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SYNOPSIS

Photodynamic therapy (PDT) is an attractive clinical modality for the treatment of various
types of cancer because compared to radiation and chemo therapy it produces better tumor
selectivity and fewer side effects [1]. The anticancer effect of PDT is based on the
activation of a photosensitive drug referred as ‘photosensitizer’ using light of appropriate
wavelength to generate cytotoxic reactive oxygen species [2]. Currently, clinical approval
exists in USA and Europe for photosensitizers such as Photofrin (Hematoporphyrin
derivative), 5-aminolevulinic acid (ALA), a porphyrin precursor and its methylester
derivative and Methyl-tetrahydroxyphenylchlorin (Temoporfin) [1]. Several second
generation photosensitiers that belong to porphyrin, chlorin and phthalocyanine groups
have been evaluated for PDT and some of these such as Visudyne, Lutetium texaphyrin
(Lutrin) palladium bacteriopheophorbide a (Tookad), Tin etiopurpurin (Purlytin), Mono-laspartylchlorin-e6 (Laserphyrin), and Sulfonated aluminum phthalocyanine (Photosens)
are under clinical trials for the treatment of various types of cancer [3].

Among second generation photosensitizers the derivatives prepared from plant
pigment ‘chlorophyll-a’ have received considerable attention because they possess
significantly higher absorption in the longer wavelength region (660-800 nm) which leads
to a higher depth of treatment due to reduced tissue absorption and scattering at these
wavelengths [4]. Chlorinp6 (Cp6), a hydrophilic chlorophyll derivative has been explored
for PDT application at Raja Ramanna Centre for Advanced Technology (RRCAT) and
detailed studies carried out on its photophysical and photochemical properties have shown
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that the hydrophobicity of Cp6 increases at pH lower than physiological [5] which also
leads to its higher incorporation in lipid bilayer [6]. Since the microenvironment within
solid tumors is often acidic this property of Cp6 was considered important for its
preferential accumulation in tumors. Cp6 also showed good photodynamic activity at
micromolar concentration without having significant dark toxicity in cancer cells [7].
Based on these results the use of Cp6 was investigated for PDT of tumors in hamster cheek
pouch model of oral carcinoma and it was observed that Cp6 accumulated preferentially in
tumors showed rapid clearance from skin and led to complete tumor regression after PDT
for the tumors of the size ~130 mm3 [8, 9]. However, for relatively large tumors its uptake
was poor which compromised the PDT efficacy.

A promising approach to enhance the tumor uptake and selectivity of
photosensitizer is to couple it with a suitable molecule which can interact specifically with
receptors on cancer cells. This approach utilizes the fact that tumor cells typically have
increased expression of cell surface receptors for various growth factors or regulatory biomolecules [10, 11]. In this context, the use of photosensitizers coupled to molecules such
as folic acid, steroids, epidermal growth factor (EGF), and antibodies against some cell
surface receptors have been investigated [11-12]. However, since the type and level of
receptor expression can differ in different types of malignancies there is a need to explore
new targets and targeting molecules.

There exist reports in literature which suggest interesting role of histamine, a
biogenic amine in tumor growth and development [13-15]. It has been reported that

2

various types of cancer cells produce high levels of histamine to regulate their cell
proliferation via histamine receptors. The over-expression of histamine receptors in
malignant tissue (almost 2–5 times higher than normal tissue) has been reported in several
types of malignancies e.g., breast carcinoma,

melanoma and adrenocortical cancer [16-

18].However, the use of histamine or its receptors for targeting the photosensitizer for PDT
of cancer has not yet been investigated. As part of the thesis we have investigated the
uptake, tumor selectivity and PDT efficacy of chlorin p6 (Cp6) histamine conjugate in
cancer cell lines and animal tumor model.

The thesis is organized as follows:

Chapter 1: It deals with introduction to PDT, provides details basics components of PDT
(photosensitizer, light and oxygen), as well as photophysics photochemistry and
photobiological aspects of PDT. Literature on the development of PDT with second
generation photosensitizer including chlorophyll derivatives and targeted approach using
third generation photosensitisers has also been reviewed. The chapter also provides review
of relevant literature on role of histamine and its receptors in tumor growth in context of
possibility to exploiting over expresion of histamine receptors for targeted PDT.

Chapter 2: It describes methods used for cell culture, preparation of Cp6-histamine
conjugate, monitoring cellular uptake and site of intracellular localization of the
photosensitizers, expression of histamine receptors, photodynamic treatment of cells,
phototoxicity, cell organelle damage, mode of cell death, induction of tumors in hamster
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cheek pouch, accumulation of photosensitizer in tumor and normal tissue, photodynamic
treatment of tumor, assessment of tumor regression, binding affinity of photosensitizers
with serum and microsomal proteins and their relative singlet oxygen yield, photodynamic
damage to protein and lipids etc.

Chapter 3: Here we provide results of studies carried out on the cellular uptake and
phototoxicity of Cp6-his in two oral cancer cell lines Nt8e and 4451. Results showed that
the uptake of chlorin-p6 histamine conjugate in these cell lines was ~10 times higher than
free Cp6 and that this led to significant enhancement in phototoxicity of the conjugate. The
presence of histamine receptors and receptor mediated uptake of the conjugate was
confirmed in both the cell lines. Results also showed that there was no significant
difference in the mode of cell death induced by free Cp6 and Cp6-his. Since the expression
of histamine receptors is well documented in human breast carcinoma cell line MCF-7,
studies were also done using this cell line and higher uptake of Cp6-his and enhancement in
phototoxicity has been observed. It is concluded that conjugating Cp6 with histamine can
help to improve the effectiveness of PDT in oral and breast cancer cells by enhancing its
intracellular delivery.

Chapter 4: Photosensitizer often exhibit selective specificity for different organelles
depending on their physicochemical properties, and the subsequent structural
alteration/damage induced by PDT in these organelles plays a very crucial role in cell
death after PDT [1]. To explore this aspect for Cp6 histamine conjugate, studies have been
carried out to identify the sites of its intracellular localization and to characterize the
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structural damage in cell organelles using fluorescence probes and confocal microscopy.
The results of these studies are presented and discussed in this chapter. Observations by
wide-field fluorescence microscopy showed that

Cp6-his

conjugate localizes initially at cell

membrane and then internalized in the endosome like compartments beyond 1hr interval.
At longer time interval (3 h) the fluorescence of conjugate was seen at the periphery of cell
nucleus.

These results suggested that the uptake of the conjugate is mediated by

endocytosis. Results of colocalization studies using confocal microscope revealed that the
conjugate localizes mainly in endoplasmic reticulum and lysosomes but not in Golgi and
mitochondria. To characterize the PDT-induced damage to cell organelles, confocal
fluorescence imaging and 3D reconstruction of images of cellular structures have been
carried out. It was observed that PDT led to fragmentation of ER due to damage in the
tubular regions of ER and PDT-induced structural alterations in ER were distinctly
different in apoptotic and necrotic cells. In spite of the fact that the Cp6-his did not localize
in Golgi apparatus, PDT led to alterations of Golgi structure such as displacement and
swelling. The results show that damage to ER structure could be the possible reason for
alteration in the structure.

Chapter 5: Our in-vitro results motivated us to extend this study in in-vivo model system.
Studies have been carried out to explore the tumor selectivity and photodynamic efficacy
of Cp6-his in Hamster cheek pouch model of oral cancer after establishing that histamine
receptor is over-expressed in tumors. These results are presented and discussed in this
chapter. Cp6-his (3 mg/kg body weight) was injected intra-peritoneally and its
accumulation in tumor, surrounding tissue, normal mucosa and abdominal skin was
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monitored non-invasively by fluorescence spectroscopy. Results show significant
accumulation of Cp6-his in tumors and rapid clearance from the skin showing ~ 80%
decreases within 48 h from its peak level at 4 h after drug injection. The tumor selectively
of Cp6-histamine was significantly higher as compared to the free Cp6. For PDT, tumors at
4 h after Cp6-his administration were exposed to red light (660±25 nm, 100 J/cm2).
Histology at 48 h after PDT revealed extensive cellular damage in the treated tumor.
Further using conjugate complete regression of tumors of size ≤ 1000 mm3 was observed
one week after PDT while with free cp6 tumors of volume of only up to 130 mm3 could be
treated. Higher tumor selectivity of Cp6-his and complete regression of bigger tumors after
PDT suggest that conjugating Cp6 to histamine is a promising approach to improve PDT
efficacy.

Chapter 6: The coupling of Cp6 to histamine is expected to lead to change in physical
properties of Cp6 such as charge and hydrophobicity which could also play a role in the
pharmacokinetics and clearance. To investigate this aspect the interaction of Cp6-his with
serum albumin and liver microsomes has been investigated and the results are presented
and discussed in this chapter. The quenching of intrinsic tryptophan fluorescence of BSA
and microsomal proteins by Cp6 and Cp6-his is measured and plotted as Stern–Volmer plot
to determine the binding parameters such as binding constant and number of binding sites.
Results showed that the binding constant of Cp6-his with BSA was lower by ~ 4 orders as
compared to that of Cp6and the number of binding sites was decreased to nearly half.
These results correlated with the extent of photodynamic damage to BSA induced by the
conjugate and free Cp6 as determined by estimation of protein carbonyls formation. With
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microsomal proteins the binding constant of Cp6-his was lower by ~2 orders than that of
Cp6 and the amount of PDT-induced protein carbonyl formation was consistent with their
relative binding affinity.

Measurements on the activity of microsomal enzymes

cytochrome P-450 reductase and NADH cytochrome b5 reductase showed that both Cp6his and Cp6 did not affect the activity of these enzymes. The two photosensitizers can also
bind to microsomes due to lipophilic/hydrophobic interaction with membrane lipids.
Measurements on PDT induced lipid peroxidation however showed no difference for Cp6his and Cp6 indicating that their non-specific binding is also similar. These results led to
the understanding that serum albumin is less likely to play a role in the transport of Cp6
conjugate as compared to free Cp6 whereas, its recognition by microsomal proteins for
further metabolism and clearance is not altered which are desirable features for its in vivo
PDT efficacy.

Chapter 7: Here we provide summary of the various studies carried out as part of this
thesis work and discuss scope of future work to translate the results obtained with hamster
oral cancer model to human oral cancer.
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1.1 Basics of Photodynamic Therapy

Cancer remains leading cause of death globally. Almost 7.6 million deaths worldwide were
estimated due to cancer with 12.7 million new cases per year being reported worldwide as
per the recent report, prepared by the International Agency for Research on Cancer (IARC)
[1]. Cancer is uncontrolled proliferation of cells that is manifested by loss of cell cycle
control leading to serious adverse effects on the host through invasive growth and
metastases [2-4]. Chemotherapy, surgery and radiotherapy either alone or in combination
are currently the main treatments available for cancer. In chemotherapy the approach is
based on the use of drug that can either inhibit or block the proliferation of rapidly dividing
cancer cells [5]. However, such chemotherapeutic drugs also interfere with the
proliferation of healthy rapidly dividing normal cells such as blood forming cells in the
bone marrow, hair follicles, and epithelial cells of oral cavity skin, digestive tract, and
reproductive system. Thus, chemotherapy leads to several severe side effects such as
nausea, vomiting, pain, anemia, hair fall, loss of fertility etc [5]. Surgery is applicable only
when tumor is confined to limited area in the body. Radiation therapy is more commonly
used therapeutic modality for the treatment of cancer in which ionizing radiation (X-rays,
gamma rays and charged proton beam) is used to destroy cancer cells [6-8]. Although,
these therapeutic modalities can improve the life expectancy of patients from several
months to years, the repeated use of these therapeutic modalities required for the complete
eradication of cancer also leads to the development of resistance and tumor recurrence.
In past decade, significant advancement in cancer research led to development of
some new promising strategies for the treatment of cancer such as gene therapy,
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immunotherapy, hormone therapy, heat therapy (hyperthermia), stem cell transplantation
etc [1]. Photodynamic therapy (PDT) is one of such promising options for the treatment of
cancer in which visible light in combination with photoactive compound referred as
photosensitizer (PS) is used. Light alone is a non toxic form of electromagnetic radiation,
but in the presence of a photosensitive molecule referred here as photosensitizer can
generate reactive oxygen species (ROS) which causes cellular destruction. Photodynamic
therapy (PDT) is minimally invasive modality for the treatment of cancer which has been
clinically approved and found effective for the treatment of various types of malignancies
[8,10,11]. In PDT the photosensitizer is administered either topically or systemically and
allowed to accumulate selectively in tumor tissue. In second step, a limited area where the
tumor or cancerous tissue is located is irradiated with visible light of appropriate
wavelength. The cytotoxic species such as singlet oxygen and free radicals generated via
photochemical reactions leads to destruction of target tumor tissue (Fig. 1.1). Thus PDT
offers dual selectivity with the use of a tumor selective photosensitizer and by limiting the
light exposure to the diseased region [11]. The destruction of cancerous tissue with
minimal effect on healthy tissues is one of the most advantageous features of PDT over the
other established therapeutic modality of cancer. Hematoporphyrin derivative (HpD) was
the first clinically approved PDT drug. Currently, the clinical approval for only few
photosensitisers exists, which are Photofrin (porfimer sodium) for the treatment of
oesophagus cancer and lung cancer (NSCLC), ALA for the treatment of skin cancer,
Verteporfin (BPD, benzoporphyrin derivative) for the treatment of macular degeneration
and Foscans (temporfin, meta-tetrahydroxyphenyl chlorin) for the treatment of advanced
squamous cell cancer of the head and neck [12,13].
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Figure 1.1 Photodynamic therapy of cancer. (a)

The photosensitizer is injected

systemically in the body (b) Preferential accumulation of photosensitizer in to the tumor
tissue (c) Irradiation of the tumor area with light of appropriate wavelength to activate the
photosensitizer (d) Generation of reactive oxygen species which destroys the tumor.
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1.2 Photophysics and photochemistry of PDT

The reactions after the excitation of the photosensitizers i.e.

Photochemical and

photophysical principles of PDT have been extensively studied and can be depicted
through a Jablonski diagram (Fig. 1.2). Briefly, upon illumination, the photosensitizer is
excited from the ground state (S0) to the first excited single state (S1), followed by
conversion to the triplet state (T1) via intersystem crossing. The excited triplet state can
react in two ways, defined as Type I and Type II mechanisms [13, 15]. A Type I
mechanism involves hydrogen-atom abstraction or electron-transfer reactions between the
excited state of the sensitizer and a neighboring substrate molecule which result in
generation of free radicals and radical ions. These free radical species are generally highly
reactive and can readily interact with molecular oxygen to either generate reactive oxygen
species such as superoxide anions or hydroxyl radicals or can cause irreparable biological
damage. These reactions produce oxidative damage that is eventually expressed as
biological lesions. In contrast, a Type II mechanism results from an energy transfer
between the excited triplet state of the sensitizer and the ground-state molecular oxygen,
generating the singlet oxygen, which is extremely reactive and can interact with a large
number of biological substrates, inducing oxidative damage and ultimately cell death [13,
15].
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Figure 1.2:: Jablonski energy level diagram for photodynamic therapy:

The

photosensitizer in its ground state (S0) absorbs a photon, which gives rise to the short
short-lived
excited singlet state (S1), At this state it can either lose energy by fluorescence, or by
intersystem crossing to the long-lived
long
triplet state(T1), . This triplet state of photosensitizer
either interact
teract with neighboring bio
bio-molecule
molecule or with molecular oxygen and produces Type
I (hydroxyl radical) and Type II (singlet oxygen) reactive oxygen species.
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1.3

Basic components of PDT

The three essential components of PDT i.e. photosensitizer (PS), light, and oxygen [16, 17]
are described in details in the following paragraphs.

1.3.1

Photosensitizers

The majority of PDT photosensitizers comprise a heterocyclic ring structure similar to that
of chlorophyll or heme in hemoglobin. Photosensitizers can be categorized by their
chemical structures and can be divided into three broad families: the porphyrin-based
photosensitizer (e.g., Photofrin, ALA/PpIX, BPD-MA), Chlorophyll based photosensitizer
(e.g.,

chlorins,

purpurins,

bacteriochlorins),

and

the dye (e.g.,

phtalocyanine,

napthalocyanine). Most of the current photosensitizers have porphyrin related structures,
including hematoporphyrin derivatives, phthalocyanines, chlorines, and bacteriochlorins
[18]. Photosensitizers are further classified based on their chemical characteristics such as
charge and solubility in to three major groups: hydrophobic, hydrophilic and amphiphilic.
Photosensitizers bearing no charged peripheral substituents generally have negligible
solubility in water or alcohols are come under the class of hydrophobic photosensitizers.
However, the photosensitizer having three or more charged substituents and are freely
soluble in water at physiological pH are termed as hydrophilic photosensitizers. Moreover,
the amphiphilic photosensitizers have two or more charged substituent and are soluble in
alcohol or water at physiological pH [19]. A large number of photosensitizers have been
investigated for PDT of cancer both in vitro and in vivo and it is recognized that the
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photosensitizer should have some important characteristics for use in PDT of cancer. The
characteristics of ideal photosensitizer are described in detail in following section.

Properties of Ideal Photosensitizer
(i)

Good Absorption coefficient in the longer wavelength region (600-800 nm): In

PDT, light irradiation in the wavelength range from 650 nm to 800 nm is defined as
therapeutic window (Fig. 1.3) since light in this wavelength region penetrates deeper in
tissue. This is due to the fact that tissue contains some endogenous chromophores, mainly
hemoglobin and melanin which absorb significantly in the wavelengths region from 400
nm to 600 nm and thus reduce the penetration of light in tissue. At wavelengths >1200
nm, light absorption by water molecules becomes substantial. For wavelengths >850-900
nm, the photons do not have sufficient energy to participate in a photochemical reaction.
Therefore, the ideal photosensitizer should exhibit sufficient absorption in the therapeutic
window to achieve therapeutic effectiveness at larger tissue depth [11, 18, 19, 21, 22, 25].
Further, with phtotosensitizer having higher absorption coefficient (

> 20,000-M-1cm-1)

the therapeutic effect can be obtained at lower drug dose as compared to photosensitizer
with low absorption coefficient [25].

(ii)

Triplet and singlet oxygen quantum yields: The photosensitizer should be able

to generate triplet state of appropriate energy (ET ≥22.0 kcal mol-1~0.95 eV) which is the
minimum energy necessary to excite the triplet ground state of molecular oxygen (3O2) to
its excited singlet state (1O2). A value greater than 0.95 eV (22 kcal/mol) and smaller than
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1.63 eV (37.5 kcal/mol) is require
required to be a good photosensitizer [22
22]. The photosensitizer
is considered as good PDT agent
agen if the quantum yield of the triplet state is high enough
(φT > 0.4) for generation of sufficient singlet oxygen and/or other reactive oxygen species
[22]. In addition, the
he longer lifetime of the triplet state (τT > 1 µs), enables the better
interaction of the excited photosensitizer with the surrounding molecules, resulted in the
generation of more cytotoxic species.

Figure 1.3.. Optical absorption spectra of various tissue components in the ultraviolet to
infrared wavelength range.

(iii)

Solubility: The photosensitizer shou
should exhibit good solubility in aqueous

medium or if not it should be soluble in biocompatible drug delivery
elivery systems such as
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liposomes, nanoparticles or polymeric micelles etc. for ease of administration though
various routes [24].
(iv)

Photosensitizer should be tumor selective: This property of photosensitizer is

essential to ensures efficient destruction of the cancer tissue and minimize the damage to
the healthy tissue. Generally, in the absence of any targeted delivery the preferential
accumulation of photosensitizer in tumor is mainly determined by its physicochemical
property such as hydrophobicity or hydrophylicity. Several mechanisms have been
suggested which govern the preferential accumulation of PS in to tumor tissue. An
important mechanism is based on interaction of the photosensitizer with low-density
lipoprotein (LDL). Cancer cells, due to high rate of cell proliferation require increased
supply of cholesterol for membrane biosynthesis. To meet this requirement, cancer cells
overexpress LDL receptors [19,24,25,26]. Since hydrophobic photosensitizer binds
preferentially with serum lipoproteins, it can internalize via LDL receptor mediated
endocytosis into the cancer cells and due to higher expression of these receptors the
cancer cells can accumulate more photosensitizer as compared to the normal cells.
However, with increase in the hydrophobicity of the photosensitizer its tendency to
aggregate in physiological solution also increases which can result in poor accumulation
in cancer cells. In contrast, hydrophilic photosensitizer interacts mostly with serum
albumin and can accumulate in tumor tissue only through leaky tumor vasculature and
poor lymphatic drainage. Thus if the photosensitizer is more hydrophilic it will remain
more in tumor vasculature and accumulate less in tumor cells. Further, hydrophilic
photosensitizers clear from the body at faster rate as compared to hydrophobic
photosensitizers.
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The second important mechanism for preferential accumulation of the
photosensitizer in tumor is based on pH dependent change in hydrophobicity of the
amphiphilic photosensitizer. It is known that interstitial pH in solid tumors can be slightly
acidic (6.5-5.00). The amphiphilic sensitizers particularly with one or more ionizable
carboxylic group in the molecules tend to accumulate better in tumor tissue because at low
pH the hydrophobicity of such photosensitizer increases due to protonation of carboxylic
groups in the molecule. Therefore, photosensitizer with amphiphilic nature is considered to
be ideal for PDT [19].

(v)

Low/negligible dark toxicity and rapid clearance from body: To prevent any

severe side effect or skin photosensitivity, the PDT drug itself should be non-toxic in the
absence of light and its clearance from the skin and body tissue should be rapid [26].

(vi)

Chemically purity: Photosensitizer should be chmicaly pure compound, so that its

therapeutic effects and side effects can be well characterized [22].

The photosensitizer can be considered suitable for PDT based on properties
described above. There are currently only a few PDT photosensitizers that have received
official approval around the world. The first FDA approved photosensitizer for PDT is
Photofrin® (Porfimer sodium; Axcan Pharma, Inc.). Photofrin meets only few of the
criteria for ideal photosensitizers and thus suffers from several drawbacks. For example, it
is a complex mixture of porphyrins with various monomeric and oligomeric forms, its
absorption band in red wavelength region at 630 nm, is well below the wavelength region
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of therapeutic interest, it induces cutaneous photosensitivity due to the prolonged retention
in skin, (at least for a month or so) after the treatment. Due to these drawbacks a variety of
new photosensitizers have been investigated to find more suitable PDT agent and these
photosensitizers are generally recognized as class of second generation photosensitizers.
Some photosensitizers that belong to second generation are clinically approved for PDT.
For example: Foscan® (temoporfin, meta-tetrahydroxyphenylchlorin, mTHPC; Biolitec
AG), Visudyne® (verteporfin, benzoporphyrin derivative monoacid ring A, BPD-MA;
Novartis

Pharmaceuticals),

Levulan®

(5-aminolevulinic

acid,

ALA;

DUSA

Pharmaceuticals, Inc.), and most recently Metvix® (methyl aminolevulinate, MLA or MALA; PhotoCure ASA.). Several other promising photosensitizers are currently under
clinical trials. These include HPPH (2-[1- hexyloxyethyl]-2-devinyl pyropheophorbide-a,
Photochlor; Rosewell Park Cancer Institute), motexafin lutetium (MLu, lutetium (III)
texaphyrin, Lu-Tex, Antrin; Pharmacyclics Inc.), NPe6 (mono-L-aspartyl chlorin e6,
taporfin sodium, talaporfin, LS11; Light Science Corporation), SnET2 (tin ethyl
etiopurpurin, Sn etiopurpurin, rostaporfin, Photrex; Miravant Medical Technologies) [18].

1.3.2

Light sources

Light sources suitable for PDT should provide 1) wavelengths of emission matching with
the absorption spectrum of the photosensitizer, 2) sufficient power at these wavelengths 3)
mode of delivery to the target tissue. The light power required can vary from 1 to 5 W so
that light dose of up to several hundred mW cm−2 can be delivered in time period of tens of
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minutes. It is also required that the light sources are portable, low cost and easy to operate
in the clinical set up [27]. High power density is required to reach high photon density at
deep tissue layers to achieve maximum activation of the photosensitizer molecules. The
depth, at which the power of radiation is reduced to 37%, is known as the effective
penetration depth of light. The effective penetration depth of light with λ at 630 nm into
soft tissues is typically 1–2 mm, and that of light with λ in the range of 700–850 nm is
about twice that. The fluence rate also affects PDT response [11]. Using higher power
density the therapeutic effect of PDT can reach to a depth that is 3–5 times the effective
penetration depth. For HpD the therapeutic effect of PDT is obtainable at the tissue depth
of 5–10 mm. For deeper therapeutic effect, the photosensitizers that absorb light in the
wavelength region > 630 nm are considered more suitable [8, 21, 81].

Lasers are preferred light sources for PDT because these sources produce highly intense
monochromatic light which depending on type of laser can be matched with absorption
band of a particular photosensitizer. The laser light can be tightly focused to allow its
efficient delivery to the target site through optical fiber. Argon dye, potassium-titanylphosphate (KTP) dye, metal vapor lasers, and most recently diode lasers have been used
for clinical PDT around the world [28].

Compared to Lasers, the noncoherent light sources (e.g., conventional arc lamps) are safer,
easy to use, and less expensive and the emission can be matched with the absorption band
of various photosensitizers in conjunction with optical filters of selective wavelength(s).
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The disadvantages of conventional lamps include significant thermal effect, low light
intensity, and difficulty in controlling light dose. Nowadays, several noncoherent light
sources are available for example, the BLU-U light illuminator (DUSA Pharmaceuticals,
Inc.), is an illumination system for PDT of actinic keratosis (AK) using ALA. The
LumaCareTM lamp (MBG Technologies) is a compact portable fiber optic delivery system
provides interchangeable fiber optic probes containing a series of lenses and optical filters.
It can generate light of specific bandwidth between 350-800 nm in a variable power for a
broad range of photosensitizers. Light emitting diode (LED) is another emerging PDT light
applicator. LED can generate high energy light of desired wavelengths and can be
assembled in a range of geometries and sizes [28, 29, 30, 31, 32, 33].
1.4 Mechanism of tumor destruction by PDT

There are three main inter-related mechanisms by which PDT mediates tumor destruction:
direct cytotoxic effects on tumor cells, damage to the tumor vasculature, and induction of a
robust inflammatory reaction that can lead to the development of systemic immunity
[11].The relative contribution of these mechanisms depends to a large extent on the type
and dose of PS used, the time between PS administration and light exposure, total light
dose and its fluence rate, tumor oxygen concentration.

1.4.1

Direct killing of tumor cells

It is generally accepted that the intracellular localization of the photosensitizer coincides
with the primary site of photodamage. This is because the singlet oxygen generated in
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photochemical reaction has a very short life and very limited diffusion in biological
systems (half-life: 0.04 µs, radius of action: 0.02 µm) [34, 35]. Generally, photosensitizers
localizing to the mitochondria or the ER promote apoptosis, while PDT with
photosensitizers targeting either the plasma membrane or lysosomes, can either delay or
block the apoptotic program predisposing the cells to necrosis [34, 36]. Apoptosis is
programmed cell death which can be identified by characteristics morphological changes
in cells such as

nuclear condensation, cleavage of chromosomal DNA into

internucleosomal fragments, cell shrinkage, membrane blebbing, formation of apoptotic
bodies without plasma membrane breakdown, exposure of phosphatidylserine in the outer
leaflet of the plasma membrane, and phagocytosis by neighboring cells [34,36,38]. In vivo,
these apoptotic bodies are scavenged by phagocytes and thus inflammation is prevented,
and cells die in an immunologically controlled way. Apoptosis requires transcriptional
activation of specific genes, including the activation of endonucleases, consequent DNA
degradation into oligonucleosomal fragments, and activation of caspases [38].

Necrosis is generally believed to be an un-programmed accidental cell death [34].
Necrosis is a spontaneous form of cellular damage characterized by cytoplasm swelling,
fragmentation of cell organelles and disruption of the plasma membrane, leading to the
release of intracellular contents and in vivo inflammation [34, 39-44]. Moreover, evidence
indicates that autophagy may also be induced by PDT, when l subcellular organelle such as
ER and mitochondria are damaged by PDT and survival mechanism are initiated to
remove damaged organelle from cells [45-47].
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1.4.2

Tumor Vasculature damage

PDT can also induce vascular shutdown, limiting the oxygen and nutrient supply to the
tumor. The limitation of oxygen and nutrients supply leads to severe tissue hypoxia and
death of tumor cells. There have been a number of reports suggesting that PDT induces
microvascular collapse [48-54] and vascular effects were associated with a delay in tumor
growth. Photosensitizers, such as a pyropheophorbide derivative [50], benzoporphyrin
derivative (BPD) [51], HPD [52] and Photofrin [50] have been shown to induce tumor
vasculature damage.

1.4.3

Immune response

It is known since long time that PDT leads to infiltration of immune cells such as
lymphocytes, leukocytes and macrophages into the treated tissue, indicating activation of
the immune response [55,56]. The inflammatory cytokines interleukin (IL)-6 and IL-1, but
not tumor necrosis factor- α (TNF-α), have been shown to be up-regulated in response to
PDT [57, 58].

It has also been reported that CD8+ T-cell activation and/or tumor

infiltration of immune cells is an important facor in PDT efficacy [59-62]. PDT-induced
acute local and systemic inflammation is belived to play significant role in the maturation
and activation of dendritic cells (DCs) which in turn is required for the activation of tumorspecific CD8+ T cells and the induction of antitumor immunity [62-66]. It has also been
suggested that since activation of DCs by dead and dying tumor cells is associated with
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enhancement of antitumor immunity, the in vitro PDT-treated tumor cells may act as
effective antitumor vaccines [67, 68, 69, 70].

1.5 Brief history of Photodynamic Therapy

Light has been used as therapy for more than three thousand years. Ancient Egyptian,
Indian and Chinese civilization used light to treat various diseases including psoriasis,
rickets, and vitiligo and skin cancer [71]. In one of India’s sacred books Atharva-veda
(1400 BC) the use of seeds of the plant Psoralea corylifolia for the treatment of vitiligo is
described. Psoralens are the photoactive components of these seeds. However, around 100
years ago, O. Raab showed the cytotoxic effects of the combination of acridine and light
on infusoria (Paramecium caudatum) [72]. But, actually N. Finsen during 1900s used the
term ‘Phototherapy’ or the use of light to treat disease like small pox and tuberculosis. He
was awarded with Nobel Prize in 1903 for his work in phototherapy [73, 74]. Moreover,
the term ‘photodynamic action’ was coined by A. Jesionek and H.v.Tappeiner (Professor
of O.Raab). They had treated the skin tumors with eosin and white light in 1903 [75].

The class of compounds most often used today i.e. porphyrins was investigated by
F. Meyer-Betz in 1913. He studied the PDT effects of hematoporphyrin (HP) and its
derivatives in rat tumors following systemic administration of the photosensitizers [76].
Modern photodynamic therapy (PDT) was initiated by R.L. Lipson and E.J. Blades, who
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showed that an impurity in HP was the tumor-localizing agent, and not the parent
compound. This led to the “synthesis” of hematoporphyrin derivative (HPD), a mixture of
porphyrins produced by the acid treatment of HP [77]. The exact chemical composition
and structure of this mixture remains unclear. T. J. Dougherty and colleagues developed
HPD further for laboratory and clinical investigations in 1970s and 1980s [78]. The history
of photodynamic therapy can be depicted as shown in Fig. 1.4.

Figure 1.4. Historical development of PDT [Adopted from Celli et al, 2010]
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1.6

Status of Photosensitizer in the development of PDT

Most of the currently approved clinical photosensitizers belong to the porphyrin family.
Conventionally, the photosensitizers that developed between the 1970s and early 1980s are
called first generation photosensitizers (e.g., Photofrin®). While the Porphyrin
derivatives or other synthetic photosensitizer made since the late 1980s are called second
generation photosensitizers (e.g., ALA). The third generation photosensitizers
generally refer to the modifications such as conjugates of photosensitizer with biological
molecules for e.g., antibody conjugate, liposome conjugate for which cancer cells shows
higher affinity [18,78].

1.6.1

First Generation Photosensitizers

Hematoporhyrin and its derivatives comprise the first generation of photosensitizers. The
first generation photosensitizers starts in the 1960s, when R. Lipson et al initiated the
modern era of PDT at the Mayo Clinic [80]. HPD has been partially purified to remove the
less-active porphyrin monomers, to form Photofrin® (also called porphymer sodium) [19],
a widely used photosensitizer in clinical PDT. Photofrin® was first approved for
prophylaxis of bladder cancer in Canada on April 16, 1993 [78]. Since then, it has been
approved in several countries for the treatment of not only bladder but also oesophageal,
gastric, cervical, and lung cancers [78,81]. Photofrin fits some of the criteria for ideal
photosensitizers but suffers from several drawbacks. First, it is a complex mixture of
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porphyrins with various monomeric and oligomeric forms, so poorly characterized
chemically. Secondly, its long wavelength falls at 630 nm, which lies well below the
wavelength necessary for maximum tissue penetration. Finally, it induces prolonged
cutaneous photosensitivity, and patients are advised to keep away from direct sunlight (at
least for a month or so) after treatment [82, 83].
1.6.2

Second Generation Photosensitizers

To overcome the drawbacks recognized with Photofrin, a variety of other photosensitizers
that exhibit a stronger absorption band in the red wavelength region have been
investigated. These, photosensitizers are pure synthetic compounds, composed of an
aromatic macrocycle such as porphyrins benzoporphyrins, chlorins, bacteriochlorins and
phtalocyanins. Some of the important second generation photosensitizers that are clinically
approved or are under clinical investigations are listed in Table 1.1.
Tetra (m-hydroxyphenyl) chlorin (mTHPC or Foscan®) marketed by Scotia
Pharmaceuticals, Kentville, Nova Scotia, Canada is clinically approved for recurrent head
and neck cancers in Europe and undergoing clinical testing in US [11]. The only other
photosensitizer that has been clinically approved is Benzoporphyrin derivative monoacid
ring A (BPD-MA or Verteporfin®) marketed by QLT Phototherapeutics Inc. Although,
BPD-MA is mainly used for PDT of age-related macular generation, it appears to be useful
for the treatment of pancreatic and skin cancer also [83]. BPD-PDT also has been tested for
treatment of atherosclerotic plaques [84] and psoriasis [86, 87]. Tin ethyl etiopurpurin
(SnET2 or Purlytin ®) marketed by Miravant, Santa Barbara, CA, USA is under phase II/III
clinical trials for advanced breast cancer, Kaposi’s sarcoma in patients with AIDS, and
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prostate cancer [88]. The silicon phthalocyanine (Pc 4) is developed at Case Western
Reserve University and University Hospitals of Cleveland [89]. Pc 4 has high extinction
coefficient (ε >2 x 105) at 672 nm and has been found effective in preclinical studies in
human tumor cells in vitro and in animal tumor models [90, 91]. Currently it is under
clinical trials in US for the treatment of cutaneous T cell lymphoma. Lutetium
texaphyrin/Lutex (LutrinTM) marketed by Pharmacyclics, Sunnyvale, CA, USA is a long
wavelength absorbing (λabs is 732 nm) water-soluble photosensitizer that is undergoing
clinical trials in US for the PDT of breast cancer [11].
Table 1.1: Current status of Clinically Applied Photosensitizers. Adopted from [Patrizia
Agostinis et al, Photodynamic Therapy of Cancer: An Update, CA Cancer J Clin. 2011;
61:250–281]
Photosensitizer

Structure

Wavelength

Approved

Trials

Cancer types

(nm)
ALA esters

Porphyrinprecursor

635

Europe

Temoporfin (Foscan)
(mTHPC)

Chlorine

652

Europe

United
States

Head and neck,
lung, brain, skin,
bile duct

Verteporfin

Chlorine

690

Worldwide(AMD)

UnitedKingdom

Ophthalmic,
pancreatic, skin

SnEt2 (Purlytin)

Chlorin

665

United
States

Skin, breast

Silicon phthalocyanine
(Pc4)

Phthalocyanine

675

United
States

Cutaneous T-cell
lymphoma

Motexafin lutetium
(Lutex)

Texaphyrin

732

UnitedStates

Breast

Skin, bladder
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1.6.2.1 Chlorophyll derivatives as potential photodynamic agents:

However, most of the second generation photosensitizers are prepared by total synthesis
where the yield remains often low, resulting in a lot of chemical waste and a high price for
the final product. These drawbacks can be minimized if the photosensitizer is a natural
compound or can be prepared from a natural precursor by simplistic synthetic procedures
[81]. Among second generation photosensitizers the derivatives

prepared from 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 adequate yield of singlet oxygen using lower concentrations
and higher depth of treatment due to use of longer wavelengths (> 650 nm) [81,92]. The
chlorophyll-a (Chl-a), itself is a hydrophobic photosensitizer due to the presence of
lipophilic phytyl group and tends to aggregates in aqueous solvents and in nonpolar
organic solvents, which hinders significantly its ability to generate 1O2. Also, it is very
unstable, undergoing oxidative degradation in the presence of light, acid, bases and
alcohols. Although its photophysical properties are suitable for PDT, Chl a has only rarely
been used as a photosensitizer in biological systems because of its high aggregation
tendency and low solubility in physiological liquids [81,93, 93, 95]. However, Chl-a is not
suitable for pharmaceutical application but may provide a suitable source for the synthesis
of new stable derivatives. Also, various Chl-derivatives have been synthesized and
evaluated for their PDT efficacy. On the basis of chemical nature Chl-a derivative can be
categorized in two classes: the hydrophobic such as pheophorbide and its derivatives and
the hydrophilic one such as chlorin e6 and chlorine p6 and their derivatives.
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1.6.2.2 Pheophorbide and its derivatives:

metal free chlorophyll (Chl) derivatives prepared from the
Pheophorbide-aa (Pheid a) is a metal-free
directly Chl mixture, by partitioning the mixture between 30% (w/w) aqueous hydrochloric
hydro
acid and diethyl ether [81]. However, Pheid a ((ε ~ 43980 at 660 nm)) contains a
hydrophilic propionic acid residue, which makes it an amphiphilic photosensitizer, but in
aqueous solutions,, Pheid a forms aggregates. The singlet oxygen quantum yield ((Ф∆) of
Pheid a in organic solvents such as in ethanol and carbon tetrachloride is 0.51 and 0.80
respectively [81, 96]. Pheid-a
Pheid and its derivatives have been widely investigated for PDT of
uterine, colon, hepatic and pancreatic cancers. Recent studies using Zn-pheophorbide
Zn
a has
been shown that it exerts strong photodynamic effect, leading to 100% cell mortality at
very low concentrations (∼1
(
× 10−6 M) and at low light doses (5 J/cm2) [97]. Another
pheophorbide-aa derivative HPPH (2-[1-hexyloxyethyl]-2-devinyl
(2
devinyl pyropheophorbide-a)
pyropheophorbide
with trade name Photochlor® is under clinical trials for lung, skin, head and neck, and
esophageal cancers [98]]. The clinical results with HPPH-PDT
PDT in patients were reported to
be quite promising without any significant skin phototoxicity after 4-5
4 days post-treatment
[98, 99]. Recently,, the conjugates of the pheophorbide
pheophorbide-a with anticancer
cancer drugs doxorubicin
(DOX, 2) and paclitaxel (PTX, 3) indicated that the conjugate is found to more effective in
various cell lines including MCF7 (breast adenocarcinoma), KB (mouth carcinoma), HeLa
(cervical cancer), U-87MG
87MG (glioblastoma), A549 (lung adenocarcinoma), AT-84
AT
(oral
cancer), and YD-10B
10B (oral cancer) cells [99-102].
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1.6.2.3 Chlorin e6 and its derivatives:

Chlorin- e6 (Ce6) because of three carboxylic acid groups in the molecule is a hydrophilic
photosensitizer, which is synthesized by alkaline hydrolysis of Pheid-a. Although, Ce6 has
good photodynamic properties (ε~ 25000 at 654 nm) with good singlet oxygen yield [81,
103] to utilize it for PDT it has been converted into various derivatives, including monoL-aspartyl chlorine e6 (MACE), diaspartyl Ce6, monoseryl Ce6 and other amino acid
derivatives which had improved efficacy and decreased side effects compared to the first
generation photosensitizers. MACE, also termed as talaporfin sodium is currently
undergoing clinical trials in various countries under various trade names such as
Laserphyrin, Litx, LS-11, ME-2906, NPe6, by the Nippon Petrochemicals (Japan), Meiji
Seika Kaisha Ltd. (Japan), Light Sciences Oncology (USA) [104]. MACE is synthesized
by joining L-aspartic acid with an amide bond to the propionic acid residue of Ce6. MACE
is more hydrophilic than Ce6 because of presence of extra ionizable carboxyl group of
aspartic acid. It exhibit very strong absorption peak (ε~38000 M-1 cm-1 at 664 nm) and
high singlet oxygen yield of 0.77 in phosphate-buffered D2O solution. It has been reported
that the skin photosensitivity caused by MACE disappeared faster than the existing
photosensitizer, which leads to limited duration of skin sensitivity [81]. Clinically, in the
patients with early lung cancer the complete response was obtained in 85.7% of the lesions
(36/42 lesions) by the administration of 40 mg/m2 followed by laser irradiation at 100
J/cm2 4-6 hours later [104, 105]. The clinical trials using MACE has been first started in
Japan under the supervision of Nippon Petrochemical (Osaka, Japan) for superficial
malignancies of the skin and nasopharynx. Good response rates were seen for light
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fluences of 50–200 J/cm2, applied at 4–8 h after drug, and skin photosensitivity was
limited to the first 2–4 days [105]. In USA, MACE-PDT is currently undergoing phase II
trials for glioma and phase III trials for metastatic colorectal cancer and hepatoma.

Some other Ce6 derivatives such as Radachlorin (RADA-PHARMA Ltd., Russia)
and Photodithazine (Veta Grand Co., Russia) are in clinical trials or approved for some
diseases in Russia [105, 107, 108]. Ce6 is the common component in Photolon,
Radachlorin and Photodithazine. Radachlorin contains sodium Ce6 (90-95%), sodium
chlorin p6 (5-7%) and an unidentified chlorin (1-5%) [108]. Photodithazine is a mixture of
Ce6 (60%), chlorin p6, and purpurins 7 and 18 [108]. PVP is additionally used in Photolon
to increase its stability by preventing Ce6 aggregation and to improve solubility of more
hydrophobic mono- and diethyl ethers of Ce6 in aqueous media [110].

Photolon,

Radachlorin and Photodithazine have absorption maxima at around 400-410nm and 650670 nm [111, 112]. Clinical trials with Photolon, Radachlorin and Photodithazine have
demonstrated very low dark toxicity, high selectivity (within 0.5-5 h), high phototoxicity
and rapid clearance (around 2 days) [112-115]. However, these Ce6 derivatives are
mixtures of many compounds and due to this unstable for the longer time periods, had low
therapeutic efficiency, required high doses and had low selectivity. Additionally, Ce6 in
Photolon contain process and degradation related impurities chlorin e4, 151hydroxyphyllochlorin, rhodochlorin, etc. [105,107,108]. Moreover, due to these drawbacks
additional clinical studies are needed to evaluate their clinical potential for eventual use in
other countries [103] [100].
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1.6.2.4 Chlorin p6 and its derivative:

Chlorin p6 is another chlorophyll-a derivatives can be prepared from pheophorbide-a.
Pheophorbide-a first converted in to Purpurin-18 (Pp-18), which upon alkaline hydrolysis
converted in to chlorin p6.

The schematic diagram for synthesis of chlorin p6 from

chlorophyll-a is shown in Fig. 1.1. While, Pp-18 is a hydrophobic photosensitizer having
good photophysical and photochemical properties such as high absorption coefficient (~
41,800 M-1 cm-1) at 700 nm and good singlet oxygen yield (~ 0.7 in diethyl ether), but gets
aggregated more often in aqueous medium [116]. Thus, a suitable delivery vehicle is
required for its administration in to the body. Moreover, the anhydride ring of P18 is very
sensitive to the presence of nucleophiles. Therefore, P18 may not be very stable in the
body, because of the presence of biomolecules, such as proteins, which can act as
nucleophiles and causes opening of the anhydride ring [117]. However, this can ultimately
lead to the formation of a photoactive compound chlorin p6, which is a amphiphillic
photosensitizer having three ionizable carboxyl groups in the lower periphery of the
molecule and a absorption band at 656 nm with absorption coefficient ~24,300 M-1 cm-1
and good singlet oxygen generation capacity (Ф∆~ 0.60 in ethanol) [81].Chlorin p6 (Cp6) is
structurally similar to Chlorin e6 except the absence of a methyl group at meso positioned
carboxylic group. The synthesis and phototoxic property of chlorin p6 was first reported in
1986 by Hoober et al [117]. Studies have been reported on the use of some derivatives of
chlorin p6 for PDT of both in-vivo as well as in-vitro studies such as lysyl chlorin p6 for
glioma tumors in rats, lysyl chlorin p6 diester and triester analog for murine leukemia
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L1210 cells, 13, 15-N-(3’-hydroxypropylcycloimide) chlorin p6 and its methyl ester for
A549 human adenocarcinoma cells [118-121].

Detailed studies carried out at RRCAT on photophysical, photochemical and photo
biological characterization of Cp6 revealed that it is a promising photosensitizer for PDT of
cancer. Cp6 is a water soluble photosensitizer due to presence of three ionizable carboxylic
groups; it is therefore easier to prepare its injectable physiological solution for systemic
delivery [122]. Studies have been carried out on the photophysical properties of chlorin p6,
its uptake in cell lines and photodynamic treatments of tumors in hamster cheek pouch
model. These studies have shown that chlorin p6 which exists predominantly as anionic
species at physiological pH, undergoes change in the state of ionization upon decrease in
the pH to form an anionic species with smaller charge and higher hydrophobicity [123].
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Scheme1.1. Synthesis of Chlorin p6 from Chlorophyll-A.
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The increase in hydrophobicity at lower pH is believed to be the main reason for
higher uptake of hydrophilic chlorin-type molecules in tumor where intercellular pH is
known to be slightly acidic than physiological pH. Studies with model membrane system
(liposomes) showed that change in pH from physiological to slightly acidic lead to deeper
penetration of Cp6 in lipid regions [123]. Measurements on fluorescence emission lifetimes
as well as quenching of fluorescence with KI suggest that at pH 5.0 the drug localizes in
the central region of lipid bilayer and for pH 6.0 and higher the drug binds closer to the
liposome interface [123].These results suggested that increase in hydrophobicity at low
pH would have significant influence on the cellular uptake of Cp6. Indeed, results of our
studies on colon cancer cell line show that the uptake as well as the phototoxicity of Cp6
increases with decrease in pH of extracellular medium from 7.4 to 6.0 [124]. This effect
was however cell line dependent since no significant change in uptake and photosensitivity
was observed at different extracellular pH in breast carcinoma cell lines [124].
Measurements on intracellular site of photodamage showed that in Colon cancer cells
photosensitivity to lysosomes increases with decrease in pH whereas in MCF-7 cells
damage to mitochondria predominates at all pH suggesting that the mechanism for uptake
is different for the two cell lines. While the drug accumulation in Colo-205 cells appeared
to occur mainly through endocytosis, its uptake in MCF-7 is primarily through diffusion
rather than endocytosis [124].

In-vivo studies carried out in hamster cheek pouch model on efficacy of Cp6 for
photodynamic treatment of tumors led to promising result.

Cp6 showed preferential

accumulation in small size tumors (dia < 5 mm), rapid clearance from skin and complete
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tumor regression after PDT [125]. However, for relatively large tumors its uptake was poor
which compromised the PDT efficacy. Although, increasing drug dose (4 mg/kg body
weight) led to complete tumor regression for larger tumor of size ~130 mm3, tumors
beyond this size regressed only partially [126].

Though Cp6 was found effective it

required higher dose for larger tumors increasing the risk of systemic toxicity therefore
further studies are necessary to improve its tumor selectivity and PDT efficacy, which is
the main motive of the present research work, and will be discussed in detail in the later
part of this chapter.
In fact, various innovative attempts have been employed by researchers to enhance
the selectivity of photosensitizers and improve its therapeutic efficacy by utilizing several
drug delivery strategies, which was develop by exploiting unique characteristics of tumor
biology [127]. This concept has led to the origin of third generation photosensitizers,
which was devised for targeted photodynamic therapy.

1.6.3 Third Generation Photosensitizers or Targeted Photodynamic therapy

Most of second generation photosensitizers accumulate in tumor tissue through passive
targeting mechanism, which is regulated mainly by physicochemical properties of the
photosensitizer. Moreover, due to this PS may distribute in normal tissue and thus can lead
to systemic phototoxicity. The selectivity of PDT can best be increased employing a
photosensitizer that is enriched more in the target tissue. The targeted delivery of
photosensitizer to defined cancer cells is one of the main challenges and a very active field
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of research in the development of treatment strategies to minimize side-effects of PS.
Therefore one goal in the field of targeted therapies is to develop chemically derivatized
drugs or drug vectors able to target cancer cells via specific recognition mechanisms [128].
The more precise targeting would enhance photosensitizer efficiency and reduce harmful
side effects of the treatment. There are several strategies, which devised to enhance PS
selectivity based on either use of suitable delivery vehicles or exploitation of level of
difference in expression of specific cellular antigens and cellular surface receptor by cancer
cells compared to normal cells [127]. Photosensitisers have been shown to target tumors
when incorporated into delivery vehicles such as liposome preparations [129,130] and
nanoparticles [135] .

The most promising approach is to targeted delivery of photosensitizer via
receptors present on cancer cells. This approach utilizes the fact that tumor cells typically
have increased expression of cell surface receptors for various growth factors or regulatory
bio-molecules. For this purpose, photosensitizer conjugated to monoclonal antibodies or
small antibody fragments have been investigated [132,133,134]. Monoclonal antibodies
(mAb) have been used in a variety of ways in the management of cancer, including
diagnosis, monitoring, and treatment of disease because of their inherent abilities to
recognize and bind to tumour-associated antigens that are either exclusively expressed on
tumour cells - a rarity - or over-expressed as compared to normal tissue [133,134,135]. The
first time in 1983 Mew et al was conjugated the photosensitizer hematoporphyrin
derivative (HpD) with a monoclonal antibody anti DBA/2J myosarcoma M-1, [136, 137]
since then several conjugates of various photosensitizers with MAbs have been prepared
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and investigated for their tumor selectivity and PDT efficacy. For example anti-EGFR
MAb-BPD PIC directed against squamous cell carcinoma [138,139,140], Chlorin e6dextran-anti-Leu-1 or anti BSA MAbs [141,142,143,144], pyropheophorbide a (Ppa) with
anti-HER2 mAbs for ovarian and breast cancer cells[145,146], also Ppa coupled to various
MAbs C6.5 anti-HER2, MFE-23 anti-CEA, HuBC-1 anti EDB fibronectin used against for
ovarian, colorectal and fibroblast cancer cells [146], 5-(4-isothiocyanatophenyl)-10,15,20tris-(4-N-methylpyridiniumyl)porphyrin trichloride (PS2)- 35A7MAb conjugates for colon
carcinomas [147,148], AlPc(SO2Cl)4 to an antibody (E7) for human bladder carcinoma
[149], photosensitizer (tin(IV) chlorin e6) couples to phage-derived antibody fragment
(anti-fibrogen antibody L19) directed against endothelial cells [150,151], meso5,10,15,20-tetrakis(N-methyl-4-pyridyl)porphine (TMPyP4) conjugated with monoclonal
antibody 425, recognizing epidermal growth factor receptors towards vulvar cells
[152,153]. However, the feasibility of this drug delivery strategy is highly dependent on
PS-to-mAb ratio, which makes the syntheses complicated, especially since the mAb and
photoactive drug need to retain their biochemical and photophysical functions,
respectively, after conjugation [154, 155, 156]. Indeed, the majorities of reports in the
literature describing the synthesis of such constructs highlight the significant problems
with systemic delivery and reduced singlet oxygen yields, both of which will substantially
decrease the efficacy of PDT for these strategies. Moreover, this class of selective PS
targeting strategy has been widely investigated but the concept still needs the clinical
successes due to some of the reasons, such as nonspecific uptake by the liver, kidney, and
spleen [157]; shared antigen cross-reactivity [158,159]; significant losses in biological
activity of the antibody, probably due to interference in the antigen-binding region by PS
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molecules [154]; and poor penetration into solid tumours [160,161]. Thus, research has
focused on the targeting of receptors rather than antigens that are preferentially expressed
in tumor tissues.

Photosensitizers conjugated diretly to lignd or molecules specific to receptors on
cancer cells is another way for improving the tumor selectivity and PDT efficacy of
photosensitizers [162].

This approach has been investigated in various studies by

conjugating PSs with the ligands or molecules such as low-density lipoprotein (LDL),
epidermal growth factor (EGF), carbohydrate, folic acid, insulin and transferrin etc
[162,163]. These studies are described below.

1.6.3.1 LDL Receptor targeting:

The expression of LDL receptors is higher in most of neoplastic cells and proliferating
endothelia because of the more demand for exogenous cholesterol for membrane synthesis
[164,165]. Consequently, lipophilic PSs provide enhanced tumour localization by virtue of
binding to LDL and exhibit greater retention than hydrophilic drugs [166,167,168].
Therefore, the role of LDL receptors as carrier molecules to improve phototoxicity has
been investigated using various photosensitizers, including hematoporphyrin derivative,
zinc phthalocyanine, and chlorin e6 (Ce6). Polo et al have shown that both an amphiphilic
hematoporphyrin

IX

(Hp)

and

a

hydrophobic

Zn

(II)-phthalocyanine

(ZnPc)

photosensitizers bind to human LDL with molar ratios of 5-6:1 and 10-12:1 by human
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HT1080 fibroblasts cells respectively. While, the hematoporphyrin-LDL complex is
accumulated mainly through the high affinity LDL receptors, the changes in the apoB LDL
structure induced by phthalocyanine association led to non specific endocytosis mediated
internalization of Zn-phthalocyanine-LDL complex. Moreover the uptake of LDLdelivered hematoporphyrin, but not Zn-phthalocyanine, is about 4-fold higher in HT1080.
However, human LDL-bound hematoporphyrin and Zn-phthalocyanine are up taken by 4R
rat fibroblasts with similar efficiency [169]. Similarly, it has been reported that chlorin e6
(Ce6), covalently conjugated to LDL had significantly higher uptake of Ce6 (4-5 times)
and phototoxicity (8 folds) in fibroblast and retinoblastoma cell line (Y79) [170] [170].
However, the use of LDL as carriers for photosensitizer delivery to target tumor tissues
imposes certain limitations, connected with redistribution in the blood, depending on
dynamics of interactions between photosensitizers and blood components, which are not
yet fully understood [162,171].

1.6.3.2 EGF receptor targeting:

The most established cell proliferation targets used for actively targeting photosensitizers
include human epidermal growth factor receptor (EGFR), which is widely expressed in
many human tumors, particularly in glioblastoma multiform and in many epithelial tumors,
such as head and neck, breast, renal cell or esophageal cancers [172,173]. This makes
EGFR an important target for treatment of the type of cancers given above and epidermal
growth factor (EGF) – a potent mitogenic and angiogenesis-stimulating factor – a potential
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drug carrier. To date, this strategy has not been thoroughly investigated; only few research
groups have used photosensitizer-EGF model [174,175,176,177]. Lutsenko and colleagues
showed that conjugate of disulfochloride aluminium phthalocyanine with mouse EGF were
seven times more phototoxic against human breast carcinoma cell line MCF-7 than free
disulfochloride aluminium phthalocyanine [174]. As human EGF, in contrast to that of
mice, may lose its biological activity due to presence of two amino groups in the lysyl
residue after direct conjugation to photosensitizer, therefore Gijsens et al. conjugated tin
(IV) chlorin e6 monoethylene diamine (SnCe6(ED)) with EGF through human serum
albumin (HSA) as a linker. This conjugate showed a potent phototoxicity (IC50 = 63 nM)
towards MDA-MB-468 human breast adenocarcinoma cells dependent on EGF, because
free SnCe6(ED) and SnCe6(ED) conjugated only to HSA revealed no phototoxic effect
against these cells [175]. Animal studies (C57B1/6 mice) on the murine melanoma cell line
B16 using the CoPC-EGF model exhibited promising results the mean life spans and
survival times of the tumour bearing mice were increased [176]. Similarly, in-vivo studies
carried out by Slastnikova et al in A431 human epidermoid carcinoma-bearing mice have
shown that chlorin e(6)-modular nanotransporters{EGF} conjugate led to 94% tumor
growth inhibition with 75% of animals surviving for 3 months as compared with free
chlorin e(6), which resulted only 20 % growth inhibition [177]. Further work needs to be
undertaken on EGF conjugates to fully evaluate their potential as PDT targeting agents
[178].
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1.6.3.3 Carbohydrate receptor based targeting:

Coupling of sugars to photosensitisers has also shown promise in the selective targeting of
tumour cells [179,180,181,182]. Tumour cells have high energy requirements and their
proliferation is often dependent on glucose uptake – elevated glycolysis rates are observed
in cancer cells in comparison to healthy cells. Glucose traverses the cell membrane via
receptor mediated endocytosis [180,181,182]. Porphyrin-saccharide bioconjugates have
demonstrated greater binding affinities for cancer cells, which overexpress glucose
transporter receptors [182]. Similarly, many conjugates have been synthesized to
specifically target the lectin family of receptors which are overexpressed in certain
malignant cells since they are involved in cell growth [183], cell adhesion [184], immune
response and angiogenesis [185]. These receptors possess a carbohydrate recognition
domain and exhibit a high affinity for b-galactoside glycoprotein [186, 188].

1.6.3.4 Folic acid receptor targeting:

Furthermore, the conjugates of PSs with folic acid, which target the folate receptor (FR)
seems to hold better promise in targeted PDT [189, 190,191]. This approach of using folic
acid as a potential tumour-targeting ligand has several unique advantages including: lack of
immunogenicity; small size; chemical and functional stability; and simple and defined
conjugation chemistry [190]. Folic acid has a high affinity for folate receptors which are
up-regulated in numerous cancer cell types, such as ovary, kidney, lung, breast and brain
carcinomas, and at the same time are absent in most normal tissues. Moreover, folic acid
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can be easily conjugated with PDT sensitizers [191]. Schneider et al. synthesized
conjugates of monocarboxylic acid tetraphenylporphyrin with folic acid, which were taken
up by KB nasopharyngeal cells 7-fold as much as free photosensitizer. These conjugates
showed

also

significant

photodynamic

effects

against

KB

cells

while

free

tetraphenylporphyrin showed no photodynamic action at the same conditions [192].
Stevens et al. synthesized folate receptor-targeted SLN (a mean diameter <200 nm) as a
carrier for lipophilic derivative of hematoporphyrin in folate receptor overexpressing tumor
cells. The results of in vitro study showed that introduction of folic acid into
hematoporphyrin-stearylamine SLN greatly increases phototoxicity and cellular uptake in
FR-positive KB cells when compared with non-functionalized nanoparticles [193].
Furthermore, Stefflova et al observed an enhanced accumulation of Pyropheophorbide apeptide-Folate conjugate in KB cancer cells (FR+) compared to HT 1080 cancer cells (FR), resulting in a more effective post-PDT killing of KB cells over HT 1080 or normal CHO
cells. In vivo studies showed that the conjugate also accumulate preferentially in KB
tumors (KB vs. HT 1080 tumors 2.5:1) [194]. Recently, Syu et al have shown that a single
dose of folate-conjugated m-THPC-loaded micelles led to 92% tumor growth inhibition
and reduction of vessel density [195]. García-Díaz et al reported that incorporation of a
model photosensitizer (ZnTPP) into a folate-targeted liposomal formulation led to 2-fold
higher uptake and also improved photocytotoxicity by HeLa cells (folate receptor positive
cells) than the non-targeted formulation [196]. However, additional pharmacokinetic and
photodynamic effect studies are necessary to further validate this.
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1.6.3.5 Insulin and other receptor based targeting:

Studies have also been carried out to target insulin receptors in human hepatoma cell line.
For this purpose a conjugate of BSA insulin-chlorin e6 has been prepared and it was
demonstrated that the conjugate was internalized by receptor-mediated endocytosis and
required much lower concentration as compared to free chlorin e6 and also lower light
doses was needed to activate the conjugate compared to free Ce6 [197]. However, no
further studies have been carried out to explore this conjugate. In addition to the tumor
surface receptors, nuclear receptors are targeted, as well and also limited number of studies
have been performed to actively target tumor endothelial markers (ED-B domain of
fibronectin, VEGF receptor-2, and neuropilin-1) [163].

1.6.3.6 Transferin receptor based targeting:

Several types of cancer cells exhibit increased expression of transferin receptors and
therefore conjugate of transferin and various photosensitizers have also been studied
extensively [162]. Transferrin is a blood plasma glycoprotein for delivery of ionic iron.
Bioconjugates composed of transferrin and hematoporphyrin were found to induce
phototoxicity in erythroleukemic cells and the surviving cells did not reveal resistance to
subsequent treatment with these conjugates [162]. The aluminium phthalocyanine
tetrasulfonate encapsulated in distearoyl phosphatidylethanolamine-PEG liposomes
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conjugated to transferrin exhibits 10-fold higher photodynamic effect than free
photosensitizer, while the same photosensitizer in nontargeted liposomes revealed no
photodynamic activity [198]. Derycke et al (2004) have reported that photodynamic
therapy of HeLa cells incubated with 1 µM Tf-Lip-AlPcS4 or AlPcS4 resulted in cell
viabilities of 0.19% (95% CI = 0.02% to 0.36%) and 1.32% (95% CI = 0.46% to 2.19%),
respectively. Higher concentrations of either AlPcS4 or Tf-Lip-AlPcS4 resulted in cell
kills of more than 3 logs [198]. Also, same group had reported that transferrin-conjugated
liposomes (Tf-Lip-AlPcS4) had much higher intracellular accumulation in AY-27 cells
(384.1 versus 3.7 microM; difference = 380.4 microM, 95% CI = 219.4 to 541.3; P =
.0095) compared to unconjugated liposomes (Lip-AlPcS4) [199]. Also, rats bearing AY-27
cell-derived bladder tumors exhibit higher tumor to normal tissue accumulation of Tf-LipAlPcS4, whereas free AlPcS4 resulted in nonselective accumulation throughout the whole
bladder wall, and Lip-AlPcS4 led to no tissue accumulation [199]. In contrast with these
studies Derycke et al have shown that targeting of hypericin by transferrin-conjugated
PEG-liposomes did not significantly favour the photocytotoxicity and the intracellular
accumulation of hypericin, in comparison with non-targeted PEG-liposomes or free
hypericin [200]. Recently, Paszko et al [201] have synthesized polyethylene glycol (PEG)grafted, transferrin (Tf)-conjugated liposome formulations of 5,10,15,20-tetra(mhydroxyphenyl)chlorin (Foscan) in order to increase the efficiency of PDT in oesophageal
cancer therapy. They had confirmed the expression of transferrin receptors (CD71) in the
oesophageal cancer cell line, OE21 by immunoblot and confocal laser scanning
microscopy. But, surprisingly delivering Foscan by transferrin-conjugated PEG-liposomes
to oesophageal cancer cells did not improve the photocytotoxicity or the intracellular
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accumulation of Foscan when compared to unmodified liposomes or indeed free
photosensitizer. Although, Tf-targeted drugs and drug delivery systems have shown
improved the therapy of many cancers, however, did not corroborate with these findings.
This may be due to the tumour type, the choice of in vitro model or the delivery systems.
Moreover, since the type and level of receptor expression can differ in different types of
malignancies [201]. Therefore, there is a need to explore new targets and targeting
molecules. Currently, there is considerable interest in identifying biomolecules and cell
surface receptors that play significant role in tumor growth and development so that they
can be used for selective targeting of tumor cells [162,163].

1.6.3.7 Histamine receptors can be exploited as potential therapeutic target:

Histamine is one of such bio-molecule that has received lot of attention due to increasing
evidence on its involvement in tumor growth and development. Histamine is a biogenic
amine which apart from its classical role in gastric acid secretion, inflammation,
immunomodulation and in nervous regulation [202], has also been suggested to play an
important role in tumor growth and development [203,204]. There are four types of
histamine receptors H1, H2, H3, and H4 classified on the basis of their pharmacological
properties, play different important role in various physiological process of body (Table
1.2). These receptors belong to the G protein coupled receptor family and are expressed in
endothelial, mesodermal and epithelial cells. H1 and H2 receptors were the first two
histamine receptor subtypes described and thus, the most frequently investigated in tumor
cells and tissues. Typically, H1 receptors have been described as functionally coupled to
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PLC activation and mediate many of its effects via the products of inositol phospholipid
hydrolysis. However, many other signaling pathways have been shown to be activated
after the stimulation of H1 receptors such as cGMP, arachidonic acid metabolites and
cAMP [205, 206]. The H1 subtype, cellular responses mediated by the H2 receptor are
probably due to the activation of various signaling pathways [205, 207]. The most common
coupling described for the H2 receptor is the stimulation of cAMP production through a
direct activation of adenylyl cyclase via a GTP mechanism, [205,208] which is present in a
number of systems including brain slices, stomach mucosal cells and glands, canine fat
cells, heart myocites, vascular smooth muscle, basophiles and neutrophils [208,209].
Selective activation of the H1 or H2 receptor has been shown to produce inhibition or
stimulation of tumor growth respectively, in a dose-dependent manner [205, 210, 211].
Although the four histamine receptors share a degree of sequence similarity, a considerable
variation exists in their binding affinities with respect to histamine as well as towards other
ligands. Relative abundance and differences in the affinity of the histamine receptor
subtypes may explain these diverse effects of histamine. For example, in N-nitroso- Nmethylurea (NMU)-induced mammary adenocarcinoma, the activation of the receptor with
histamine concentrations up to 50 nM increases tumor cell proliferation whereas higher
histamine levels inhibit cell growth via receptor activation [212]. Similarly, in the human
pancreatic carcinoma PANC-1 cells, histamine at low concentration (0.01 µM) increases
tumor cell proliferation whereas at high concentration (10 µM) decreases cell proliferation
via receptor activation thereby inducing a G0/G1 cell cycle arrest associated with partial
stimulation of cell differentiation [213]. The results reported by Medina et al. well
illustrate this bivalent behaviour of histamine in regulating tumor cell growth [214]. They
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investigated, for the first time, the expression of the H3 and H4 receptors in human benign
and malignant mammary lesions. Although previous work demonstrated that the H3
receptor is expressed primarily in the central nervous system, Medina and colleagues have
demonstrated the upregulation of H3 in breast carcinomas and its significant association
with proliferating cell nuclear antigen expression and elevated HDC expression and
histamine levels in the same samples. Moreover, they found that histamine at low
concentration (0.01 nM) can increase breast cancer cell proliferation and this effect is
mediated by receptor activation. On the other hand, histamine at 10 µM decreases cell
growth through activation of the H1, H2 and H4 receptors. H4 receptor activation can also
induce apoptosis and decrease migration of the MDA-MB-231 cells. Taken together, these
results clearly demonstrate that histamine can behave as a pro- or an anti-proliferative
factor within the same tumor type cells, depending on its concentration and the receptor
subtype to which it binds [214].
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Table 1.2: Different types of histamine receptors, their location and functions [Adopted
from ref.]

Type

Location

Function

H1
histamine
receptor

Found on smooth
muscle, endothelium,
and central nervous
system tissue

Causes vasodilation, bronchoconstriction, bronchial
smooth muscle contraction, separation of endothelial
cells (responsible for hives), and pain and itching due
to insect stings; the primary receptors involved in
allergic rhinitis symptoms and motion sickness

H2
histamine
receptor

Located on parietal
cells

Primarily stimulate gastric acid secretion

H3
histamine
receptor

Found on central
nervous system and to
a lesser extent
peripheral nervous
system tissue

Decreased neurotransmitter release: histamine,
acetylcholine, norepinephrine, serotonin

H4
histamine
receptor

Found primarily in
the basophils and in
the bone marrow. It is
also found on thymus,
small intestine,
spleen, and colon.

Plays a role in chemotaxis
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Table 1.3: Expression of histamine receptor, intracellular histamine content and effect of
histamine on cell proliferation in various types of carcinoma [Rivera ES, Cricco GP, Engel
NI, Fitzsimons CP, Martin GA, Bergoc RM. Histamine as an autocrine growth factor: an
unusual role for a widespread mediator. Semin Cancer Biol 2000; 10:15-23.]
Cell line references

Histamine
receptors

HDC and histamine
content

Effects on cell proliferation

Pancreatic carcinoma: Panc-1

H1 and H2

Hi release 3–4 nM Hi
content
4–9
pmol/106cells

Inhibition by Hi or H2 agonists

Melanoma :A375-P, A875,
WM35, WM983, HT168,
M1/15

H1 and H2

Hi
content
pmol/106cells,
release 3–4 nM

Different effects dependent on
histamine concentration and
cell line

Epidermoid carcinoma :A431
Uterine carcinoma ,HeLa.

H1

Gliomas:U-87MG,
A-172,U-251MG,
KINGS-1

UT-98G,
KALS-1,

H1

Other glioma cell lines Colon
carcinoma:59 C-170

H2

Breast cancer :MCF-7,SKBR3,
MDA-453

H1 and H2

3–6
Hi

Increase in DNA synthesis and
cell division

Hi release 50–120 nM

Inhibition
by
cimetidine
Cimetidine
inhibits,
Histimulated cell proliferation

Ovarian carcinoma: SKOV-3

Hi stimulates cell growth

Mielocytic leukemia :HL-60

H1 and H2

Histiocytic linfoma:U937

H1 and H2

Gastric carcinoma:MKN-45,
MKN-45G,HGT-1

H2

Basophilic leukemia KU-812F

Hi
increases
3H-timidine
uptake in the six cell lines

Differentiation induced byHi
via H2 receptors

Hi content < 1pmol/106
cells

Inhibition by cimetidine

Hi content 9 pmol/mg
prot.
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Although the hypothesis that histamine might be involved in carcinogenesis was proposed
in the 1960s [215], it still remains under discussion today. Clarification of the molecular
structure of histidine decarboxylase (HDC), i.e., the only enzyme responsible for the
generation of histamine from L-histidine, has clarified up to certain extent the connections
between histamine and cancer. The endogenous activity of HDC in tumor cells and tumorinfiltrating mast cells is likely to establish an autocrine loop in which histamine acts as a
growth factor. Paradoxically, the exogenous administration of histamine at higher
concentration seems to exert anti-tumoral properties through both direct and indirect
effects on tumor cells. However, accumulated evidence points to a direct relationship
between upregulation of HDC activity and growth of several types of human tumors.
Overexpression of HDC at both the mRNA and protein levels and increased levels of
histamine compared to the content of normal surrounding tissues have been shown in
melanoma [216], small cell lung carcinoma [217], breast carcinoma [218], endometrial
cancer [219] and colorectal carcinoma [220]. Nevertheless, evidences for the direct
involvement of histamine in cancer progression remains to be elucidated. [221]

Histamine receptors are expressed in multiple malignant cell types (Table 1.3), and they
can activate multiple signaling pathways [212]. It has been demonstrated in experimental
mammary carcinomas, histamine becomes an autocrine growth factor capable of regulating
cell proliferation via H1 and H2 receptors, as one of the first steps responsible for the onset
of malignant transformation and remarkably, the treatment of animals with H2 antagonists
produces the complete remission of 70% of tumors. Furthermore, the histamine antagonist
led to tumor regression and also enhances patient survival after postoperative treatment.
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For instance diverse clinical reports suggest that H2 antagonists have potential beneficial
effects in the treatment of advanced malignant disease such as colorectal cancer, gastric
cancer, liver metastasis, multiple myeloma, chronic lymphocytic leukemia and melanoma
[222,223,224,225]. For instance, cimetidine (CIM), a H2 antagonists which is known to
inhibit the growth of several types of tumors, including gastrointestinal cancers, both in
vitro and in vivo in animal models [226,227]. Studies of the anti-tumor effects of CIM
indicate multiple potential mechanisms of action, characterized by three overall
characteristics: a) a direct inhibitory effect on tumor growth by blocking the cell growthpromoting activity of histamine [227,228] (Fig. 1.5) and an indirect effect by inhibiting
tumor associated angiogenesis [229]; b) a cell-mediated immunomodulation by enhancing
the host's immune response to tumor cells (Fig. 1.6) [230,231,232]; c) an inhibition of
cancer cell migration [233] and adhesion to endothelial cells [234].

63

Figure 1.5. CIM inhibitory effect on tumor growth. CIM blocks the cell growth-promoting
activity of histamine. The mechanisms proposed for the cell-mediated immunomodulation
of CIM include the inhibition of suppressor T lymphocyte activity, the stimulation of
natural killer cell (NKc) activity, an increase in interleukin-2 (IL-2) and interleukin-12 (IL12) production in helper T lymphocytes, an increase in tumor inhibitory cytokines and the
enhancement of the host's anti-tumor cell-mediated immunity [Adopted from reference
no.233].
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However, Studies in melanoma cells have shown a positive correlation between
histamine production and histamine receptor expression suggesting up-regulation of
histamine receptors and existence of autocrine control of melanoma progression by
histamine [235].The schematic in Fig. 1.7 shows that how histamine established an
autocrine loop for tumor growth and development.

Scheme1.2. The schematic shows autocrine loop of Histamine. It binds on histamine
receptor or with other site such as OCT (organic cation transporter) and gets internalized.
In addition to this it can also be generated in intracellular compartment by oxidative
decarboxylation of histidine by HDC (histidine decarboxylas) [Adopted and remodified
from reference no. 259].
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Elevated levels of histamine receptors in malignant tissue almost 2-5 times higher
than normal tissue has been reported in several types of malignancies e.g. breast carcinoma
[236], melanoma [236] and adrenocortical cancer [237]. The expression of histamine
receptor H1 and H2 has been found in several human cancer cell lines (Table 1.3) [212].

It has been suggested by various studies that the histamine receptors can be
exploited as novel approach to treat cancer [238,239]. The use of Histamine for targeting
photosensitizer in PDT of cancer has not been explored so far.

1.7 Aims of the present study:

In the present work, we have examined the possibility to exploit histamine receptors for
improving delivery and photodynamic efficacy of Cp6 in oral cancer cell lines and hamster
cheek pouch model of oral squamous cell carcinoma. The use of Histamine for targeting
photosensitizer in PDT of cancer has not been explored so far. The main objectives of this
study are as follows:
1. To study cellular uptake and phototoxicity of Cp6-histamine conjugate in oral
cancer cells
2. To explore the intracellular site of Cp6-histamine conjugate localization and PDTinduced cell organelle damage
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3. To evaluate efficacy of Cp6-histamine conjugate for Photodynamic treatment of
tumor in Hamster cheek pouch model
4. To study interaction of Cp6-histamine conjugate and Cp6 with BSA and liver
microsomes
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CHAPTER 2
MATERIAL AND METHODS
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2.1.

Materials

DMEM ( Dulbecco’s modified essential media ), N-2-hydroxyethylpiperazine-N’-2ethanesulphonic acid (HEPES) phosphate buffered saline (PBS), trypsin, nystatin, 3-(4,5dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), and fetal bovine serum
(FBS) were obtained from Himedia, Mumbai, India., N-2-hydroxyethylpiperzaine-N-2ethanesulfonic acid (HEPES), streptomycin and penicillin were obtained from Sigma, St.
Louis, MO, USA. Cell culture wares i.e. culture flask, petri plates, multiwell plates etc.,
were obtained from Tarsons, India. Bovine serum albumin (BSA) fraction V and 2thiobarbituric acid (TBA) were purchased from Sigma. 2, 4-Dinitrophenyl hydrazine
(DNPH) was from Hi-Media, India and N, N-dimethyl-4-nitrosoaniline (RNO) was from
Fluka. Other chemicals were of the highest grade available and procured locally.

Human oral squamous cell carcinoma (OSCC) cell lines NT8e, derived from tumor
specimen of the upper aerodigestive tract (pyriform Fossa) and cell line 4451, derived from
a recurrent tumor in the lower jaw were obtained from Cancer research Institute, Tata
Memorial Hospital, Mumbai, India and Institute of Nuclear Medicine and Allied Sciences,
Delhi, India, respectively. Human breast carcinoma (MCF-7) cells were purchased from
the National Centre for Cell Sciences (NCCS), Pune, India.
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2.2

Procedures and methods

2.2.1Cell culture
Human oral squamous cell carcinoma (OSCC) cell line NT8e and 4451 were maintained in
DMEM containing essential amino acids, 25 mM N-2-hydroxyethylpiperazine-N’-2ethanesulphonic acid (HEPES), 10% fetal bovine serum and antibiotics. The cells were
grown in monolayer at 37 0C in humidified incubator (Nuaire, USA) under 5% CO2 – 95%
air atmosphere. The cells were harvested by trypsinization, re-suspended in culture media
and plated either in plastic Petri dishes or in 96 microwell plate. After ~ 18 h of growth, the
cells in log phase were used for all further experiments. Human breast carcinoma (MCF-7)
cells were maintained in MEM supplemented with 10% fetal bovine serum and antibiotics.

2.2.2 Animal model

Male Syrian Golden hamsters (Mesocricetus auratus, retired breeders 150–200 g, 20 animals) were
used for the experiments. The animals were housed in plastic cages under controlled

environmental conditions with a 12 h light/dark cycle, and had free access to both water
and standard food. A 0.5% solution of 7, 12-dimethyl-benz(a)anthracene (DMBA, Sigma)
in mineral oil was applied topically in left cheek pouch mucosa three times a week for 14
weeks to induce tumors. All procedures involving animals were approved by Institutional
ethical committee in accordance with institutional guidelines on animal care.
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2. 2.3 Preparation of Cp6 and Cp6-histamine (Cp6-his) conjugate

Chlorophyll-a was extracted from dry spinach leaves and converted into Purpurin-18 (Pp18) following the procedure described by Hoober et al. [240]. The Pp-18 was conjugated
to histamine by standard carbodimide coupling reaction. In brief, Pp-18 (2 mg, 1.5 mM)
was dissolved in dry DCM (2.5 mL) and mixed with 3 mM 1-Ethyl-3-(3dimethylaminopropyl)-carbodiimide (EDC) under continuous stirring. After 10 min, a
solution of Histamine hydrochloride (0.9 mM) in methanol (5 ml) was added drop wise
and the solution was stirred at room temperature for 24 h. The crude reaction mixture was
loaded directly onto a silica gel column and eluted using a mixture of DCM/MeOH 95:5
with 1% of triethylamine (TEA). The dark red solution eluted from the column was
washed with water to remove the triethylammonium salt impurity. The organic phase
containing Pp18-histamine conjugate was evaporated to dryness and converted into Cp6his by hydrolytic cleavage of the anhydride ring of Pp-18 using alkaline methanol. The
schematic of chemical reaction is shown in the scheme 2.1. The resultant green solution
was loaded onto silica gel column and eluted with MeOH/DCM (90:10). The faster eluting
fraction containing Cp6-his was collected and dried under vacuum. The purity of the
conjugate was checked by thin layer chromatography (TLC) on preparative silica gel plate
using 90% aqueous methanol as mobile phase. Mass spectrum was obtained from IIT,
Mumbai India.
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Scheme2.1. The schematic of chemical reaction showing synthesis of Cp6-his from
purpurin 18.
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2. 2.4 Absorption and fluorescence spectra

Cp6 and Cp6-his were dissolved in Ethanol: PEG(400):HEPES buffer (20:30:50) to obtain
the absorption and fluorescence emission spectra. The absorption spectra were recorded
from 250-750 nm using 1 nm band-pass on a Cintra-20 spectrophotometer (GBC,
Australia). Fluorescence measurements were done using a Fluorolog-2 spectrofluorometer
(Spex, USA). The samples were illuminated with 400 nm light and fluorescence emission
was scanned from 600-750 nm keeping both excitation and emission slits at 1 mm
corresponding to a band-pass of 3.6 nm and1.8 nm, respectively.

2. 2.5 Photosensitizer treatment

Cp6-his is hydrophilic and can be dissolved in aqueous solutions, but storage at
physiological pH (7.4) results in its partial aggregation. Solubilization in alkaline buffer
(pH 9.0,) containing PEG-400 maintains it in the monomeric state because the molecule
remains in anionic form at this pH. Therefore, Cp6-his was first dissolved in ethanol and
then reconstituted in HEPES buffer (10 mM, pH 9.0) containing 30% PEG-400. For
comparison, stock solution of Cp6 was also made in the same system.

The cells grown in microplate wells or culture Petri dishes were treated with Cp6his or Cp6 by adding their specified concentrations in growth medium (DMEM with 10 %
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serum) followed by incubation at 37 oC in a 5% CO2, 95% air atmosphere for different
time periods varying from 1/2 h to 7 h. The cellular uptake of Cp6 or Cp6-his was also
measured in the presence of histamine (1mM and 5mM), Ranitidine (100 µM) and
Pheniramine (100 µM) and the incubation time used in this case was 3 h. For studies on
cellular uptake of photosensitizer at lower temperature, the microplates were placed on a
refrigerant gel pack pre-cooled to ~12 °C in a thermocol box and the box was transferred
to 5% CO2, 95% air atmosphere inside the CO2 incubator. The temperature and the pH of
the culture media measured before and after 3 h incubation remained nearly constant.

2. 2.6 Extraction and estimation of photosensitizer content in cells

At the end of each incubation time point, the culture supernatant was aspirated and the cell
monolayer was washed twice with cold PBS. To extract the photosensitizer from the cells,
250 µl detergent solution (0.1 M NaOH containing 0.1% SDS) was added in each well and
the cell monolayer was scrapped with plastic pipette tip. The detergent solution was
pipetted several times to make a homogenous cell suspension. After 60 min incubation at
room temperature to allow complete solubilization, the solution was mixed with 750 µl
PBS and centrifuged at 6,900 g for 10 min. The supernatant from each sample was
collected and used for fluorescence measurements. Fluorescence spectra were recorded
from 610 nm to 750 nm keeping excitation wavelength at 400 nm. The relative
fluorescence intensity at 674 nm was measured and used to estimate the concentration of
the photosensitizer from a standard curve. The concentration of the photosensitizer was
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normalized with respect to the total protein content estimated by the Lowery’s method
[241]. The cell number was kept approximately equal in each experiment for comparison
purpose.

2. 2.7 Photodynamic treatment

The cells were incubated with Cp6-his or free Cp6 as described above.

After incubation

for 3 h, the cell monolayer was washed twice with DMEM medium (no serum), followed
by addition of fresh growth medium. The cells were irradiated with red light (660±25 nm)
using light source LC-122A (Ci tek, USA) coupled to optical fiber probe (Dia. 1.2 cm,
length 1 m) with an in-built narrow band-pass filter. The distal end of fiber optic probe was
placed at a height of ~ 14 cm to expand the beam area for illumination of the entire
microplate or three culture dishes simultaneously. The light intensity measured by a power
meter model AN/ 2 (Ophir) at the sample position was ~79 W/m2. The light dose was
varied by changing the irradiation time from 0-8 min corresponding to irradiation dose of
0-38 KJ/m2.

2. 2.8 Measurements on phototoxicity

For determination of phototoxicity, cell viability was measured by MTT assay [242].
Nearly 18 h after irradiation, the growth medium was removed and 100 µl DMEM medium
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(w/o serum) containing MTT (5.0 mg /ml) was added to each well. After 4 h incubation,
the medium was removed and the formazan crystals formed within cells were solubilized
by addition of 0.4 N hydrochloric acid in isopropanol. The optical density of the blue
solution was measured at 570 nm and 690 nm using a microplate reader (Power Wave 340,
Bio-tek Instruments Inc., USA). Phototoxicity was calculated as the percent decrease in
MTT reduction with respect to a control sample, which received no photosensitizer and no
light.

2. 2.9 Western Blot for detection of histamine H2 receptor

The cells were solubilised by incubation in a sample buffer (50 mM Tris-HCl, 2% SDS,
100 mM 2-mercaptoethanol, 10% glycerol, and 0.05% bromphenol blue, pH 6.8) at 100 °C
for 5 min. The aliquots of cell extract were electrophoresed in 12% SDS-PAGE gel and
transferred to nitrocellulose membranes using a semidry electroblotting apparatus (Hoefer).
The residual binding sites were blocked with 5% nonfat powdered milk in PBST
(phosphate-buffered saline containing 0.05% Tween 20), and membranes were incubated
with (Dilution, 1:400) polyclonal rabbit

anti-H2 receptor antibody (Santa Cruz

Biotechnology, Santa Cruz, CA) in PBST. All subsequent washes were performed with the
same buffer. Reactivity was developed using an (Dilution, 1:5000) Goat Anti-Rabbit IgG
linked to horseradish peroxidase (Millipore) via enhanced chemiluminescence reagents
(Amersham Biosciences).
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2. 2.10 Intracellular localization of photosensitizer

The cells were grown on gelatin coated glass coverslips and incubated with the
photosensitizers for 3h. After washing with DMEM medium the coverslips were mounted
on to the stage of an inverted microscope (Olympus, Japan) and the cells were observed at
1000X magnification using an epifluorescence illumination set up (excitation 530–560 nm,
barrier filter 580 nm). The images were recorded using a CCD Camera Model ‘ProgRes
CFscan’ and a ProgRes Capture Pro software (Jenoptik, Germany).

2. 2.11 Monitoring cellular and nuclear morphology

The cells were grown in plastic culture dishes, treated with the photosensitizers for 3 h and
then exposed to red light at ~ 38 kJ/m2. After ~18 h, each of the culture dishes from control
and treatment groups were mounted on to the stage of an inverted microscope (Olympus,
Japan) and the cells were observed at 400X magnification under phase contrast
illumination. The morphology of the cells was recorded using a CCD camera and analyzed.
To visualize the nuclear morphology, the cells were stained with DNA specific
fluorescence probe Bis-benzimidazole Hoechst 33342 (HS) (Sigma, USA) by adding a 10
µl of its stock solution (1µg ml-1) directly into the culture dishes. After 5 min, the cells
were observed under epi-fluorescent microscope (Olympus, Japan) using a fluorescent
filter cube (excitation 340–380 nm, barrier filter 430 nm) and images were recorded.

77

2. 2.12 DNA fragmentation by gel electrophoresis

The cells were grown in plastic culture dishes and subjected to photodynamic treatment.
After ~ 18 h, the cells attached to the culture dish were released by trypsinization and
mixed with the culture supernatant that contain detached cells if any. After centrifuged at
600 g, the cell pellet was washed once with PBS followed by addition of 200 µl lysis
buffer (0.1% Triton X-100, 20 mM EDTA in 5 mM Tris–HCl, pH 8.0). The cells in lysis
buffer were kept in an ice bath for 10 min to allow cell lysis. The bulk DNA present in the
cell lysate was precipitated by addition of 1 M NaCl solution containing 2.5% PEG-1800
and after centrifugation at 16000 g for 10 min at room temperature the supernatant was
used for electrophoresis on 1.5 % agarose gel. The DNA in gel was stained with Syber
Green Gold dye (Invitrogen, USA) and its fluorescence was visualized and recorded using
a Gel-doc system (Syngene, USA).

2. 2.13 Assessment of apoptosis and necrosis

Percentage of cells undergoing apoptosis and necrosis following photodynamic treatment
was determined by fluorescence microscopy. In brief, ~18 h after PDT the cells were
incubated with Hoechst (final concentration 10 µg/ml) and propidium iodide (final
concentration 20 µg/ml) in the medium. After 5 min, the cells were observed under epifluorescent microscope (Olympus, Japan) using a fluorescent filter cube (excitation 340–

78

380 nm, barrier filter 430 nm). Cell stained with Hoechst showing characteristic chromatin
condensation and fragmentation were identified as apoptotic cells. Cells showing red
fluorescence of PI indicated loss of plasma membrane integrity and therefore identified as
necrotic cells (A representative picture is shown here in Fig. 2.1). A minimum of 500 cells
were counted in both control as well as each treatment group. Percentage of apoptotic and
necrotic cells was calculated from the total number of cells counted.

a

b

c

d

e

f

Figure 2.1: Representative microphotographs of 4451 (a-b), Nt8e (c-d) and MCF-7 (e-f)
cells showing nuclear morphology.
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2.2.14 Mitochondrial membrane potential in cells

To visualize the changes in mitochondrial membrane potential, the cells grown on glass
coverslips were incubated in serum free culture medium containing 2 µM JC-1 (5,5′,6,6′tetrachloro-1,1′,3,3′-tetraethylbenzimidazolylcarbocyanine iodide) for 15 min at 37oC in
dark. Then the coverslips were washed twice with PBS and mounted on a larger coverslip
in PBS. The cells were visualize under an Inverted microscope IX70 (Olympus) at 100 X
magnification using brightfield and fluorescence (excitation 450–480 nm, long-pass filter
515 nm) imaging modes to observe changes in cell morphology and mitochondrial
membrane potential, respectively. The images were recorded using CCD Camera Model
‘ProgRes CFscan’ and a ProgRes Capture Pro software (Jenoptik, Germany).

2.2.15 Confocal fluorescence imaging of Cp6-his localization in cells

For the determination of the subcellular localization of Cp6-his, Nt8e cells were grown on
coverslips fixed at the bottom of 35 mm petri dish and incubated with Cp6-his (10 µM) for
3 hr. The organelle probes were added at a concentration of 2 µM at 30 min before the
completion of incubation with Cp6-his. Organelle probes used were Mito Tracker for
mitochondria, LysoTracker for lysosomes, ER Tracker for endoplasmic reticulum, and
Bodipy TR-C for Golgi apparatus (Molecular Probes, Invitrogen). After incubation, the
cells were washed twice with PBS, immersed in same and the petri dish was mounted onto
the stage of an inverted microscope. Fluorescence images of cells were recorded with a
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Zeiss LS510 laser scanning confocal microscope using a 63x NA 1.4 oil-immersion
objective (Gottingen, Germany). The fluorescence of organelle probes was activated by
488 nm Ar/Vis laser line and visualized using 512-554 nm band pass filter. For Cp6-his,
excitation with 543 nm He/Ne laser line and 650 nm long pass filter were used.

2.2.16 3D fluorescence imaging of cells

For assessing the PDT induced damage to subcellular organelle, the cells grown on
coverslips were pre-labeled with specific organelle probes followed by the 3 hr incubation
with Cp6-his and irradiated with red light as described in previous section. After the
treatment, the control and treated cells were fixed in 4% paraformaldehyde, washed with
PBS and mounted on a glass slide in PBS solution. Fluorescence imaging of the labeled
cells was done using a Nearfield Optical Microscope System using 60x oil emersion
objective. Fluorescence of organelle probes was activated by 488 nm argon ion laser line
and the emitted fluorescence was collected through a 100 micron optical fiber. Image
acquisition in XY direction was done through the sample depth of 10 µM with Z stack of
size 15-20. Images were acquired at 150x150 pixel image resolution. Images were
processes using ImageJ software to reduce background, improve contrast and convolve
enhance the images. For 3D reconstruction software “Image surfer” (Developed by UNC
Centre for Computer-Integrated System, USA and available freely at web site
(www.imagesurfer.org) was used.
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2. 2.17 Photosensitizer administration in hamsters

Cp6 and Cp6-his conjugate were dissolved in ethanol: PEG (400): HEPES buffer (2:3:5) pH
8.0 and administered in animals through intra-peritoneal injection at dose of 3.0 mg/kg
body weight. The animals were kept in diffuse light during the experiments to avoid any
unwanted phototoxicity.

2. 2.18 In vivo fluorescence measurements

Photosensitizer accumulation in tumor, surrounding tissue, normal cheek pouch and
abdominal skin of abdomen was monitored using a Spectrofluorometer (fluorolog-2, Spex,
USA) equipped with a fiber optic probe. The animals were anesthetized by injecting
ketaminium hydrochloride intramuscularly both during fluorescence measurements and
photodynamic treatment. The fluorescence emission was recorded from 610 to 750 nm
(excitation 400 nm). The measurements on photosensitizer accumulation in tumor and
normal mucosa were done in 8 animals, which were randomly divided in two groups each
for Cp6-his and Cp6. To determine the level of Cp6-his and Cp6, in tumor the auto
fluorescence of endogenous Pp was mathematically removed by subtracting each spectrum
with a reference spectrum that was obtained from the tumor before photosensitizer
injection. From the resultant spectra, the intensity of fluorescence band (Cp6-his and Cp6)
was obtained by subtracting the baseline value at 650 nm from the peak fluorescence
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intensity (674 nm) value. In case of spectra from normal mucosa, the value of fluorescence
intensity obtained in similar manner (F674-F650nm) is used for comparison.

For monitoring clearance of Cp6-his and Cp6, fluorescence spectra from the
abdominal skin were recorded at 4, 24, 48 and 72 h after photosensitizer administration
and the percent change in fluorescence intensity at each time point with respect to intensity
at 4 h was calculated.

2. 2.19 Photodynamic treatment of tumors

At 4–5 h after photosensitizer administration, the buccal cheek pouch of the animal under
anesthesia was everted with the help of index finger. Each tumor was exposed to red light
(660 ± 25 nm) through a fiber optic probe (diameter 1.2 cm) using Lumacare LC122-A
light source (Ci-Tec, USA). The power density measured with a power meter (Ophir) at the
fiber optic tip was ~ 0.2 W/cm2 and the total light dose delivered was ~100 J/cm2.

2.2.20 Tumor volume measurements

Tumor volume was measured before and one week after PDT. For this, Tumor length (L),
height (H), and width (W) was measured using a Digimatic vernier calipers (Mitutoyo,
Japan) with measurement accuracy of 0.025 mm and tumor volume (D) was calculated in
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cubic millimeters (L x H x W) [16]. Tumor regression values (Tr) was obtained from the
formula, Tr (%) = 100 - (DT x 100/ DC), where DC and DT are tumor volume before, and
1 weeks after PDT treatment, respectively.

2. 2.21 Tissue Histology

The animals were sacrificed by excessive ether inhalation; tissues were excised and placed
in 10% buffered formalin for routine histological preparation. The tissues sections were
stained with hematoxylin and eosin (HE) and examined under inverted microscope
(Olympus, Japan). The images were recorded using a CCD Camera Model ‘ProgRes
CFscan’ and ProgRes Capture Pro software (Jenoptik, Germany).

2.2.22 Immunohistochemistry

The presence of histamine H2 receptors in tissue specimens was determined by
immunohistochemistry. The animal tissue were fixed in 10% buffered-formalin solution,
dehydrated, and then embedded in paraffin. The sections of thickness ~4 µm were cut,
allowed to adhere on a glass slide, deparaffinized and than treated for 10 min with citrate
buffer (10 mM citric acid; pH 6.0) on boiling water bath. Endogenous peroxidase activity
was quenched by incubation in 3% hydrogen peroxide in 90 % methanol for 7 min. The
non-specific binding sites were blocked with 10% Goat serum for 1hr and the tissue
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sections were incubated with polyclonal rabbit anti-H2 receptor antibody (Santa Cruz
Biotechnology, Santa Cruz, CA) overnight at 4°C. The tissue sections were washed with
PBS, incubated with goat anti-rabbit IgG-horseradish peroxidase conjugate (Millipore) for
1 hr at room temperature, rinse with PBS and then incubated with substrate
diaminobenzidine for 20-30 min. The tissue sections were counterstained with
hematoxylin, covered with glass coverslips in a mounting medium and viewed under an
inverted microscope (Olympus) using 40X brightfield objective. The specificity of
immunoreactivity was confirmed by negative controls in which non immune 10 % goat
serum was used instead of the primary antibodies.

2.2.23 Western Blot for detection of histamine H2 receptor in tissues

The presence of histamine H2 receptor protein in tumor, surrounding mucosa and normal
mucosa of the hamster was also detected by western blot. For this, the tissue samples were
homogenized in phosphate buffer saline containing protease inhibitor cocktail (Sigma) and
centrifuged at 10000 rpm for 10 min. The supernatant was mixed with equal volume of
sample buffer (50 mM Tris–HCl, 2% SDS, 100 mM 2-mercaptoethanol, 10% glycerol and
0.05% bromophenol blue, pH 6.8) and kept at 100°C for 5 min. The samples were loaded
on 12% SDS–PAGE gel for electrophoresis and then the gel was processed for western
blot and detection of H2 receptor as decribed in section 2.2.9.
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2. 2.24 Isolation of microsomes

Mice livers were homogenized (1: 2 w/v) in ice-cold 50 mM-potassium phosphate buffer,
pH 7.4, containing 0.9% NaCl. After centrifugation at 12000 g (20 min, 4 °C), the
supernatant was centrifuged at 100000 g for 60 min (4 °C). The microsomal pellet was
resuspended and again centrifuged at 100000 g for 60 min (4 °C). The pellet was resuspended in 100 mM-potassium phosphate, pH 7.4, containing 0.1 mM-EDTA and 20 %
(w/v) glycerol. Microsomes (25 mg/ml) were stored at -80 0C. Protein was determined
according to Lowry et al. using BSA as a standard.

2. 2.25 Measurement of binding parameters

Interactions of chlorin p6 and chlorin p6- histamine (Cp6-his) conjugate with BSA and
microsomes were studied spectrofluorometrically using Flurolog 2, (SPEX, USA) at room
temperature (25 0C). Three milliliters solution of BSA (1 µM ~ 67 µg) or microsomes (100
µg), in 25 mM phosphate buffer pH 7.4, was titrated spectrofluorometrically by adding Cp6
and Cp6-his conjugate from a concentrated stock. Protein intrinsic fluorescence was
monitored at 338 nm with excitation wavelength at 295 nm.
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2.2.26 Spectroscopic measurements

Cp6 and Cp6-his were dissolved in 25mM phosphate buffer pH- 7.4 and a concentrated
stock (~ 1mM) was prepared. The absorption and fluorescence spectra of Cp6 and Cp6-his
were recorded either alone or in presence of microsomes (100 µg) or BSA (1 µM ~ 67
µg).The absorption spectra were recorded from 350 to 750 nm using 1nm band-pass on a
Cintra-20 spectrophotometer (GBC, Australia). Fluorescence measurements were done
using a Fluorolog-2 spectrofluorometer (Spex, USA). The samples were excited with 400
nm light, and fluorescence emission was scanned from 600 to 750 nm keeping both
excitation and emission slits at 1 mm corresponding to a band-pass of 3.6 and 1.8 nm,
respectively.

2.2.27 Irradiation procedure

Suitable aliquots of samples (either BSA, microsome, buffer alone or with Cp6/ Cp6-his)
was taken in cuvett of path length 1 cm. The cuvett containing the liquid covered with lid
under constant stirring was then directly irradiated at the front face with 660 nm light using
a LED source. The beam dia was 1 cm and the light intensity measured by a power meter
model AN/ 2 (Ophir) at the sample position was ~50 W/m2. The light dose was varied
from 0-30 kJ/m2 by changing the irradiation time from 0-10 min.
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2.2.28 Assay of singlet oxygen yield

The singlet oxygen generation on photoactivation of Cp6 and Cp6-his conjugate was
measured by the method described by Kraljic and El-Mohsni [243]. Briefly, a solution
containing RNO (A440 ~ 0.8), 10 mM imidazole and 10 µM of either Cp6 or Cp6-his in 25
mM Na2HPO4 buffer of pH 7.4 was irradiated with red light (660 ± 25 nm) for different
time period and at the end of each irradiation absorbance of irradiated and un-irradiated
samples was measured at 440 nm.

2.2.29 Octanol/ water partition coefficient

Partition coefficients of Cp6 and Cp6-his were evaluated in a system of 1-octanol–sodium
phosphate buffer of pH 7.4. The 50 µM of each photosensitizer was dissolved in buffer and
then this was mixed with equal volume of 1-octanol and the mixture was shaken
vigorously and kept for 1 hr with constant shaking every after 10 min and then centrifuged
at 1500g for 10 min to separate buffer and 1-octanol phases. The concentration of Cp6 and
Cp6 his present in both the phases was determined by spectrophotometer. The partition
coefficients (Poct/buffer) were calculated according to
Log Poct/buffer = Log [Coct / Cbuffer]
Where, Coct and Cbuffer are absolute concentrations of the drug in the 1-octanol and buffer
phase, respectively. All the measurements were carried out at room temperature.
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2.2.30 Protein carbonyl estimation

Protein carbonyls were measured as reported by Levien et al. [244]. Briefly, 1 ml sample
was mixed with 400 µl of ice-cold 40% trichloroaceticacid (TCA) and centrifuged at 4 0C
for 10 min at 12,000g.The Protein pellet was dissolved in 200 µl of 100 mM PBS pH 7.4.
To this solution 200 µl water and 400 µl 20 mM DNPH in 4 N HCl was added and the
tubes was incubated at room temperature (RT) for 90 min at 37 0C with vortexing every
10-15 min, followed by addition of 350 µl of 40% TCA. The tubes were centrifuged at
12,000 rpm for 10 min. The pellets obtained were washed thrice with a mixture of ethanol
and ethyl acetate (1:1 v/v) to wash off the excess DNPH. Finally, protein pellet was
dissolved in 6 M guanidine hydrochloride and absorbance was measured at 360 nm using
microplate reader (Power Wave 340, Bio-tek Instruments Inc., USA). The actual amount of
protein

carbonyl was

calculated

with

the help

of

extinction coefficient of

dinitrophenylhydrazine at 370 nm 22,000 M-1 cm-1.

2.2.31 Assay for Lipid peroxidation

Lipid peroxidation was assayed by measuring malondialdehyde (MDA) and lipid
hydroperoxide. Malondialdehyde was measured by the thiobarbituric acid reaction
following the method of Placer et al. [245] with suitable modification. Usually 1.0 ml
microsomal suspension (~0.5 mg protein/ml) was mixed with 1.0 ml TBA reagent
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containing 20% TCA, 0.5% TBA, 2.5 N HCl and 6 mM EDTA and heated for 20 min. in
boiling water bath. After cooling, the solution was centrifuged at 2,000 rpm for 10 min and
the precipitate obtained was removed. The absorbance of the supernatant was determined
at 532 nm against a blank that contained all the reagents except the biological sample. For
correction of endogenous TBARS, fresh samples were boiled without light exposure, and
values were subtracted. Absorbance reading at 532 nm were converted to TBARS values
(n mol/mg protein), using an extinction coefficient of 1.57 × 105 M-1 cm-1.

2. 2.32 Fluorescence quenching by iodide ions

The fluorescence of Cp6 or Cp6-his (10 µM) in 50 mM-sodium phosphate buffer, pH 7.4,
was determined in the presence and absence of liver microsomes (10 µg of protein/ml)
(excitation 400 nm; emission 667 nm). KI was used as a fluorescence quencher (0-0.24 M).
The ionic strength of the system was kept constant by addition of suitable amounts of KCI.
The fluorescence quenching data were analyzed by the Stern-Volmer equation:

FO/F = I + KQ[X]

Where FO and F represent the fluorescence intensities in the absence and presence of the
quencher respectively, [X] is the molar concentration of the quencher and KQ is the
quenching constant.
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2. 2.33 Effect of Cp6 and Cp6-his on activity of microsomal enzymes

For the measurement of P-450 reductase activity, liver microsomes (0.125 mg of
protein/ml) were incubated with cytochrome c (75 µM) and NADPH (0.25 mM) at 37 0C.
Similarly, to measure the activity of NADH cytochrome b5 reductase, liver microsomes
(0.016 mg of protein/ml) were incubated with cytochrome c (75µM) and NADH (0.2 mM)
at room temperature. The reduction of cytochrome c was monitored spectrophotometrically
at 550 nm (molar absorption coefficient: 21000 M-1 cm-1) [246]. For the assessment of
effect of photosensitizers on the activity of these microsomal enzymes, the liver
microsomes are either pre-incubated with PS for different time period or the PS was
directly added in to reaction mixture.

2.2.34 Statistics

All the experiments were repeated at least three times and data are presented as average ±
standard deviation (n=3). Student’s t- test was applied to test the significance of the
difference between control and the treatment. A level of P < 0.01 and P < 0.05 was
considered to be statistically significant.
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The measurements on photosensitizer accumulation in tumor and normal mucosa
were done in 8 animals, which were randomly divided in two groups each for Cp6-his and
Cp6. The values of peak fluorescence intensity (674 nm) obtained from the fluorescence
measurements from tumors and normal mucosa of all the animals were used to calculate
mean ± standard deviation. To find significance of the differences between values for Cp6his and Cp6 student’s t-test was applied.

For skin clearance, the values of percent

fluorescence intensity obtained from measurements done in four animals are presented as
mean ± standard deviation.

Photodynamic treatment was performed in 8 animals, out of which the tumors from
three of the treated animals were excised for histology and in remaining five animals
measurements on tumor volume were done to assess tumor damage and percent tumors
regression, respectively. Four untreated animals were used as control and tissues excised
from two of these were used for histology as well as immuno-histochemistry and other two
for Western blot.

The results of immuno-histochemistry, western blot and histology

shown in Fig. 3, 4, and 5 were qualitatively reproducible.
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CHAPTER 3
UPTAKE AND PHOTOTOXICITY OF
Cp6-HISTAMINE CONJUGATE IN
CANCER CELLS
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Oral squamous cell carcinoma (OSCC) is the most common type of cancer in India and
other south East Asian countries [247]. Currently, PDT using Foscan (metatetra(hydroxyphenyl)chlorin or m-THPC) has been clinically approved for the treatment of
head and neck squamous cell carcinoma (HNSCC) in European countries [11]. Several
clinical studies on OSCC have demonstrated that PDT can help retain normal tissue
function such as speech, swallowing and voice with no scarring [248]. So far, there exist
no report on use of conjugated PS for PDT of oral cancer except studies by Soukos et al
where Chlorin e6 (Ce6), conjugated to epidermal growth factor receptor monoclonal
antibody (EGFR-MAB) has been investigated for PDT of oral pre-cancer in hamster [249].
In this chapter, the cellular uptake and phototoxicity of Cp6-his and free Cp6 has been
studied in two human oral cancer cell lines 4451 and Nt8e. Among the two cell lines, 4451
which is derived from a recurrent tumor in the lower jaw is a p-53 mutant cell line for
which resistant to radiotherapy has been reported previously [250]. The other cell line
NT8e is derived from tumor specimen of the upper aerodigestive tract (pyriform Fossa)
and has wild type p-53 [251]. Since the status of H2 receptor is not known in oral cancer,
we have first confirmed the presence of histamine receptors in the both cell lines by
western blot. Similar studies on the cellular uptake and phototoxicity of Cp6-his and free
Cp6 has also been investigated in human breast carcinoma cell line MCF-7, in which the
expression of histamine receptors is well documented [236, 238]. Also, the receptor
mediated uptake of the conjugate in these cell lines was explored by studying the effects of
low temperature, agonist and antagonist on cellular uptake of Cp6-his or Cp6. In addition to
this, mode of cell death induced by Cp6-his or Cp6 was assessed by estimation of
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percentage of necrotic and apoptotic cells after PDT using Hoechst 33342-propidium
iodide staining.
3.1

Results

3.1.1 Characterization of the conjugate:

The purity of Cp6-his was checked by thin layer chromatography (TLC) on preparative
silica gel plate using 95% methanol as mobile phase. The results of TLC show that Cp6his separated as a single spot on silica gel plates with retardation factor (Rf) of ~0.9 and in
comparison the Rf for Cp6 was ~0.1 (Fig.3.1a). The mass spectrum of the conjugate gave
anticipated molecular ion peak at 719.8 (calculated mass 719.76 for disodium salt
C38H39N7Na2O5) (Fig. 3.1b). The chemical structures of Cp6 and its conjugate are
shown in Fig. 3.1c.
Fig. 3.2 shows the absorption spectra of free Cp6 and Cp6-his dissolved in Ethanol:
PEG(400):buffer system. Attachment of histamine to Cp6 did not cause any major change
in its absorption peak positions in visible region except that the q band position was
slightly red shifted to 666 nm from 663 nm. The molar absorption coefficient of Cp6-his
was estimated to be 42,314 M-1 cm-1 and 12,750 M-1 cm-1 at soret and q band position
which is ~1/2 of the molar absorption coefficient of Cp6 at the same wavelengths. The 400
nm excited fluorescence of Cp6 and Cp6-his are shown in inset.
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Figure3.1. Photograph of TLC plate showing mobility of Cp6 and Cp6-his after
chromatography using 90% methanol as mobile phase (a), Mass spectrum of Cp6-his
showing heaviest molecular ion peak at 719.8 (b), Chemical structure of Cp6 and Cp6-his
(c).
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Figure 3.2 Absorption spectra of Cp6 and Cp6-his in Ethanol: PEG: Water system.
Respective fluorescence emission spectra are shown as Inset.
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3.1.2 Intracellular uptake of Cp6 and Cp6-his:

The kinetics of intracellular uptake of Cp6 (5 µM) and Cp6-his (5 µM) in 4451 and Nt8e
cells is shown in Fig. 3.3(a). In both the cell lines the uptake of Cp6 was seen to increase
up to 1 hr and saturated thereafter. In case of Cp6-his cellular uptake showed an initial rise
till 1 hr followed by a slower phase of increase up to 5 h. The intracellular concentration of
Cp6-his was noticeably higher as compared to Cp6 by a factor of 5 and 10 at 1 h and 3 h
incubation, respectively. The cellular uptake of Cp6-his in MCF-7 cells also followed
similar trend with the increase in intracellular content of Cp6-his by a factor of 2 and 3 at 1
h and 3 h incubation, respectively when compared to free Cp6 (Fig. 3.3b).

The effects of histamine (1 mM and 5 mM), ranitidine (100 µM) and pheniramine
(100 µM) on the cellular uptake of Cp6-his and Cp6 are shown in Fig. 3.4 and table 1. Cells
were incubated with each photosensitizer (5 µM) alone and in combination with above test
compounds for 3 h. While, in the presence of histamine in case of both oral cancer cell
lines, a significant increase (p < 0.01) in cellular uptake of Cp6-his was observed (Fig.
3.4a). In contrast with this slight but not significant (p < 0.01) decrease in cellular uptake
of Cp6-his was found in MCF-7 cells (Table 1). However, addition of histamine H2
receptor antagonist ranitidine led to ~30% reduction (p value < 0.01) in the cellular uptake
of Cp6-his whereas pheniramine, a histamine H1 receptor antagonist showed less inhibition
(15-20%, p value < 0.05) (Fig. 3.4b and table 1) in all three cell lines. For Cp6, no
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significant change in the cellular uptake was observed in the presence of any of these
compounds (Fig. 3.4a-b and table 1).

Figure 3.5 shows the effect of lower temperature on the cellular uptake of Cp6-his
and Cp6 in the presence or absence of 10% serum in the culture medium. The cellular
uptake of both Cp6-his and Cp6 was found to decrease due to incubation of cells at lower
temperature and in the presence of serum in the medium (fig. 3.5a). The percent inhibition
was slightly higher for Cp6-his (50-60%) as compared to Cp6 (30-40%). When serum is
omitted from the culture medium, the inhibition in cellular uptake due to lower
temperature was found to almost diminish in case of Cp6 (7-10%) whereas for Cp6-his, it
remained nearly same (40%) (Fig.3.5b). Similar results were found in case of MCF-7 cells
(Table 1).
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a
a

b

Figure 3.3. Time dependent cellular uptake of Cp6 and Cp6-his Conjugate in (a) 4451 and
Nt8e cells and (b) MCF-7 cells. Cells were incubated with 5 µM of Cp6 and Cp6-his each
for different time periods (0.5-7 h). Each data point represents the average ± SD of values
obtained from three independent experiments.
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Figure3.4. The effect of histamine (a) and histamine receptor antagonist (b) on the cellular
uptake of Cp6 and Cp6-his conjugate. Cells were incubated with 5 µM Cp6 and Cp6-his
alone or with histamine (1 mM and 5 mM), ranitidine (100 µM) and pheniramine (100
µM) for 3 hr. Each data point represents the average ± SD values obtained from three
independent experiments. [** p value < 0.01, *p value < 0.05]
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Figure.3.5. The effect of temperature on the cellular uptake of Cp6 and Cp6-his conjugate.
Cells were incubated with 5 µM Cp6 and Cp6-his at 37 °C or 15 °C in culture medium
containing 10% serum (a) or without serum (b)

Each data point represents the average ±

SD values obtained from three independent experiments. [*p value < 0.05, ** p value <
0.01].
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Table 3.1. The effect of histamine receptor antagonist ranitidine, pheniramine , low
temperature and histamine on the cellular uptake of Cp6 and Cp6-his conjugate. MCF-7
Cells were incubated with 5 µM Cp6 and Cp6-his alone or with ranitidine (100 µM),
pheniramine (100 µM), histamine (1 mM), and low temperature (15 °C) for 3 hr. Each data
point represents the average ± SD values obtained from three independent experiments. [**
p value < 0.01]

Effect

of

antagonist

agonist,
and

Photosensitizer uptake (nm/µg protein)

low
Control

temperature on cellular

Treatment

uptake of PS

Ranitidine (100 µM)

Cp6-his

Cp6

Cp6-his

Cp6

1.18±0.17

0.59±0.19

0.87±0.11

0.52±0.19

p value < 0.01
Pheniramine (100 µM)
Low

1.18±0.17

temperature 4.68±0.29

0.59±0.19

1.31±0.12

0.59±0.21

5.94±0.331

3.27±0.58

4.38±0.057

(150C)(without serum)

Histamine (1 mM)

p value < 0.01
4.68±0.29

5.94±0.33

3.48±0.26

5.43±0.53

p value < 0.05
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3.1.3 Detection of histamine receptor in cells:

In order to find out the presence of histamine receptor in two oral and in a breast cancer
cell lines western blot was performed. Immunoblotting with H2 receptor antibody revealed
four bands with molecular masses of approximately 30 kDa, 60 kDa, 80 kDa and 100 kDa
(Fig. 3.6). The presence of four bands for H2 receptor is in agreement with the previous
studies and suggests presence of oligomeric form of H2 receptors with actual molecular
masses of 31.5 kDa, [252].

100 kDa
80 kDa
60 kDa

30 kDa
4451

Nt8e MCF-7

Figure 3.6. Image of nitrocellulose membrane showing presence of H2 receptor in 4451,
Nt8e and MCF-7 cells after Western blot of the cellular protein using polyclonal rabbit
anti-H2 receptor antibody and HRP conjugated Goat Anti-Rabbit IgG and detection by use
of enhanced chemiluminescence reagents.
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3.1.4 Intracellular Localization:

In Fig. 3.7 the bright field (left panel) and fluorescence images (right panel) of 4451, Nt8e
and MCF-7 cells showing cell morphology and intracellular localization of Cp6 and Cp6his are displayed. In all three cell lines the fluorescence of Cp6 was observed in punctuated
granular structures indicating its localization at multiple sites inside the cells Fig. 3.7b, f &
j. The intracellular localization of Cp6-his was noticeably different from Cp6 (Fig. 3.7 d, h
& l). The fluorescence of Cp6-his in 4451 and MCF-7 cells is observed in discrete vesicle
type structures around the perinuclear region of the cytoplasm (Fig. 3.7 d & l).

While

Nt8e cells displayed the fluorescence of Cp6-his within granular structures as diffused
patch near the nucleus (Fig. 3.7 h). In all the cell lines, the fluorescence labeling of the cell
membrane by Cp6-his is also clearly visible (Fig. 3.7 d, h & l). Moreover, the fluorescence
of Cp6-conjuagte was much more intense as compared to the fluorescence of Cp6 due to
higher uptake. The brightness and contrast of the images shown in Fig. 3.7 were adjusted
for proper visualization of the intracellular localization of Cp6 and Cp6-his.
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Figure.3.7. Microphotographs of 4451 (a-d), Nt8e (e-h), MCF-7 (i-l) cells
l incubated with
5.0 µM Cp6 or Cp6-his in growth medium. Left panel – Bright filed images of the cells,
Right panel – corresponding fluorescence images showing localization of Cp6 (b & f) and
Cp6-his (d, h). Magnification 100X, Bar -20 µM.
106

3.1.5 Phototoxicity

The phototoxicity of Cp6-his was determined by subjecting the cells to photodynamic
treatment using different concentrations of the conjugate and a fixed red light irradiation
dose at 28 kJ/m2. Percent phototoxicity was measured with respect to a control sample that
received no drug and no light exposure and these results are presented in Fig. 3.8. The
percent phototoxicity can be seen to increases in a concentration dependent manner in
4451, Nt8e and MCF-7 cell lines. The concentration of Cp6-his required to obtain 95%
phototoxicity at the light dose of 28 kJ/m2 was found to be 5 µM (Fig. 3.8a & c). To
compare the effectiveness of Cp6-his with Cp6, all three cell lines were subjected to
photodynamic treatment using same concentration (5 µM) and variable light dose (0-38
kJ/m2). The results presented in Fig. 3.8b & d show that for a given light dose the
phototoxicity was much higher with Cp6-his than Cp6. The light dose required to achieve
50-60% cell killing was ~12 kJ/m2 and 32 kJ/m2 for Cp6-his and Cp6 respectively. At 28
kJ/m2 light dose, the phototoxicity induced by Cp6-his was ~95% and in comparison, Cp6
led to ~50% phototoxicity. These data clearly show that Cp6 conjugate is more effective
than Cp6. No dark toxicity was noticed for either Cp6-his or Cp6 at the concentration used.
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Figure. 3.8. Percent phototoxicity induced by Cp6-his at varying concentration from 1-5
µM and fixed light dose at 28 kJ/m2 ( a-c) and both Cp6 and Cp6-his conjugate at fixed
concentration 5 µM with varying light dose from 0- 38 kJ/m2 (b-d) in 4451, Nt8e and
MCF-7 cells. Cells were incubated for 3 h with photosensitizer in growth medium and
irradiated with respective light dose. Phototoxicity was calculated as percent decrease in
MTT reduction with respect to a control sample, which received no photosensitizer and no
light. The zero dose point shows phototoxicity in cell sample incubated with
photosensitizer but not exposed to light. Each data point represents the average ± SD
values obtained from three independent experiments.
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3.1.6 Mode of cell death induced by Cp6-his

To identify the mode of cell death in the cells subjected to photodynamic treatment with
Cp6-conjugate, parameters such as cellular and nuclear morphology, and DNA
fragmentation were studied.

The cellular morphology of the untreated cell and cells

subjected to photodynamic treatment is shown in Fig. 3.9. Photodynamic treatment of 4451
cells led to rupture of cell membrane and release of cytoplasm indicating necrotic cell
death (Fig. 3.9b). In contrast, the cell morphology of Nt8e and MCF-7 cells (Fig. 3.9 c &
e) after photodynamic treatment (Fig. 3.9d & f) shows formation of plasma membrane
blebs and cellular shrinkage, hallmark of apoptosis in nearly 50% cells. In 20-30% cells
formation of membrane bubbles and release of content of the cytoplasm typical of necrotic
death was observed in case of Nt8e and MCF-7 cells.

To further confirm the apoptotic DNA fragmentation, DNA isolated from cells
was subjected to gel electrophoresis and the results are shown in Fig.10. It can be seen that
the DNA of 4451 cells after PDT show smeared patterned DNA fragmentation whereas, in
Nt8e and MCF-7 cells laddered DNA fragmentation typical of apoptosis is clearly visible
(Fig. 3.10). Together, these results suggest that in 4451 cells PDT with Cp6-histamine
conjugate led to cell death via necrosis while apoptosis was predominant in Nt8e and
MCF-7 cells.
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A comparison of the relative magnitude of necrosis or apoptotic cell death in both
oral cell lines treated with Cp6 or Cp6-his is shown in fig.3.11. There was no major
difference between the PDT treatment by Cp6 and Cp6-his with respect to the percentage of
apoptotic or necrotic cells in both the cell lines. Also in both the cases, the cell line 4451
showed higher percentage of necrotic cells as compared to Nt8e cells for which the
percentage of apoptotic cells in turn was more. Similarly, in case of MCF-7 cells both
apoptosis and necrosis contributes equally following PDT with Cp6-his (table 2).
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Figure3.9: Microphotographs of 4451 (a, b), Nt8e (c, d) and MCF-7 cells (e, f) showing
changes in the cellular morphology after PDT with Cp6-his. Untreated cells (a, c, e) cells
18 hr after PDT (b, d, f). Cells were incubated with 5.0 µM Cp6-his for 3 h in growth
medium and then irradiated with red light at ~ 28 kJ/m2. Magnification 40X, Bar -50 µM.
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Figure3.10: DNA gel electrophoresis. Lane 1- untreated 4451 cells, 2-

4451 cells

subjected to PDT, 3- untreated Nt8e cells, 4- Nt8e cells subjected to PDT, 5- untreated
MCF-7 cells, 6- MCF-7 cells subjected to PDT. Cells were incubated with 5.0 µM Cp6-his
for 3 h in growth medium and then irradiated with red light at ~ 22 kJ/m2. DNA was
isolated 18 h after PDT.
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Figure3.. 11. Percentage of apoptotic and necrotic cells in 4451 and Nt8e cells after 18 hr of
photodynamic treatment with Cp
C 6 or Cp6-his. Cp6 was used at 10.0 µ
µM with light dose 38
kJ/m2 and for Cp6-his,
his, 5.0 µM concentration and ~28 kJ/m2 was used to obtain ~95%
phototoxicity in both the cases. Fluorescence microscopy after staining the cells with
Hoechst and propidium iodide was used to recog
recognize
nize the apoptotic, necrotic and live cells.
Each data point represents the average ± SD values obtained from three independent
experiments.
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Table 3.2. Percentage of apoptotic and necrotic cells in MCF-7 cells after 18 hr of
photodynamic treatment with Cp6-his. Cp6-his was used at 10.0 µM with light dose 38
kJ/m2 and for Cp6-his, 5.0 µM concentration and ~28 kJ/m2 was used to obtain ~95%
phototoxicity in both the cases. Each data point represents the average ± SD values
obtained from three independent experiments.

Mode of cell death

Number of cells (%)
average ± SD

Apoptosis

40.2±6.3

Necrosis

55.3±8.8

Live

4.2±5.6
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3.2 Discussion

The motivation for the present study was to investigate the use of histamine, a biogenic
amine to enhance the uptake and tumor selectivity of Cp6 by exploiting histamine receptors
for delivery of photosensitizer in cancer cells. The results of cellular uptake studies
presented in fig. 3.3a-b show that the Cp6-his is taken up more efficiently by the cells than
free Cp6. To check if the uptake occurred via histamine receptors we also measured the
cellular uptake of Cp6-his in the presence of histamine. Instead of the expected inhibition,
histamine led to slight increase in the uptake of Cp6-his in case of both oral cancer cell
lines(fig 3.4 a). The reason for this effect is presently not clear. Based on the fact that the
receptor affinity of some agonist/antagonist is higher than histamine [253] one can assume
Cp6-his to have stronger receptor affinity which prevented histamine to compete efficiently
for the binding site. Moreover since exogenous histamine has been shown to up-regulate
expression of histamine receptors [212,236,254], this would also be considered as possible
reason for observed increase in uptake of Cp6-his. However, in MCF-7 an expected
decrease in uptake of Cp6-his was observed. Furthermore to confirm the involvement of
histamine receptors, cellular uptake of the conjugate was measured in presence of
pheneramine and ranitidine which are known antagonist for H1 and H2 histamine
receptors, respectively. In Nt8e, 4451 and MCF-7 cell lines these antagonists at 100 µM
led to significant inhibition in the cellular uptake of Cp6-his and the inhibition was more
pronounced in the presence of ranitidine, a potent H2 receptor antagonists suggesting that
at least a part of cellular uptake or binding of the conjugate occurred via H2 receptors.
Using western blot we found that H2R receptor is expressed in all three cell lines.
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However, since higher concentration of the antagonist did not lead to further inhibition in
the uptake of the Cp6-his, the possibility that receptor independent mechanism also
contribute to its intracellular uptake cannot be ruled out. Indeed some histamine agonist,
antagonist and BODIPY FL histamine, a fluorophore used to label histamine receptors,
have also been shown to be internalized and sequestered in cells by a receptor-independent
mechanism [255]. Therefore to further confirm that the uptake is receptor-mediated, the
effect of low temperature on cellular uptake of both Cp6-his and Cp6 was studied.
Interestingly, incubation at 15 °C led to inhibition of cellular uptake of both the
photosensitizers (figure3.5a). Although the magnitude of inhibition for Cp6 was slightly
lower than Cp6-his, it was not unexpected due to the fact that hydrophilic Cp6 via
interaction with serum LDLs can also be taken up by receptor mediated endocytosis [256].
To check this possibility, we omitted serum from the culture media during the incubation
period. Results show that the inhibition of cellular uptake due to lower temperature is
persistent for Cp6-his but in case of Cp6 it is almost diminished (figure 3.5b and table 1).
These results confirmed that the uptake of Cp6-his is indeed receptor mediated. Apart from
histamine receptors, there also exists membrane associated organic cation transporters
(OCTs) which function to remove excess amount of histamine from the extra-cellular
space by its re-uptake and transport into the cytoplasm to a yet unidentified site where it is
metabolized into inactive metabolite Nτ-methylhistamine [254]. However, studies in
murine hematotopoeitc progenitor cells and basophiles have shown that the uptake of
histamine by OCT is not affected by the presence of H1 or H2 receptor antagonist
[258,259]. Since we found significant inhibition in uptake of Cp6-his by histamine
antagonist the possibility of role of OCTs in its cellular uptake is less likely. Since
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attachment of Cp6 to histamine can lead to alterations in its physico-chemical properties
such as relative hydrophobicity, molecular charge and amphiphilicity, one would expect
this also to contribute to the improved cellular uptake of Cp6-his in a manner similar to
reported for N-aspartyl ce6 (MACE, LS11) a conjugate of chlorin e6 with aspartic acid
[260].

Our results on intracellular localization show that in all three cell lines Cp6-his localizes on
the cell membrane and also inside the cells in the form of vesicles near the perinuclear
region. This is similar to the intracellular localization of histamine reported earlier in rat
immune cells [261]. In contrast, the intracellular localization of Cp6 was distinctly different
and occurred in the form of punctuated granular structures inside cytoplasm indicating its
localization at multiple sites such as endoplasmic reticulum, Golgi apparatus and
lysosomes. This is consistent with our previous studies [262]. The uptake of Cp6-his via
histamine H2 receptor would lead to its accumulation in endosome/lysosome pool. This is
due to the fact that histamine H2 receptor is G protein-coupled receptor (GPCRs) which
when binds to agonist or antagonist undergoes internalization through the process of
endocytosis resulting in its accumulation in the perinuclear endosomal pool and subsequent
trafficking to the lysosomes [263]. The receptor is either recycled back to the plasma
membrane or undergoes proteolytic degradation for down regulation [264]. For GPCRs
which utilize endocytosis machinery for receptor regulation, it is generally believed that
the receptor and ligand are internalized together [242]. It is therefore likely that the
vesicles in the perinuclear region where Cp6-his is localized represents the
endosome/lysosome compartments. Intracellular binding site of histamine to microsomal
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cytochrome P450 and nucleus have also been identified through which histamine is
believed to regulate cell growth and homeostasis [266]. These binding sites designated as
HIC are not specific because it can interact with several other compounds also such as
imidazoles (including HA, l-histidine, histidinol), polyamines (putrescine, spermidine,
spermine) and hormones (androgens, estrogens, progestins and, to a lesser extent, adrenal
steroids) etc [266]. However, we did not find localization of Cp6-his in the cell nucleus.
The identification of the exact site of Cp6-his localization needs further investigations.

The results presented in fig. 3.8 show that the phototoxicity induced by Cp6-his was ~4
times higher as compared to Cp6 whereas, the magnitude of increase in the uptake of the
conjugate was ~ 10 times higher than free Cp6. One important factor that can contribute to
this observation is that the absorption coefficient of the conjugate was ~1/2 than Cp6 at 660
nm. Since the mode of PDT-induced cell death is determined by the intracellular
localization of the photosensitizer [267] and significant differences were observed in the
intercellular localization of Cp6 and Cp6-his, we also investigated the cell death response
induced by the two photosensitizers. The results on cell morphology(fig 3.9) and DNA
electrophoresis (fig 3.10) suggest that while cell death in 4451 is mostly by necrosis, for
NT8e and MCF-7 cells both apoptotic and necrotic cell death is induced by photodynamic
treatment with Cp6-his. Measurements on the percentage of apoptotic and necrotic cells
after PDT with Cp6 and Cp6-his (fig 3.11) showed no difference except that in case of Cp6his slight increase in necrotic cells was observed which can be attributed to the observed
localization of Cp6-his on the cell membrane. The reasons for the differences in the PDTinduced cell death response observed between the two cell lines may be because of their
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p53 status. While the 4451 cells are reported to be a p53 mutant [250], the cell line Nt8e
contains wild type p53 [254]. The tumor suppressor gene p53 is known for its ability to
induce apoptosis by activating downstream cell death effectors including bax, Puma, and
Noxa [268,269]. In a study on PDT with haematoporphyrin derivative (HpD) similar
results have been reported in 4451 cells and in cell line BMG-1 having wild type p53
[248]. Moreover, in case of MCF-7 cells, percentage of apoptotic and necrotic cells was
found to be same, showing that both the mechanism contributes equally to the cell death
following PDT with Cp6-his (table 2).

3.3 Conclusion

To conclude, the results of our study show that conjugating Cp6 to histamine improves its
cellular uptake and hence the PDT efficacy in both oral and breast cancer cell lines. The
observations that the cellular uptake of Cp6-his is significantly inhibited by ranitidine and
lower temperature, suggest that part of its uptake occurred via histamine receptors.
Similarly, in human breast carcinoma cell line MCF-7 in which the expression of
histamine receptors is well documented, higher uptake of Cp6-his and the expected
enhancement in phototoxicity was observed. It is concluded that conjugating Cp6 with
histamine can help to improve the effectiveness of PDT in oral and breast cancer cells by
enhancing its intracellular delivery.
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CHAPTER 4
INTRACELLULAR SITE OF Cp6-HIS
LOCALIZATION AND PDT-INDUCED
CELL ORGANELLE DAMAGE
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Photosensitizer depending on its physicochemical properties and cellular uptake
mechanism can localize in different cell organelles such as mitochondria, endoplasmic
reticulum, Golgi or lysosomes and since the diffusion of singlet oxygen in cellular
environments is limited (half-life: <0.04 µs, radius of action: <0.02 µm), the primary sites
of intracellular damage is determined by the distribution of a photosensitizer in various
organelles [34]. Studies have shown that damage to various subcellular structures could
determine the cell death mechanism and PDT efficacy [34, 273]. Generally, the
localization of photosensitizer in the cell membrane or lysosomes contributes to cell death
via necrosis e.g. as reported for photofrin and cationic cycloimide derivatives of chlorin p6,
respectively [274,275,276]. In contrast, cell death via apoptosis is determined by the PDTinduced alterations in mitochondrial structure and function either if photosensitizer
localizes directly in mitochondria [277], or also in case of photosensitizer localizing in
other organelles such as endoplasmic reticulum, Golgi apparatus and lysosomes involving
cross-talk between damaged organelle and mitochondria [278,279,280,281,282].

Our studies in chapter 3 in oral cancer cells have shown that the cellular uptake of
chlorin p6-histamine conjugate was higher than for free Cp6 which led to significant
enhancement in phototoxicity and the mode of cell death induced by Cp6-his was found to
be mediated by both apoptosis and necrosis [283]. In this chapter, we report studies on the
subcellular localization and identification of intracellular target sites of Cp6-his in human
oral cancer cells. So far, the structural alterations in the cell organelles following PDT have
been investigated only in some studies where these have been generally characterized as
generalized damage or swelling of cell organelles [284,285,286,287]. However, since the
cell organelle are organized in the three dimensional cellular space and in close association
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with one another, the structural damage to one organelle can result in disturbance in
organization of other organelle which can also contribute to PDT-induced cell death. Here
we have identified site of localization of Cp6-his by colocalization studies using organelle
specific fluorescent probes and have analyzed the PDT-induced alterations in the structure
of cell organelles in more details using confocal fluorescence microscopy combined with
three-dimensional image reconstruction technique.

This technique provides valuable

information regarding the detailed structure of cell organelles as well as their interaction or
association with one another. For example, this technique has allowed visualization of
distribution of microtubules in tumor cells in relation to cell shape and position of other
cellular organelles [288], organization of cell nuclei in rat hippocampal neurons [289],
fragmentation of the mitochondrial network following Ischemia and reperfusion injury in
cardiac myocytes [290] and internalization and interaction of chrysotile fibers with the
chromatin during mitosis [291].

4.1

Results

4.1.1 Intracellular localization of Cp6-his

In figure 4.1, confocal images of Nt8e cells showing intracellular fluorescence of Cp6-his
in red color (a-d), fluorescence of organelle specific probes in green color (e-h), overlay
image of Cp6-his fluorescence and organelle probes (i-l) and the respective 2D histogram
of the red Vs. green pixel intensities (m-p) with the value of correlation coefficient (inset)
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are shown. Images a-d shows that Cp6-his accumulated in the regions of cytoplasm which
corresponds to site of ER (e) and lysosomal compartments (h) as indicated by overlap of
red-green fluorescence (i & l).

The value of correlation coefficient obtained from 2D

histogram for ER and lysosomes (m & p) was 0.787 and 0.793 respectively. In case of
Golgi (f) and mitochondria (g), the fluorescence of Cp6-his (b & c) showed very little
overlap (j & k) as also indicated by low correlation coefficient of 0.335 and 0.262,
respectively. With Cp6 the value of correlation coefficient obtained from 2D histogram for
ER (m) and mitochondria (g) was 0.805 and 0.610 respectively. The fluorescence of Cp6
(b & d) showed very little overlap with Golgi (f) and lysosomes (p) (j & i) as indicated by
low correlation coefficient of 0.435 and 0.423, respectively (fig 4.2).

4.1.2 Phototoxicity

In fig 4.3, we show changes in the cellular morphology and mitochondrial membrane
potential (MMP) of Nt8e cells at 1 h after PDT. Cells were treated with Cp6-his for 3 h
followed by irradiation with red light at 38 kJ/m2. Compared to intact cell morphology and
the presence of active polarized mitochondria (red fluorescence) in control cell (fig 4.3a-b),
the cells after PDT show extensive cell damage in cytoplasmic region and loss of MMP
(green fluorescence) in most of the cells (fig 4.3c-d). MTT Assay performed after 24 hr
shows that the phototoxcity was ~80% as compared to the dark control.
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Figure 4.1. Microphotographs of Nt8e cells showing subcellular localization of Cp6-his.
The cells were treated with 10 µM Cp6-his (first panel from left) and specific fluorescence
probes for endoplasmic reticulum, Golgi, mitochondria and lysosomes (second panel). The
overlay of Cp6-his fluorescence with respective organelle probe (third panel) and
histogram with value of correlation coefficient (right panel) is also shown.
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Figure 4.2. Microphotographs of Nt8e cells showing subcellular localization of Cp
C 6. The cells
were treated with 10 µM Cpp6

(first panel from left) and specific fluorescence probes for

endoplasmic reticulum (e), Golgi (f), mitochondria (g) and lysosomes (h) (second panel). The
overlay of Cp6 fluorescence with respective organelle probe (third panel) and histogram with
value of correlation coefficient (right panel) is also shown.
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Figure 4.3. Brightfield and fluorescence images of Nt8e cells 1 h after PDT with 10 µM
Cp6-his showing changes in morphology (right panel) and mitochondrial membrane
potential (left panel), respectively. Control (a, b), PDT (c, d). Magnification - 100 X.
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4.1.3 Alterations in ER morphology due to PDT

For a control cell stained with ER tracker dye, the volume rendered image constructed
from the Z stack fluorescence images is shown in Fig 4.4a. In this image, the typical
morphology of ER can be seen as forming a dense network around the nucleus and a less
dense peripheral network evenly distributed in the entire cytoplasm. We constructed 3D
model of ER by isosurface rendering of the Z stack images (Fig 4.4b) and the resultant
model is zoomed to show the detailed architecture of ER (Fig 4.4c). Since the fluorescence
signal of ER tracker dye was more intense in the region around the nucleus then the
peripheral region, the 3 D model constructed by isosurface rendering using fixed threshold
revealed only the dense perinuclear region of the ER (Fig 4.4b). A zoomed portion of this
region presented in Fig 3c clearly shows structural details of ER comprising sheets or
cisternae (thin arrow) and small tubular connections between these (thick arrow). These
structures appeared intact and evenly distributed around the nuclear region. The middle
panel in Fig 4.4 shows images representing a cell that underwent necrosis due to PDTinduced damage. In the volume rendered image (fig 4.4d), the formation of membrane
bubbles (arrow) typical of necrotic death is clearly visible and one can also note that ER is
highly fragmented.

The 3D reconstruction by isosurface rendering provided better

visualization of the fragmentation of ER (fig 4.4e). Here, the ER network in perinuclear
region is discontinuous and surrounded by several large and small ER fragments. A closer
view of this region shown revealed that the ER fragments comprised of cisternae but no
tubular connection between these (fig. 4.4f). The images in the left panel of fig. 4.4 show
ER structural alterations in a damaged cell having no obvious morphology typical of
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necrosis.

In the volume rendered image (fig 4.4g), the ER network appears highly

condensed surrounded by several large fragments. The isosurface rendered image clearly
displays the presence of ER fragments as large clumps in the perinuclear region (Fig 4.4
h). A portion of 3D model zoomed in this region revealed that the clumps are swelled ER
cisternae with some portion of connecting tubule attached to it (fig4.4i).
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Figure 4.4. 3D reconstructions of z-stacked images of Nt8e cells stained with ER-tracker
green. Volume rendered images (left panel) in top on tilted view showing regions of
pronounced staining (green) and week staining (red) corresponding to ER and other
cellular regions, respectively.

The top view of smaller regions of images (dashed

rectangle) is shown as Isosurface rendered images (middle and left panel). A cell
representing control show intact cell morphology and ER network (a) comprising a dense
perinuclear region of ER (b) having cisternae (c, thin arrow) connected by tubules (c, thick
arrow) (c).

A damaged cell with typical morphology of necrotic death (d) having

formation of membrane bubbles (arrows) and fragmentation of ER (e), the fragments
appear to be part of ER cisternae with no tubular connections (f). A damaged cell with
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shrinkage in morphology and condensation of ER network (g), ER clumps in perinuclear
region (h) and a close view of ER clump (i).

4.1.4 Alterations in the morphology of Golgi due to PDT

In Fig 4.5 we show images of cells stained with bodipy ceramide that particularly label the
trans Golgi network. In the 3D volume rendered image of a control cell, the intact Golgi
can be seen as floret like bodies around the nuclear region (fig 4.5a). A close view of
smaller region shown from the top in isourface rendered image provided better clarity
showing interconnected trans-Golgi cisternae (fig 4.5b) which in the side view of 3D
model appear to from a tower like structure and one can also note several small vesicles
budding out from the trans Golgi cisternae (fig 4.5c). At 1h after PDT, the architecture of
Golgi showed two types of alterations. For a cell representing necrotic morphology, the
3D volume rendered image is shown in fig 4.5d. The Golgi structure in the center (dashed
square) appeared broken and a large fragment of Golgi (thick arrow) in the cytoplasm can
be observed (fig 4.5d). The smaller fragments of Golgi which are located at cell periphery
are associated with membrane bubbles (thin arrow, fig 4.5d). In a close view shown as
isosurface rendered image (fig 4.5e), the main Golgi region in the center portion clearly
shows leftover portion of Golgi surrounded by some remains which seem to demark the
location of a large Golgi fragment (shown in fig 4.5d by thick arrow). In the side view of
the 3 D model, the Golgi fragments appear detached from its base and swelling of Golgi is
also clearly discernible (fig 4.5f).
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Figure 4.5. 3D reconstructions of z-stacked images of Nt8e cells stained with Golgi
specific bodipy ceramide green. Volume rendered images (left panel) in top on tilted view
showing regions of pronounced staining (green) and week nonspecific staining (red)
corresponding to Golgi and other cellular regions, respectively. The top view of smaller
region of images (dashed rectangle) is shown as isosurface rendered images (middle and
left panel). A cell representing control show intact Golgi structures

(a), comprising

interconnected trans cisternae (b) to form a tower like structure (c, thin arrow) with several
vesicle budding out from these (thin arrow, c). A damaged cell (d) with formation of
membrane bubbles (arrows) typical of necrotic death and fragmentation of Golgi (dashed
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square), the leftover portion of Golgi surrounded by some remains (e) and same in side
view (f). Another damaged cell with condensed Golgi in the centre (g), a close view of this
region from the top (dashed square) (h) and side view of the same (i).

Apart from fragmented morphology of Golgi observed in necrotic cells, we could
identify another type of morphological alterations in Golgi after PDT.

The images

representing one such cells are shown in Fig 4.5 g-i. The volume rendered image and 3 D
isosurface model shows a single centrally located Golgi structure surrounded by several
irregularly shaped Golgi fragments in the perinuclear region (fig 4.5 g & h). The close
view of 3 D model from top shows a condensed trans Golgi structure in the center of the
cell (fig 4.5i).

4.1.5 PDT-induced damage to lysosomes

Images of a healthy cell stained with lysotracker green are shown in Fig 4.6 a-c. In the
volume rendered image lysosomes in the region of cytoplasm can be seen as discrete
vesicles (fig 4.6a). The side view of isosurface rendered 3D model shows that the vesicles
(thick arrow) originate from a densely packed region (thin arrow) in the centre (fig 4.6b). It
is important to mention here that lysotracker also stains the acidic compartments of Golgi.
Consistent with this, in the closer view of the 3D model from the side, one can note the
presence of tubular structures of Golgi cisternae from which these vesicles are budding off
(fig 4.6c).
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In cells subjected PDT the fluorescence of lysotracker green is observed to localize mainly
around the perinuclear region. The images representing on such cell are shown in fig 4.6df. In volume rendered image no structures similar to lysosomes could be visualized and
instead the fluorescence of lysotracker was observed in a larger area around the perinucelar
region (fig 4.6d) as compared to control cell (fig 4.6a). The side view of 3D model
obtained by isosurface rendering clearly shows absence of lysosomes and the structures at
perinuclear region resembled with Golgi/ER cysternae (fig 4.6 e). In a closer view, a
swelled Golgi (thick arrow) along with ER cisternae can be seen clearly (fig 4.6f).
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Figure 4.6. 3D reconstructions of z-stacked images of Nt8e cells stained with lysotracker
green.

Volume rendered images (top panel) in top tilted view showing regions of

pronounced staining (green) and week nonspecific staining (red) corresponding to acidic
compartments and nearby cellular regions, respectively. The side view of a smaller region
of image (dashed rectangle) is shown as isosurface rendered images (middle and bottom
panel). A cell representing control show intact lysosomes in the cytoplasm (a), and a dense
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perinuclear region (thin arrow) from which these vesicles (thick arrow) appear to originate
(b), a much closer side view of the dense region showing many lysososmes (c).

A

damaged necrotic cell (d) show the spread of lysotracker dye in a larger volume (dashed
square) and same in side view (e). A closer view from side shows structures similar to a
swelled Golgi (thick arrow) and portion ER in the perinuclear region (f).

4.2 Discussion:

4.2.1

Intracellular localization of Cp6-his

Results of our study show that chlorin p6-histamine conjugate localizes mainly in ER and
lysosomes. In comparison, free Cp6 was observed to localize mainly in ER and to a lesser
extent in lysosomes. For Cp6-his, localization in lysosomes was expected because of the
involvement of receptor mediated mechanism in its cellular uptake as reported in our
studies in chapter 3 [283]. In comparison, the absence of significant uptake of free Cp6 is
in conformity with similar observations reported by Mojzisova et al in human fibroblast
cells for chlorin e6 [292] which is chemically similar to Cp6 except one additional
methylene (CH2) present at meso carboxylic group in the molecule. They have observed
that Ce6 at physiological pH (7.4) localized in the plasma membrane and vesicular
structures but not in lysosomes and suggested that the cellular uptake of Ce6 is governed
by passive diffusion or absorptive endocytosis [292].
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4.2.2

PDT-induced ER damage

Although the study of sub-cellular distribution of the photosensitizer could provide
knowledge of the possible intracellular target sites of the photosensitizer, it is also
necessary to correlate the PDT–induced cytotoxicity with damage to various sub-cellular
structures particularly for photosensitizers which localize in ER. This is due to the fact that
ER is distributed in cytoplasm as a complex network of tubules and sheets comprising two
distinct domains one at perinuclear regions and other in peripheral region which is
physically connected to various sub-cellular compartments such as Golgi, mitochondria
and plasma membrane [293]. We have applied 3D fluorescence microscopy technique to
visualize and analyze the changes in the structural organization of ER, Golgi and
lysosomes in human oral cancer cells following PDT with Cp6-histamine conjugate. The
3D model of ER constructed from the image stacks of control cell shows close similarity
with the ER structure reported in mammalian cells (CHO-K1 cell line)[294]. The model
shows distinct perinuclear region comprising of flat sheets surrounding the nucleus which
forms smaller cisternea joined by tubules at the outer end (Fig 4.4b & C). The peripheral
ER which is mostly tubular is visible in volume rendered image (Fig 4.4a) but not in isosurface rendered 3d model. This is because the staining with ER tracker dye does not label
peripheral ER as intensely as the perinuclear ER.

In PDT treated cells 3D modeling of ER gives clear view of structural alterations
induced by PDT and revealed remarkable difference in the damage pattern of ER in
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necrotic and apoptotic cells. In necrotic cells identifiable by the presence of large
membrane bubbles extensive fragmentation of ER both at nuclear and peripheral region is
detected (Fig 4.4d & e). In closer view, the loss of tubular region connecting the ER
cisternea is clearly seen which suggest that tubular ER is more sensitive to PDT (fig 4.4 f).
We have previously shown that both necrosis and apoptosis contributes equally to the
percent cell death in Nt8e cells after PDT with Cp6-his at 90% phototoxcity level [283].
Consistent with these results, cells with completely different type of ER structural
alterations than described above could also be identified. In these cells ER fragmentation
was less obvious and instead, formation of clumps or small aggregates of ER was noticed
(Fig 4.4 g, h & i). The aggregates of ER appeared to have originated from both peripheral
ER and ER at nuclear region. Similar structural alterations in ER due to PDT have not been
reported earlier. In a recent study, using fluorescence microscopy Ferrari et al have shown
that treatment of HeLa cells with C2-ceramide, a lipid second messenger of intrinsic
apoptotic pathway lead to formation of ‘large round aggregates’ of ER which also
accompany release Ca2+ from ER and subsequent loss of mitochondrial membrane
potential (MMP) [295]. The ER structural alternation induced by PDT with Cp6-his are
consistent with this report and in addition we have also found that PDT with Cp6-his led to
loss of MMP (Fig 4.3). These results therefore suggest that induction of apoptosis in Nt8e
cells after PDT with Cp6-his could be similar to intrinsic apoptotic pathway mediated by
C2-ceramide.
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4.2.3

PDT induced Indirect Damage to Golgi apparatus

The 3D model of Golgi in control cell appeared as interconnected tubular structure with
spherical ending surrounded by secretary vesicle (fig 4.5). The Golgi tracker ‘Bodipy
ceramide’ is known to accumulate in the trans-Golgi portion [296]. The modeled structure
shows close similarity with the structure of trans-Golgi reported in epithelial cells [297].
The 3D image reconstruction of Golgi allowed a clear visualization of PDT induced
structural changes which can be seen as fragmentation of Golgi and the fragment appeared
displaced from its main location at the perinuclear region (fig 4.5). In lateral view, the loss
of connecting regions of the Golgi from its base can be seen clearly and the damaged
portion of Golgi appear dilated and floating as compared to the structure of Golgi in
control cell which appear intact and adhered to the base (fig 4.5c & f). Since Cp6-his did
not localize in Golgi the direct damage to Golgi after PDT is less likely. It is known that
ER form close association with Golgi around domains of its trans-cisternae [298]. Thus we
believed that the structural damage to Golgi apparatus observed after PDT involve loss of
its contact sites with ER due to the fragmentation of later. Since the cell under observation
showed presence of membrane bubbles the fragmentation of Golgi structure appeared to be
associated with necrosis. Studies have shown that the structure of Golgi complex is altered
differently during necrotic and apoptotic cell death induced by staurosporine (STS)
treatment in HEP-2 cells [299]. These authors reported fragmentation of Golgi in necrosis
and swelling of Golgi followed by condensation and vesicle formation during early and
late stages of apoptosis [299]. We also observed that apart from fragmented morphology,
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the cells treated with PDT also displayed alterations in Golgi structures as formation of
single condensed body around the nuclear region and several small vesicular structures at
perinuclear region. Since fluorescence imaging was performed 1 h after PDT, these
structural changes in Golgi could be associated with early stage apoptosis as reported by
Nozawa et al [299].

4.2.4

PDT induced damage to lysosomes

Cp6-his conjugate showed significant localization in lysosomes also. 3D imaging of cells
stained with lysotracker dye revealed several intact vesicles in the cytoplasm and a part of
Golgi region from where these vesicles appear to originate (fig 4.6a-c). In cells subjected
to PDT, presence of less number of intact vesicles and some distorted or swelled vesicles
suggested disruption of lysosmes after PDT (fig 4.6 d-f). In a previous study on PDT of
murin hepatoma cells with N-aspartyl chlorin e6, the disruption of lysosomes has been
judged by rapid disappearance of acridine orange fluorescence in cells [300]. In 3D model,
we show that 3 D fluorescence imaging provided direct visualization of the damage to
lysosomes represented by less number of intact lysosomes in treated cells. Further, as
compared to the control the fluorescence of lysotracker dye in treated cells was observed to
re-distributed and localize in larger portions around the perinuclear region. These
structures were clearly identifiable based on 3D model which revealed dilated or swelled
structures resembling part of Golgi apparatus and ER cisternae (fig 4.6f). These
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observations suggest that PDT-induced lysosomal damage leads to re-localization of the
lysotracker dye in parts of Golgi and ER network.

4.3 Conclusion

In conclusion, our results show that ER and lysosomes are the major intracellular sites of
Cp6-his localization in oral cancer cells and 3D fluorescence imaging not only allowed
direct visualization of structural damage to these organelles but could also differentiate
changes related to necrotic and apoptotic cell death. The observations suggest that ER
fermentation leads to indirect damage to Golgi apparatus due to loss of its contact site
which could also play a role in necrotic death. As compared to alterations in ER and Golgi
structure in necrotic cells, the distinctly different pattern of damage in ER network and
Golgi appeared to be associated with apoptotic cell death.

Further, the damage to

lysosomes was observed to lead to relocalization of lysotracker dye in Golgi and ER.
Recent study showed that diverse cell death pathways leading to apoptosis are induced in
PDT depending on the sub-cellular targets [301]. By revealing structural damage to cell
organelles by 3D fluorescence imaging we suggest that the close association of organelles
and indirect damage apart from site of localization of photosensitizer could play an
important role in induction of diverse cell death pathways.
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CHAPTER 5
EVALUATION OF PDT EFFICACY OF
Cp6-HISTAMINE CONJUGATE IN
HAMSTER CHEEK POUCH MODEL.
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Based on encouraging results of in vitro studies presented in previous chapter, we
monitored the expression of histamine H2 receptors in tumors and normal mucosa of
hamster cheek pouch model using immuno-histochemistry. The results showed that the
expression of Histamine H2 receptor is higher in tumors as compared to normal mucosa.
This was consistant with the overexpression of H2 receptors reported for other types of
malignancies [212]. Motivated by these results, we evaluated the photodynamic efficacy
of Cp6-his for the treatment of oral tumors in this animal model by monitoring
accumulation of Cp6-his in tumors, normal tissue and skin to determine its tumor
selectivity and clearance. PDT-induced tumor damage has been assessed by tissue
histology and tumor volume measurements. These results are presented and discussed
below.

5.1 Results:
5.1.1 Tumor selectivity of Cp6-his
The fluorescence spectra collected from tumors, and normal mucosa at 4 h after
intraperitoneal injection (3mg/kg body weight) of Cp6-his and Cp6 are shown in Fig.5.1 a
& b. The fluorescence spectra collected from the tumors and normal pouch of each animal
are shown as superimposed curves (dotted line) along with a representative spectrum. The
fluorescence spectrum from tumor tissue shows fluorescence band of Cp6-his and Cp6 at
~674 nm whereas the bands at 635 nm and 705 nm are due to the presence of endogenous
porphyrin (Pp). The level of endogenous Pp varied in different tumors, therefore to
determine the level of Cp6-his and Cp6, the fluorescence of endogenous Pp was
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mathematically removed by subtracting each spectrum with a reference spectrum that was
obtained from the tumor before photosensitizer injection.

The resultant spectra are shown

in fig 5.1 a& b inset and the values of peak fluorescence intensity (674 nm) thus obtained
for Cp6-his and Cp6 in tumors and normal pouch of each animal are presented in table 1.
Since the fluorescence yield of Cp6-his is nearly half than that of Cp6, the value of
fluorescence intensity of Cp6 is divided by a factor of 2 to compare its level with that of
Cp6-his. It can be seen that the fluorescence intensity of Cp6-his in tumor is much higher
as compared to that for normal mucosa indicating its preferential accumulation in tumor.
While Cp6 also showed similar higher accumulation in tumor, the accumulation of Cp6-his
in normal mucosa was much less as compared to Cp6 ( p < 0.001) (Table 1). The tumor to
normal tissue ratio of fluorescence intensity at 674 nm was significantly higher for Cp6-his
(9.2, p <0.001) as compared to Cp6 (2.3). These results suggest that the tumor selectivity of
Cp6-his is better than that for Cp6.

5.1.2 Pharmacokinetics of Cp6-his in Hamster cheek pouch model
The clearance of Cp6-his from abdominal skin was observed to be rapid as indicated by
~50% decreases in its fluorescence within 24 hr and further decrease by ~ 90% at 72 hr
after its intraperitoneal injection (circles, Fig 5.2). For Cp6 similar trend was observed
(square, Fig. 5.2). The respective fluorescence spectra of Cp6-his collected from the
abdominal skin at different time intervals are shown in Figure 5.2 inset. The
pharmacokinetics of Cp6-his and Cp6 in tumor and normal mucosa was observed to follow
a similar trend (Fig. 5.3).
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Figure 5.1: Fluorescence emission spectra collected from a tumor (solid curve) and normal
pouch (dashed curve) and superimposed spectra from all other tumors and normal pouch
(dotted curves) of four different hamsters are shown. Cp6-his (a) and Cp6 (b).
Measurements were done at 4 h after administration of the photosensitizer (3 mg/kg body
weight). Pp – fluorescence band of endogenous porphyrin. Dashed circle shows the
position of fluorescence band of Cp6-his or Cp6. Inset- Representative Spectrum obtained
from tumor and normal pouch after subtraction of endogenous Pp auto-fluorescence.
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Table5.1. Fluorescence intensity of Cp6-his and Cp6 in tumor and normal mucosa at 4hr
after the administration of photosensitizer at dose of 3.0 mg/kg body weight. * - In order to
compare the level of Cp6 with Cp6-his, the fluorescence intensity o Cp6 is divided by a
factor of 2 considering its higher fluorescence yield. ** - In normal mucosa, the level of
Cp6 is significantly higher than that for Cp6-his. †- The tumor to normal ratio for Cp6-his is
significantly higher than for Cp6.
Cp6-His

Cp6

Animal

Fluorescence Intensity (Cps)

#

Tumor

Normal

Ratio
Tumor/

Animal
#

Fluorescence Intensity (Cps)
Tumor

Normal

Normal
1

5941

(2Tumors)

4651

2

3715

(2Tumors)

3150

762

320

Ratio
Tumor/
Normal

7.7

1

9498.2

3244.8

2.92

6.1

(2Tumors)

8287.4

2.55

11.6

2

6540.5

2.18

9.8

(2Tumors)

6034

2988.4

2.07

3

2721.8

475

5.7

3

5227.9

2906.51

2.13

4

2047

166

12.3

4

5086

2451.5

2.074

(2Tumors)

2255

Average
±SD

3497

430

9.5

6779

2897

2.3

±1397

±254

±3.0

Average
±SD

±1763

±330

±0.34

(3389±881)*

(1440±17
9)*

P value

13.5

<0.001
**

<0.001**
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Figure5.2: The level of Cp6-his (circle) and Cp6 (square) in the abdominal skin of the
hamster at different time interval after i.p injection is shown as percent of their peak
fluorescence intensity at each time point with respect to fluorescence intensity at 4 hr after
injection. Data are average ± SD, n - four animals. Inset – Representative fluorescence
spectra of Cp6-his collected from skin of the hamster at 4 h, 24h, 48h and 72h after
administration of 3 mg/kg body weight. Spectra of Cp6 were similar.
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Figure 5.3: Fluorescence emission spectra collected from a tumor at different time interwal
after administration of the photosensitizer Cp6-his (3 mg/kg body weight).
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a

b

c

Figure 5.4:

Immunohistochemical detection of H2R receptor in tumor (a) mucosa

adjoining tumor (b) and normal mucosa (c). Magnification 400X, Bar-15 µm. Inset Photomicrograph at 600X magnification, Bar-100 µm.
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5.1.3 Histamine receptor expression

In order to confirm the presence of histamine receptors immunohistochemistry using
H2 receptor antibody was done. Results of immunohistochemistry of tumor, tissue
surrounding tumor and normal cheek pouch mucosa are shown in photomicrograph in
figure 5.3. The expression of histamine receptor was found to be higher in tumor tissue
(Fig 3a) compared to surrounding tissue (Fig 3b) and normal mucosa (Fig 3c). This is also
confirmed by western blot shown in Fig 5.4 in which a band at 80 kDa was observed due
to presence of oligomer of H2 receptor [252]. The intensity of this protein band was more
in tumor (TM) and surrounding mucosa (SM) as compared to normal mucosa (NM). The
expected molecular weight of H2R is ~33 KDa. It has been reported that H2R isoforms of
different species (canine, rat, human, guinea pig) are closely related to each other (80%)
with respect to amino acid sequence. However, immunological detection by SDS-PAGE
showed differences in the migration pattern of H2R from different species [252]. For
example, while human H2R showed bands corresponding to monomer, dimer and
oligomers, for canine and guinea pig H2R the monomers were absent and doublet bands at
~60 kDa of differentially glycosylate H2R dimmers has been reported. The absence of
monomer H2R and doublet band seen at 70-80 KDa for H2R of hamster cheek pouch is
similar to migration pattern reported for H2R of canine and guinea pig [252].
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SM

NM

TM

80 kDa

Figure 5.5: Image of nitrocellulose membrane showing presence of H2 receptor in tumor,
mucosa adjoining tumor and normal mucosa of the hamster after Western blot of the
protein using polyclonal rabbit anti-H2 receptor antibody and HRP conjugated Goat AntiRabbit IgG and detection using enhanced liquid substrate (DAB).
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5.1.4 PDT induced tumor damage and regression

The extent of tumor damage at 24 h after PDT was assessed by histopathology using
standard HE staining. The control tumor is stained dark with hematoxylin staining (Fig.
5.5a) due to presence of intact nucleus in tumor cells. In contrast, absence of hematoxylin
staining in treated tumor (Fig. 5.5b) indicates cellular damage and necrosis. As can be seen
in table 5.2, one week after PDT all the tumors of small size regressed completely and
larger tumors (>500) regressed to ~95%. The photographs of tumor in a representative
animal before and after PDT are shown in figure 6. The size of this tumor before PDT was
~520 mm3 and the mucosa surrounding the tumor had prominent vasculature (fig 5.6a).
One week after PDT the tumor reduced to ~95% of its original size and the mucosal
vasculature also attains a normal morphology. (Fig 5.6b). During follow up the regressed
tumor did not show further growth and the morphology of mucosa and vasculature around
the tumor was completely normal (fig. 5.6c).
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a

b

Figure 5.6: Photomicrographs showing histology of untreated tumor tissue (a) and tumor
tissue subjected to PDT (b) using Cp6 -his at 3.0 mg/kg and light dose of 100 J/cm2.
Magnification 400X, Bar- 400 µm.
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a

b

c

Figure 5.7: Photographs showing PDT-induced tumor regression in a representative
animal. (a) Tumor before PDT and (b) one week after PDT using Cp6-his at 3.0 mg/kg
body weight and light dose of 100 J/cm2 (c) One month after PDT.
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Table 5.2: Tumor volume before and one week after photodynamic treatment using Cp6-his
at 3.0 mg/kg body weight and light dose of 100 J/cm2.

Animals

Tumor Volume (mm3)

Tumor

Before PDT

One week after PDT

(1)

29

__ (100 % Regression)

(2)

52

__ (100 % Regression)

(1)

98

4

(2)

115

__ (100 % Regression)

Hamster(3)

(1)

1264

68 (95 % Regression)

Hamster(4)

(1)

378

__ (100 % Regression)

Hamster(5)

(1)

520

26 (95 % Regression)

Hamster(1)

Hamster(2)

(95 % Regression)
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5.2 Discussion

Results of our study show over-expression of histamine H2 receptor in tumors of hamster
cheek pouch and therefore provide basis for use of Cp6-his for PDT. So far, there exists no
report on status of histamine receptor expression in human oral malignancies. The hamster
cheek pouch model is a well characterized oral cancer model having several features
common with that of human oral cancer including structural similarity related to
progression of cancer such hyperkeratosis, dysplasia, invasive carcinoma and well
differentiated carcinoma [302] as well as molecular changes like expression of oncogenes,
cell proliferation markers and immune-related cytokines [303]. Particularly, increased
expression of several transmembrane receptors (EGFR, FGFR, erb2) has been found
similar to human OSCC [303]. In this context, chlorin e6 conjugated to epidermal growth
factor receptor monoclonal antibody (EGFR-MAB) has been investigated for PDT of oral
pre-cancer in hamster [304]. So far no other photosensitizer conjugate has been
investigated for targeted PDT of OSCC. Based on results on over-expression of histamine
receptors in hamster model we investigated the use of Cp6-his for PDT of oral tumors.

The results on the accumulation of Cp6-his in tumor and normal mucosa show that
while both Cp6-his and free Cp6 accumulate preferentially in tumor, the accumulation of
Cp6-his in normal mucosa is much less as compared to Cp6. The ratio of fluorescence
intensity of Cp6-his at 674 nm for tumor vs. normal mucosa was significantly higher than
that for Cp6 which is primarily because of its lower accumulation in normal mucosa. Other
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photosensitizers used for PDT of OSCC in hamster e.g. meta(tetrahydroxyphenyl)chlorin
(mTHPC) [21] and 2-[l-hexyloxyethyl]-2-devinyl pyropheophorbide-a (HPPH) [308] have
been shown to give tumor vs. normal tissue ratio ≥2, which is similar to that for free Cp6.
The clearance of Cp6-his from the skin was rapid similar to Cp6 [125], whereas in case of
mTHPC studies in hamster OSCC model have shown its prolonged retention in the skin for
five days followed by ~80% elimination in 10 days after injection [306]. The lower
accumulation of Cp6-his in normal mucosa and its rapid elimination from skin show clear
advantage with respect to minimizing the side effects of PDT.

PDT with Cp6-his led to almost complete regression of tumors of size as large as
~1264 mm3. In PDT with Cp6 complete tumor regression was seen for tumor size of ~ 133
mm3 and larger tumors regressed only partially given the same light dose and slightly
higher drug dose (4.0 mg/kg) [126]. This comparison suggests that photodynamic efficacy
of Cp6-his is significantly better than Cp6. We expect that the improved PDT efficacy of
Cp6-his could be due to its better uptake in tumor cells as demonstrated earlier in oral
cancer cell line [283]. We compared the levels of Cp6-his and Cp6 in tumors based on their
fluorescence intensity after correction with their respective fluorescence yield and found
no significant difference. It is however, important to note here that the level of
photosensitizer measured from tumor tissue by in vivo fluorescence measurements
represents amount present in tumor cells as well as tumor microvasculature. Therefore,
with these measurements it cannot be ascertained whether conjugation of Cp6 with
histamine facilitated its uptake in tumor cells per se in vivo.
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Since our studies in oral cancer cells showed significant inhibition in the cellular
uptake of the conjugate by histamine receptor antagonist and low temperature [283], we
believe that the uptake of Cp6-his is receptor mediated and therefore its higher tumor
selectivity could be because of difference in expression level of histamine receptor in
normal mucosa and tumor. In addition, the change in physical properties of Cp6 such as
charge and hydrophobicity due to attachment of histamine is also expected to contribute in
the tumor selective accumulation of Cp6-his. This is due to the fact that the hydrophobicity
of the photosensitizer is largely determined by the nature of side chain in the molecule
[307] which in turn is believed to play significant role in the selective accumulation of
photosensitizer in tumor [308]. Since Cp6-his has one carboxylic group less as compared
to Cp6, there can be significant difference in their hydrophobicity. For example,
dicarboxylic duteroporphyrin is more hydrophobic and shows higher affinity for LDL as
compared to chlorin e6 which has three carboxylic groups in the molecule [307]. While
photosensitizer bound to LDL enter in tumor cells via receptor specific endocytosis,
hydrophilic photosensitizer is carried mostly by serum albumin into the tumor vasculature
and accumulate in tumor stroma due to leaky neovasculature [307]. This might be the
mechanism responsible for the preferential accumulation of Cp6 in tumors in hamster
where like many other tumors higher degree of neovasculature as compared to normal
tissue has been reported [309]. In case of Cp6-his, interaction with histamine receptor or
also with LDL for the reason described above can lead to better accumulation in tumor
cells. This also raises the possibility that despite preferential accumulation of both Cp6 and
Cp6-his in tumor, there can be differences in their relative distribution between cellular and
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vascular compartment of the tumor. It needs further investigations in appropriate model
system to verify these aspects.

5.3 Conclusion

In conclusion, results show that histamine receptors are over-expressed in OSCC
tumors and tumor selectivity of Cp6 can be improved by conjugating it to histamine. PDT
with Cp6-his led to complete regression of relatively large tumors, which suggests
considerable improvement in PDT efficacy also. To find whether conjugation of histamine
facilitate the accumulation of Cp6-his in the tumor cells as observed earlier for oral cancer
cells required detail studies on its intratumoral distribution by confocal microscopy. While
difference in histamine receptor level might contribute to higher tumor selectivity of Cp6his, it is also likely that a change in physical properties of Cp6 due to attachment of
histamine also play some role. Taken together, coupling of Cp6 to histamine provided a
promising approach to improve PDT efficacy in hamster model and open new possibility
which may be worth to explore further for PDT of human OSCC.
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CHAPTER 6
INTERACTION OF Cp6-HIS AND Cp6
WITH BSA AND LIVER MICROSOMES
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For PDT effectiveness the selective uptake of the photosensitizer in tumor and its rapid
clearance from the body are the two important aspects. Our studies in human oral cancer
cells substantiated that Cp6-conjugate as compared to free Cp6 led to higher cellular uptake
and thus enhanced phototoxicity [283]. Also, in hamster cheek pouch tumor model the
tumor selectivity of the conjugate was significantly higher than free Cp6. Further, the
conjugated Cp6 showed rapid clearance from the skin and PDT-induced tumor regression
also improved considerably with respect to free Cp6 [310]. While studies in cancer cells
confirmed that the uptake of the conjugate is receptor mediated [283], there is also
possibility that the changes in the chemical characteristics such as charge and
hydrophobocity as a result of the conjugation of Cp6 to histamine may also influence the
uptake and clearance of the conjugate. It is well known that the transport and preferential
retention of the photosensitizer in tumor after its systemic administration is modulated by
its interaction

with various serum proteins such as albumin, LDL and HLD [311].

Generally, while hydrophilic photosensitizers show fast plasma clearance and non-specific
or low retention in tumor due to their higher affinity with serum albumin, hydrophobic
photosensitizers are likely to bind with serum LDL and can accumulate preferentially in
tumor depending on the presence of LDL receptors on the tumor cells [312,313]. Further,
the interaction of drug with microsomal proteins particularly Cytochrome P450 enzyme
systems also depend on the lipophilicity of the drug and thus can affect its metabolic
clearance [314].

In this chapter, we report results of our studies on the interaction of free Cp6 and Cp6his with bovine serum albumin and

liver microsomal enzyme system.

Since liver
160

microsomes also provide an ideal system to assess the photodynamic efficacy of the
photosensitizers [315] we have monitored the extent of protein damage and lipid
peroxidation in microsomes following PDT with Cp6 and Cp6-histamine conjugate to
compare their relative PDT efficacy.

6.1 Results

6.1.1 Interaction of Cp6 and Cp6-his with BSA and liver microsomes

The absorbance spectra of Cp6 and Cp6-his, with or without BSA and liver microsomes
respectively are presented in fig.6.1. Addition of BSA (1 µM ~ 67 µg) to a solution of
either Cp6 or Cp6-his (10 µM) resulted in a shift (~ 8nm) of the absorbance band of the PS
at 659 nm to 667 nm. Similarly, ~ 13 nm red shift was observed at Q band absorbance on
addition of microsomes (100 µg) in to the solution of each photosensitizer. The shift in
absorbance spectra of PS shows the association of the sensitizer with the BSA and
microsomes.
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a

b

c

d

Figure 6.1: Absorption spectra of Cp6 (a, c) and Cp6-his (b, d) in 25 mM phosphate buffer
pH 7.4 (solid) and in presence of (dashed) either BSA (a, b)) or microsome (c, d).
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6.1.2 Measurement of binding parameters

The quenching of intrinsic tryptophan fluorescence of BSA and microsomal proteins by
Cp6 and Cp6-his was measured and plotted as Stern–Volmer plot to determine the binding
parameters such as binding constant and number of binding sites. Interaction between
BSA/microsomes and photosensitizers can be represented by following equation:

log ( F0-F )/F = log K + n log [Q]

where F0 and F are the fluorescence emission intensities at 338 nm in absence and
presence of photosensitizers. K is the binding association constant and n is the number of
binding sites. The quenching curve of Cp6 and Cp6-his to BSA/microsomes shows a linear
relationship (Fig.6.2 a-d) shows the linear plot for log (F0-F)/F vs. log [PS]. Results (Table
6.1) showed that the binding constant of Cp6-his with BSA is lower by ~ 4 order (5.0±
0.5×102) as compared to free Cp6 (2.4± 0.6×106). Moreover, the number of binding sites
for conjugate is nearly half (0.60±0.05) as compared to free Cp6 (1.23±0.15). However,
with microsomes the binding constant of Cp6-his was found to be lower by ~2 order (1.3±
0.3×104) then free Cp6 (9.1± 0.4×105). Also, the numbers of binding sites in microsomes
for conjugate was found to be slightly lower (0.87 ± 0.08) then free Cp6 (1.17± 0.03).
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b

c

d

Figure 6.2: Double logarithm plot of log(F0-F)/F vs. log[Cp6/ Cp6-his]. (a) A solution of
BSA (1 µM~67 µg) or (c) microsomes (100 µg) in 25 mM phosphate buffer pH 7.4 was
titrated against different concentration of Cp6/ Cp6-his and fluorescence emission was
measured at 338 nm with λex = 295 nm. Stern Volmer plot for Cp6/ Cp6-his – BSA (b) or
Microsomes (d). Each data points represent mean ± SD of three independent experiments.
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Table 6.1. Binding parameters.

Ksv (M-1)

Protein

Photosensitizer

Binding
Constant(Kb M-1)

No. of binding
Sites (n)

Microsomes

Cp6-His

1.3± 0.3×104

0.87 ± 0.08

3.5×104

Cp6

9.1± 0.4×105

1.17± 0.03

1.1×105

Cp6-His

5.0± 0.5×102

0.60±0.05

6.8×104

Cp6

2.4± 0.6×106

1.23±0.15

8.1×105

BSA

Table6.2. Effect of Cp6 and Cp6-his on the reduction of cytochrome c by NADPHcytochrome P-450 and NADH-cytochrome b5 reductase

Enzyme Activity

Control

Treatment
Cp6-His

Cp6

NADPH-cytochrome P-450
3.24±0.49
reductase (nmol/min/mg protein)
[Percent inhibition of cytochrome c
[100]
reduction]

2.55±0.13

2.47±0.16

[21.26]

[23.64]

NADH-cytochrome b5 reductase 15.73±0.29
(nmol/min/mg protein) [Percent
inhibition
of
cytochrome
c
[100]
reduction]

14.69±0.68

13.21±.34

[6.56]

[16.09]
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6.1.3 Effect of Cp6 and Cp6-his on the reduction of cytochrome c by NADPH-cytochrome
P-450 and NADH-cytochrome b5 reductase

In liver microsomes cytochrome c can be reduced either by NADPH-cytochrome P450
reductase in the presence of NADPH, or by NADH-cytochrome b5 reductase in the
presence of NADH. Cytochrome c reduction was dependent on the presence of NAD(P)H
and microsomes. Addition of either Cp6 or Cp6-his to the incubation mixtures had no effect
on the reduction of cytochrome c. However, when microsomes were incubated with Cp6
prior to the addition of cytochrome c and NAD(P)H, cytochrome c reduction was inhibited.
The effect of pre-incubation with either Cp6 or Cp6-his on the inhibition of cytochrome c
reduction was shown in Table 6.2. Results shows that pre-incubation with either Cp6-his or
Cp6 with microsomes led to similar level of NADPH-cytochrome P450 reductase mediated
inhibition of cytochrome c reduction. While Cp6 significantly (P ≥0.001) inhibit the
cytochrome c reduction mediated by NADH-cytochrome b5 reductase, there was no
significant inhibition of cytochrome c reduction in case of Cp6-His (Table 6.2).
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6.1.4 Quenching of tryptophan fluorescence with potassium iodide

The quenching of fluorescence of membrane-bound fluorophores molecules by iodide ions
is used as a tool in assessing their relative depth in the lipid bilayer [319]. By employing
this methodologies, it was demonstrated that as the alkyl carboxylate side chain was made
longer the tetrapyrrole core of hematoporphyrins, protoporphyrins or dithiaporphyrins is
located at larger depths in the membrane [316].

The addition of the quencher iodide to the solutions of either Cp6 or Cp6-his resulted in a
concentration-dependent decrease in PS fluorescence. Analysis of this data using SternVolmer plots (which relate the decrease in fluorescence intensity (F0/F) to the quencher
concentration) showed that (Fig. 6.3) the quenching constant KQ for Cp6 (6.31±0.61×106
M-1) did not change significantly on addition of microsomes to Cp6 solution (KQ =
6.49±0.65×106 M-1). This indicates that the iodide has full accessibility to Cp6. However,
in case of Cp6-his the KQ was found to decrease from 6.37±0.18×106 M-1

to

5.42±0.27×106 M-1 (P≥0.01) on addition of microsomes to the solution of Cp6-his.
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Figure 6.3: Stern–Volmer quenching plots of Cp6/ Cp6-his fluorescence: The fluorescence
of Cp6 or Cp6-his (10 µM) in 50 mM phosphate buffer, pH 7.4, was determined in the
presence and absence of liver microsomes (10 µg of protein/ml) (excitation 400 nm;
emission 667 nm). Open and filled square represents Cp6 in buffer (KQ = 6.31±0.61×106
M-1) and on addition with microsomes (KQ = 6.49±0.65×106 M-1), respectively. Open and
filled triangle represents Cp6-his in buffer (KQ = 6.37±0.18×106 M-1) and on addition with
microsomes (KQ = 5.42±0.27×106M-1), respectively. KQ represents bimolecular quenching
constant.
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6.1.5 Protein damage induced by PDT with Cp6 and Cp6-his

The irradiation of BSA / microsomes along with either Cp6 or Cp6-his with red light led to
photodynamic damage to the protein residues and generation of protein carbonyls, which
was measured biochemically. The amount of protein carbonyls generated directly reflects
the extent of protein damage following PDT. The table 6.3 shows the magnitude of
photodynamic damage to BSA/ liver microsomes induced by the Cp6-his and free Cp6 as
determined by estimation of protein carbonyls formation. While in case of BSA the
amount of protein carbonyl generated following PDT with Cp6-his was half as compared to
the Cp6 (Table 6.3), with microsomal proteins no significant difference is observed in the
magnitude of protein carbonyl formation when microsomes are subjected to PDT with
either of the photosensitizer (table 6.3).
Table6.3. Estimation of Protein carbonyl following PDT with Cp6-his and Cp6.

Photosensitizer

Protein Carbonyl (nmol/mg protein)
BSA

Microsome

Control

Treatment

Control

Treatment

Cp6-His

29.07±4.1

70.64±5.8

30.15±1.4

118.03±25.3

Cp6

34.75±8.9

119.5±9.2

25.30±8.2

117.42±25.7
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6.1.6 Photodynamic lipid damage in presence of Cp6 and Cp6-his

Apart from binding to microsomal enzyme proteins specifically, the photosensitizers can
also bind with membrane lipids non-specifically depending on their relative lipophilicity
and this interaction is expected to determine the extent of lipid damage following PDT.
Measurements on PDT induced lipid peroxidation however showed (Table 6.4) no
difference for Cp6-his and Cp6 indicating that their non-specific binding with liver
microsomes is also similar.

Table6.4. Lipid peroxidation in microsomes following PDT with Cp6-his and Cp6.

Photosensitizer

TBARS (nmol/mg
protein)
Control

Treatment

Cp6-His

0.33±0.12

6.73±0.18

Cp6

0.42±0.09

6.61±0.34
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6.1.7 Partition coefficients

To evaluate the lipophilicity/ hydrophobicity of Cp6 and Cp6-his, partition coefficients of
both the PS were measured in the 1-octanol–water system. The partition coefficients
measured by Eq. (1) showed Cp6-his is slightly more lipophilic as compared to parent Cp6.

6.2 Discussion

6.2.1 Interaction of Cp6-his and free Cp6 with BSA

Results of our study show that as compared to Cp6 the binding affinity of Cp6-his with
BSA is lower by ~ 4 orders of magnitude and the number of binding site is also decreased
significantly.

Previous studies have shown that the binding affinity of di and

monocarboxilic porphyrins to serum albumin increases with increase in the lipophilicity of
the photosensitizer [317,318]. We measured Octanol: water partition coefficient of the two
photosensitizers and results show that Cp6-his is slightly more lipophilic as compared to
free Cp6. The increase in lipophilicity of Cp6-his is expected because the carboxylic group
at 17th carbon position in the molecule is removed to attach the histamine. Thus, the trend
with respect to relative lipophilicity and the affinity to albumin appeared to be opposite in
case of Cp6 and Cp6-his. In fact, for chlorin type photosensitizers the dependence of
affinity to serum albumin on lipophilicity is not clearly established [312,319]. For
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example, with Ce6 the binding affinity to serum albumin has been found to be similar to
deuteroporphyrin and protoporphyrin in spite of the fact that later two are more
hydrophobic as compared to Ce6 [312]. The reason for the similar binding affinity of the
three photosensitizers was explained based on their common asymmetric structure where
the carboxylic side chain is at the side of hydrophobic core [312]. It has been suggested
that the side chain carboxylic group interacts with basic residues at entrance of the
hydrophobic pocket in albumin and the tetrapyrrol moiety of the photosensitizer binds the
hydrophobic pocket at subdomain IB and in a manner similar to heme [312]. This
contention that the side chain carboxylic group provides anchor for attachment to the
external, near the polar face of globular protein has been suggested by Ben et al also [317].
We therefore believe that a large decrease in the affinity of Cp6-his as compared to Cp6
could also arise because of loss of side chain carboxylic group upon conjugation with
histamine and also due the fact that histamine itself did not bind with serum albumin.

6.2.2 Interaction of Cp6-his and free Cp6 with microsomal protein

The liver microsomes contains some key enzymes particularly NADPH-cytochrome P450
reductase and NADH-cytochrome b5 reductase for the metabolism and detoxification of
various drugs [320]. Photosensitizer accumulation in liver can affect the activity of these
enzymes which may result in abnormal liver function. For examples, liver toxicity has
been observed as one of the most common side effects in case of PDT with ALA induced
protoporphyrin [321]. Similar accumulation of protoporphyrin in case of protoporphyria is
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associated with failure of liver function. It has been shown by Williams et al, using liver
microsomal system that protoporphyrin inhibits the activity cytochrome P-450 system and
thus affects its detoxification function [322]. We observed that both Cp6 and Cp6-his led to
~ 22% inhibition of NADPH-cytochrome P450 reductase activity. For NADH-cytochrome
b5 reductase activity, Cp6-his showed only slight inhibition as compared to 20% inhibition
induced by Cp6. It is important to mention here that the microsomal binding of drugs can
involve specific interaction with microsomal proteins and the nonspecific interaction with
lipid part of the microsomes depending on the lipophilic/hydrophobic nature of the drug
molecule [323]. Since there is small but significant difference in the lipophilicity to Cp6his and Cp6, the non-specific binding to microsomal lipid is also expected to be different. It
has been reported the inhibition of cytochrome P-450 by protoporphyrin could be
associated with deeper localization of protoporphyrin in microsome membrane due to its
lipophilic nature whereas hydrophilic urophorphyrin which remain outside did not lead to
such inhibition [324]. We also studied the localization of both the photosensitizers in the
microsomes by probing the quenching of photosensitizer fluorescence by iodide ion. The
results show that the presence of iodide has no significant effect on fluorescence of Cp6 in
both the absence or presence of microsomes. This suggests that Cp6 is not localized very
deep in the microsome. For Cp6-his, the quenching of its fluorescence by iodide in the
presence of microsomes was slightly lower than in the absence of microsomes which
suggested that it is localized little deeper in the microsomes. It is important to note that the
drug metabolizing enzyme CytP450 protein complex localize at the surface of the
microsome membrane with its catalytic domain inserted shallow in the membrane [325].
We probed the intrinsic tryptophan fluorescence of the microsomal proteins to determine
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the specific interaction. The results show that Cp6-his and Cp6 binds with microsomal
proteins and the binding constant for Cp6 was higher than for Cp6-his. Whereas, the
number of binding sites for both Cp6 and Cp6-his is close to one. This together with the
fact that the two photosensitizers inhibit the activity of microsomal enzymes to the same
extent suggests that the interaction of Cp6-his with microsomal proteins is not significantly
different from Cp6. In confirmation with our previous observations that the clearance of the
two photosensitizers from the skin in hamster cheek pouch model was similar [326], these
results suggest that the conjugation to histamine would not affect the metabolism and
clearance of Cp6.
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Figure 6.4: Cp6/Cp6-his mediated photodynamic RNO bleaching with respect to time. A
solution containing RNO (A440 ~ 0.8), 10 mM imidazole and 10 µM of either Cp6 or Cp6his in 25 mM Na2HPO4 buffer of pH 7.4 was irradiated with red light (660 ± 25 nm) for
different time period and at the end of each irradiation absorbance of irradiated and unirradiated samples was measured at 440 nm. Each data points represent mean and standard
deviations of three independent experiments.
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6.2.3 Photodynamic damage to proteins and lipids

We also studied whether the affinity of Cp6-his and free Cp6 to BSA and microsomal
proteins have any influence on the PDT-induced protein damage. Results however show
that while the protein carbonyl formation following PDT with Cp6-his was ~50 % less as
compared to that for Cp6, the difference in the affinity of the two photosensitizers to BSA
was much larger.

We have previously reported that the Cp6-induced photodynamic

damage to BSA is mediated by singlet oxygen [310]. The comparison of the singlet
oxygen yield of Cp6 and Cp6-his in aqueous environment showed that the singlet oxygen
generation capability of Cp6-his is lower than that of Cp6 and this also correlates with the
difference in the amount of protein carbonyl formation induced by two photosensitizers.
Earlier studies have shown that the photooxidation to protein measured by tryptophan
oxidation is significantly different for various porphyrin and chlorin type photosensitizers
even after normalization with respect to the small differences in singlet oxygen yield of
these (fig.6.4) [317]. This was attributed to the differences in the relative proximity of the
photosensitizers to tryptophan in the protein molecule [317]. In our study, the amount of
carbonyl formation represents overall protein damage due to the fact that these are formed
by oxidation of nearly all amino acids in the protein. Therefore the observed photodamage
to protein is more dependent on singlet oxygen yield of the two photosensitizers rather on
binding affinity measured by tryptophan quenching.
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Interestingly, we observed that both Cp6-his and Cp6 induced roughly same amount
of protein damage in liver microsomes after PDT. Compared to the protein in neat buffer
system, the proteins in microsomes are surrounded by lipid environment and since both
Cp6-his and Cp6 are amphiphilic these can also partition in the lipid region. This is evident
from the larger red shift in the Q band absorption of the two photosensitizers (from 659 nm
to 671 nm) when added to microsomes as compared to BSA. In addition, since Cp6-his
might be located little deeper in the microsomal membrane and also due to the fact that the
life time of singlet oxygen in lipid environment is longer than in aqueous phase [327,328],
Cp6-his is expected to lead to higher protein damage in membrane as compared to aqueous
environment. Bronshtein et al using hemato- and protoporphyrins, which have alkyl
spacers of varying lengths between the tetrapyrrole ring and the carboxylate groups, have
shown that the deeper localization of photosensitizer in membrane result in higher
photodamage of membrane localized target molecule [218]. Thus deeper localization of
Cp6-his would compensate for its lower singlet oxygen generation capability as compared
to Cp6 and both resulted in almost same amount of protein damage in microsomes. This
observation may also explain Cp6-his and Cp6 showing no significant difference in PDT
induced lipid damage.

6.3 Conclusion

To summarize, it is shown that while conjugation of Cp6 to histamine led to tremendous
decrease in its binding affinity with serum albumin, the specific interaction of Cp6-his with
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proteins in liver microsomes is similar to Cp6. These results have two implications, first
that serum albumin less likely to play a role in the transport of Cp6-his as compared to free
Cp6 which may contribute to its better accumulation in tumor cells with respect to tumor
vasculature. Second, the recognition of both Cp6 and Cp6-his by microsomal proteins for
further metabolism and clearance is not altered which are desirable features for its in vivo
PDT efficacy. The use of microsomes also allowed comparison of the PDT efficacy of the
two photosensitizers and results demonstrate that Cp6-his in spite of lower singlet oxygen
generation capacity led to almost same amount of damage to membrane lipid and proteins
which could arise because of better localization of Cp6-his in microsomal lipids due to
higher lipophilicity of the conjugate. These observations are consistent with the higher
cellular uptake, better tumor selectivity and enhanced photodynamic efficacy of Cp6-his
conjugate reported in our earlier studies [283,310].
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CHAPTER 7
SUMMARY AND FUTURE
PROSPECTIVES
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To conclude, the results of in-vitro studies in oral cancer cell lines as wells as breast
carcinoma cell line showed that the Cp6-his is taken up more efficiently than free Cp6 in
cells and thus the resultant photo-toxicity is also enhanced substantially. The results also
suggested that uptake of the conjugate is mediated by histamine H2 receptors. The sites of
intracellular localization of Cp6-his has been identified as lysosomes and endoplasmic
reticulum suggesting its uptake by endocytosis. Characterization of PDT-induced damage
to cell organelles by 3D reconstruction revealed that tubular regions of ER are more
sensitive to photodynamic damage and damage to ER also led to alterations in structure of
Golgi apparatus.

Studies on evaluation of PDT efficacy of Cp6-his in hamster cheek pouch model
showed higher tumor selectivity for Cp6-his as compared to Cp6 and PDT led to complete
regression of tumors of size ≤1000 mm3. Results also showed that histamine H2 receptors
are over-expressed in hamster tumor tissue. Hamster oral cancer model is well
characterized which shows several biochemical and structural features similar to human
oral cancer. So far, the status of histamine receptor is not reported in literature. We
analyzed few histology slides of human OSCC tissue samples obtained from Choithram
Hospital & Research Centre, Indore and observed strong immune-staining in various
regions of tumor tissue suggesting high expression of histamine H2 receptor (Fig. 7.1 A, B,
C. D). This is also consistent with our observations in oral tumors of hamster. Therefore it
will be interesting to study expression of histamine receptors in human oral cancer to
further exploit the clinical use of Cp6 histamine conjugate for PDT of oral tumors.
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While difference in expression of histamine receptor level might contribute to
higher tumor selectivity of Cp6-his, it is also likely that a change in physicochemical
properties of Cp6 due to attachment of histamine also play some role in its uptake. To gain
some insight on this aspect studies on interaction of Cp6-his and Cp6 with serum albumin
and liver microsomes has been done. Results revealed that the Cp6-his has lower affinity
with serum albumin as compared to Cp6 which could also be an important factor in its
tumor selective uptake.

Moreover, results on interaction of Cp6-his and Cp6 with liver

microsomes showed no difference in binding which suggest that conjugation of Cp6 with
histamine would not affect its hepatic metabolism and clearance. This is also consistent
with similar time dependent rapid clearance of Cp6-his and Cp6 observed in hamster
model. In conclusion, Cp6-his showed promising results in cancer cells and hamster tumor
model and thus the coupling of Cp6 to histamine provided new possibility for targeted PDT
which may be worth to explore further.

181

a

b

c

Figure 7.1 (A): H2R receptor expression in Human OSCC biopsy samples (Supraglotic
region of Larynx) detected by Immunohistochemistry. Different regions of same tissue
section are shown in a-c. Note the prominent staining (brown color) in tumor cells and also
in tumor matrix.
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Figure 7.1 (B): H2R receptor expression in Human OSCC biopsy samples (OSCC tumor of
oral cavity) detected by Immunohistochemistry. Different regions of same tissue section
are shown in a-c. Note the prominent staining (brown color) in tumor cells and also in
tumor matrix.
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Figure 7.1 (C): H2R receptor expression in Human OSCC biopsy samples (OSCC tumor of
oral cavity) detected by Immunohistochemistry. Different regions of same tissue section
are shown in a-c. Note the prominent staining (brown color) in tumor cells and also in
tumor matrix.
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Figure 7.1 (D): H2R receptor expression in Human OSCC biopsy samples (OSCC tumor
from Alveolar Region Buccal Mucosa) detected by Immunohistochemistry.
Immunohistochemi
Different
regions of same tissue section are shown in aa-c.
c. Note the prominent staining (brown color)
in tumor cells and also
lso in tumor matrix.
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