraction

0.0013 | 38 | 0.12 | 152 | 0.88 | 138 0.0013 84 | 037 | 159 | 0.63 | 131

0.0025 | 40 | 0.14 | 159 | 0.86 | 142 0.0025 88 039 | 176 | 0.61 | 142

0.0050 | 44 | 0.15 | 173 | 0.85 | 154 0.0050 87 0.47 | 186 | 0.53 | 140

0.0100 | 53 | 0.18 | 202 | 0.82 | 175 0.0100 92 049 | 225 | 0.51 | 160

0.0200 | 55 | 0.18 | 245 | 0.82 | 211 0.0200 105 | 045 | 302 | 055 | 213

0.0388 | 55 | 0.16 | 297 | 0.84 | 258 0.0388 109 | 0.36 | 369 | 0.64 | 275

0.0747 | 49 | 0.13 | 341 | 0.87 | 303 0.0747 105 | 0.26 | 444 | 0.74 | 356

0.1390 | 44 | 0.11 | 367 | 0.89 | 331 0.1390 94 | 0.18 | 515 | 0.82 | 439

0.2442 | 36 | 0.10 | 361 | 0.90 | 329 0.2440 69 0.11 | 536 | 0.89 | 485

0.3925 | 32 | 0.10 | 326 | 0.90 | 300 0.3923 56 0.08 | 540 | 0.92 | 501

0.5637 | 26 | 0.11 | 268 | 0.89 | 241 0.5635 43 | 0.06 | 499 | 0.94 | 472

with the mole-fraction of MeCN, instead it resembles the pattern seen with MeOH (Figure 3.4).
The variation in fluorescence lifetime follows similar pattern (data not shown). The effect of
replacing MeOH with other linear alcohols on the fluorescence behavior of the pigment in
toluene-alcohol mixtures were investigated next. The steady state fluorescence spectra of the

pigment in these toluene-alcohol mixtures are shown in Figure 3.5. The observed changes in the
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Figure 3.4: Evolution of Curcumin fluorescence in binary solvent mixtures of toluene-CHClI;
(left) and toluene-MeCN (right). The arrows indicate increase in the polar solvent mole-fraction

from 0 to 1 (Aex =420 nm).

1.0x10" 4 1.2¢10" 4
2 2 10x10'
" "
c c
&} &} g
z £ 80x10°4
@ @
o o o
S S 6.0x10°
o o
0 0
G) G) o
° o 4.0x10°4
3 3
w w
2.0x10° 4
00 K& T T T T T
450 500 550 600 650 700
Wavelength (nm)
1.2x10" o
1.0x10" o
> 2 1.0x10"
= =
c c
e} 3 g
H £ 80a0'
[ [
2 g o
@ 50x10° @ 60x04
o o
0 0
2 2 s
o o 4.0x10" o
3 3
w w
2.0x10°
0.0 “ T T T T 0.0 — T T T T
450 500 550 600 650 700 450 500 550 600 650 700
Wavelength (nm) Wavelength (nm)

Figure 3.5: Evolution of Curcumin fluorescence in binary solvent mixtures of toluene-EtOH (top
left), toluene-PrOH (bottom left), toluene-BuOH (top right) and toluene-OcOH (bottom right).

The arrows indicate increase in the alcohol mole-fraction from zero to unity.
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fluorescence spectra of the pigment in these toluene-alcohol mixtures are similar to that observed
in toluene-MeOH mixture. However for toluene-Octanol mixture, the fluorescence intensity was

observed to increase steadily as the mole-fraction of Octanol (OcOH) approaches unity.
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Figure 3.6: Evolution of Curcumin fluorescence in binary solvent mixtures of toluene-DMSO
(left) and toluene-HFP (right). The arrows indicate increase in the polar solvent mole-fraction

from zero to unity.

Finally, MeOH was replaced by two polar solvents, DMSO (only HBA property) and HFP (only
HBD property), to investigate the aspect of H-bonding property of the polar solvent. Changes in
the steady state fluorescence spectra of the pigment in DMSO-toluene and HFP-toluene solvent
mixtures with increasing mole-fractions of the polar solvent (Figure 3.6) are similar to that
observed in toluene-MeOH mixture. Corresponding fluorescence lifetime decays (Table 3.3) also

shows similar behavior to that observed in toluene-MeOH mixture.

The relative changes of the photophysical parameters (fluorescence quantum yield, average
fluorescence lifetime, radiative and non-radiative rates) of the pigment in toluene-MeOH and

toluene-MeOH-d, mixtures with varying mole-fractions of the polar solvent are given in Figure
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Table 3.3: Lifetime parameters of Curcumin in DMSO-toluene and HFP-toluene solvent

mixtures
DMSO mole- T a 7, (ps) a, 13(pS) as Tav (PS)

fraction (ps)

0.0007 134 0.82 301 0.18 0 0 164
0.0014 141 0.7 314 0.3 0 0 193
0.0029 142 0.56 312 0.44 0 0 217
0.0057 149 0.43 329 0.57 0 0 252
0.0114 141 0.26 342 0.74 0 0 290
0.0225 37 0.05 286 0.76 763 0.19 364
0.0441 38 0.04 320 0.73 862 0.23 433
0.0845 41 0.04 357 0.71 1303 0.25 581
0.1558 42 0.04 360 0.71 1201 0.25 558
0.2696 42 0.05 320 0.76 884 0.19 413
0.4247 44 0.07 266 0.77 571 0.16 299

HFP mole- T a T, (pS) a 73 (PS) az Tav (PS)

fraction (ps)

0.0005 122 0.83 324 0.17 141
0.0010 125 0.78 371 0.22 156
0.0019 122 0.67 387 0.33 179
0.0039 122 0.53 413 0.47 209
0.0077 128 0.38 446 0.62 259
0.0153 148 0.28 572 0.72 325
0.0301 169 0.23 592 0.77 453
0.0585 180 0.19 681 0.81 495
0.1105 145 0.11 690 0.89 586
0.1991 95 0.06 617 0.94 630
0.3320 65 0.05 476 0.95 586
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3.7. For comparison, changes observed with toluene-CHCI3 and toluene-MeCN was also plotted.
The trends are clearly different for the alcoholic and non-alcoholic solvents. While the non-
radiative rates pass through a minimum, the radiative rates remain more or less unchanged for

the alcoholic solvents. Figure 3.7 further shows that the observed trends are different for MeOH

relative change
N
-
T
| I\
&Om
I
relative change
-
L

/]

1E3 0.01 01 1 163 0.01 01 1
MeOH (MeOD) mole-fraction CHCI, (MeCN) mole-fraction

Figure 3.7: Left: Relative changes in the emission quantum yield (solid squares), average
lifetime (hollow squares), radiative (solid circles) & nonradiative (hollow circles) rates of
Curcumin with increasing mole-fractions of MeOH (black) and MeOH-d, (red). The vertical
dashed lines indicate alcohol mole-fractions where time dependent spectra were constructed.
Right: Relative changes in the emission quantum yield (solid squares), average lifetime (hollow
squares), radiative (solid circles) & nonradiative (hollow circles) rates of Curcumin with
increasing mole-fractions of CHCI3 (black) and MeCN (red). For clarity, the parameters were

normalized with respect to that in toluene and the Y-axis is represented in the logarithmic scale.

and MeOH-d,. The maxima (or minima) of the photophysical parameters of the pigment shifts to
a higher mole-fraction (0.40 compared to 0.14) when the deuterated solvent is used.

Corresponding changes in the radiative and non-radiative rates of the pigment in the five toluene-
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alcohol solvent mixtures with varying mole-fractions of the alcohol solvent are compared in
Figure 3.8 (left panel). The radiative rates remain more or less unchanged while the changes in
the non-radiative rates depend upon the alcohol used. As the alkyl chain length (of the alcohol)
decreases the minima observed in the non-radiative rates starts to be more prominent. The
variation in the radiative and non-radiative rates of the pigment in toluene-DMSO and toluene-

HFP are similar to that observed in toluene-MeOH mixture (Figure 3.8, right panel).
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Figure 3.8: Left: Changes in the radiative (solid circles) & nonradiative (hollow circles) rates of
Curcumin with increasing mole-fractions of different alcohol solvents used in this study; Right:
Changes in the radiative (solid circles) & nonradiative (hollow circles) rates of Curcumin with
increasing mole-fractions of MeOH, DMSO and HFP. The radiative and nonradiative rates are

scaled with a factor of 102,

Using our TCSPC system we could observe distinct rise times when fluorescence decays were
taken at the red edge of the emission spectrum (Figure 3.9) of the pigment, at certain MeOH (or
MeOH-d,;) mole-fractions. For example, at MeOH mole-fraction of 0.04 no rise time is observed
but increasing the mole-fraction to 0.07 results in the appearance of a ~140 ps rise time. Further,

the magnitude of the observed rise times depends upon the mole-fraction of MeOH. As the
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Figure 3.9: Fluorescence decays taken at the blue (blue line) and red (red line) edges of
Curcumin fluorescence spectra at different MeOH (solid lines) and MeOH-d, (dotted lines)
mole-fractions. The rise times obtained (black: MeOH; red: MeOH-d,) are also shown against
each mole-fraction. For comparison, the instrument response function is shown at the bottom

panel.
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Figure 3.10: Variation of fluorescence rise times of Curcumin (taken at the red edge of the

emission spectrum) with different alcohol mole-fractions.
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Figure 3.11: Fluorescence decays taken at the blue (blue line) and red (red line) edges of
Curcumin fluorescence spectra at different DMSO (left) and HFP (right) mole-fractions (Xn).
For comparison, the instrument response function is shown at the bottom graph in the left panel.

The emission wavelengths and corresponding rise times were also shown.

55



MeOH mole-fraction is increased, the magnitude of the rise time decreases and at 0.57 mole-
fractions this becomes ~30 ps. Unlike photophysical parameters (Figure 3.7), the observed rise
times did not show any significant isotope effect. When MeOH is replaced by CHCI; and MeCN
no rise times could be observed suggesting that spectral relaxation is too fast to be detected by
~40 ps time resolution of our set up. When MeOH is replaced by other alcohols, distinct rise
times could still be observed. Figure 3.10 shows the alcohol mole-fraction dependent rise times
in different toluene-alcohol mixtures. The observed rise time decreases with increasing alcohol
mole-fraction: this trend continues till 1-butanol, however for 1-octanol this trend disappears, the
observed rise times are more or less similar. Figure 3.11 shows how the rise times depend upon
the nature of the hydrogen bonding property (HBA or HBD) of the polar solvent. Red edge
decays shows distinct rise times in the presence of HFP (only HBD) but not for DMSO (only
HBA). The magnitude of the rise times in toluene-HFP mixture was also observed to depend
upon the mole-fraction of HFP similar to that observed in the toluene-MeOH mixture.

In general, the signature of excited state solvation is manifested as a growth in the
kinetics at the red edge of emission spectrum. The dynamics of solvation are quantified by the

decay of the solvent response function C(t):

v(t) — v()
v(0) —v(x)

@) =
Where v(0), v(t), and v(0) denote the peak frequency of the fluorescence spectra at time zero, t,
and infinity respectively. The “zero time” emission spectrum has been approximated using the
emission spectrum of Curcumin in a non polar solvent, n-hexane, according to an earlier method
[40]. Determination of v(eo)and v(t) (peak frequencies of the steady-state and time resolved

fluorescence spectra) were carried out according to an earlier method [41] using steady state

emission spectrum and fitting parameters from wavelength resolved decay traces. Owing to the
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limited time resolution of our setup we have constructed C(t) at three different alcohol mole-
fraction of 0.07, 0.14 and 0.24, where the observed rise times are of the order of 100 ps. The

decays of C(t) at these mole-fractions are shown in Figure 3.12. The decays can be satisfactorily

1.0+

0.8 1

0.6 0.07 216 (230) ps
, 0.14 167 (165) ps

0.2+

0.0+

T T T T T
0 200 400 600 800 1000
time (ps)

Figure 3.12: Decay of solvation response function C(t) at different MeOH (solid) and MeOH-d,4
(hollow) mole fractions (black: 0.07, red: 0.14 and green: 0.24). The raw data are given as
points and the fits are given as lines. The time constants given in parenthesis correspond to those
in MeOH-d,.

fitted with a single exponential function with solvation times ranging from 100-200 ps (~20-40
times slower that observed in neat MeOH or MeOH-d, [24-26]). A ~three fold increase in
alcohol mole-fraction results in a ~two fold decrease in solvation time. It is important to note
here that owing to our limited time resolution we are missing the initial (10-30%) solvation
dynamics. Figure 3.13 shows the variation in solvation time constants for the various toluene-

alcohol mixtures with varying alcohol mole fractions. Finally in Figure 3.14 the solvation time
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Figure 3.13: Variation of solvation time constants with different alcohol mole-fractions.
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Figure 3.14: Variation of solvation time constants with different MeOH and HFP mole-fraction.

constants for MeOH-toluene and HFP-toluene are plotted against the mole-fraction of the polar

solvent. Corresponding solvation time constants with their respective amplitudes are shown in
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Table 3.4. The observed curves show similar trends although the onset and offset of solvation

time constants are different for MeOH and HFP.

Table 3.4: Solvation time constants and corresponding amplitudes of Curcumin in different

MeOH & HFP mole-fractions?

MeOH Tsolvation (pS) HFP Tsolvation (pS)

mole-fraction | (amplitude) | mole-fraction (amplitude)
0.07 216 (0.86) 0.03 306 (0.82)
0.14 167 (0.76) 0.06 211(0.80)
0.24 100 (0.74) 0.11 146 (0.70)
0.40 60 (0.76) 0.20 104 (0.63)
0.56 47 (0.7) 0.33 72 (0.55)

®The errors in these values are estimated to be about ~10%

3.4. Discussion

As reported earlier [12-15], the absorption and the fluorescence spectra of Curcumin
were observed to exhibit significant solvent effect. Compared to toluene, in all the polar solvents
used in this study the vibronic structure in absorption and emission spectra are lost suggesting
significant solute-solvent interaction in the ground and excited state (Figure 3.1). Although
photo-excitation of Curcumin to the S; state leads to a large change in dipole moment, (Ap =~ 6.1
D) [12-15], the larger solvatochromic red shift observed in MeOH (and MeOH-d,) has been
explained by the effect of both polarity and hydrogen-bonding ability of the solvent on the
excited state of Curcumin. The stokes shift of Curcumin in the neat alcohols (Table 3.1)
increases with increasing polarity; this is due to the increasing red shift of the emission maxima.
This behavior is consistent with the fact that the excited state is more polar and hence polar
solvents will decrease its energy by solvation. The low quantum yield and the low lifetime of the
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pigment in polar protic solvents have been attributed to radiation less decay channel associated
with the fully solvated ESPT state of the pigment [12-15]. However it has been observed earlier
that in polar solvents like acetonitrile or chloroform (whose ability to form H-bond is
significantly lower than alcohol solvents like methanol) the quantum yield and lifetime of the
pigment increases substantially [12-15]. This indicates that the photophysical properties of the
pigment in polar solvents may depend critically on the intermolecular H-bonding properties of
the polar solvent.

The fluorescence properties of the pigment in binary solvent mixtures containing MeOH
or MeOH-d, are significantly different than mixtures containing CHCIl3; or MeCN (Figure 3.7)
which arises primarily due to the modulation of the non-radiative rates of the pigment. Compared
to CHCI; and MeCN, intermolecular H(D)-bonding is expected to be stronger in MeOH (MeOH-
d4). Since the ESPT process in Curcumin has been predicted to be non-radiative in nature, the
significant changes observed in the non-radiative rates shows that excited state intermolecular H-
bonding between the pigment and the polar protic solvent MeOH (or MeOH-dy) is significantly
perturbed in the presence of toluene. Comparing the Kamlet-Taft parameters of the polar
solvents (Table 3.1) it can be argued that both H(D)-bond accepting and H(D)-bond donating
properties are responsible for this behavior. In neat MeOH (or MeOH-d,), this intermolecular
H(D) bond is likely to involve one Curcumin molecule with “several” MeOH (or MeOH-d,)
molecules consisting of a H(D) bonding network. A simplified picture involving only two
solvent molecules is shown in Scheme 3.1. The decay of the excited state is expected to depend
upon the “strength” of this network. In the Kamlet-Taft scale, the polarity of toluene is
comparable to methanol but its H-bonding ability (both donating and accepting) are much lesser

(Table 3.1). Therefore we propose that the observed fluorescence properties of Curcumin in
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toluene-alcohol mixtures (which also show a significant isotope effect) depend upon the
modulation of the intermolecular H(D) bonding network (between MeOH or MeOH-d,
molecules) by toluene. In order to further investigate the aspect of H-bonding on the spectral
relaxation, we have chosen solvents which have only HBA or HBD property (DMSO and HFP
respectively). It is pertinent to have a close look at Figure 3.6 which reveals that evolution of the
spectral shape is significantly different for DMSO and HFP. The vibrational features are more
prominent in HFP and less prominent in DMSO suggesting that intermolecular H-bonding is
stronger in HBA solvent DMSO. It is therefore relevant to examine the intermolecular H-
bonding (IHB) positions in the pigment. There are four positions, two each for the phenolic OH

group and one each for the keto and the enol group (Scheme 3.2). Solvents which have only

b
H _R
(0] @]
MeO l N = = [ OMe
? ?
H H
X i
R R

Scheme 3.2: Likely structures of Curcumin in polar H-bonding solvents showing the intra-
molecular and inter-molecular hydrogen bonds. RX (or RH) denotes solvents having only H-

bond accepting (or H-bond donating) property.

HBA property (DMSO) is likely to form IHB with the phenolic OH and the enol groups and

solvents which have only HBD property (HFP) is likely to form IHB with the keto group while
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alcohol solvents which have both HBA and HBD property is likely to form IHB with all the four

groups.

In an earlier study it was observed that the hydrogen belonging to the keto-enol group is
the most acidic in the ground state of the pigment [42]. Later, it was shown that luminescence of
Curcumin in methanol and ethanol is severely affected by acetate, a mild base, due to ESPT [29-
30]. This arises because the pigment becomes a much stronger acid in the excited state, and the
proton transfer was shown to involve both phenolic and keto-enolic hydrogens. Therefore it is
logical to assume that IHB interactions involving the polar solvent and the phenol and keto-enol
part of the pigment, which are stronger in the excited state plays a significant role in the

solvation dynamics.

In addition to ESPT, solvation is another major photophysical process of the pigment in
the excited state [24-25, 26, 29-30]. The average solvation time of Curcumin in neat methanol
was earlier observed to be ~4-7 ps [24-26]. The slow rise times (and consequently slow solvation
times) of the pigment observed only in toluene-alcohol and toluene-HFP mixture and their
dependence on alcohol/HFP mole-fraction (Figures 3.9-3.12) implies that specific H-bonding
interactions between excited Curcumin and alcohol/HFP is getting affected in the presence of
toluene. The role of toluene thus seems to be critical in controlling the strength and
reorganization of the H-bonding network between the pigment and the H-bonding solvent in the
excited state. It is pertinent to note at this point that the vibronic features in the absorption
spectra of Curcumin start to smear out at MeOH mole-fractions of 0.4 and above (data not
shown). However, the emission spectrum (Figure 3.2) starts to lose the vibronic features much
earlier (0.02 for MeOH). This indicates that specific H bonding interaction between Curcumin

and the polar H bonding solvent cannot be ruled out in the ground state, but is definitely stronger
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in the excited state. The driving force behind this is obviously the electron localization around
the keto and enolic oxygen (due to a large change in the dipole moment) of the pigment after
photo excitation. However, another important factor is the local concentration of the polar H-
bonding solvent around the solute which will depend on its mole-fraction. This, in turn, is
expected to affect events like:

1) breakage of the intra molecular H bond

i) formation of the inter molecular H bond with the alcohol solvent, and

i) solvation of the excited state

in addition to other events after photoexcitation of the pigment. Based upon the results obtained
so far the likely sequence of events after photoexcitation of the pigment can be summarized as

follows: photoexcitation of Curcumin leads to formation of species | (Scheme 3.3) which is the

o o o o o o
M M
RMR R R R R

Scheme 3.3: Likely structures of Curcumin excited state in toluene-polar H-bonding solvent
mixtures. For simplicity only the keto-enol part of the molecule is shown and the rest is depicted

as R. MeOH is taken as a representative of a polar H-bonding solvent.

six membered H bonded chelate ring of the cis-enol form (a majority in the ground state as
suggested by the ground state absorption spectrum). Species | gets converted into species Il in
which the intramolecular H bond is broken and its energy decreases continuously (by solvent

reorganization as well as intermolecular H bond formation) and finally gets converted into
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species 111 where intermolecular H bond reorganization between the pigment and alcohol solvent
have been optimized. It is important to note that the probability of species | & Il decaying
directly to the ground state can not be ruled out.

Solvation dynamics experiments show that with increasing alcohol mole-fraction the
solvation time of the pigment decreases. This is expected because with increasing alcohol mole-
fraction, the local concentration of the protic solvent around the pigment will also increase
resulting in faster H-bond reorganization and dipolar solvation. This trend however is not
observed in the case of toluene-OcOH mixture where the observed fluorescence rise times and
solvation times are more or less similar. Although the polarity and H-bond donating ability () of
OcOH are smaller, its H-bond accepting ability (B) is certainly comparable with the other
alcohols, being significantly higher than MeOH. It is therefore difficult to ascertain the
individual effects of polarity, H bond donating and H bond accepting property on the excited
state spectra relaxation of the pigment from the present study. It is important at this point to
consider another property of the solvent, viscosity, which is expected to influence the relaxation
process. It is known that the diffusive component of the solvation depends on the shear viscosity
of the solvent. For example, a ~6 times increase in the viscosity results in a ~20 times increase of
the average solvation time of Coumarin-153 using MeOH and 1-pentanol as the solvent. It is
therefore likely that the observed relaxation of the pigment in the various toluene-alcohol
mixtures will be affected by the viscosity of the alcohol solvents, especially in OcOH, whose
viscosity are ~14 times higher than MeOH.

It is interesting to note that no significant isotope effect was observed in the spectral
relaxation, except that observed in the fluorescence properties (Figure 3.7) with changing solvent

composition.
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Since no spectral relaxation of the pigment in toluene-DMSO mixture could be observed
(with 40 ps time resolution) it can be speculated that interaction between the acidic hydrogens of
Curcumin and the HBA solvent DMSO is much stronger in the excited state. It is important to
note that there is an isosbestic point observed in the absorption spectra of the pigment in toluene-
DMSO mixture suggesting the presence of two species. However attempts to resolve the spectral
signatures of the individual species (by exciting at the blue and red edge of the absorption
spectra) produced similar fluorescence properties, in addition, no rise times were observed when
decays are monitored at the red edge of the fluorescence spectra. These results suggests that
interconversion between the two species is faster than the time resolution used in this study.

However, when the solvent has only HBD property (in this case, HFP), the most likely
place for IHB involves the keto group of the pigment which is likely to acquire sufficient
electron charge after photo-excitation. The observation of slow solvation dynamics in toluene-
HFP mixture suggests that this process is slower, the formation and reorganization of the H-bond
along with redistribution of HFP molecules occurs in hundreds of picoseconds. The observed
slow spectral relaxation in tolune-MeOH can, then, be interpreted as formation of IHB between
the keto oxygen and MeOH which becomes the rate limiting step. It may be noted that ultrafast
experiments showed that average solvation time of the pigment is faster in neat DMSO (~2 ps)
than in neat MeOH (~7 ps). This together with the fact that emission spectra of the pigment at
similar DMSO or HFP mole-fractions shows least vibrational structure for DMSO suggests that
IHB between the acidic hydrogens of the pigment and DMSO is stronger, and hence the

relaxation is also expected to be faster.
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3.5. Conclusion

In conclusion, the results reported here shows that ESHT reactions of Curcumin excited
state in binary solvent mixtures of toluene-polar solvent depends critically upon the H-bonding
property of the polar solvent. This is attributed to the modulation of the non-radiative rates
associated with the excited state intermolecular H bonding between the pigment and the polar
protic solvent. As a consequence the solvation times of the pigment in the binary mixture were
observed to slow down significantly at certain polar solvent mole-fractions. The observed results
are rationalized with a scheme where ground state of the pigment exists in free and H-bonded
(intermolecular) state. Optical excitation results in a mixture of these species in the excited state
and the observed spectral relaxation correspond to the conversion of these two species in to a
third species where dipolar solvation and intermolecular H-bonding have been optimized. The
spectral relaxation, due to dipolar solvation and IHB reorganization, also depends critically on
the H-bonding property of the polar solvent. Polar solvents having either HBD or both HBA and
HBD were able to cause the spectral relaxation of the pigment in the binary mixture significantly
slower. The observed results indicate that the rate limiting step in the excited state dynamics of
the pigment in toluene-polar solvent mixtures might be the formation and reorganization of the
intermolecular H-bonding between the keto group of the pigment and the H-bond donating

property of the polar solvent.
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Chapter - 4

Diffusion of Chlorin pg across phosphatidyl choline liposome bilayer

probed by second harmonic generation

4.1. Introduction

Chlorin ps (Cpg), a porphyrin based photosensitizer (Scheme 4.1) has three ionizable
carboxylic acid side chains whose protonation and deprotonation plays an important role in
controlling the hydrophobic and hydrophilic species of the drug at different pH [1]. It has been
previously shown that a change in pH from physiological to acidic results in formation of Cps
species with less charge and higher lipophilicity due to protonation of the carboxylic side chains
[1]. Cps has three ionizable carboxylic acid groups and consequently neutral and several ionic
forms (A-D, Scheme 4.1) of Cps generated by acid-base equilibrium are expected to be present
in the pH range 3-8 as shown in Scheme 4.1. This property is believed to play an important role
in the higher uptake of Cpg in tumors where extra-cellular pH can be slightly acidic [2-4]. Indeed
it has been observed that lowering the pH of the medium from physiological to slightly acidic
leads to an increase in the cellular uptake of Cpg in certain cancer cells [5]. It has also been
demonstrated that the binding of Cpg to lipid bilayer depends on the pH of the medium [6]. Thus,
knowledge of the factors governing the dynamics of the diffusion of Cpg across membranes may

be useful for a better understanding of the cellular uptake of the drug.
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Scheme 4.1: Different structures of Chlorin pg present in the pH range of 3-8

To study the adsorption and transport of molecules across the lipid bilayers a variety of
methods like NMR [7-11], EPR [12], absorption [13-14] and fluorescence spectroscopy [15-23]
have been used. For example, by use of fluorescence spectroscopy it could be shown that where
the diffusion of deuteroporphyrin, (a dicarboxylic porphyrin) is rapid [19-21] a disulfonated
phthalocyanine is retained in the outer monolayer only [22]. Recently, the membrane diffusion
properties of different chlorin derivatives were also monitored by *H NMR spectroscopy [11].
However NMR investigation of kinetics is restricted to observation of slow processes (100s of
hours) only and the amount of drug used for these studies were a concern. It is pertinent to note
that the success of these spectroscopic techniques requires that the molecules adsorbed on the
surface of the liposomes should show different signature than those in bulk solution.

The adsorption and transport kinetics of dye molecules and ions across a lipid bilayer can
also be monitored by the second harmonic generation (SHG) technique [24-30]. It is important to
note here that for the adsorption and subsequent diffusion across a negatively charged lipid

bilayer, it is necessary that molecule should have some net positive charge. Therefore diffusion
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of Malachite green (MG), a positively charged organic dye which could easily get adsorbed on
negatively charged liposomes could be monitored by the SH signal generated [25-30]. When the
molecule of interest and liposome have similar charge, adsorption and subsequently transport
across the lipid bilayer is more difficult. However, if by changing some external stimuli, like pH,
the lipophilic character of the molecule are enhanced it is expected to bind to the liposome
irrespective of the charge and then the transport process may be measured by the SHG method.
We have therefore explored the use of the SHG method to investigate the transport of the drug
Cps across liposomes made from egg lecithin at different pH. Further, the effect of temperature

and cholesterol in this diffusion process has also been investigated.

4.2. Materials and Methods

Cps Was prepared and purified according to the procedure described in reference [1]. The
presence of an absorption band at ~400 nm [1], which is in resonance with the second-harmonic
frequency of the fundamental laser input (800 nm) leads to a resonance enhancement of the SH
signal. POPC (the major phospholipid present in Egg lecithin) from dried egg yolk (Sigma;
Product No. P-5394) and cholesterol (Titan Biotech, India; Product No. 305) were used as
received. Unilamellar liposomes with and without 50 mol % cholesterol were prepared by the
method described in reference [31]. Liposomes were prepared in 100 mM buffer solutions
having pH values 3, 4, 5, 6 and 7.4. For acidic pH (3, 4 and 5) solutions sodium citrate buffer
was used and for other pH phosphate buffer was used. The size and the zeta potential of the
liposomes were measured by a Brookhaven Instrument (90 Plus size and zeta potential analyzer).

The average size and the zeta potential of the prepared liposomes are given in Table 4.1.
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Table 4.1: Size & Zeta potential of PC liposomes

pH Effective Diameter | Polydispersity | Zeta potential
74 102 £ 20 nm 0.22 £0.02 -45.7 mV
6.0 90 £18 nm 0.23+0.02 -36.0 mV
5.0 83+15nm 0.25+0.03 -28.0 mV
4.0 95+ 25 nm 0.27 £0.02 -21.5mV
3.0 87 £19 nm 0.28£0.03 -16.0 mV

For HRS and SH experiments the laser wavelength was centered at 800 nm and the
average laser power was 500 mW. For HRS and SH experiments signal was averaged for two
and one seconds respectively. We have observed that at neutral pH (where Cpg exists as
monomer) the HRS signal of 10 uM Cpg is measurable with our experimental conditions.

Therefore, for HRS measurements, the concentration of Cpg was kept at 10 uM and the
signal was corrected from the HRS response of the buffer and the changes in absorption of Cpg at
400 nm due to a change in the pH. It is important to mention here that Cps does not fluoresce at
400 nm [1]. The sample in the cuvette was constantly stirred during the measurement using a
magnetic stirrer. Sample temperature was controlled by a Neslab circulating water chiller. SH
experiments were done as follows: First the signal from 2 mL of buffer was recorded followed
by addition of 3uM Cpe (unless otherwise specified) and finally 50 puL (0.2 mM) of liposome
solution was added. The SH signal from the 3uM Cpg solution alone, (which arises due to the
HRS of water and Cpg) is insignificant and the signal on addition of 50 uL of liposome to 2 mL
of buffer also was not significant. The final ratio of Cpe: lipid was 0.6. The SH signal were fitted

exponentially to extract the decay constants.
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4.3. Results

Figure 4.1 shows the absorption spectra of Cpg at different pH, (7.4, 5.0 and 3.0) in the
presence and in the absence of egg-PC liposomes. The absorption spectra of Cpg exhibit a strong
Soret band near 400 nm and a weaker Q band between 600 and 700 nm, which is similar to other
porphyrin derivatives [32-33]. On decreasing the pH the Soret band undergoes a red shift from
401 nm at pH 7.4 to 407 nm at pH 3.0. A broadening in the Q band, accompanied by the
development of a new band around 674 nm is observed. This band becomes most prominent at
pH 3.0. At this pH, the absorption spectra show two prominent peaks at 640 and 675 nm. These
results are consistent with previous studies [1,6]. Addition of egg-PC liposome at pH 5.0 and 3.0
increases the intensity of the soret band significantly and the broad Q band becomes a single
band at 672 nm. In comparison, the effect of addition of liposome at pH 7.4 on the absorption

spectra of the drug is insignificant.

The pK, of inter-conversion between two the anionic forms C and D (Scheme 1) of the
drug has been estimated to be around pH ~7.0 by fluorescence measurements [1]. However the
determination of the other pK, values of the carboxylic groups is difficult by fluorescence
measurements as aggregation of drug occurs at acidic pH and consequently the fluorescence
intensity decreases significantly. It is interesting to note that the aggregates of Cpg formed at pH
3.0 are shown to be noncentrosymmetric in nature [34]. Since we have observed a measurable
HRS signal from 10 uM Cpgs at pH 7.4, it might be possible to monitor the pH dependent
aggregation of Cpg by hyper-Rayleigh scattering (HRS) method [35]. HRS is a technique that has

been used to monitor the aggregation processes of organic molecules in solution [37].
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Figure 4.1: Absorption spectra of 3 uM Cpg at pH 3.0 (top), at pH 5.0 (middle) and at pH 7.4

(bottom) in the absence (solid line) and presence (dashed line) of PC liposomes.
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The change in the HRS intensity of Cps with pH is shown in Figure 4.2. The HRS
intensity [36] increases with decrease in pH and this is attributed to the formation of non
centrosymmetric aggregates of Cps. The sigmoidal increase of the HRS intensity has a point of

inflection at a pH value of 4.8 £ 0.4.
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Figure 4.2: HRS intensity of 10 uM Cpg at different pH. The inflexion point is at 4.8 = 0.4.

Figure 4.3 shows the time profiles of the second harmonic (SH) signals obtained on
irradiation of a buffer solution containing Cps and egg-PC liposomes at different pH using 800
nm femtosecond laser. No significant SH signal was observed from buffer alone as well as buffer
containing Cps (3 uM). On addition of 50 pL of egg-PC liposome (drug:lipid ratio 0.6) the
intensity of the SH signal increased considerably for lower pH values. The initial increase in the
SH signal (which corresponds to the adsorption of the drug to the outer lipid bilayer [25]) is
completed within the time resolution of our experiment (~ 1s). Subsequently, the intensity of the

SH signal decreased with increasing time and for time greater than 500s it was comparable to the
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SH intensity obtained before addition of the liposomes. The maximum rise in the intensity of the

SH signal (on addition of liposomes to the Cpg solution) occurred for a pH range of 3-5. For pH

SH Intensity (counts/second)

T T T T T T T T T 1
0 100 200 300 400 500
time (seconds)

Figure 4.3: Decay curves at different pH of SHG signal upon addition of PC liposome solution

(50 uL in 2 mL) into 3 uM Cpg solution. The curves are shifted vertically for clarity.

6, the increase in the intensity of the SH signal on addition of egg-PC liposome was significantly
lower and at physiological pH it was almost negligible. The decay curves at pH 3, 4, 5 and 6
were fitted exponentially and the time constants obtained are listed in Table 4.2. At lower pH,
the decay of SH intensity could be fitted satisfactorily to a bi-exponential function. The faster
time constant were observed to be around tens of seconds. Its value was relatively constant for
pH 3, 4 and 5 (11, 19 and 17 seconds respectively) but increased to ~ 50s for pH 6. For pH 3, 4

and 5, in addition to the fast component of 10-20 second the SH decay had a slower component
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whose relative contribution was higher than the faster component. The time constant for this
slower component were observed to be of the order of hundreds of seconds (Table 4.2). At pH
6.0 the signal level does not decay to baseline during the 500 second time window and thus the

relative contribution of the slower time constant could not be ascertained.

The transport of Cpg is also expected to depend upon the fluidity of the lipid bilayer
which in turn depends upon the amount of cholesterol present in the bilayer and/or the
temperature of the system. Therefore we have investigated the dependence of SHG signal on
temperature and on the cholesterol content in egg-PC liposomes. Figures 4.4 shows the measured
changes in the SH intensity upon addition of egg-PC liposomes as a function of temperature and
cholesterol content at pH 3, 4 and 5.0. For other pH (6 and 7.4) the SH signal was too low to be
analyzed with the present setup.

It was observed that at room temperature, addition of 50 mol % cholesterol increases both
the time constants for the slower and faster decay of Cpg by a factor of 2 to 3 at pH 3 and 4
(Figure 4.4). In addition, the relative contribution of the faster decay increases two-fold at pH 3.
For pH 5 although the time constant of the faster decay increases by a factor of 2, the time
constant for the slower decay remains more or less unchanged but its relative amplitude
increases. A decrease in the temperature from 25° to 3°C, causes the decay of the SH signal at pH
3 and 4 to be considerably slower. However at pH 5, the lowering of temperature results, an
instantaneous rise which is then followed by a further slower rise followed by a slow decay of
the SH signal (Figure 4.4). In order to estimate the time constants from the decay of the SH
signal, it was recorded in a longer (1000s) time window. The SH signal could be fitted with a rise
time of ~30s followed by a bi-exponential decay of ~180s and a long component whose time

constant can not be correctly estimated at this time window.
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Figure 4.4: Decay curves at room and low temperature (with and without cholesterol) of SHG
signal at pH 3.0 (top), pH 4.0 (middle) and at pH 5 (Bottom). The curves are shifted vertically
for clarity.
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In addition to the instantaneous rise and decay, the SH time profiles of cholesterol
containing egg-PC liposomes measured at 3°C shows the appearance of a growth at pH 3.0-5.0.
All the decays are recorded at a 1000s time window to estimate the time constants as accurately
as possible. While the risetime observed at pH 3 & 4 is of the order of tens of seconds, at pH 5
this increases to ~90s. In addition, the decay times also increases considerably, being multi-
exponential in nature. Especially for pH 5 even at 1000s time window the accurate estimation of
the slowest decay component is not possible. The details of the time constants along with their

respective contributions are listed in Table 4.2,

Table 4.2: Diffusion time (in seconds) of Chlorin pg across PC lipid bilayer under various

conditions?
25°C 25° C + 50 mol% 3°C 3° C + 50 mol% Cholesterol
Cholesterol
pH 3
11 +1 (30%), 90 + 8 30 +5(60%), 250 £ 40 | 30 +5 (10%), 190 + 40 | 10 + 2 (growth), 55 + 5 (38%), 500
(62%)°

pH 4

19+3(25%),120£20 | 39+7(34%),250£30 | 558 (9%) 300+40 | 20 + 5 (growth), 430 + 40°
pH 5

17 +4 (30%), 110 11 | 29+5(10%),130+30 | 30+10 (gr%vvth), 184, 90 + 20(growth), 350, oo

e8]

pH 6

50 10 \ -- | -- | --

%The error bars represent standard deviation obtained from three different experiments. All time
constants are in seconds. The values in parenthesis denote the pre-exponential factors.

bDecays are taken on a 1000s time window to extract the time constants.

4.4. Discussions

The structural changes involved in the pH dependent acid-base equilibrium of Cpg are

shown in Scheme 4.1. As the pH is lowered, protonation of the carboxyl groups leads to an
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increase in the hydrophobic character of the molecule (i.e. formation of species C-A). In
absorption spectra this is reflected by a red shift concomitant with a decrease in the intensity of
the soret band and broadening of the Q band (Figure 4.1). To help interpret the interaction that
occurs between Cpg and liposomes at different pH it is essential to know the pK, values of inter-

conversion between the various (A-D) species of the drug.

The pK, for inter-conversion between C and D has been reported to be ~7.0 [1] which is similar
to the value observed for the pK, of the side chain carboxylic groups of other porphyrins [32-33].
Therefore at physiological pH, the ~50:50 mixture of species C and D is expected to be
hydrophilic as they have two and three negative charges respectively. Negatively charged
liposomes used in this study would not be expected to significantly interact with the drug at
physiological pH. This is consistent with the fact that addition of liposomes at pH 7.4 does not
produce significant changes in the absorption spectra of the drug (Figure 4.1). However, as the
pH is lowered from 7.4 to 3.0 the absorption spectra of the drug gets considerably modified in
the presence of liposomes (which is still negatively charged) suggesting that successive
protonation of the carboxyl groups increases the hydrophobic character of the drug. Since a
decrease in pH is shown to be conducive to the formation of non centrosymmetric aggregates
[34], HRS may be a suitable method to detect the formation of aggregates which in turn may
give an idea about the pK, values of interconversion between the species A B and C. With a
decrease in pH the HRS signal from 10 uM Cpg was observed to increase in a sigmoidal fashion
having an inflexion point at pH = ~4.8. It is pertinent to note that in an earlier study it was shown
that at pH 3.0, Cpg interacts with the positively charged surfactant CTAB at CTAB concentration
significantly lower than its CMC [34]. This has been attributed to electrostatic interaction

between Cpg and CTAB which suggest that at pH 3.0 the drug is not completely protonated and

81



remains probably as a mixture of A and B. Further, we have observed that at pH 3.0 Cpg can
interact electrostatically with the positively charged polymer poly-L-lysine [38]. Therefore we
attribute this inflexion point to the pK, for interconversion between the species C and B. Our
results thus suggest that at pH 5.0, species B and C are dominant. A further decrease in pH will
reduce the population of species C and increase the population of the species A. We note
however that lack of the knowledge of the third pK, prevents us at this stage to quantitatively
assess the relative population of species A and B in the pH range 3.0-4.0.

The generation of an appreciable SH signal in the pH range of 3-5 (Figure 4.3) on
addition of liposomes thus may be assumed to originate from species A, B and C. The intensity
of SH signal was less at pH 6 and as the pH is increased to physiological, no distinct SH signal
was observed which is consistent with the fact that interaction between the liposomes and drug
(species C and D) will be a minimum around physiological pH because both are negatively
charged and drug is hydrophilic at this pH. In the pH range of 3-5 the room temperature decay of
SH signal can be best fitted with two exponentials which may be assumed to be dominated by
the diffusion of species A and B. The neutral form of the drug (species A) is expected to diffuse
through the outer lipid layer to the inner layer rapidly leading to shorter decay time and the
singly deprotonated anionic species (B) of the drug are expected to diffuse slowly through a
hydrophobic barrier. The observed bi-exponential decays at acidic pH thus represent the
ensemble average of the diffusion rates of the two species A and B of the drug. The SH signal
level does not decay to baseline at pH 6 suggesting that at this time scale Cpg has not distributed
symmetrically between the inner and outer leaflet of the lipid bilayer. This is expected because at
pH 6.0, where species C is dominant, the adsorption of the drug to the outer bilayer will decrease

and its diffusion across the bilayer will be slower. However at this point it is not clear why C, a
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dianionic hydrophilic species would adsorb spontaneously to the negatively charged surface of
the lipid vesicle. The origin of the observed ~50s decay constant at pH 6.0 is therefore currently
not understood.

Recent 'H NMR experiments have shown that the rate constants for the transfer of
different chlorin derivatives across a phosphatidyl choline membrane correlate strongly with the
pH of the surrounding medium [11]. In particular, in acidic solution, transfer across the
membrane was strongly accelerated. The protonation of ionizable groups of the chlorin
derivatives is suggested to be a major determinant for the transfer rates of these molecules across
the bilayer. The Kkinetic profiles measured at acidic pH indicated the presence of a faster (less
than an hour) and a slower (100s of hours) component.

The diffusion of molecules across a lipid bilayer is also expected to be affected by the
rigidity of the bilayer. Since the gel-crystalline phase transition temperature of the egg-PC
liposomes is at -4° C it is not feasible to attain this in aqueous medium. Therefore we used
lowering of temperature of the medium and/or addition of cholesterol to the lipid bilayer to
enhance the rigidity. As expected, adding cholesterol in the lipid bilayer led to an increase of the
overall diffusion time. For example, addition of 50 mol% cholesterol increases both the decay
times by two-three fold at pH 3, 4 and 5. Since the adsorption and diffusion of molecules across
a lipid barrier is a thermal process, a lowering of the temperature of the medium should lead to
an increase in the diffusion time. Accordingly at pH 3 & 4 the faster decay times shows a ~three
fold increase and the slower decay times shows a ~two fold increase. Further, the amplitude of
the longer decay time was found to increase significantly. However at pH 5, a dramatic change in
the SH signal was observed. The SH signal now consisted of three parts: an instantaneous

increase followed by a slower increase of the SH intensity which is then followed by a slower
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decay. Since at this pH, species B and C are expected to be present in roughly equal amount, the
instantaneous increase in the SH signal may be attributed to the adsorption of species B to the
outer lipid surface. However, the cause of the observed growth in the SH signal is currently
unclear. The long decay of the SH signal (whose time constant could not be correctly estimated
within 1000s time window) at this pH shows that the diffusion of species B has been
considerably slowed down due to temperature induced increased rigidity of the bilayer. It is thus
clear that temperature has a pronounced effect on the SH decay profiles, and consequently the
diffusion of the different species of Cps across the PC lipid bilayer. As expected, at low
temperature, incorporation of 50 mol% cholesterol in the lipid bilayer further slows down the
diffusion of Cpg. In the 1000s time window, all the decays now show a rising part the time
constant of which remains similar (10-20s) at pH 3.0 and 4.0 and increases to ~90s at pH 5.0.
The observed rise times at pH 3.0-4.0 may be attributed to the temperature dependent interaction
of the anionic species B of Cpg with the lipid bilayer. In addition, the decays were observed to
slow down further the effect of which is most pronounced at pH 5. All these data thus shows that
dual effect of temperature and cholesterol has a profound effect on the diffusion of the various
ionic species of Cpg across the egg-PC lipid bilayer.

We note that some of the results obtained in this study, especially the origin of the 50s
decay observed at pH 6 and the origin of the slow growth in SH signal observed at pH 5 are not
yet fully understood. To understand these aspects further investigations on the relative amounts
of forms A, B & C present at the different pH and the relationship between the diffusion of Cps

and the zeta potential of liposomes are needed.
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4.5. Conclusion

We have investigated the diffusion of the photosensitizer Cpg across the egg PC lipid
bilayer at different pH by the SHG method. The HRS intensity of Cps increases in a sigmoidal
fashion as the pH is decreased from 7.0 to 3.0 with the inflexion point at pH ~4.8. This has been
identified to the second pKj, of the drug, the first pK, being ~7.0 as observed in a previous study.
Addition of PC liposomes to a Cpg solution generates an instantaneous increase of the SH signal
(within 1s) which then decays over a longer time (500-1000s) scale. The decay of the SH signal
at acidic pH (3-5), is observed to be biphasic. The faster time constant which is of the order of
tens of seconds is attributed to the diffusion of the neutral species (A, Scheme 4.1) of Cps and the
longer time constant is attributed to the diffusion of the charged species (B) of the drug. At pH 6,
the intensity of the SH signal decreases appreciably and it is almost non observable at
physiological pH. This is attributed to dominance of the negatively charged species (C & D) of
the drug at this pH range which does not interact significantly with the negatively charged PC
liposomes and as a consequence the SHG signal intensity is decreased considerably. We have
also studied the effect of increasing the bilayer rigidity by decreasing the temperature of the
system and by incorporating 50 mol% cholesterol in the lipid bilayer. We have observed that
lowering of temperature has more profound effect on the diffusion rates. The dual effect of
lowering temperature and incorporating 50 mol% cholesterol on the SH signal results, in addition
to the instantaneous rise, a slow rise of the signal with time followed by a slower decay. The
slow rise in SH signal at pH 3.0-4.0 may be attributed to the slow interaction of the ionic species
B of Cps with the liposomes. Further studies are needed in order to understand the pH dependent

diffusion process of the drug across lipid bilayers.
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Chapter -5

A comparative study on the effect of Curcumin and Chlorin pg on
the diffusion of two organic cations across a negatively charged lipid

bilayer probed by second harmonic spectroscopy

5.1. Introduction

The efficacy of any drug depends strongly upon its interactions with biological
membranes. Therefore, studies on drug-lipid interaction are vital to understand and explain the
pharmacokinetic properties of drugs. Because of the complexity of the cell membrane structure
most of these studies are carried out on simplified artificial membrane systems, which mimic the
natural bilayer lipid membrane [1]. Drug lipid interactions can alter the main biophysical
properties of membranes such as membrane potential, fluidity and permeability [2-15]. These
interactions are expected to depend on the chemical structure and hydrophilicity/hydrophobicity
of the drug molecule. Second harmonic (SH) spectroscopy has been used to monitor the real time
diffusion of organic ions across a bilayer as this method is surface specific [16-22]. Therefore SH
spectroscopy can be used to investigate drug induced changes in lipid bilayer permeability of
organic ions. We have earlier showed that the presence of the medicinal pigment Curcumin in a
bilayer markedly reduces the diffusion times of a hemicyanine dye LDS-698 [21]. In this report
we have compared the effect of Curcumin and Chlorin ps (Cpg), a chlorophyll derivative on the

diffusion of two organic cations, Malachite Green (MG) and LDS-698 (LDS). Following earlier
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studies, the pH of the medium was kept acidic (5.0) for MG and neutral (7.4) for LDS [16-21]. It
is pertinent to note that while Curcumin is hydrophobic at both pH 5.0 and 7.4, Cpg is
hydrophobic at pH 5.0 and hydrophilic at pH 7.4. Therefore an additional motivation of the
present work is to investigate whether pH plays a role in drug induced changes in lipid bilayer
permeability. The chemical structures of the molecules used in this study are provided in Scheme

5.1.

coH COH
COH

Chlorin ps Curcumin

Me,N NMe

g QL

xt I~
| +

Et
NMe, O

LDS-698
Malachite Green

Scheme 5.1: Chemical structures of MG, LDS, Cpg and Curcumin.
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5.2. Materials & Methods

LDS-698 (from Exciton) was a gift from Prof. N. Sarkar and was used as received. Cps
and Curcumin were purified before use as described in earlier chapters. MG oxalate salt (Sigma
product No. M9015) was dissolved in acidic water and then precipitated by making the solution
basic. The solid was collected after centrifugation and then re-crystallized from water-alcohol
mixture.

SH measurements were performed using the 800 nm quasi-CW output of a Ti-Saphhire
(Coherent Mira) laser pumped by a green (532 nm, Coherent Verdi 5W) laser. The average laser
power used in the experiments was 600 mW and the pulse width at this wavelength was ~150 fs.
The polarization of the laser was fixed in vertical plane by using a quarter wave-plate. The laser
beam was focused into the sample by a convex lens having a focal length of 10 cm. The
generated SH light was detected using an Edinburgh Instruments LifeSpec single photon
counting system. A band pass filter was placed before the monochromator to reject the
fundamental. The wavelength resolution of the monochromator was 2 nm. The SH light (at 400
nm) was detected at right angles with respect to the fundamental (800 nm) by a PMT using
single photon counting technique. The SH signal were collected every second. The sample in the
cuvette was constantly stirred during the measurement using a magnetic stirrer. Sample
temperature was controlled by a Neslab circulating water chiller. SH experiments were done as
follows: First the signal from 2 mL of buffer containing LDS-698 (pH 7.4) or MG (pH 5.0) or
the drugs (at pH 5.0 & 7.4) was recorded followed by addition of 20 pL of liposome solution at
50s time point. The final concentration of lipid was 20 pM. To investigate the effect of drug-
liposome interaction on membrane permeability of MG and LDS micro-liter aliquots from a

concentrated stock solution of the drugs were added to the liposome solution and incubated for at
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least 30 minutes for attaining equilibrium between the drug and the liposome. The liposomal
drug solution (20 puL) was then added to 2 mL buffer solution (final lipid concentration: 20 pM)
containing either LDS-698 or MG dye.

The observed SH signal was then fitted exponentially as: Isy (t) = Y. a; exp(-t/zi) + Ao;
where Isy(t) denotes the time dependent SH intensity; a; and 7; are the pre-exponential and time
constants associated with the i"" component respectively and Ay is long time value of Iss(t). Isk(t)

data for the maximum cases can be adequately represented by a sum of two exponentials.

5.3. Results
5.3.1. Absorption and emission spectra of the drugs in the presence of POPG

liposomes

The absorption and emission spectra of the drugs in the presence of POPG liposomes are
shown in Figure 5.1. In aqueous environment the absorption and especially the emission spectra
of Curcumin shows a significant change in the presence of POPG liposomes suggesting that
there is a strong interaction between the hydrophobic drug and liposome. This is consistent with
previous reports supporting the lipophilic nature of the drug [25-26]. However for Cps the
observed changes in the absorption and emission spectra in the presence of POPG liposomes are
dependent on the pH of the medium. The spectroscopic properties of Cps show almost no change
at pH 7.4 suggesting that drug-liposome interaction at this pH to be a minimum. As reported in a
previous study [23], the interaction between Cpg and liposome is stronger at pH 5.0 due to partial
protonation of the carboxylic acid group which makes the drug hydrophobic. As a result the
absorption spectra of Cpg show significant changes around the 660 nm region and the emission

spectra changes markedly in the presence of POPG liposomes at pH 5.0.
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Figure 5.1: Absorption (solid) and emission (dashed) spectra of Curcumin and Cpg at pH 5.0
(right panel) and at pH 7.4 (left panel) in presence (red) and in absence (black) of POPG

liposomes.

5.3.2. SH signal from the drugs in the presence and absence of liposomes

The SH signal from Curcumin in the presence of POPG liposomes was not measurable
with our experimental conditions. The increase of the SH signal of Cpg after addition of
liposomes is dependent on the pH and near physiological pH it is too weak to be detected by our
experimental setup. Consistent with our previous observations [22] Cps gave a measurable SH
signal in presence of liposomes when the pH of the medium was 5.0 (Figure 5.2). As expected
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increasing the rigidity of the bilayer by decreasing the temperature makes the diffusion of Cpg

slower. The diffusion time constant of Cps increases by ~8 times when the temperature is

lowered from 25 °C to 2 °C (Figure 5.2).
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Figure 5.2: SH intensity profile of Cps (4 uM) before and after addition of POPG liposomes at

2°C (red) and 25 °C (black). The diffusion time constants after exponential fitting are also

shown.
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5.3.3. Diffusion of MG and LDS across POPG liposomes: Effect of Curcumin

and Cps

The SH signal of Cpg in presence of POPG liposomes levels off within 100 to 300
seconds at pH 5.0. Therefore to investigate the effect of Cps on the diffusion of LDS and MG we
have incubated the drug with the liposomes for at least 30 minutes to ensure that SH signal from
the drug is a minimum. Identical incubation times were also followed for Curcumin to ensure
identical experimental conditions. Figure 5.3 shows the SH signal from 6 uM LDS (at pH 7.4)
and 6 uM MG (at pH 5.0) before and after addition of POPG liposomes. The instantaneous
increase in the SH signal of MG and LDS-698 (following liposome addition) is attributed to
electrostatic adsorption of MG and LDS-698 on the outer lipid bilayer. Figure 5.3 also shows the
SH signal from LDS and MG before and after addition of POPG liposomes containing either
Curcumin or Cpg (drug concentration = 4 uM). The presence of the drugs (especially Curcumin)
affects the time profile of the SH intensity of MG and LDS. The diffusion time constants of MG
and LDS-698 obtained from the exponential fitting of their SH intensity decays are shown in
Table 5.1. The time profiles of SH intensity of MG and LDS with increasing concentrations of
Curcumin and Cpg are provided in Figures 5.4. The corresponding diffusion time constants after
exponential fitting are provided in Table 5.2. Finally in Figure 5.5 the observed variations in the
average diffusion time constants of LDS and MG with increasing drug concentration are
compared. The normalized (i.e. with respect to no drug condition) values of the time constants

are plotted in Figure 5.5.

95



1000

SH Intensity (counts/second)

[

=
o
S

I

!

A%

MG 6uM POPG 20 pM pH 5.0 25 °C

+4pM Cpg

gy

T
500

T T T
1000 1500 2000
time (second)

SH Intensity (counts/second)

1000

=
o
I=]

LDS 6uM POPG 20 pM pH 7.4 25 °C

T
500

T T T
1000 1500 2000
time (second)

Figure 5.3: SH intensity profile of MG (left) and LDS-698 (right) before and after addition of

POPG liposomes under different conditions at 25 °C. The black curves denote only liposomes;

red and green curves denote liposomes containing 4 uM of Cpg and Curcumin respectively.

Table 5.1: Diffusion time constants (in seconds) of MG and LDS in the presence of

Curcumin and Cpg obtained from exponential fitting of the decay of SH intensity®

System a; T s T Tav
LDS 6 uM 0.35(110]0.60 | 1952 | 1223
+4uM Cpg [ 0.57 | 16 | 0.37 | 257 | 105
+4uMCurc | 087| 2 (0.04 9 2.0
MG 6 uM 056 ( 11 | 0.37 | 813 | 307
+4uMCpg [0.68]| 4 [0.28| 141 43
+4uM Curc | 0.80 | 27 [ 0.13 | 155 43

The errors in the observed time constants are estimated to be about 10% based on experiments

performed on three different liposomes samples.
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Figure 5.4: Effect of drug concentration on the SH time profiles of 6 uM LDS (Left top:
Curcumin; Right top: Cpe) and 6 uM MG (Left bottom: Curcumin; Right bottom: Cpg). For each

panel, the concentration of the drug increases from bottom to top.
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Figure 5.5: Effect of increasing drug concentration on the diffusion time constants of MG (6
MM; hollow symbols) and LDS-698 (6 puM; solid symbols). The values plotted are normalized
with respect to the diffusion time constant of the cations in the presence of POPG liposomes

containing no drug.

Table 5.2: Average diffusion time constants (in seconds) of MG and LDS with increasing

drug concentrations®

Drug LDS LDS MG MG
concentration i _

(LM) + Cp6 + Curcumin + Cp6 + Curcumin

0 1220 1220 310 310

1 550 47 173 230

2 340 10 110 132

3 154 3 62 62

4 117 3 47 36

5 95 2 37 19

The errors in the observed time constants are estimated to be about 10% based on experiments

performed on three different liposomes samples.
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5.3. Discussion

The main objectives of this study are: i) to compare the effect of Curcumin and Cpg on
the diffusion of MG and LDS and ii) investigate the role of pH in drug induced changes in
membrane permeability. It is expected that drug induced alterations, if any, in the decays of the
SH intensity of the dyes (MG & LDS) should depend primarily on the binding efficiency
between the drug and the liposomes. The quantum of reduction in the average diffusion times of
the organic cations by the drugs were observed to depend upon the cation type. Consistent with
earlier observation [21], Curcumin is able to markedly reduce the average diffusion time constant
of LDS by ~600 times but when the diffusing cation is MG the reduction is a modest ~7 times
(Table 5.1). The observed results suggest that pH might play an important role. In comparison to
Curcumin, Cpg causes the average diffusion time constant of LDS and MG to reduce by ~12 and
~7 times respectively (Table 5.1). Considering the fact that absorption and emission spectra of
Cps did not change much after addition of liposomes at pH 7.4 (Figure 5.1), a significant
reduction in the average diffusion time of LDS in the presence of POPG liposomes and 4 pM
Cpes is interesting. This indicates definite interactions between the negatively charged drug and
negatively charged liposomes. This interaction, not detected by static spectroscopy is enough to
significantly alter the average diffusion time of LDS. Since the drug (especially Curcumin)
induced changes in the permeability of the bilayer were observed to depend on pH as well as
cation type, we have compared the relative changes in the average diffusion time constants of the
cations (LDS & MG) with increasing drug concentration at pH 5.0 and 7.4. To eliminate the
contribution arising from the intrinsic effect of the cation the diffusion time constants were

normalized with respect to no drug condition. Figure 5.5 clearly shows that pH is playing a role
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in the drug induced permeability of the lipid bilayer. While a substantial pH effect is observed
for Curcumin, for Cps, @ modest pH effect was observed.

Several studies have indicated that Curcumin affects the bilayer organization, by
interacting with the polar head group region of the lipid [12-15]. The ground state pK, values for
the phenolic protons of Curcumin are estimated to be 10.5 and 10 and that for the enolic proton
was estimated to be 8.4 [24]. Fluorescence quenching studies of liposomal Curcumin revealed
that distribution of Curcumin in the bilayer is dependent on the pH of the medium. At acidic pH,
where the neutral form of the drug is a majority it is preferentially located in the hydrophobic
part of the bilayer, while at basic pH, where the anionic form of the drug is a majority it is
located near the polar head group region of the bilayer [26]. Therefore it is reasonable to assume
that interaction of the drug with the polar head group region of the bilayer will be stronger at pH
7.4 which will in turn affect bilayer permeability significantly higher than at pH 5.0.

Results obtained from our earlier study on the pH dependent binding of Cpg with POPC
bilayer [22] also suggested that Cpg at acidic pH resides in the hydrophobic region of the bilayer
whereas at neutral pH it resides close to the hydrophilic region of the bilayer. Therefore it is also
reasonable to assume that increased bilayer permeability induced by Cps at pH 7.4 is caused by
its interaction with the polar head groups of the lipid molecules due to its preferential location
near the bilayer interface.

Therefore a reasonable explanation of the observed pH effect on the bilayer permeability
caused by Curcumin and Cpg can be attributed to their increased presence at the lipid bilayer
interface at pH 7.4 which in turn maximizes their interaction with the polar head groups of the

bilayr thereby affecting the bilayer organization.
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5.4. Conclusion:

The results presented in this study shows that SH spectroscopy can be a useful
investigative tool to probe membrane permeability caused by drug-liposome interaction.
Alteration in drug induced membrane permeability depends upon the interaction of the drug with
the polar head groups of the lipid molecules. Drugs like Curcumin and Cpg, whose bilayer
localization depends upon the pH of the medium can significantly alter membrane permeability

against organic cations.
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Chapter — 6

Conclusions:-

The first part of this thesis work has been devoted to spectroscopic characterization of
photoexcited Curcumin in toluene-polar solvent mixtures investigated with steady state and
picoseconds time resolved fluorescence spectroscopy.

The results obtained shows that ESHT reactions of Curcumin excited state depend
critically upon the H-bonding property of the polar solvent. Consequently the solvation times of
the pigment in toluene-methanol become slower (20-40 times) with respect to that in neat
methanol. Dipolar solvation and IHB reorganization are coupled and therefore also depends
critically on the H-bonding property of the polar solvent. Polar solvents having either HBD or
both HBA and HBD were able to cause the spectral relaxation of the pigment in the binary
mixture significantly slower. The observed results indicate that the rate limiting step in the
excited state dynamics of the pigment in toluene-polar solvent mixtures might be the formation
and reorganization of the intermolecular H-bonding between the keto group of the pigment and
the H-bond donating property of the polar solvent. However as noted in Chapter-3, a significant
part of the solvation dynamics (~30%) could not be observed due to limited time resolution (~40
ps) of the TCSPC setup. Therefore fluorescence upconversion experiments with 150-200
femtosecond time resolution can provide with more information about the IHB reorganization
process of the pigment in the excited state. In addition time resolved (with femtosecond time
resolution) infrared spectroscopic investigations which can probe the C=0 and O-H stretching
vibrations of the pigment are expected to provide further information about the IHB

reorganization.
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The second part of this thesis work involves investigating the interaction of Cps and
Curcumin with lipid bilayer by SH spectroscopy.

The diffusion characteristic of the photosensitizer Cpg across an egg lecithin membrane
was observed to depend upon the pH of the medium. However, some of the results, especially
the origin of the 50s decay observed at pH 6 and the origin of the slow growth in SH signal
observed at pH 5 are not yet fully understood. To understand these aspects further investigations
on the relative amounts of different ionic species of the drug present at the different pH and the
relationship between the diffusion of Cpg and the surface charge of liposomes are needed.

Finally the results obtained on the effect of liposomal Curcumin and liposomal Cps on the
diffusion kinetics of two organic cations shows a substantial pH effect. Based on the results
obtained from earlier studies this was attributed to the increased interaction between the drug and
the polar head groups of the lipid at pH 7.4 where the drug resides closer to the lipid-water
interface. In order to understand the interaction of the drug with the polar head groups of the
lipid molecules more studies are required. Since both drugs are fluorescent, fluorescent based
techniques like resonance energy transfer are expected to give a better idea about the localization
of the drug in the bilayer region. Additionally other techniques like FTIR, NMR etc can also

provide information on this aspect.
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