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ABSTRACT
Photodynamic therapy (PDT), a newly emerging technology for cancer treatment is
extensively studied. We designed a set of systematic experiments to study the efficacy of
PDT in vitro and in vivo. Different cell lines and photosensitizters (PSs) were used during
this study to evaluate targeted and untargeted PDT outcome. Initially 5-aminolevulinic
acid based PDT efficacy was investigated on human cervical (HeLa cells) and laryngeal
cancers (Hep2c cells) cells in vitro. The toxicity of laser light itself and the PS alone to
these cells were found to be negligible. The incubation time, PS concentration and light
doses were optimized for the two cell lines. The cell viability of HeLa and Hep2c were
reduced to 15 % when exposed to optimum parameters of PS and light doses.
Further an in-vivo efficacy of PDT with fractionated drug light interval (DLI) and diluted
Photogem (a photosensitizer) concentration was studied. It was found that the quality of
necrosis initiated by PDT was improved with this new approach of drug delivery.
Iron oxide nanoparticles, capped with tween-80 and with covalently bonded polyethylene
glycols (PEG) layer on outer surface, were synthesized and 5-ALA was encapsulated for
effective delivery of PS and ultimately to enhanced outcome of PDT. In vitro studies
performed on HeLa cells showed that cellular damage was around 80% with improved
uptake of PS. It was observed that cell death achieved with 10+6 times less concentration
of PS encapsulated with nano-construct was almost same as found previously with free PS
molecules, which gives substantial evidence of improved intracellular delivery of PS.
Polymeric nano-cells were synthesized for targeted in-vitro PDT studies for the sack of
improvement of the efficacy of combination therapy. Pancreatic cancer cells (AsPc-1)
were evaluated for intracellular complete inhibition of vascular endothelial growth factor
(VEGF). Nanocells were loaded with benzoporphyrine derivative (BPD) PS and
humanized antibody (Avastin). It was observed that targeting VEGF protein in
intracellular spaces effectively inhibits its up regulation than extracellular as observed
over 72 hours post PDT thus increasing the efficacy of combinational therapy.
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CHAPTER 1
Photodynamic Therapy
Photodynamic therapy (PDT) is a new treatment modality for diseases i.e. infectious,
oncological and non-oncological. The basic principles of PDT depend on the presence
of a photosensitizer (PS) and cellular molecular oxygen. The subsequent irradiation of
photosensitized tissue with non-ionizing radiation generates tissue damage. It is a
relatively new and promising modality for the treatment of cancerous and other nonmalignant conditions using a combination of visible or near-infrared light and a lightactivated drug (photosensitizer). The light or the photosensitizers used in PDT induce
little or no toxic effects by themsel. It is only the activation of the photosensitizer by
light that results in the production of cytotoxic species which lead to the destruction of
the targeted tissue. The non-ionizing nature of the radiation is an advantage over the
radiotherapy besides of that its local and selective damage of tumor is considered the
main advantage. PDT efficacy and its selectivity mainly affected by the targeted
delivery of PS to the diseased tissue and subsequent irradiation of light of suitable
wavelength. This chapter will briefly describe the historical development of PDT.
Thereafter, the basic knowledge of PSs, light sources and delivery modes, as well as
the mechanisms behind the tissue damage achieved, will be presented.

1.1. Historical Aspects
The use of light as a therapeutic agent has been known back into the ancient time. The
therapeutic effect of the sun to treat a variety of diseases has been known since ancient
Egyptian, Indian and Chinese cultures (3000 BC - 1500 BC). Commonly irradiation
with light has been used in combination with herbals ingredients i.e. plant extracts.
Since then the efficacy of the treatment has been improved in parallel to the
development and new modification in the light sources and understanding of the
chemical nature of the chromophores.
Today, treatment modalities that are dependent on light are often categorized as
phototherapy or photochemotherapy. Photodynamic therapy belongs to the latter group
because PDT involves light and a photoactivatable chemical that’s why it comes under
the umbrella of photo-chemotherapy.
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1.1.1. Phototherapy
In phototherapy the treatment consists solely of light, within various wavelength bands
and intensities, which interacts directly with the tissue without prior administration of
an activating drug. About 3000 years ago, the Greeks practiced full body sun exposure,
later termed heliotherapy, however, only relatively recently the therapeutic effect of
sunlight has been used to any significant degree in medicine and surgery. Niels Finsen,
Danish physician, further contributed in the development of phototherapy and was
awarded with a Nobel Prize in 1903 for his novel work on bactericidal effect of
phototherapy. During (1893-1895) he successfully treated smallpox and lupus vulgaris
with red light and cutaneous tuberculosis with UV radiation generated by an arc lamp.
Today, phototherapy is frequently used for the treatment of certain types of dermatitis
and psoriasis. It has also become a widely used remedy for mental illnesses such as
seasonal affective disorder and some research supports it benefits for sleep
disturbances, depression, bipolar disorder, schizoaffective disorder and premenstrual
syndrome [1-8].

1.1.2. Photochemotherapy and Photodynamic Therapy
Photoactivatable chemical mediated treatment modality mainly depends on the
exogenous administration of chemical and its activation by a light of suitable
wavelength matching to its absorption spectra. Among the oldest known drugs for
photochemotherapy are psoralens, which in combination with UVA irradiation
constitute what is known today as PUVA therapy, frequently utilized within
dermatology, mainly for the treatment of psoriasis. In the psoriatic plaques, the PUVA
treatment affects the DNA and reduces the cell turnover in the epidermis.
PDT term is used for a treatment involving a chemical agent only activatable by a
suitable light in the presence of molecular oxygen. Oscar Raab in 1898 first published
the concept of cell death initiated by the interaction of light and chemicals. He
observed that in the presence of light acridine orange has toxic effects to paramecia.
Later Von Tappeiner in collaboration with Jesionek treated skin cancers with acridine
based on that knowledge in combination with eosin and white light. He also went on to
demonstrate the requirement of oxygen in photosensitization reactions and in 1907
introduced the term “photodynamic action” to describe the phenomenon.
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The biological properties of hematoporphyrin were studied for the first time in 1908 by
Hausmann in Vienna while carrying out experiments on mice. The first human study of
sensitization was done in 1913, when Meyer-Betz exposed his body to 200mg
hematoporphyrin and was remain sensitized for approximately two months. He had
severe pain and swelling in that part of the body which was exposed to light, inferring
phototoxic reaction. The photographs captured before and after treatment of him are
shown in Figure 1-1 [9].

Figure 1- 1: First report of endogenous porphyrin photosensitization in 1913 [9].

Meyer-Betz in collaboration with Fisher, a German chemist, also investigated the
importance of the chemical structure of porphyrin in PDT outcome. Being a chemist
Fisher continued to study porphyrin chemistry and his research was focused on patients
with porphyria. The selective localization of porphyrins in tumours was observed in
Lyon in 1924 by Policard, who excited fluorescence in a tumour with a Woods lamp
with UV emission and attributed it to the accumulation of endogenous porphyrins .In
1948 Figge showed the selective retention of porphyrine in a diseased part i.e
neoplastic, embryonic, and traumatized tissues. Figge and his colleagues comes to a
conclusions that that all porphyins showed accumulative affinity in neoplastic, which
includes induced and transplanted sarcomas, spontaneous and transplanted mammary
carcinomas. He declares porphyrins an important agent in the selective and precise
detection of cancerous cells. An early work mainly related to the selective uptake of
3

porphyrin and its various mixtures was carried out by Schwartz et al. Their initial aim
was to study the ability of porphyrine to sensitize a malignant tissue as compared to
radiation therapy. He comes to know that acetic derivative of hematoporphyrin
derivative (HPD) could prove to be an excellent selectively targeted tumor agent. In
1960’s Lipson et al done many experiments using HPD in an endoscopic system for
looking into the localized accumulation of HPD and they successfully treated a human
breast cancer.
In the 1970’s, Diamond, Dougherty, Kelly and Snell performed the first systematic
human trials of PDT after intravenous injection of HPD, selectively destroying tumors.
From these humble origins, photodynamic therapy (PDT) has been increasingly
adopted throughout the world over the last few decades and many new photosensitizes
and light delivery systems have been developed..
Almost a century after Raab's original observations, great strides have been made in
realizing the clinical potential of PDT. In 1993, Photofrin® (porfimer sodium), a
refined and purified form of HPD, was approved for PDT of recurrent superficial
papillary bladder cancer by the Canadian Health Agency. This was the first official
approval of PDT in the world and a milestone in PDT history. The next major
breakthrough was achieved when Photofrin® was accepted by the US Food and Drug
Administration (FDA) in 1998 for treatment of esophageal and lung cancer. Photofrin
is currently approved in several countries worldwide for the treatment of bronchial,
esophageal, lung, cervical and bladder cancer. In 2003, Photofrin received approval
from FDA for the ablation of high-grade dysplasia in Barrett’s esophagus, a condition
that can lead to esophageal adenocarcinoma. This approval is of significant importance
as it marks the first instance of PDT being considered as the primary treatment option
for an early stage neoplastic condition.
Currently, several new photosensitizers are undergoing clinical trials. These sensitizers
are designed to overcome the major limitations of HPD and Photofrin. Both HPD and
its purified successor Photofrin causes prolonged skin photosensitivity, have weak
absorption peaks at wavelengths which are short of the optimal transmission of tissue,
and are composed of mixtures of different porphyrins. In contrast, second generation
photosensitizers are known for their purity and their absorption peak lies well within
the optical window. Meso-tetra (hydroxyphenyl) chlorin (mTHPC), a second
generation photosensitizer, is one of the most potent among all and is being evaluated
4

clinically for skin, oral, and prostate cancers. mTHPC got approval in 2001 in the
European Union for the treatment of head and neck cancers. Lutex, another second
generation PS is also being investigated for these cancers along with recurrent breast
cancer. BPD-MA is currently in phase III clinical trials at 15 sites in the U.S. and
Canada for the treatment of multiple basal cell carcinomas. NPe6 is in clinical trials in
Japan and the U.S. for the treatment of several types of solid tumors in the head and
neck, rectum, prostate and lung [10].
One of the most widely used PS which shows promising results for the number of
malignant and non-malignant conditions is δ-aminolevulinic acid (ALA). ALA is
different from the rest of the PS in the sense that it is not a PS but it causes endogenous
photosensitization by inducing formation of the sensitizer protoporphyrin IX (PpIX) in
cells through heme cycle. A topical formulation of ALA, Levulan®, has been
approved by the U.S. FDA in 2000 for the treatment of precancerious skin condition
actinic keratoses. It has been demonstrated that ALA-PDT can successfully treat skin
conditions such as psoriasis, acne and viral warts. Esterified form of ALA, a second
generation of ALA, has good penetration and sensitizing efficiency to target tissues
more effectively. In 16 European countries Metvix®, a methylester ALA formulation,
is now approved for PDT of both actinic keratoses and basal cell carcinoma where as
hexylester formulation of ALA, Hexvix®, is currently under clinical trials for
photodiagnostic and therapeutic agents for the treatment of bladder cancers.
Furthermore, the property of some photosensitizers to localize in blood vessels
selectively has been used to treat non-cancerous vascular diseases. Prominent among
them is the worldwide approval in over 70 countries, including the U.S., for BPD-MA
(Visudyne®)-based PDT for the treatment of patients with predominantly classic
neovascularization due to age-related macular degeneration (AMD), pathologic
myopia and ocular histoplasmosis (www.novartis.com). AMD, a condition resulting
from over proliferation of blood vessels behind the retina, is the leading cause of
blindness in elderly people. Based on preclinical findings that Lutex is selective for
atherosclerotic plaques and targets macrophages, which are inflammatory cells known
to accumulate in these plaques, Lutex-PDT is now undergoing clinical trials for
treatment of atherosclerosis and the prevention of restenosis following conventional
angioplasty. Finally, PDT is going back to its origins in microbiology and is offering
an alternative treatment for destroying microorganisms [2-4, 6, 11-13].
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1.1.3. Mechanisms in Photodynamic Therapy
Photodynamic therapy (PDT) consists in the systemic or topical application of a
photosensitiser (a dye or a dye precursor) , that localizes selectively in the target tissue
at concentrations at which this substance is not toxic. The principle is based on the
capacity of these substances to be excited by the light and to restitute for repeated
usage. This light, at an appropriate wavelength depending on the PS to be excited, is
applied at a controlled dose (fluence and fluence rate), which by itself is not harmful to
the tissue, and which is absorbed by the dye [14].

1.1.3.1. Photophysics of Photodynamic Therapy
PDT basically is effective because of its initiation of toxic photochemistry in the target
tissue. The whole phenomena involves two major steps, the application of PS followed
by light illumination of the sensitized target tissue at a specific wavelength matches its
absorption peak. A photosensitizer has no effect on tissue unless it is activated by light
of the appropriate wavelength. In fact the exact biological mechanisms underlying
PDT vary from PS to PS, uptake and distribution of PS within the tissue, intracellular
localization sites and other parameters.
The PS gets excited on irradiating with non-ionizing radiations of wavelength suitable
to its electronic absorption transition. Energy released in the form of photon when this
excited PS is returned back to its ground state through a number of pathways. On its
de-excitation, energy releases by a number of pathways. Emitted light could be
triggered as a result of transition between the same spin states or it could be a transition
to excited triplet states via internal conversion (IC) process and intersystem crossing
(ISC), which is a radiation less transition between different spin states during collisions
with other molecules. A schematic diagram of this photochemical reaction is shown in
Figure 1-2.
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Figure 1- 2: Jablonski diagram [17].

Excitation of PS gives rise to two chemical mechanisms in the presence of surrounding
molecules called Type I and Type II reactions:

Type I reaction:

A Type I reaction is one of the possible way of energy transfer

from the photosensitizer but not via oxygen. When PS is exposed to light it gets
excited and reacts directly with a chemical agents lying in its surrounding by electronic
exchange. In this way an oxidized form of a organic substrate and reduced
photosensitizer (P-) produced. The excited photosensitizer (3P*) can also react with
superoxide radicals (O2-) to produce superoxide anions (O2-.) which can then create the
highly reactive hydroxyl radical (OH-.)

Type II reaction: The most important messengers in the processes causing cell damage
during photodynamic therapy are oxygen species in various toxic states. Molecular
oxygen in an excited state, which is generated in Type II photosensitization, is the
species considered to play the most important role. Type II reactions require ground
state triplet state of molecular oxygen (3O2) in the tissue to interact in a first step
reaction with the metastable excited triplet state of the PS. This leads to the formation
of excited singlet oxygen (1O2) that can then either react with the PS itself
(photobleaching) or with a biomolecular target located close to the PS. 1O2 rapidly
reacts or is quenched so that reactions take place at distances of only a few tens of
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nanometers from the PS, so that PS localization determines essentially where PDT
damage takes place. The sequence of reactions is as follows:
T* + O2 →S0 + 1O2------------------------------------------------ (2‐ 1)
1

O2* + Radical →photo-oxidation

----------------------------- (2‐ 2)

PS that has high singlet oxygen quantum yield, which could be converted to triplet
state are known to be efficient photosensitizing compound. When PS is activated by
light it gets excited to triplet state and on its return to ground states it transfers the
excess energy to oxygen and this cycle of transferring energy could be repeated. In
PDT type II reactions are known for their dominant role while type I reactions may
have possibility for their dominant role under certain conditions i.e. highly
concentrated PS, under the molecular oxygen depletion by photodynamic reaction.
Singlet oxygen and free radicals generated through photochemical reactions are toxic
to cells and tissues.
The exact relative importance of Type I and Type II mechanisms is however not
known. Whatever the nature of the intermediate (singlet oxygen or other reactive
intermediate), biological damage caused by oxidation may be sufficient to kill cells.
There are hundreds of natural and synthetic dyes that can function as PS for PDT,
ranging from plant abstracts to complex synthetic macrocycles [11, 12, 14, 15].
On light irradiation of PS, toxic oxygen species are generated. Singlet oxygen among
all is an important species which could easily diffuse to a length of about 0.01-0.02 µm
and with a life time of the order of 0.01-0.04 µs. This diffused length with in the tissue
is approximately equal to one percent of a red blood cell diameter, which is
approximately 6-8 µm. These values for singlet oxygen are considerably shorter than
those find out in solutions. From these considerations, the localization of PS within the
diseased tissue is an important factor for the initiation of damage in parallel to the
concentration of PS molecules [3, 12, 14].
Although the exact mechanism by which photodynamic therapy produces destruction
of cells and tissues is still a subject of debate, but three basic mechanisms have been
proposed so far
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i.

It can kill tumor cells by destroying the plasma membrane, mitochondria,
lysosomes.

ii.

It can damage the target site by causing vascular shut down leading to
thrombosis and stasis.

iii.

It can alter the cellular immunity system.

Choice of sensitizer and its formulation and / or the drug delivery vehicle, and
strategies mainly influence the PDT-induced damage. For instance, Visudyne®, a
benzoporphyrin derivative localizes mainly in vasculature shortly after intravenous
application, accordingly, in this case, destruction of the vasculature is the main result
of Visudyne®-PDT in which light is applied shortly after injection. Reduced activity
of adenosine triphosphatase (ATPase) has also been demonstrated with PDT. Damage
to subcellular targets lead to rapid apoptosis and necrosis of tumor cells.. Most
photosensitizers localize to cytosolic targets such as Golgi, endoplasmic reticulum,
mitochondria, lysosomes, and membranes. Geze et al. suggested that hydrolases and
acid that leak out of the damaged lysosomes may degrade cellular components.
It was thought that PS initially localized to lysosomes, may later relocalizes to other
readily available cell organelles such as mitochondrial membranes or cell nuclei after
shattering of lysosomes. PDT leads to inhibition of several mitochondrial proteins the
most important one is cytochrome-c. This protein is essential ingredient of
electrochemical action across the cell membrane. Hypoxic tumor regions are protected
from direct PDT induced cell death, as 1O2 formation is inadequate by 3O2 availability
[11, 18, 19, 21].
Due to the protection in the hypoxic region of tissue, some viable cells left over there.
These surviving cells may also be exposed to the after effects initiated by photodamage. It has been known that the photo-damaging effects are worthwhile in the
continuous supply of blood to the diseased tissue. Type II mechanism is usually
thought to be the most effective mechanism of cell death due to the initiation of
apoptosis, neutrophils inflammation and triggering immune system towards the death
of tumor cells.
Vascular effects:

PDT is a complex mechanism of the presence of PS and

cellular oxygen; the cellular oxygen could be readily available by the continuous
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supply of blood. Therefore the most damaging site during PDT action will be blood
vasculature of tumor; these observations will not be always true for every PS. Vascular
damage are only possible for those PSs whose accumulation in vessels is more
expected i.e. BPD-MA. Efficacy of PDT could be increased by utilizing that molecular
oxygen efficiently but on the other hand due to inadequate supply of oxygen this
photochemical process could shut down. PDT also initiates inhibition of nitric oxide
via activation of endothelial damaging. This inhibition of nitric acid may cause vessel
constriction. [19].
Apoptosis:

The effective PDT leads to the abrupt induction of apoptotosis in

parallel to direct cell death. PDT activates the intrinsic mechanism of cell for its cell
death initiation by production of cytochrom-c without up-regulation of inflammatory
response. It has been noted that cellular damages initiated by apoptotic path ways are
less dominant than initiated by necrosis. Morphological analysis for necrosis/apoptosis
showed that cytoplasm condenses which further triggers the disintegration of the cell
as a whole into the membrane-bound vesicles. The degradation process is characterized
by an intact function of the membranes and the organelles, which means that minimal
amounts of inflammatory mediators, e.g. lysosomal enzymes, are released. During
apoptosis, there is a typical fragmentation of DNA. An apoptotic response after PDT
was first shown by Agarwal et al. in 1991 and has been observed for PDT both in vitro
and in vivo. There is an association between photo damage of the mitochondria and an
apoptotic cell response. In ALA-PDT, where the production site of the
photosensitizing agent PpIX is the mitochondria, apoptosis is expected. This has also
been shown in vivo and in vitro. In the latter studies by Noodt et al., the apoptotic
response was shown to be cell-line dependent.. PDT-mediated tumor destruction
accompanies strong inflammatory reaction. The release of metabolites of membrane
lipids during the phototoxic damages initiated by PDT, are strong activators of the
inflammatory reaction. In the immediate inflammatory reactions macrophages plays
one of the important roles [19, 21, 23].

1.1.3.2. Photobleaching and Role of Photoproducts
Several in vivo and in vitro studies utilizing laser-induced fluorescence have
demonstrated that the drug is degraded during the PDT procedure, resulting in a
decreased drug-related fluorescence, a phenomenon called photobleaching or
photodegradation. During illumination of PS with specific wavelength also causes
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fluorescence of other agents at other wavelengths too. This effect has been noticed in
porphyrins. These fluorescing agents are called the photoproducts of porphyrins. PS
activation by light and its after photoproducts are mainly associated with the presence
of oxygen. These generated photoproducts in case of porphyrin especially also emit
fluorescence in the visible region. When utilizing HPD, a photoproduct absorbing
about 640 nm has been observed, and during PDT with ALA-induced PpIX as
sensitizer, an evident photoproduct emitting fluorescence at around 670 nm has been
reported [24].
The photobleaching effect has typically been considered to play a defensive role in
normal tissue in close vicinity to the illuminated tumor. In a normal cell where the
amount of sensitizer molecules present is insufficient to generate cell damage,
photobleaching can clear the cell for further damage. Subsequent illumination to
deliver enough light to the deeper layers will then have no further effect on the normal
tissue. The extent, the photoproducts can be photoactive and contribute to the treatment
effect, is still not clear. What has been verified is that they seem to be quite short-lived
before they again are subject to photodegradation. In the case of ALA-induced PpIX
sensitization, much interest has been paid to the photoproducts due to the fact that
many groups are using broadband light sources for PDT in skin lesions. Various lamps
are used that cover the wavelength regions where the photoproducts absorb, and could
potentially simultaneously excite several agents [25-26].
The photophysical properties of a photosensitiser influence its production efficiency of
singlet oxygen. Firstly, the extinction coefficient, ε, at the therapeutic wavelength,
controlling the transition S0 + hυ → T1, needs to be high to efficiently excite the
photosensitiser and decrease the light and drug doses required. Photosensitiser
absorption at long wavelengths increases treatment depth due to the lower light
attenuation in the red and NIR wavelength regions.
The triplet state yield, Φt, controlling the conversion, S1→ T1, the lifetime of the triplet
state, τt, as well as the yield of singlet oxygen, Φ∆, influencing the pathway T1+3O2 →
1

O2+S0, should be high. The photosensitiser absorption bands at both short and long

wavelengths provide the possibility to probe either very superficial or deeper lying
tissue regions. The term photobleaching refers to the oxidation of ground state
photosensitiser molecules by the light-induced ROS, leading to a consumption of the
photosensitiser during the therapeutic irradiation.
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The ability to photobleach has been suggested to promote tumor selective treatment,
provided that the photosensitiser concentration is higher in the tumour than in normal
tissue. In this case, the photosensitiser might be photodegraded before a sufficient
amount of ROS has been created, thus protecting tissues characterized by low
photosensitiser concentrations.
As far as the biological distribution is concerned a high tumor-selective uptake with
low levels of systemic toxicity is perhaps the most essential characteristic of a good
photosensitiser. Furthermore, a fast distribution and rapid clearance would limit the
treatment to one single hospital visit and avoid the risk of prolonged general
photosensitivity. Finally, the photosensitiser should be stable, chemically pure and
exhibit no dark toxicity. All these properties are influenced by the chemical
composition of the photosensitiser, its hydrophobicity, charge, polarity and molecular
size.

1.2. Photosensitization of Tissue
If a chemical is activated by light and subsequently leads to biological consequences,
then such type of reactions lies under the umbrella of photosensitization. In early
research porphyrin was a focused chemical agent which was easily activatable along
with its derivatives. However, other and quite different molecular structures have been
investigated in search of substances which best meet the demands of the ideal
photosensitizer. Most photosensitizers are large, relatively complex molecular
structures that usually have to be administered by intravenous injection. An exception
to this is δ-aminolevulinic acid (ALA), which is a precursor of the photosensitizing
compound, PpIX.

1.3. Commonly used Photosensitizers
One of the main property of photosensitizing agents is the absorption of light in the
wavelength range where the nearby tissue does not absorb. Most of PS absorbs lights
in bands within the visible region. For the sack of deeper tissue penetration most of the
time red light is used, the reason is that that in NIR region these is strong absorption of
water, haemoglobin, lipids, cytochrome-c oxidase and all other chromophores i.e.
melanine and myoglobin where fore red light they exhibit weak absorption. HPD is
among the most frequently studied PS. It has its absorption maxima at the wavelength
12

of 630 nm (red light, visible region). Research has been focused for the search of those
agents which have their absorption peak in the far red wavelength region. It has been
known that in this region the light has greater penetration which is useful in case of
larger tumor burden. Another advantage of exploring this far red region could be the
requirement of lower triplet states energy for dyes having their absorption peak in that
part of the visible region of spectrum. Singlet oxygen quantum yield is different at
different wavelength and has an upper limit. Imposing a limit on the production of
singlet oxygen ultimately leads to the use of defined range of wavelength which means
normally wavelength longer than 800 nm cannot be used for therapeutic application. In
the light of all these limitation and advantages, an efficient PS could be the one with a
sharp absorption peak and have negligible absorption at wavelength other than its
absorption band for the solar spectrum. Furthermore high quantum yield of singlet
oxygen and rapid clearance from the normal tissues are the properties of an ideal PS.
Quick release of PS by normal tissue should include liver, kidney and spleen where as
the diseased part of the body should have slow releasing tendency. Based on their
properties PSs are classified under three major groups i.e. hydrophobic, hydrophilic
and amphiphilic [27]: The PSs which are hydrophobic have no net charge on their
outer ring with negligible water solubility, whereas hydrophilic PSs bears three or
more charge with good water solubility. Amphiphilic PSs are different from
hydrophobic one in the sense that they have different charge density. They contain
maximum of two charges while the later have three or more charge on the outer
surface.
The haematoporphyrins were the first photosensitizers studied more in detail. The
second generation of photosensitizers includes compounds from other chemical
groups. A brief description of several of these groups, with some examples of
individual agents, is given as follows.
Porphyrins: -

Figure 1-3 shows porphyrin compound along with its one of the main

core. Porphyrin has found its application both in pre-clinical and clinical work. An
advanced and widely used form of HPD is photofrin where monomers are distributed
inhomogenously. Photofrin has strong absorption peak at 400 nm and weak absorption
peak at 630 nm.
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Chlorins:-

Figure 1-3 shows a chlorine structure very similar to porphyrin. There

is a difference of only one double bond as can be seen from the porphyrin structure of
lower left panel of pyrole ring. This groups also contains chlorophyll.

Figure 1- 3: Porphyrin and chlorine PS chemical structure [27]

In contrast to porphyrins, chlorins have the strongest absorption peaks in the red part
of the spectrum, which give the compounds a green colour. In comparison to the
porphyrin structure, the chlorin has at least one double bond missing in the pyrrole
rings. Benzoporphyrin derivative (BPD) is, despite the name, a chlorin, synthesized
from protoporphyrin. BPD widely used in U.S and Canada for eye related macular
diseases. Besides the beneficial absorption wavelength at 690 nm, it has a rapid
accumulation in the tumor, allowing light irradiation the same day as injection. It also
has a relatively short half-life, with skin photosensitization lasting for less than a
week. Chlorin e6 is a compound that has a strong absorption peak at 664 nm. Like
BPD, it has a very short-term phototoxicity. Meso-Tetrahydroxyphenylchlorin (mTHPC) is the most potent photosensitizer available for clinical use at present. It has a
strong absorption peak in the red, at 652 nm. Drug and light 9doses utilized in clinical
trials, are in the order of 10 times lower than for Photofrin [27].
Purpurins:-

They are similar in structure to chlorins. As chlorins, it has also one

less double bond than porphyrin. It exhibits strong absorption peak in the wavelength
range of 630 nm to 714 nm. They are poorly soluble in aqueous media [29].
5-Aminolaevulinic Acid (ALA):-

ALA is a metabolic precursor in the biosynthesis

of hemotoporphyrin, which generates endogenously an effective PDT sensitizer
protoporphyrin IX, as shown in Figure 1-4. It thus provides an attractive alternative to
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the administration of an exogenous photosensitizer. Even though ALA can be
endogenously generated from glycine and succinyl CoA, exogenous administration of
ALA is chosen for a controlled buildup of protoporphyrin IX (PpIX). The advantages
offered by ALA-induced PpIX over Photofrin® are:
i.

Ability to reach optimum therapeutic ratio in 4–6 hours

ii.

Rapid systemic clearance of the photosensitizer within 24 hours, thus not only
eliminating prolonged skin photosensitivity, but also allowing repeated
treatment every 24 hours

iii.

Accurate analysis of sensitizer levels by in situ monitoring of its fluorescenc

.
Figure 1- 4: The conversion of ALA to protoporphyrin [27]

The molar extinction coefficient of <5000M-1cm-1 at wavelength of 635nm has been
quoted for PpIX in parallel to his quick photobleach . It can be applied to a patient both
in systematical and topical formulations. For topical use its cream formulation is
preferred. Due to its hydrophilic nature its penetration through the keratinous lesion of
normal skin is lower, which partly imposes restriction on its topical use. Inorder to
overcome these limitation lipophilic ALA esters are preferred on the basis of their
enhanced uptake within the cells. ALA-PDT clinical application has been reported
recently for actinic keratosis [28].
Phtalocyanines and Naphthalocyanines:-

These two PS has strong absorption

peaks in the red light of the wavelengths of 670 nm and 770 nm respectively. Both
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phtalocyanines and nanpthalocyanines have affinity to bind with metals such as Zn and
Al and gives high quantum yield of triplet states. Furthermore they also have potential
to make covalent bond with several sulphonic esters in order to improve its solubility
in water. Both the dyes core macrocycle consists of a tetrapayrol unit coupled with
nitrogen atoms an opposite of it could find in porphyrinand [30].
Porphycenes:- These are those categories of PS which are basically porphyrin
isomers and exhibit strong absorption peaks at 550 nm and 650 nm.
Texaphyrins:-

these PS are in fact the extended version of porphyrin with complex

large metal cations. They have strong absorption peaks in the range of 730 nm to 770
nm. An improved penetration with in tissue has been demonstrated for these dyes at
these wavelengths that’s why they have edge over other for the treatment of thicker
lesions and pigmented lesions such as melanomas. It has been known that melanoma
has lower absorption in the 730 nm to 770 nm range of wavelength. Some of the PS
has reached clinical trials such as Lutetium, Texaphyrin [30].
The well known method of administration for these PSs is intravenous injection and
they have retention property for neoplastic tissues. When the accumulated PS is
irradiated with its suitable wavelength matching to its absorption peak it reacts with its
surrounding substrate to generate toxic oxygen species along with lethal radicals. This
photodynamic process leads to irreversible oxidative process and results in oxidative
injury subsequently to the surrounding microvasculature. Due to the uptake of PS by
abnormally proliferating cells and direct shine of light on diseased site contribute a lot
to the outcome of PDT. It has been known for PDT that its highly selective and
minimizes damages to surrounding normal tissues. Other than some of the side effects
of PDT, it has no known systemic toxic consequences. PDT is not carcinogenic or not
initiates any mutation on gene level at selected doses [31-34].

1.4. Light Sources
Successful PDT depends not only on the worth of the photosensitizer but also on the
photo activating light of suitable wavelength within the target tissue. The selection of
light source depends on the emission-spectrum, the total power of the source,
conventional usage and financial cost, and lastly on the nature of the disease.
Numerous sources are built on the light with emission wavelength in the range of red
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light, with penetration depths of 6 mm. Since the light scattering within the skin is high
due to different proteins and lumps, the therapeutically effective depth is considerably
lower and ranges 1-3 mm, which makes the administration of PDT inadequate to the
surface of the lesion. Violet, blue and green light penetrate 1-2 mm and are suitable
only for the treatment of AK and Bowen’s disease.
For therapeutic PDT irradiation both of coherent and non-coherent light sources can be
employed. The different sources have both advantages and disadvantages as discussed
below.

1.4.1. Laser
In PDT laser triggers photo driving reactions opposite to that seen in dermatological
applications. Laser is considered an ideal light source due to its monochromacy and
coherence nature. That’s why laser light wavelength can exactly match to the
absorption peak wavelength of PS residing in the area of diseased part of the body;
thereby, activating it selectively while due to later property it could be focused
precisely into the optical fibers for active and efficient delivery to the site for deep
body illumination. For HPT-PDT laser working in the red light range of wavelength
has been used. These lasers include argon ion or copper-vapors based lasers pumping
dyes. These dye lasers have the disadvantage of their sizes and difficulty in handling
while the varying control of wavelength gives them edge over others because then they
could be used for a varieties of PS with different absorption wavelengths. Frequency
doubled Nd-YAG lasers have been used extensively as a pumping source for dye laser;
it is common approach to search for a light source with much smaller in sizes and
economically cheaper prior to acceptance of PDT as an alternative treatment modality.
With the invention of diode laser the monochromacy of light sources has been
achieved easily and got attention of the scientific community. Now it has been long
time that diode laser are commercially available for clinical and laboratory uses. They
provide right wavelength along with the sufficient output power for ALA-PDT. In
January 1998 the first laser of diode nature was acquired by Lund University with
continuous wavelength emission spectra. The total output power of that laser was 1.5
to 2 Watts with a net weight of 15 kg. It was the first advanced step in clinical
application of PDT. Later pulsed dye laser mediated PDT has been demonstrated for its
efficient therapeutic outcome in the treatment of various abnormality.
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1.4.2. Lamps and LEDs
Non-coherent light sources have been used in the past for the treatment of skin lesions
due to their large illumination field. Due to simple optics they offer low cost, portable
sizes and readily availability in market. One more advantage of these light sources
could be their ability to excite different absorption PS due the polychromatic nature of
light.
For superficial lesions lamps with broad band wavelength could only be used even if
the light is filtered still contain a number of wavelength. For therapeutic purposes the
light bands of 50 nm to 130 nm have been employed previously. Initially it was
considered that the light intensity having wavelength other than that of the absorption
peak of PS results in hyperthermia which further could be proved beneficial for the
large tumouricidal effects. Currently different photoproduct produced during the
therapeutic procedure got attentions particularly in ALA-PDT. In order to
simultaneously activate/excite PS along with its photoproduct, lamps with broad band
wavelength are preferable. Other non coherent sources like LEDs could also be used
effectively as PDT light sources [35-37].

1.4.3. Pulsed Versus Continuous Light
Continuous laser radiation is the most widely used light source in PDT, however the
modulated light sources have been used extensively in other medical therapies or
treatments for example in macrophages irradiation, hemangioma treatment, lower
blood pressure problems, skin transplants, facial paralysis, damaged nerves
regeneration, among other, modulated and continuous laser radiations have been used.
Some studied were also made on the use of modulated light, in order to improve PDT
efficacy, but its cytotoxic consequences are still not clear. The photodynamic outcome
of modulated and continuous laser light on cancerous cells cultured in in vitro has also
been considered in which HeLa cells were incubated with different ALA
concentrations and then modulated and continuous laser light was shine thereafter the
cell viability for each case was determined.
The results showed that modulated light, used in PDT on HeLa cells, induces higher
cellular death than in the case of continuous light. This modulated irradiation in PDT
has the enormous advantages that, at low ALA concentrations, induce higher cellular
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death, compared with continuous light irradiation that needs higher concentrations of
ALA to generate the same cellular death. Modulated irradiation used in PDT could
minimize the costs and to evade possible secondary effects due to higher ALA dose
administrated. [37]

1.5. Dosimetry
1.5.1. Penetration depth
The limited penetration depth of the treatment light has usually been seen as one of the
most important limiting factors in PDT. For light in the red region around 630 nm, a
“rule of thumb” is that about 2-5 mm of tissue can be treated, depending on the optical
properties of the tissue, and the dosimetry used. On the other hand, there are situations
in which a limited penetration depth of the light is exactly what is needed. One
example is in the treatment of the superficial, intraepithelial lesions of dysplasia and
carcinoma in situ (cis) in hollow organs, such as the urinary bladder or the colon. In
these organs, there is a risk of extensive damage with subsequent shrinkage, and also
always a small risk of penetration of the organ wall. In these cases, treatment with
green light might be sufficient. When ALA-PDT is applied, the sensitization of the
tissue itself sets the limits, as only the tissue over the basal membrane is sensitized.
Due to the light scattering in tissue, the fluence rate in the outermost cell layers can be
several times the fluence rate originating from the light source.
Predicted values of light penetration in skin tumors at 635 nm, utilized for ALA-PDT,
indicate that treatment effects can be reached to a depth of at least 3 mm. When ALA
is applied topically for 3-4 hours, fluorescence microscopy studies of BCCs have
revealed that the deeper layers of the lesions are not sensitized. With such regimens of
topical application with ALA, this means that the limitations in the treatment are due to
the penetration of ALA, rather than to the light. A mathematical definition of
penetration depth is where the light has been reduced to 1/e = 2.72 of the incident
level.

1.5.2. Split Dose Therapy
It has been demonstrated in various studies that splitting of light irradiation has
positive impact over the therapeutic outcome. To support these observations different
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arguments have been given mainly roaming around the dark span between the two
splits. It has been thought that oxygen comeback in the area where it was depleted
earlier by light irradiation could be perhaps a powerful reasoning in that aspect. This
readily availability of oxygen at the depleted site of tissue or cells could be due to the
diffusion of it from the surrounding blood capillaries. It has been demonstrated that
light on and off time of 30 seconds in case of tumor has powerful impact on the
outcome. In in vivo rat model, treated with ALA, a dark span of 150 seconds has
noticeably increased the necrosis quantitatively with corresponding decrease in the
amount of light dose. It has been also concluded that redistribution of PS within the
tumor volume has contribution to the PDT outcome.

1.5.3. Fluence Rate
To improve the treatment outcome a number of studies has been done with lower
fluence rates. It has been considered that using high fluence light depletes cellular
oxygen quickly and resulting in hypoxic situation and the photo driving reaction stop.
To avoid that possibility of oxygen depletion fluence rate kept at lower end. It has been
mathematically modeled that during PDT procedure where the fluence of light was
maintained at the value of 50 mW/cm2, estimate that cells could reside on low level of
oxygen where there is possibility of shut down of reaction and minimizing the chances
of damaging tissue. But if the fluence value is kept higher than this than in that case the
depletion of oxygen will be accelerated much faster and effects will be more
prominent. In case of Photofrin-PDT lower fluence rate significantly increases the
outcome when switched from 200 mW/cm2 to 25 mW/cm2 [38].

1.5.4. Total Light Dose
The net amount of light doses delivered to the abnormal site during PDT treatment
insult could be determined by using simple formula as follows
Total light dose (J/cm2) = fluence rate (W/cm2) × treatment time (sec) ------------- (2‐ 3)
In PDT lasers and broad band light sources with a range of doses were used i.e. from
30 J/cm2 to 540 J/cm2. In case of broad band light sources and filtered light sources it
has been specially to take care of that the light intensity illuminating sensitized part of
tissue is enough to excite PpIX in case of ALA-PDT. In general PDT sessions should
be done multiple times until the PS molecules are utilized effectively. Laser induced
20

fluorescence (LIF) is a useful diagnostic tool for the detection of PS molecules
especially in the superficial tissue lesion.

1.5.5. Application Modes
It is commonly practiced to shine light from the top of the surface in case of skin
lesion. But there are numerous ways to delivery light in the body cavities depending on
the geometry of the abnormal part of the body. For a local tumor site focused light
irradiation can be used. For the sack illumination from side some special type of fiber
tips are designed called diffusers. For example for laryngeal cancer in order to
illuminate the larynx epithelial wall cylindrical diffuser need to be used similarly the
organs with spherical symmetry ball like diffuser are required to employ in PDT.
Prior to any therapeutic procedure a careful dose planning carried out and then for
homogenous light illumination is done. In certain fibers lenses are employed at the end
of the tip. Light doses estimation precisely has always been a real problem of
dosimetry. Light falling on the tissue surface also bounce back and not contribute in
penetrating the lesion hence lower the total dose delivered onto the site. It has been
also a real issue of concern that normally most of the time body cavities are not
perfectly symmetrical but are asymmetrical. In order to deal with several applicators
with different shaped has been designed so far to get homogenous exposure.
Dosimetery is really a complicated field. in order to overcome with this problem
several diagnostic systems have been designed for detecting the in situ fluence rate.
[35-39].

1.6. Role of Nanoparticles in PDT
An inbuilt selectivity has been observed in many PSs clinically approved by FDA. In
case of PDT of local tumor selectivity of PS could be achieved by administering
specifically at the site and illuminating by a light of specific wavelength. Since normal
tissues also absorb a fraction of PS which is normally poses a problem for PDT
specially treating metastatic cancers such as pancreatic cancer, ovarian cancers. In
effective PDT it is desired that maximum PS should absorb by malignant tissues hence
in order to improve the selective uptake PS is conjugated to molecules which bind with
cellular receptors, intracellular organelles etc. PDT was done as targeted and nontargeted therapy. For targeted therapy PS was conjugated with antibodies called
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photoimmunoconjugates (PIC). Further the efficacy of targeted PDT was improved by
manufacturing man made biomolecules. These molecules were given the name of
RNA-aptamers for selective internalization into the cellular compartment. Many
researchers around the world worked on the development of peptides. Stefflova et al
took one step ahead to develop targeted small beacons which were capable of piercing
through cell membrane and were specifically designed for cancer cells hence to
improve intracellular accumulation of PS [40]. The targeted construct designed by him
was not only efficient in therapeutic application but was also a good imaging agent too
by encapsulating photoactivatable fluorescent drug PS (pyropheophobide). This new
designed formulae has also a capability of carrying folate receptor which are known
targeted molecules against caspase-3 and has a fluorescence quencher called BHQ-3
on one side of that molecular chain. They tested this new formulation against the
cancer cells which were positive for folate receptor so that to bind effectively and
detected fluorescence after administering PS and compared their results with those
carried out with negative tumor cells.
Conventional PDT was practiced for a long time but due to some of the limitations
researcher search for an alternative approach. Nanoparticle (NP) based PDT has been
done in the last decay as an optional therapeutic approach to deliver drug efficiently in
intracellular spaces. NP-PDT has advantage of both selective delivery of
photoactivatable drug and the homogenous illumination of light as compared to the
conventional PDT. These properties of this new approach helps in the reduction of
systemic toxicity associated to classical PDT. A commonly known limitation of PS
used for conventional PDT are hydrophobicity and aggregates quickly in the
suspension media or so called biological media which has serious consequences on the
outcome of PDT. An aggregation within the media leads to the inhomogeneous light
delivery which alters the production of singlet oxygen, an essential component of PDT
and hence changes the optical properties of tissue or cells [41].
Currently much of the research has been focused on the development of new
treatment strategies in order to enhance the efficacy of PDT and PDT agents such as
different polymeric molecules, carbon-hydrogen based molecules etc. the ultimate
aim of this approach is to deliver therapeutic drug selectively to the tumor site [42].
But still some of the severe limitations of these drugs such as their inbuilt lack of
specificity and the cytotoxic effects are still need to address and are major obstacle in
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the better performance of PDT. Researchers around the world utilize the function of
different receptors residing on top of the cells attached to the cell membrane and work
as a messenger across the membrane. They designed targeted moites by conjugating
PS covalently to antibodies which were then directed against cancer cells overexpressing the receptors but one of the limitation encounter in this approach is their
lower absorption cross section in in-vivo experimental models [43].
Strategies based on the both therapeutic and as well as diagnostic, called as theranostic,
are extensively studied. These approaches get researcher into the regime of improved
outcome of therapeutic modality by treating and monitoring cancer cells response in a
real time. There has been known tremendous potential in NP based PDT. The
structural properties related to NP such as surface to volume ratio enables to bring
along number of PS molecules [44]. This section gives an overview of currently used
targeted strategies both for treatment and as well as imaging simultaneously while
utilizing different nanoconstruct having a potential use in PDT. In that respect a lot of
different nanoprobes has been tested in vitro and in vivo model which includes
quantum dots, nanorods, nanotubes, and gold NP were extensively studied. For
translational PDT such as moving it from bench side to bed has still many challenges
to deal with.
The protective layer of bilipid has been known from a long time for its efficient
carrying capability. This liposomal layer on the top of the therapeutic drug has high
drug loading ability [45]. By the adoption of these strategies further improve the
efficacy of PDT by presenting the presence of drug for a long time in blood stream and
safe from auto light activation. These liposomal drug delivery mechanisms can be
further improved by several modifications in their surface chemistry. A clinical study
initiated by Bendose et al reported the use of liposomal m-THPC formulation while
treated skin malignancies [46]. By the use of this new formulation they did not
observed any local inflammation to post PDT which very often seen in this treatment
modality. Furthermore the well known side effect of pain feel by patient during the
treatment procedure is not observed by utilizing this formulation. The PS distribution
within the tissue could be easily monitored with the help of these liposomal NP
formulations.
Gold NP commonly termed as GNP have found many potential use in biomedical
applications. GNP has been used extensively as an efficient imaging and therapeutic
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agent at the same time against cancer cells [47]. The possibility of modifying the
surface of GNP such as to construct covalently or non-covalently bonded PS has
further added to the importance of GNP in its biomedical applications. GNP
conjugated with PS has been reported first by Wieder et al. where hydrophobic PS was
successfully bonded to its surface and used as a carrier in PDT. Confocal microscope
was carried out in order to confirm their maximum uptake and for their non
phototoxicity. Appreciating results of GNP for in vitro studies are reported by a
number of researchers but still it’s in vivo application has to be elucidated [48].
For the first time the use of PEGylated GNP has been demonstrated in Cheng et al.
study. They successfully bonded a PS (phthalocyanine 4, Pc4) on the surface and its
application for in vivo PDT was evaluated [49]. It was found that this new formulation
was stable even after 6-months.
Hasan group has explored the potential of liposomal BPD, where BPD is a well known
PS for the treatment of eye related macular degeneration and has been approved by
FDA. This group of researchers reported therapeutic and it’s imaging capability by
treating ovarian cancer [50]. They also investigated the combined effect of this
construct with a conventional MRI agent for pancreatic cancer too. It was found in
their study that L-BPD has potential of both therapeutic and imaging agent
simultaneously and reported that it has 86 % sensitivity for in vivo tumor model [51].
Currently different treatment strategies are combined with the L-BPD such as MRI
agent and X-ray scintillation NPs. The aim of these combined treatment modality is to
introduce new delivery system having encouraging outcome both in in vitro and in
vivo. It has been infer that by using the later combination lower light doses are needed
for a sufficient singlet oxygen quantum yield. This strategy was also adopted for the
study carried out on breast cancer [52].

1.7. Goals
Photodynamic therapy (PDT) is an emerging new treatment modality for oncological
and non-oncological malignancies. PDT is basically the topical, local or systematic
administration of a non-cytotoxic drug, the photosensitizer (PS), to a patient with
lesion, in some cases which could be cancer. After an appropriate time of incubation
of the PS, the lesion is then selectively illuminated with light of appropriate
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wavelength, which in the presence of molecular oxygen leads to the production of
cytotoxic species that ultimately leads to cell death. So far a number of PS’s have
been evaluated but few of them have successfully transitioned from in-vitro to clinical
applications. In recent years PDT has become the main subject of intense
investigation as an alternate cancer treatment. PDT still needs agents with high
selectivity for target cells.
Chapter 2 introduces the measurement of optimum parameter for the light and PS
doses. The efficacy of 5-aminolevulinic acid based photodynamic therapy on human
cervical and laryngeal cancer cells in-vitro was studied through series of experiments.
The phototoxicity of laser light alone to these cells and cytotoxicity of PS was
investigated, and found to be negligible. Based on photometric measurements, the
optimum uptake time and optimum concentration of the PS was determined prior to
PDT for both the cell lines. The PS incubation time for HeLa and Hep2c cells come
out to be 18 hrs and 7 hrs, respectively, whereas the effective PS concentration was
observed to be 30 µg / ml and 55 µg / ml for HeLa and Hep2c cell lines, respectively.
Then after the determination of effective laser light dose (50 J / cm2 for HeLa and 85 J
/ cm2 for Hep2c), the efficacy of PDT was determined. The viability of HeLa cells
was 15 % (85% cell death) at 50 J / cm2 and for Hep2c; it was found that the cell
viability was reduced to 14% using a light dose of 85 J / cm2 PDT laser (red, 635 nm)
with a PS dose of 55 µg / ml. From these experimental studies we concluded that it is
the right combination of the PS and the laser light that can enhance the efficacy of
PDT.
Chapter 3 presents an In vivo modeling based on fractionated drug doses for effective
PDT. In-vivo study was carried out on male whister rats with fractionated drug light
interval (i.e. varying the drug light interval (DLI)) and dilution effects of Photogem, a
photosensitizer. In this study normal liver of rats serve as an experimental model.
Total of twelve animals were selected and divided in four groups. Each group of
animals was treated with the same net concentration of PS (5 mg / kg) but with a
different serial dilution and DLI. Before execution of the PDT procedure, presence of
the PS was measured by fluorescence technique. An increasing trend was observed
from lower dilution and longer DLI towards higher dilution and shorter DLI. Depth of
necrosis for each group of animals after 24 hrs of PDT was also measured. The
variations in the measured values for necrotic depth were not significant but the
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calculated threshold dose for these groups decreased as we moved from the longer to
the shorter DLI and lower to higher dilution of PS, which looks encouraging relating
to the light exposure. Sharp boundary between necrotic and healthy portion of tissue
sections was observed as PS was diluted with shorter DLI. These experimental studies
concluded with remarks to adopt a new approach for drug delivery in order to enhance
the therapeutic outcome of PDT.
Chapter 4 extends the study of chapter 2 for enhanced PS delivery in intracellular
spaces. For effective delivery of 5-ALA (PS) in intracellular spaces the semiconductor
nanoparticles, Fe2O3 capped with tween-80, were synthesized and PEGylation was
done. It was known that the hydrophilic nature of bilipid membrane of biological cell
hinders the maximum uptake and the uniform distribution of PS within the tissue,
therefore, in-vitro studies were done on HeLa and Hep2c cell lines for the selective
PS uptake and enhanced PDT outcome using PEGylated nanoparticle. Cytotoxic data
was obtained for PEGylated and un-PEGylated nanoparticles. It was found that the
selected concentrations of nanoparticles itself are not toxic to these biological cells.
The loaded concentration of 5 ALA used were several order of magnitude less than
used in the studies made with bare PS molecules. It was found that cell damage
initiated by PDT was 80 % with 90 J / cm2 of light doses, which confers that
appropriate drug delivery vehicle, can reduce the exposure of biological samples to
higher doses of chemicals to achieve the same therapeutic outcome. The nano
formulations not only enhance the uptake but also produce same damaging effects
with reduced PS concentration from 10-5 to 10-6 times than when used bare PS.
Chapter 5 study the role of combinational therapy in order to improve the outcome of
treatment by delivering antibodies along with PS in intracellular spaces. It has been
known that certain cell death inhibitory proteins up-regulate in response to external
therapy in several cancer cell lines. Familiar neo-vascularization protein, vascular
endothelial growth factor receptor (VEGF) is up-regulate in certain malignant cell
lines. Pancreatic cancer cells (AsPc-1) were evaluated for intracellular inhibition of
these regulatory proteins. A polymeric nano-cell was synthesized, based on nanoemulsion (oil in water) technique for targeted PDT against up-regulation of proteins.
Polymeric nature of these nanoparticles bears their biological applications due to their
biocompatibility. Nanocell was loaded with benzoporphyrine derivative (BPD) PS
and humanized antibody (Avastin). Avastin is known for its inhibition of VEGF
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protein bindings to its receptors (VEGFRs) residing on the cell surface. It was
observed that targeting VEGF protein in intracellular spaces effectively inhibit its up
regulation than extracellular as observed over 72 hrs of post PDT that increases the
efficacy of combinational therapy. It was concluded that long term inhibition of these
proteins are due to retention of nanocells in intracellular spaces as experiments were
carried out on cell lysate and its supernatant.
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CHAPTER 2
In Vitro Photodynamic Therapy of Cervical and
Laryngeal Cancer Cell Lines
Cervical cancer occurs frequently in developing countries due to lack of awareness and
early diagnostic tools. Women are the main effecties of this carcinoma. The available
treatment modalities for cervical adenocarcinoma are chemotherapy, radiotherapy,
surgery and their combination, however the survival rate mainly depends on the size of
tumor i.e. larger the tumor, lower the survival chances. Compare to adenocarcinoma
and squamous cell carcinoma, cervical adenocarcinoma has been known for its
extreme aggressiveness and poor prognosis that could be attributed to several limiting
factors i.e. tumor neovascularization to post operation, deficiency in bone marrow
level, metastatic cervical cancer and treatment resistance of metastatic cervical cancer
[53, 54]. Chemotherapy and its combination with radiation therapy are partially
effective for tumor of advanced and metastatic stage cervical cancer. Radiation therapy
target deoxyribonucleic acid (DNA), which has potential of recovery at target site to
post radiation; it means radiation therapy alone is not sufficient to eliminate the target
cells. Sever acute toxicity, late sever effects, chances of healthy tissue damage, and
long stay at hospital and prolonged treatment course like short falls are associated with
radiotherapy [55-58].
Distant metastasis in case of head and neck cancer is low as compared to all other
human malignancies and is known for its predominant nature among loco-regional
diseases. Different treatment modalities are in use for head and neck cancer which
includes surgery, radiation therapy, chemotherapy or combinational therapy, laser
surgery, but there are certain complications following these treatment which may likely
damage healthy cells too [59-66]. Laryngeal cancer is known for its resistance to
chemotherapy and radiotherapy. For advanced head and neck cancer a recommended
treatment modality is Concurrent chemotherapy (CRT), but sever acute toxicity which
includes infections, dermatitis, leukocytopenia and thrombocytopenia are associated
with this treatment. Radiotherapy in general and accelerated fractionation and
conventional fractional radiotherapy specifically require more exposure time which has
sever negative impact on the tumor control arm probability [67-68]. Owing to existing
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treatment modalities it is feel that there should be more effective and less invasive
strategies to fight against laryngeal cancer.
Photodynamic therapy (PDT), an alternate patient-friendly treatment modality in
comparison to radiotherapy and chemotherapy, is a new noninvasive cancer
therapeutic modality and got clinical approval for several types of cancer and noncancer diseases, i.e. infections, antimicrobials, etc. Many clinical trials have been
initiated which includes deadly untreatable malignant diseases, which are at first
glance thought inappropriate for this treatment methodology [69, 70]. A number of
different photosensitizing compounds are known to be efficient singlet oxygen
generators and therefore known as potential PDT agents. Most of the photosensitizer
(PS) among them is cyclic tetrapyrroles or structural derivates of these chromophores,
e.g. porphyrin, chlorine, bacteriochlorin, expanded porphyrin and phthalocyanine
(PCs) derivatives etc. It is assumed that cyclic tetrapyrrole derivatives have an inherent
similarity to the naturally occurring porphyrins present in living species consequently
they have little or no toxicity in the absence of light of suitable frequency. That is why;
the most extensively studied PS is porphyrins and its derivatives. Among all derivates
hematoprotoporphyrin derivative (HPD) was the first group of porphyrins studied
extensively for its therapeutic efficacy mediated by PDT. Esters of porphyrin were the
first PDT drugs approved for clinical practices and commercialized under the name of
Photofrin. From last two decades aminulevulinic acid 5-ALA -induced PpIX has
attracted a lot of attention as PS. For the treatment of malignant tissues 5-ALA is
considered to be an alternative compound. It exist naturally in the form of delta amino
acid which then is converted through heme cycle into protoporphyrin IX, the
immediate precursor of heme and an endogenous PS. Intense metabolic activity of
tumor cells leads to preferential accumulation of PpIX and to activate ferochelatase for
conversion of porphyrines in heme [71-79]. Due to these treatment procedures
generally cell death proteins up-regulate which is more specifically due to the
oxidative insult produced by 5-ALA-PpIX or other PS -mediated PDT to tumor cells.
Human laryngeal cancer cell line, Hep-2c, and cervical cancer cell line, HeLa, were
exposed to different doses of PS, different light doses and their combinational effect, to
study the effectiveness of 5-ALA-PpIX mediated PDT [80, 81].
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2.1. Material and Methods
2.1.1. Cells and Culture Conditions
HeLa (human cervical adenocarcinoma cell line) and Hep2c (human larynx squamous
cell carcinoma) were used. The origin of HeLa cells are from the cervix of Henrietta
Lacks (died in 1951), a patient of cervical cancer. She was operated for cervical cancer
eight months prior to her death. It was the first human cell line cultured over five
decade of culturing research and are still surviving in laboratories today. Both the cell
lines were obtained from ATTC (Bathesda, MD). Cells were cultured in culturing
media called Minimum Essential Medium (MEM) (with Hank’s salts) containing 10%
fetal bovine serum (FBS) and 2 mM L-glutamine. After culturing the prepared cells
were kept in incubator at 37°C and a routines sub-culturing of twice or thrice a week is
done.
For sub-culturing exponentially proliferating cells were removed from the incubator
and the culture medium was discarded. Then the monolayer was rinsed with phosphate
buffer saline (PBS) (5 ml) solution to remove all traces of serum which contains
trypsin inhibitor. After washing with phosphate buffer saline, 2 to 3 ml of trypsin was
added to the flasks and cells were returned to the incubator for a minute and then
observed under an inverted microscope until cell layer was dispersed. Minimum
Essential Medium (MEM) of 5.0 ml was then added and cells were aspirated by gently
pipetting till all the cells were well separated from each other. Then the cell suspension
was poured into new culture flask with an adequate amount of the Minimum Essential
Medium (MEM) containing 10% FBS, was added and the flask was then incubated at
37°C with humidified atmosphere for at least 24 hours. For all experiments cells were
sub-cultured in 25 cm2 tissue culture flasks purchased from Nunc, Germany. Cells
were allowed to achieve 80% confluence.
Solution of 5-ALA was prepared in phosphate buffered saline having pH of 7.4. The
stock concentration of 1 mg / ml was prepared initially and to avoid photosensitivity
the mixture was kept in dark. Each time new bottle was thawed out and made ready 3
hrs prior to administration. Various concentrations as designed for experiment were
prepared from the stock solution by serial dilution of MEM cell culture media.
Specifically serum free media was used for dilution in order to avoid secretion of
porphyrin from the cells.
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Figure 2- 1: Preparation of cell culture 96-well plates with flat-bottom

2.1.2. Optimum uptake time of 5-ALA and Phototoxicity for cells
Hep2c and HeLa cells were harvested using 0.05% trypsin, resuspended in fresh
medium and seeded in a 96-well flat-bottomed microtiter plate (Figure 2-1) at the
density of 1×104 cells/well and 1×105 cells respectively. Cells were then re-incubated
for at least 24 hours before further treatment. This gave rise to a cell layer to nearly
exponential growth at the time of the experiments. At the end of the desired
confluency of cells, culture medium was then removed from wells containing
exponentially proliferating cells and was washed twice with 100 µl of phosphate
buffer saline. Then serum free MEM (200 µl), medium containing 0 µg / ml, 60 µg /
ml and 120µg / ml of 5-ALA for Hep2c and 0 µg / ml, 50 µg / ml and 150 µg / ml for
HeLa was added to plate and incubated at 37oC for 0-48 hours. Cells were then reincubated for specified time intervals. After each interval of time a specific plate was
removed from the incubator. Exposure to light was avoided during incubation with 5ALA.
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Figure 2- 2: AMP PLATOS R-496 Microplate reader used for absorbance measurement of
photosensitizer in culture.

1

2

3

4

5

6

7

8

9

10 11 12

A
B
C
D
E
F
G
H
Figure 2- 3: 96-well Microplate cultured for Photoxicity Measurements. Culture was grown in shaded
area and white boxes were left blank for avoiding cross penetration of laser light.
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Figure 2- 4: Tri-nucular inverted microscope used for observations of morphology and cell counting

When cells were incubated with therapeutic drug and incubated for a certain optimum
time then their cellular absorption for 5-ALA was measured at 405 nm light
wavelength using a microwell plate reader as shown in Figure 2-2, for the first nine
hours of incubation time point reading was obtained like at each hour of interval, then
due to experiment constrained time point of 17-24, and 44, 48 hour are chosen. The
optimum time of incubation was considered to be that having maximum absorbance.
The phototoxic effect of laser light on the Hep2c and HeLa cells was also determined.
Culture was prepared in the 96-well microtiter plate following the pattern shown in
Figure 2-3. The shaded wells were cultured while the rest of the wells were blank
containing no cells. Each irradiated well was surrounded by empty ones to avoid the
effects of the scattered light from the irradiated wells. A single well was irradiated at a
time, the remaining being shielded from light using black card. The plate was then
allowed to achieve 70%-80% confluence (observed through inverted microscope, see
Figure 2-4) in the incubator at 37oC for 24 hours to form monolayer. The Hep2c and
HeLa cells were exposed to laser light at doses in the range from 0 J / cm2 to 160 J /
cm2 and 0 J / cm2 to 100 J / cm2 (four wells per dose) respectively, without addition of
photosensitizer, from the bottom end with a PDT laser (LPhT-630/675-01-BIOSPEC)
having excitation wavelength of 635 nm. An optical fiber (BIOSPEC, TF-D) was used
for delivering laser beams to the bottom of the well in order to shine the cells residing
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on the walls of the wells. For desired energy density the light exposure time of cells
was adjusted accordingly. Non irradiated cells serve as control arm. The culturing
media subsequently removed to post irradiation and replaced with a fresh 250 µl MEM
media and then plates were returned to incubator for next 24 hours where the
temperature was kept at 37 oC. Post incubation the photo toxic effect of laser light
alone is determined by employing viability assay.

2.1.3. Cytotoxicity of 5-ALA alone
Optimum 5-ALA concentration for Hep2c cells and HeLa cells with no toxic effects
was determined. Hep2c and Hela cells were cultured for this purpose in a flat bottom
culture plate at the desired density of 1 × 104 cells/well (Figure 2-5). In parallel one
control plate was also make ready which was only containing cells but not exposed to
drug. The plates were then placed in the
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Figure 2- 5: 96-well microtiter plate execution format for cytotoxicity of 5-ALA. Blank column are
without growth media and cells, second coulumn contain media only, third column media containing
cells only and rest of the columns cells exposed to range of 5-ALA concentrations.

incubator at 37oC for 24 hours allowing the cells to achieve 70%-80% confluent
monolayer. The medium was then removed from the wells and were thoroughly
washed with phosphate buffer saline solution (PBS) and then varying concentrations of
aminolevulanic acid solution (250 µl), ranging from 0.05 – 1000 µg / ml, in serum free
MEM medium were added to the Hep2c cells and HeLa cells (four wells per
concentration).
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The plates were reincubated at 37oC for 7 hours and 18 hours as optimized from the
previous experimental results. At the end of inucubation time 5-ALA sensitized cells
were read for the cellular absorption in terms of the optical density using microwell
plate reader with a optical filter of 405 nm wavelength. This filter is selected based on
the absorption wavelength of the aminolevulanic acid in cells and the cytotoxicity was
evaluated by means of neutral red assay.
2.1.4. Photodynamic Therapy of Hep2c and HeLa cells
The phototoxicity of 5-ALA for Hep2c and HeLa cells using laser light is important
information to take care of. Hep2c cells and HeLa cells were cultured in the 96-well
microplate at a density of 1 × 104 cells/well and 1 × 105 cells/well respectively in a
manner similar to that used for photoxicity of laser source alone. To determine the
phototoxic effect of light only on these to cell lines the whole procedure was done in
two steps. First both the cell lines cultures were exposed to two predefined
concentrations of 5-ALA, 55 µg / ml and 30 µg / ml., an optimized 5-ALA
concentration from previous experiments and the plates were reincubated for 7 hours
and 18 hours, optimized time of incubation of the 5-ALA to produce effective
cytotoxic effects. To post incubation all the cell culture plates were taken out of
incubator and were exposed to different light doses in the range of 0 – 160 J / cm2 and
0 – 100 J / cm2 correspondingly.
Then in the next step now concentration of 5-ALA was varied for the two cell lines in
the range of 0 – 1000 µg / ml while incubation was done according to their optimum
values of 7 hours for Hep2c and 18 hours for HeLa cell line. These concentration were
administered in the following way that each concentration was administered to a
separate plate, no two concentrations were accommodated in a single plate. Then plates
were subsequently irradiated with red light (635 nm PDT laser). Laser light beam was
transmitted to the bottom of each well with the help of fiber to shine the cells adhesive
to the well walls. After irradiating the wells again cell culture media was removed and
replaced with a fresh media to avoid the dead cells floating in the media as well as to
feed cells with fresh enriched media with proteins necessary for survival of the cells.
Twenty four hours to post irradiation plates were again removed from incubator and
washed with cold PBS (pH 7.4) for the removal of any dead cells. The cellular viability
was measured with a calorimetric assay, neutral red assay. The viable cells were
presented as the percentage population at each concentration.
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Figure 2- 6: Photodynamic therapy diode laser (LPhT-630/675-01-BIOSPEC).

2.1.5. Cellular Viability Assay
The neutral red assay is a mean of measuring living cells through the uptake of the
vital dye neutral red (Figure 2-7). Viable cells will take up the dye by active transport
and incorporate the dye into lysosomes, whereas non-viable cells will not take up the
dye. After the cells have been allowed to incorporate the dye they are briefly washed
or fixed. The dye is then liberated from the cells in an acidified ethanol solution. An
increase or decrease in the number of cells results is an associated change in the
amount of dye incorporated by the cells in the culture. This indicates the degree of
cytotoxicity caused by the test material. Each neutral red test includes a blank wells
and wells containing cell growth media only and wells with culture, which serves as
control. For measuring cellular viability first cell medium is discarded from all the
wells and washed with phosphate buffer saline (PBS, 10%) then fresh serum free
MEM medium (100 µl) was added to each well along with 50 µg/ml neutral red
solution (100 µl). The plates were then returned to the incubator for 3 hrs. At the end
of the incubation time, the supernatant was removed carefully and the cells were rinsed
with phosphate buffer saline (PBS). In order to extract neutral red for measuring tis
optical density (OD) each well was washed with a mixture of 1% v/v acetic acid and
50% v/v ethanol (1: 1).
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The plates were shaken for 60 sec after which cultures were allowed to stand for 10-15
minutes at room temperature. Then absorbed dye optical density was measured at the
490 nm filter wavelength. The calculated OD was correlated to the viability of cells
where the percent viable cells against each concentration was measured by the
following formula:

%V iability =

Mean absorbance of ALA treated cells − Mean absorbance of the blank cells
×100
Mean absorbance of controll cells − Mean absorbance of the blank cells

Figure 2- 7: Neutral red assay kit (pipette gun, different scaled pipettes, pipette tips, and ethanol and
dilution tubes).

2.2. Results & Discussions
2.2.1. 5-ALA Cellular Uptake time for HeLa and Hep2c Cells
The first criterion to evaluate the usefulness of 5-ALA was the capacity of HeLa cells
and Hep2c cells to absorb 5-ALA. We therefore firstly determined the incubation time
when 5-ALA /PpIX accumulation in cell culture was highest and the concentration of
5-ALA that produces efficient phototoxicity without being toxic to the cells itself. Our
experimental observations were for two different concentrations of 5-ALA for each
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cell line(0 µg / ml, 50 µg / ml and 150 µg / ml concentration for HeLa cell line and 0
µg / ml, 60 µg / ml and 120 µg / ml concentration for Hep2c cell line). Over the
entire incubation time span maximum optical density was obtained and the
corresponding time point was considered as an optimum time of incubation for
photodynamic therapy. Figure 2-8 & Figure 2-9 represents the data for values of each
concentration. There was a negligible difference between the calculated OD of the
two defined concentrations. This fact could be correlated to the cell saturation for the
therapeutic drug (5-ALA). It was a common observation that the cell uptake for these
two concentrations was lower for first few hours while it increases to its highest value
thereafter. Based on these data we optimize the time of incubation for each cell line
such as time point of 4 hours to 24 hours for HeLa cell line is suitable time window
for PDT procedure. Because in that time point region there is accumulation of
sufficient amount of 5-ALA present in the cells for irradiation to produce toxic
effects. From these experiments we concluded that the optimum time of incubation is
18 hrs for HeLa cells based on maximum OD and the incubation from there onward
was done on this optimum value. It was found that our results are in good agreement
with the studies carried out previously with 5-ALA on HeLa cells [82].
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Figure 2- 8: Absorbance of 5-ALA against each selected time (0-48 hrs) of incubation for HeLa cell
line
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Figure 2- 9: Cellular uptake of photosensitizer (5-ALA) for Hep2c cell line.

In a similar way we observed that the selected concentrations of 5-ALA present same
trend and were close to each other as shown in Figure 2-9. It was also observed that the
uptake of drug was slower as was in the case of HeLa cells and reaches to its
maximum at 7 hours as shown in Figure 2-9. This maximum absorbance trend was
seen for 4 hours and was remained sustained for almost 18 hours thereafter it shows
decreasing trend. Which means drug is secreting out of cells. On the basis of maximum
absorbance at 7 hours this time point was considered to be the optimum value for
further experiments.
Many researchers have studied the 5-ALA uptake for different cell lines and it was
observed that the uptake is different in each case. This means that the uptake of drug
not only depends on type of PS, but is also dependent on the cell line [83, 84].

2.2.2. Determination of 5-ALA Uptake and cytotoxicity
HeLa cells culture were incubated with 0-1000 µg / ml of 5-ALA at 37oC for the time
with optimal uptake of 5-ALA (i.e. 18 hour). 5-ALA concentration with no cytotoxic
effects was considered an optimum dose, measured on the basis of optical density at
405 nm, corresponding to the absorption wavelength of the 5-ALA in cells, using
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microwell plate reader. The results are shown in Figures 2-10 & 2-11. Each data point
represents a mean ±SD of four experimental values
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Figure 2- 10: HeLa cell line uptake for the incubated doses of 5-ALA.

It was suggested that there is a intracellular accumulation of PpIX while exposing both
the cell lines to different concentrations of PS (5-ALA) as shown in the Figures 2-10 &
2-12. It was observed that for the HeLa cell line when exposed to drug present a sharp
peak of absorbance at the concentration of 30 µg / ml from thereafter we observed a
slight descending trend in absorbance. It is very important to note that we did not
observe any significant effect of higher concentrations on HeLa cell lines when
exposed to concentrations up to 1000 µg / ml. in case of Hep2c cell line the observed
absorbance of 5-ALA accumulated in the cells showed slight lower trend beyond 55
µg/ml and then remain at that value for 180 µg/ml doses. From this experimental data
we concluded that HeLa cell line and Hep2c cell line have optimum concentrations of
drug for PDT are 30 µg / ml and 55 µg / ml. While 5-ALA concentrations higher than
these two values present no significant impact on the viability of cells. That’s why the
concentration of 30 µg / ml and 55 µg / ml of 5-ALA for HeLa and Hep2c cell lines
were selected for effective PDT outcome [80, 81].
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Figure 2- 11: HeLa cell line survival against range of 5-ALA concentrations.

The dark cytotoxicity of 5-ALA–PpIX in HeLa cells was determined for Hep2c while
incubated for 18 hours and for Hep2c incubation of 7 hours when exposed to different
concentrations without irradiation see Figure 2-11 & 2-12. It was observed that there is
no significant effect of drug alone when it was not irradiated with a suitable
wavelength matching its absorption spectra i.e. the viability of cells come out to be 80
% to 100 % for the selected range of 5-ALA doses. For HeLa cells the maximum
concentration was 500 µg / ml and for Hep2c was 1000 µg / ml. In case of HeLa cell
line some toxicity was observed for higher concentration than 500 µg / ml which could
be contributed to drug toxicity itself.
It was observed that there is an increase in cellular viability at lower concentrations
0.05 µg / ml - 0.1 µg / ml of 5-ALA which is strange. In the range of these
concentration cell division speed up and results in a viability higher than 100 %. This
strange behavior of lower concentration of 5-ALA on the proliferation of cells is yet
need to explore in detail. Previously this proliferating effect was observed by Natalia et
al. [85]. It was then considered that probably at such a lower concentrations the cellular
PpIX, which is present in all biological cells in a minute level, get enhanced which
further helps in the formation of hemoglobin which is essential for the extraction of
oxygen from the surrounding and as a result the cell division speed up [86].
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Figure 2- 12: Sensitized Hep2c cell line absorbance and cellular toxicity.

2.2.3. Photoxicity of HeLa Cells
The HeLa cells and Hep2c cell were irradiated by a laser light, without incubated with
5-ALA. Laser irradiation doses in the range from 0 J / cm2 to 100 J / cm2 (4 wells/dose)
and 5 J / cm2 to 160 J / cm2 using a 50 mW output power diode laser light 635 nm were
delivered. The non irradiated cells were taken as control. Twenty four hours after
irradiation the phototoxicity of HeLa cells and Hep2c cells was measured using neutral
red assay. The results are shown in Figure 2-13 & 2-14. Each data point represents a
mean ±SD of four experimental values.
HeLa cell culture when irradiated with a range of light doses of 0 J / cm2 to 100 J / cm2
showed that the light only don’t have any significant impact on the cell viability
without the administration of PS as shown in the Figure 2-13. Some interesting aspect
of increase in viability of cells at 5 J / cm2 in case of HeLa cells was observed which
the acceleration of cell proliferation was again for sure. The light interaction with
biological cell activates some genetic signal which yet needs to address. When the light
doses were applied to Hep2c again we found that there is no significant cell death in
the range of 5 J / cm2 to 160 J / cm2. Although one can see some decrease in viability
in cells at higher doses of light but are negligible small.
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Figure 2- 13: Viability of HeLa cells alone on irradiation with a laser light doses.
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Figure 2- 14: Cellular viability of Hep2c cells alone for different irradiation doses. Each data point
corresponds to mean ±σ.
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effects were measured using neutral red assay. The results are shown in Figures 2-15 to
2-17, a lower light dose is preferred because it can avoid triggering necrotic cell death
that may be attributed to very high light intensity. Our results show that for 5-ALA PDT in HeLa cells light dose of 50 J / cm2 and for Hep2c cells light dose of 85 J / cm2
can be used to produce effective results.

2.2.4. Photodynamic Therapy of HeLa Cells
For photodynamic effect on both the cell lines, cultures were prepared at the desired
density of 1×105 cells/well (HeLa cells) and 1×104 cells/well (Hep2c) of 96-well
microplate. This experiment was done in two steps. First the confluent layer of both the
cell lines were exposed to their optimum concentration of 5-ALA of 30 µg / ml and 55
µg / ml in serum free media added to each wells. Cells were then incubated for 18
hours and 7 hours as calculated in earlier steps. Cells were then placed in fresh culture
serum free media and were irradiated with a 635 nm diode laser. The same experiment
was then repeated using different 5-ALA concentrations and irradiating with single
light doses of 50 J / cm2 for HeLa cell line and 85 J / cm2 for Hep2c cell line and the
toxic.
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Figure 2- 15: Cellular death against a range of light doses for fixed PS dose of 30 µg / ml.
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Figure 2- 16: HeLa cells death against different drug doses for fixed light dose of 50 J / cm2.
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Figure 2- 17: Cellular viability of 5-ALA treated Hep2c cells for different irradiation doses. Each data
point corresponds to mean ±σ (n=4).
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The photo toxic outcomes of treated cells were presented in percentage of viable cells
compared to the cells that were not shined with light and serve as a control. These
control cells were only grown in media without shining and without administering any
drug into them. The data presented in the graph is reported in mean ± SD. Each dose
was applied to four different wells of culture cell. HeLa cell culture was exposed to the
already determined optimum value of concentration of 5-ALA of 30 µg / mL and
irradiated subsequently with the light dose of 50 J / cm2. The cells viability comes out
to be 15 % only with output power of 65 mW of PDT laser. Similarly for Hep2c light
dose of 85 J / cm2 with a drug concentration of 55 µg / ml gives 86 % cell death.

2.3. Conclusions
From these results it was concluded that the cytotoxic effects of 5-ALA –PDT are dose
dependent. The obtained results were in good agreement with the work done by
researcher previously. We concluded that the irradiation of PpIX with a suitable
wavelength leads to its degradation [82, 83]. It could be seen in Figure 2-15 & 2-16
that the treated cells causes the major death after 18 hours in case of HeLa and after 7
hours in case of Hep2c. The decrease in cellular viability was not observed for both
cell lines when treated with light only or treated with drug doses only see Figure 2-11.
It is the suitable combination of these two which triggers major cell death in in vitro.
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CHAPTER 3
In Vivo Photodynamic Therapy of Fractionated
Drug Administration
Photodynamic therapy (PDT) is an emerging cancer treatment strategy which uses
photosensitizer for local and systemic administration. Photosensitizer preferentially
accumulates at tumor site and its activation by a light of suitable wavelength produces
cytotoxic singlet oxygen, reactive oxygen species (ROS) and free radical which
promote selective tumor destruction and vasculature damage [87-89]. Photodynamic
therapy outcome depends on different parameters i.e. light exposure, optical properties
of photosensitizer, drug light interval (DLI), intercellular/intertumoral localization and
chemical nature of photosensitizer etc. Among different photosensitizers used so for,
hematoporphyrin derivates (HPD) are commonly used in different clinical studies [9093].
PDT often leaves a significant number of surviving tumor cells in the necrotic region.
Several investigations have been carried out on cells resistant to PDT in order to study
the characteristic of this treatment modality which includes studies on ALA-PDT
induced resistance in cells as well as resistance of different cell lines to Photofrin,
phthalocyanines and Nile Blue [94-97]. Atif et al. explored the combinational effect of
two wavelengths on the depth of necrosis and found significant increase and improved
quality of tissue necrosis [98]. Singlet oxygen production at tumor site is an essential
component in necrosis. Its indirect measurement was attempted by Y. Shen after
administration of PpIX and TMPyP photosensitizer in vitro by employing singlet
oxygen sensor green agent for confocal images [99]. Dressler et al. studied optical and
temperature based tumor cells targeted therapeutic strategies and found that an optical
property undergoes major changes under gradient temperature [100]. Tuchina et al.
investigated bactericidal aspect of TiO2 nanoparticles in conjunction to methylene blue
photosensitizer and found an effective outcome of this combinational administration
[101]. An early detection of malignancies can help in effective and productive
treatment modality. L. Buriankova et al. synchrotron based Fourier transform infrared
Microscopy detected early apoptosis in human glioma cells induced by photodynamic
therapy. Their demonstrated sensitivity based apoptotic signs were compared with
conventionally used techniques [102]. LED activated photosensitizers showed a
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significant potential in cellular destruction of the HT-29 cells studied by Xu et al [103].
Different photosensitizer as a photodynamic potential were studied. Hypercine
mediated

destruction

on

CNE-2

cells

showed

concentration

dependent

photocytotoxicity in vitro. Xu et al also studied hypercine induced photodynamic
apoptosis by confocal microscopy with Hoechst 33258 staining [104]. Understanding
the mechanism of resistance to photodynamic therapy will improve the efficacy of
photodynamic therapy [105-111].
In this study we tried to adopt a mechanism based approach to deal with cells resistant
to PDT. To treat these resistant cells a technique has been proposed based on
fractionated drug administration of diluted photosensitizer, keeping the net
concentration (5 mg/kg) constant, and subsequently varying drug light interval (DLI),
which shows encouraging results but still needs to understand the resistive response of
these viable cells especially around Portal Triad.

3.1. Materials & Methods
3.1.1. Animals
Twelve normal male Whistar rats weighing between 345-400 grams were used and
maintained according to guidelines of the committee on care and use of laboratory
animals of Brazilian National Research Council and the Commission for Ethics in
Research of Medical School of Ribeirao Preto-University of Sao Paulo (Ribeirao Preto,
Brazil) [113].

3.1.2. Photosensitizer
Stock solution of the photosensitizer was prepared using 5mg/ml of Photogem® in
20 mM solution of phosphate buffer saline (PBS) with 0.9% NaCl, pH 7.4 and was
then stored in the dark at 4oC. Further sub stock solutions of 5 mg / ml, 5 mg / 20 ml,
5 mg / 30 ml and 5 mg / 40 ml were prepared for each group of animals in 20 mM of
PBS subsequently [113].

3.1.3. Fluorescence spectroscopy system
Fluorescence spectroscopy was performed using spectral fluorescence system for
diagnosis of malignant tumors “specter-cluster” (V.2.05 m, Cluster Ltd, Moscow
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Russia) with Nd: YAG laser emitting at 532 nm (second harmonic) as excitation
source. Fluorescence was collected in the visible to near IR range (540-850 nm). The
excitation laser was coupled to a Y-type optical fiber probe (also part of “spectercluster”, system). This probe delivers the excitation laser through a central optical fiber
and collects fluorescence emission from the tissue surface through six fibers arranged
around the central one [113].

3.1.4. Photodynamic Therapy Apparatus
A diode laser operating at 630nm, (Heron Eagle, Quantum Ethics by Brazil) was used
as light source, a fiber coupled to a lens was used to deliver light uniformly, the output
power was calibrated with photometer as desired by adjusting the distance between the
tip of fiber and photo detector [112].

3.1.5. Experimental Procedure
A total of twelve animals divided in four groups, each comprising of three animals
were used. Normal rat liver was used in these experiments as a model to study the
depth of necrosis as a function of drug light interval. As a general procedure drug
(Photogem®) was injected via intraperitoneal in fractionated way (10 min injection
interval) over the intervals of 3 h, 2 h, 1.5 h and 1 h, while the drug dilution of 5 mg/ml
5 mg / 10 ml, 5 mg / 20 ml and 5 mg / 30 ml were used respectively, to keep the drug
dose constant at 10 mg/kg. Prior to any manipulation, the animals were anesthetized
using de Cloridato de Ketamina 5% (Vetanarcol® - Konig) at the dose of 0.08 ml/100
g and Xilazina 2 g (Coopazine® - Coopers) at the dose of 0.04 ml/ 100 g of body
weight. For the first group of animals, it was administered in a single shot (Eq.1).
Three hours after Photogem® injection its incorporation in the tissue was confirmed
using a fluorescence technique. PDT diode laser was calibrated according to desired
value of fluence and fluence rate (Eq.2). A predefined 1 cm2 area of left lobe of a liver
at the center position was illuminated (Figure 3-1) with a diode laser at 630 nm (Heron
Eagle, Quantum Ethics by Brazil) set at 150mW/cm2 for fluence rate and 150J/cm2 for
fluency, resulting in 1000.
Dose of Photosensitizer

= [Weight of animal × required dose of photosensitizer]/ [required

concentration of photosensitizer] --------------------------------------------------------------------- (1)
Required output power =

P = IA ----------------------------------------------------------------- (2)
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where, I is the power density (250 mW/cm2) and A is the area of the photodetector (2.5 cm2)

After illumination, the animals were sutured (Figure 3-3) to recover from treatment.
The animals were killed by an overdose of anesthesia 30h after illumination and then
the liver was removed (Figure 3-4). The illuminated area was macroscopically
evaluated and samples were prepared for histological analysis (Figure 3-5) mainly
considering the necrosis aspects and its penetration depth as a function of fractionated
continuous drug delivery method. Second group of animals were administered with
photosensitizer concentration of 5 mg/10 ml in a way that the total volume of drug was
injected in an intervals (1.66 ml after each 10 minutes). At the end of administration of
drug 2 hrs of drug light interval was given prior to animal’s surgery. Third group of
animals were treated with 5 mg/20 ml of photosensitizer concentration. The total
volume of 20 ml for that group of animals was delivered in a similar fashion of 2.22 ml
drug injection at the expense of 10 minutes intervals for 1.5 hours. Fourth group of
animals were administered with 5 mg/30 ml over the time course of 2 hrs (2.5 ml drug
injection with an interval of 10 minutes) [113].

3.1.6. Macroscopic and Microscopic Analysis
Histological sections were prepared from rat liver exposed to photodynamic therapy
(Figure 3-5), serial sectioning of the liver tissues were performed with a Leica RM
2125RT microtome. The 4mm paraffin sections were then mounted on glass slides and
stained with standard hematoxylin and eosin (HE) staining procedure. Histological
evaluations allow us to determine the overall aspects of the necrotic and healthy
portions of the liver [113].

Figure 3- 1: Irradiation of sensitized surgical liver of rat through optical fiber.
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Figure 3- 2: Morphology of post irradiated liver of normal rat.

Figure 3- 3: Suturing rat skin post operative procedure.
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Figure 3- 4: Macroscopic view of necrosis initiated 30 hrs post photodynamic therapy.

Figure 3- 5: Prepared slices for histology and morphology.

3.1.7. Data Analysis Technique
Fluorescence data of each animal was obtained via fluorescence spectrophotometer
before PDT for the confirmation of photosensitizer concentration (Figure 3-6). The
obtained data was process for the desired information i.e. accumulation of
photosensitizer at the site tissue. Noise was removed from the obtained data and was
normalized with respect to wavelength of 750 nm [113].
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3.2. Results
3.2.1. Macroscopic and Microscopic analysis
Prior to execution of PDT procedure, photosensitizer presence in tissue was confirmed
by fluorescence Figure 3-6[113], which presents an increasing trend except third group
of animals, with higher dilution and small drug light interval. Fluorescence data is
presented in Table 3-1. Fourth group of animals have higher fluorescence intensity
than the rest of groups which means that these animals are expected with deep
necrosis. It was observed that third group of animals were lighter in their weight than
other group animals, which probably made the difference in fluorescence intensity,
while the collection procedure of fluorescence intensity was same for all groups [112].
Macroscopic observations support well fluorescence data (qualitative data presented in
Table 3-2). Net administered concentration of photosensitizer 5 mg/kg was same for all
groups while the drug light interval (time duration between last injection of PS and
light exposure) for each group was different irrespective to light parameter i.e. fluence
and fluence rate.
Detail histological study was carried out with a microscope (magnification 10X) with
two coupled micrometers, one in each axis, for the measurement of depth of necrosis.
Depth of necrosis was plotted for the groups of animals in Figure 3-8; it was observed
that depth of necrosis was slowly increasing by varying dilution and DLI. Group I
animals show mild necrosis (treated with 5 mg/ml and 3 h DLI), group II & III
animal’s showed better necrosis (treated with 5 mg/10 ml, 5 mg/20 ml & 2 h, 1.5 h
DLI) than first group of animals and group IV animals (treated with 5 mg/30 ml and 1
h DLI) necrosis was better than the rest of groups as shown in Table 3-1. Observed
depths of necrosis are presented in the histogram of Figure 3-8B. Histopathological
observation favors shorter DLI and diluted PS administration, while PDT output for
other treatment arms is not significantly appreciable. Overall necrotic and healthy
portions of the treated liver and the depth of necrosis were determined by histological
procedure and are shown in Figure 3-7.
Morphological study, carried with microscope coupled with software, showed some
viable cells surround portal triads and upper surface of necrotic part in liver slices of
group II and also group III shows the same behavior despite that the viable cells were
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seems deeply penetrated in the necrotic region as shown in the Figure 3-7 (f). It was
observed that more the diluted drug was, very sharp boundary was seen between
necrotic and normal portion of tissue, which clearly differentiate the two regions. It
was observed that neutrophilic inflammation was increased in all groups of animals.

Figure 3- 6: Fluorescence intensity of Photogem of normal rat liver before PDT procedure execution,
normalized at 750 nm.

Figure 3- 7: a) Irradiation of animal after PG administration confirmation. b) Extracted liver from
animal 30 hrs post PDT. c) Orthogonally prepared liver slices for depth of necrosis measurements. d)
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Normal tissue with central portal triads. e) Necrotic and tissue, which clearly differentiat the two
regions. It was observed that neutrophilic inflammation was increased in all the groups of animals
[112].

3.3. Discussions
3.3.1. Histopathological analysis and Light dose parameter
Many aspects play role in the necrosis of tissue like threshold dose Dth which
corresponds to the minimum dose required below which there is no induced necrosis.
Threshold dose has a vital impact on necrosis. One can find the threshold dose for each
PS dilution and drug light interval (DLI).

Figure 3- 8: a) Depth of necrosis Vs each groups animals b) fluorescence intensity against each
treatment arms.
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The concentration administrated was basically divided into different injection time
point’s follow-on different drug light interval. The spatial drug light interval for the
dose is presented in Table 3-2. The absorption of 5 mg/ml concentration of
photosensitizer dilution produces 1.2149 mm depth of necrosis which corresponds to
0.1 J/cm2 threshold dose (Table 3-4). Comparing both values of 0.02 J/cm2 and
0.1 J/cm2 (for different dilution) for threshold dose; we have observed that there
seems to be a cooperative effect of real time absorption and drug light interval. Higher
PS dilution does not cause necrosis by itself, but produce a potential for necrosis by
making the presence of PS at the time of irradiation with 630 nm diode laser. We can
present hypotheses to explain this cooperative effect. First, one can think that, the
absorption of higher dilution is longer on time scales which present the availability of
PS in blood vessels and cells at the time of PDT procedure resulting in significant
necrosis due to vascular and cellular damage simultaneously.

3.4. Conclusions
From this study it was observed that higher dilution and small drug light interval result
in higher necrosis, which means that at the time of irradiation photosensitizer was not
only present in cells but also in the blood vessels which made possible higher depth of
necrosis possible. It is also concluded that at smaller DLI and higher dilution, the
threshold dose Dth has decreasing trend i.e. five times lower threshold dose required at
higher dilution where as the absorption coefficient “α” shows slight decrease but was
not significant see Table 3-4. Although depths of necrosis (Table 3-3) as seen from
histological slices were not much significantly differ but were presenting indeed an
increasing trend, which suggest that smaller drug light interval and higher dilution or in
other words irradiation during making administration has impact on the outcome of
photodynamic therapy [112].

3.5. Tables
Table 3-1: Qualitative results for PDT of normal rat liver model.treated with 5 mg / kg PS dose. Each
group comprises of three animals.

Dilution of
PS

5 mg/ml

5 mg/10 ml

5 mg/20 ml

5 mg/30 ml

Result

mild

good

good

better
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Table 3-2: Each group average fluorescence intensity corresponding to different PS concentration
Note. In this Table “I” represent mean intensity of normalized fluorescence data (w.r.t wavelength,
750nm) of each animal.
Groups

GroupI

Animals

Mean value

A1
B1
C1
A2
B2
C2
A3
B3
C3
A4
B4

1.15± 0.13
1.31± 0.52
1.18±0.14
1.63± 0.30
1.49± 0.06
0.99 ±0.11
1.49± 0.14
1.46± 0.06
1.42 ±0.06
1.13 ±0.33
1.37 ±0.09

(5mg/ml)

GroupII (5mg/10ml)
GroupIII (5mg/20ml)

GroupIV (5mg/30ml)

Mean value of necrosis,
mm
1.21±0.08
1.56±0.09

1.32±0.18

1.31±0.15

Table 3-3: Each group mean depth of necrosis averages over all the animals of group.

Groups

GroupI
(5mg/ml)

Drug light interval

3hours

GroupII
(5mg/10ml)

2hours

GroupIII
(5mg/20ml)

1.5hours

GroupIV
(5mg/30ml)

1hour

Animal

Mean Intensity
I``(arb,u)

A1
B1

18.9
15.4

C1

16.3

A2
B2
C2
A3
B3
C3
A4
B4
C4

19.6
19.6
15.1
13.2
10.3
10.2
20.4
23.0
18.8

Mean intensity
I```(arb,u)

16.9±4.7

18.3±3.5

11.3±1.9

20.9±4.8

Table 3-4: Threshold dose for photodynamic therapy [30].
Photodgem
stock
Concentration

5 mg/Kg

Drug light
interval (DLI)

Dilution of
Photogem

GroupIV , 1 h

5 mg/30 ml

GroupIII. 1.5 h
GroupII. 2 h
GroupI. 3 h

5 mg/20 ml
5 mg/10 ml
5 mg/ml

Photogem

Absorption
coefficient , α

Threshold dose, Dth,
J/cm2

α1h,2h = 2.7
α1.5h,2h = 2.8
α3h,2h = 2.9

Dth= 0.02
Dth= 0.03
Dth= 0.1
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CHAPTER 4
PEGylated Nanoparticle Photodynamic Therapy
Selective drug (photosensitizer) delivery poses one of the main challenges to the
photodynamic therapy (PDT) because most of the potent ones are hydrophobic and
have tendency to aggregate.
An alternate delivery mechanism adopted is the use of nanoparticles as carrier. Iron
oxide nanoparticles were synthesized by hydrothermal method, size and morphology
was confirmed by scanning electron microscopy. Twin-80 capped nanoparticles were
PEGylated while photosensitizer molecules were trapped noncovalently in polymeric
chains. The data presented for PEGylated nanoparticle showed no appreciable
cytotoxicity. Photosensitizer uptake was appreciable in drug carrier case and increases
linearly with concentrations which showed its good loading efficiency. Nanomolar
loaded drug concentration produced prominent therapeutic results, (80-85) % cell
death, hence PEGylated Fe2O3 nanoparticle could be used as a potential carrier. Most
of the investment of countries around the world focused on healthcare issue, despite of
its reduction in disease caused deaths has not been seen. Now there has been a need of
exploration of new paradigm in disease management and clinicians needs to and are
moving from traditional approach of one drug fits for all towards the idea of the right
drug for right person administered at right time [114-116].
Intracellular targets, such as mitochondrial membranes, will lead to intracellular
programmed death by apoptosis. Cell membrane or extra cellular-based death via
vessel collapse will lead to necrosis. Necrosis initiates the cytokine family of response
with systemic consequences. Clearly, the target of destruction can be important and
have clinical consequences [117]. Development of nanoparticles can overcome most of
the shortcomings of classic photosensitizers [118]. Nanoparticles, when injected into
the bloodstream, find the cancer cells and enter them using selective molecular
targeting [119]. There are a number of studies which showed that the better
performance could be achieved when drug is loaded onto the nanocarrier compared
with photosensitizer in free form and it is concluded from these studies that a
photosensitizer in nanoparticles formulation might be preferred for the treatment of
disease small size can pass through the leaky vasculature of tumor. Nanoparticles
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aqueous solubility improved its bioavailability and their long time retention with in a
body shed light on their importance for biological applications. Nanoparticles have
been widely used for targeting drug to a specific location in the body [120-123].
A significant body of work has been accumulated on polymeric nanoparticle that
shows how their targeting ability and in vivo function is controlled by size, surface
charge and composition, morphology and hydrophobicity. PEG layer on the composite
nanoparticle surface not only prevents nanoparticle aggregation but also ensures
nanoparticle stability in water, PBS buffer, and culture medium containing serum
proteins, resulting in nanoparticle suitable for in vivo applications [124].

4.1. Material and Methods
4.1.1. Cells and Culture Conditions
Human cervical adenocarcinoma cell line, HeLa, was cultivated in Modified Eagle’s
Medium (Gibco, USA) (with Hank’s salts) supplemented with 10% fetal bovin serum
(sigma, USA), 2mM L-glutamine, 10 U/ml penicillin and 10 µg / ml streptomycin at
37oC with humidified atmosphere as a sub confluent monolayer in 25 cm2 tissue
culture flask (Nunc, Wiesbaden, Germany). The cell culture with 70-80% confluence
was harvested using 0.25% trypsin.

4.1.2. Photosensitizer
Drug stock solution with a concentration of 1 mg/ml was prepared in phosphate
buffered saline (PBS, pH 7.4). Stock solution dilution were prepared with serum-free
MEM medium based on experiment treatment arms (50 nM, 100 nM, 200 nM and 250
nM), and were loaded to a nano carrier.

4.1.3. Nanoparticle synthesis
Iron oxide nanoparticles were synthesized by hydrothermal technique. Aqueous
solution of iron nitrate (0.25 M, 100 ml) was the mixed with 5 ml of polysorbate 80
(Tween-80) and stirred for 20 minutes. Sodium hydroxide (1 M NaOH, 50 ml) was
poured drop wise during stirring mixture. Stirring of mixture was continued for 1 h
and thereafter was transferred to Teflon lined stainless steel autoclave. At temperature
of 200C hydrothermal reaction was initiated and sustained for 5 hrs. After completion
of the reaction time course, autoclave was switched off to cool down to a room
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temperature, the precipitates formed by the hydrothermal reaction were collected by
centrifugation and were washed thoroughly with distilled water and absolute ethanol
to remove excessive tween-80.

Figure 4-1: Schemetic diagram of PEGylated nanoparticle loaded with photosensitizer.

4.1.4. PEGylation of nanoparticles
Multiple batches of 5-ALA loaded iron oxide nanoparticles (Fe2O3) were prepared
with PEGylated phospholipid DSPE-mPEG1000. In this formulation the hydrophobic
part covalently binds with active tween-80 on the surface of iron oxide nanoparticle
whereas the hydrophilic PEG part point outwards on the nanoparticle surface, forming
a polymeric net or layer Figure 4-1. This layer along with brush effect implicate in the
in-vivo stability of such nanoparticles. Brush effect plays role in preventing
nanoparticles agglomeration.

4.1.5. Scanning Electron Microscopy (SEM)
Particle size and morphologies of Fe2O3 was observed with scanning electron
microscope SEM. Two different magnifications were captured, low (X 20,000) and
high (X 40,000) in order to see the morphologies of nanoparticles.
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4.1.6. Quantification

of

cellular

uptake

of

5-ALA-PEG-

nanoparticle
HeLa cells were cultured in 96-well flat-bottomed microtiter plate at the density of
1×105 per well. Cells were exposed to four different doses (50 nM, 100 nM, 200 nM
and 250 nM) of 5-ALA-PEG-nanoparticles and were maintained at 37oC for 18 hrs. At
the end of incubation cellular absorption of 5-ALA was quantified by measuring the
optical density (OD) of 405 nm light using microwell plate reader (AMP PLATOS R496). All results are presented as mean absorbance ± σ of the experimental value
measured four times.

4.1.7. Cytotoxicity

of

5-ALA-PEGylated-nanoparticle

and

PEGylated-nanoparticles
HeLa cells culture at the desired density was prepared and treated with different doses
of 5-ALA-PEG-nanoparticles and PEG-nanoparticles in serum free MEM (see above
section). A control plate containing only cells but no 5-ALA-PEG-nanoparticles and
PEG-nanoparticles, was also prepared in parallel. After incubation, cellular absorption
of 5-ALA was quantified by measuring the optical density (OD) using microwell plate
reader at a wavelength of 405 nm corresponding to the absorption wavelength of the
aminolevulanic acid in cells. Using cytotoxic assay (NR) 5-ALA-PEG-nanoparticles
and PEG-nanopaticles mediated triggered cell death was determined.

4.1.8. Phototoxicity of HeLa Cells
Human adenocarcinoma (HeLa) Cell line was cultured in 96- well microplate at a
density of 1×105 cells per well in order to study the possible toxic effect of laser light
alone. A semiconductor diode laser (LPhT-630/675-01-BIOSPEC, Russia) with a
wavelength of 635 nm (red light) was shine at the cleared bottomed of the cultured
plates. Varying light doses (0 J/cm2 to 100 J/cm2) (4 wells per dose) were delivered.
Laser beam was transmitted to the cells in a 6-mm diameter well by an optical fiber
(BIOSPEC, TF-D, Russia). Time of irradiation was adjusted correspondingly for each
desired light dose. The cells that were not irradiated with light source served as control.
At the end of irradiation, cell culture media was replaced with fresh growth media and
plates were returned to incubator at 37oC for 24 hrs. After 24 hours the phototoxicity of
HeLa cells was measured using neutral red assay.
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4.1.9. Laser Irradiation of 5-ALA-PEG-nanoparticles Incubated
Cells
HeLa cells cultured in a 96-well, flat-bottomed, microtiter plate were incubated with
four different 5-ALA-PEG-nanoparticles concentrations (50 nM, 100 nM, 200 nM and
250 nM). In each step after 18 hours incubation with 5-ALA-PEG-nanoparticles cells
were then irradiated. Wells were irradiated with light doses ranging from 0 J/cm2 to
100 J/cm2 through the clear bottom of the plate using a semiconductor diode laser at a
wavelength of 635 nm. Following irradiation, the cell culture medium was discarded
and washed twice with ice-cold phosphate-buffered saline pH 7.4 (PBS). The PBS was
then replaced with MEM containing 10% v/v FBS and the plates were returned to the
incubator for 24 hrs.

4.1.10. Neutral Red uptake assay
Neutral-red assay used widely for cellular viability estimation [125]. Post 24 hrs of
treatment culture media was discarded and replaced with fresh MEM growth media
containing 50 mg/ml of neutral red. Culture plates were then returned to the incubator
for incubation period of three hours. After then, media was removed and thoroughly
washed with PBS. A mixture of 1% v/v acetic acid-50% v/v ethanol (1:1) was then
added to extract the neutral red. Culture plates were shaken for 60 sec and left to stand
at room temperature for 15 min. The absorbance of the solubilized dye was
subsequently read at 490 nm. Quantification of the extracted dye was correlated with
the live cell number. Control wells were prepared in parallel, and these cells were
exposed to neutral red, but not to 5-ALA. The percentage of viable cells in the cell
population at each concentration of the test agent was calculated by means of the
following formula:

%V iability =

Mean absorbance of ALA treated cells − Mean absorbance of the blank cells
×100
Mean absorbance of controll cells − Mean absorbance of the blank cells

4.2. Results and Discussions
4.2.1. XRD of nanoparticles
The XRD pattern of Fe2O3 nanoparticles synthesized is shown in Figure4-2. Based on
the peak positions, the diffraction peaks were indexed to the hematite phase of Fe2O3,
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consistent with Joint committee on powder diffraction standards (JCPDS) card
numbers: 84–0306. The average crystallite size calculated from the (104) and (110)
reflections using Scherer Formula [126,127] was found to be 34 nm. For
nanoparticles, it is known that there are present a number of vacancy defects and
dangling bonds on the surface.

Figure 4-2: X-ray diffraction pattern of Iron oxide nanoparticles powder.

Figure 4-3: Size and morphology of Iron oxide (Fe2O3) nanoparticle by scanning electron microscope.
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4.2.2. Nano-particles size distribution
Scanning electron microscopy of iron oxide nanoparticles present range of sizes with
an average size of 60 nm particles. It was observed that particular sizes of
nanoparticles lies between 40 nm to 80 nm, while there were observed some large size
particles too in the range of 150nm to 250nm Figure 4-3. Polydispersive nature of
these nanoparticles has effect on drug loading efficiency. It was seen that
nanoparticles were highly porous, an important factor in drug loading

4.2.3. Uptake of 5-ALA, PEGylated nanoparticles and 5-ALAPEGylated nanoparticles by HeLa cell lines
Uptake was determined for different treatment arms (5-ALA alone, pegylated and 5ALA-pegylated nanoparticles) on HeLa cell culture plates, incubated with
concentrations of 50 nM, 100 nM, 200 nMand 250 nM of 5-ALA, PEGylated
nanoparticles and 5-ALA-PEGylated nanoparticles, at 37oC for 18 hours. The
incubation time of 18 hours was selected in order to compare uptake with previously
published data on HeLa cells [81]. After 18hours, plates were removed from incubator
and optical density (absorbance) of 405 nm light was determined using microwell plate
reader. It was observed that the uptake of 5-ALA increases with increasing
concentration and the data was found consistant to previous study.

Figure 4-4: HeLa cell uptake of photosensitizer, loaded and unloaded PEGylated nanoparticle after 18
hrs.
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Different PDT treatment arms uptake is shown in Figure 4-4 at four selected
concentrations. It was observed that the 5-ALA and PEGylated nanoparticles exhibit
lower cellular uptake which in case of 5-ALA probably its hydrophilic nature may
limit its ability of higher penetration through cell membranes [128] and PEGylated
nanoparticle lower uptake could be attributed to its neutral charge, since cell
membrane has negative charge so positively charged particles uptake seems to be
higher than nanoparticles with no surface charge [129]. Uptake of nanoparticles also
depends on size and shape [130]. Drug loaded nanoparticles showed higher uptake in
comparison to other two treatment arms. Enhanced uptabke of 5-ALA-PEGylatednanoparticles could have reason of large surface area of nanoparticles and the
polymeric chain trapping of many drug molecules per nanoparticle which results in
increase in absorbance by many folds [131].

4.2.4. Cytotoxicity and Phototoxicity of different Treatment arms
Toxicity to normal cells poses real issue of concern in PDT. In order to have clear
picture of cytotoxicity, HeLa cells were exposed to doses of 5-ALA-alone, PEGylatednanoparticle and 5-ALA-PEGylated nanoparticles.

Figure 4-5: HeLa cell cytotoxicity for different treatment arms.

The purpose of determining phototoxicity was, if there was any damaging effect of
laser light doses alone on HeLa cells. Cell culture was irradiated with a range of light
doses 0 J/cm2 to 100 J/cm2. It was observed that in the selected range light doses have
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It was observed that without any light triggering agent there was almost no cell death
for any of treatment arms at selected doses (Figure 4-5). However in our previously
published data, 5-ALA alone showed some cell deaths at higher concentrations, which
might represent the toxicity of 5-ALA itself with the cellular components. In the
present study the concentration were several order of magnitude smaller than the
previously work done (Chapter 2), therefore, almost no cytotoxicity was observed.
no significant phototoxic effect. Light doses alone cannot trigger significant
apoptosis/necrosis. In a next step HeLa cells were incubated with nanoparticles alone
without any photoactivatable drug (PS). There was no prominent cell death observed
for irradiated light doses in the range of 0 J/cm2 to 100 J/cm2 as shown in the Figure 46, pre-incubated with four different concentrations of nanoparticles alone. There was
some variation in cellular viability within the range of light doses, which are attributed
to different factors i.e. cellular stress, cell monolayer confluency etc. On the basis of its
negligible phototoxicity, Fe2O3 nanoparticles found effective as a drug delivery agent
in several studies [132] and it can be considered as safe for in-vivo use.

Figure 4-6: Laser irradiation of HeLa cells incubated with different concentration of nanoparticles
alone.

In order to look for phototoxicity of PEGylated nanoparticles, cell culture was again
incubated with four different concentrations (50 nM, 100 nM, 200 nM and 250 nM).
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HeLa cells were shined with again different laser light doses as shown in the
Figure 4-7.
On irradiation with red light (λ=635 nm) it was found that nearly 100 % cells survive
(Figure 4-7) which means that PEGylation of nanoparticle alone do not have any
significant phototoxicity. From these observations it was concluded that bare
nanoparticle and PEGylated nanoparticle are suitable for further in-vitro studies. In a
next step PEGylated nanoparticle were loaded with 5-ALA, a pre-cursor of PpIX, and
was incubated for 18 hrs.

Figure 4-7: Irradiation of HeLa cells culture incubated with PEGylated nanoparticles with range of
light doses.

It was observed that cell death was initiated with a 5 J/cm2 result in 30 % decrease in
viability. As the light doses were increased, cell damage increases linearly until to 20
J/cm2. At light doses of 30 J/cm2 and 40 J/cm2 cell deaths seems bit slow down while
maximum cell death of around 80% was observed at 90 J/cm2 (Figure 4-8).
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Figure 4-8: Photodynamic therapy mediated cellular death of HeLa cells with drug loaded PEGylated
nanoparticle.

Figure 4-9: HeLa cells uptake as found in early published data without nano formulation.

In our early experiment we observed the same cell death with a much higher
concentration of drug (Figure 4-9) where as with the help of new nano-formulation,
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several order lower concentration of drug was effective because of efficiently
internalizing property of that drug carrier. One of the interesting observations was of
concentration dependent HeLa cells viability. It was seen that there was slight variation
at the start of light doses but was almost negligible at higher light doses. This shows
that at such lower concentrations of drug the photodynamic therapy was as effective as
with high concentration of drug loaded to PEGylated nanoparticles.
PEGylated nanoparticle and free PS mediated photodynamic therapy was done at same
concentrations and energy doses. It was observed that nanoparticles mediated therapy
is able to achieve with selective delivery of lower concentration of drug into the cells
same therapeutic outcome as was achieved at higher concentration.
So the conclusion is that response of photodynamic therapy with Fe2O3 as a drug
carrier is a positive and satisfactory one. It was also found that the decrease in cell
viability was dependent on both drug concentration and irradiation time.

4.2.5. Rate of Internalization
The rate of internalization was determined for 5-ALA-PEG-NP with concentration of
250nM. The result for rate of internalization is shown in Figure 5-10. It was observed
that drug loaded PEGylated nanoparticles uptake went on increasing on time scale.
When time point of 6 hrs and 18 hrs were compared, see Figure 4-4 and Figure 4-10,
absorbance seems to be almost same. From these observation it was concluded that the
new formulation retain for a long time, which means that drug could be available for
multiple PDT session in vivo and in in vitro.
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Figure 4-10: Uptake of Nanoparticles by HeLa cell line incubated at different time point.

4.3. Conclusions
The in-vitro studies with 5-ALA-PEG-Fe2O3 nanoconstruct as a vehicle for
photosensitizer showed promising results such as greater uptake of photosensitizer,
pronounced phototoxicity even at nanomolar concentrations, no appreciable
cytotoxicity, good rate of internalization and retention property. These properities are
attracting increasing attention in PDT. In the near future, hopefully PEGylated Fe2O3
nanoparticles will participate in the improve and selective efficacy of PDT as a drug
delivery vehicle for photosensitizer
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CHAPTER 5
NanoconstructBased Combination Therapy in
Pancreatic Cancer
Over 250,000 people succumb to pancreatic cancer worldwide every year, making it a
major cause of deaths among cancers [133]. In United States alone, it’s the fourth
leading cause of cancer related death. Pancreatic cancer is known to be resistant to
chemotherapy and some of notable features of pancreatic cancer are its rapid
dissemination and poor propensity for early detection. The five-year survival rate for
pancreatic cancer patients is less than 5%, with a median survival of ~5.6 months.
These Figures underscore the need for more effective therapies i.e. targeted agents
and strategies that could improve quality of life [134, 135]. A major challenge in
pancreatic cancer therapy is the cancer cells’ propensity to up-regulate compensatory
cytokine signaling in response to therapeutic insult, thus promoting local cell survival
and proliferation.
Colon and pancreatic cancer cell lines highly expressed vascular endothelial growth
factor (VEGF) and have been hypothesized to contribute to neoplastic migration,
increased vascular density, metastasis, angiogenesis and invasion. Inhibition of VEGF
and its receptors had drawn much attention in the last few decays. Different VEGF
inhibitor has been employed i.e. pegaptanib (Macugen; Eye Tech/Pfizer, New York,
NY) and ranibizumab and bevacizumab). Bevacizumab is a monoclonal antibody
against VEGF that effectively inhibits VEGF binding to VEGF1 and VEGFR2
receptors [136-138].
Bevacizumab improves drug delivery of chemo and radiation agents by increasing
the oxygenation through increase in vascular inflow [139], but Bevacizumab inhibits
VEGF, thereby causing vascular shutdown until it “renormalizes” (if that in fact
happens) this process actually reduces delivery of agents which is another reason to
support addition of multiple therapies in a single administration. Inhibition of VEGF
binding to its receptor and hence the signaling pathway regulating by VEGF-VEGFR
receptors is a promising therapeutic target. VEGF is most responsible for tumor
angiogenesis and it has been demonstrated by many studies that antibodies targeted
against VEGF could successfully inhibit both tumor growth and angiogenesis [140].
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This study investigates the potential for using a nanoconstruct to simultaneously
deliver a phototoxic agent, while targeting a vital component of this compensatory
signaling. Specifically the strategy is to disrupt the production and secretion of the
multifunctional cytokine VEGF using Avastin. The significance of this study is that
improved drug delivery could produce more favorable outcomes for this deadly
disease.

5.1. Hypothesis
Targeting VEGF in the intracellular compartment of cancer cells rather than in the
extracellular environment will achieve greater VEGF neutralization due to the smaller
intracellular volume. Consequently, a combination strategy involving simultaneous
intracellular delivery of avastin with photosensitizer will achieve superior killing
compared to treatments involving extracellular avastin exposure due to enhanced
abrogation of compensatory VEGF secretion.

5.2. Materials and Methods
5.2.1. Cell Culture and therapeutic agents
Human Pancreatic adenocarcinoma cell line AsPC-1 was purchased from ATCC and
cultured in Roswell Park Memorial Institute culture media (RPMI-1640 1X) with Lglutamine supplemented with 10% fetal bovine serum (FBS) and penicillin /
streptomycin (Media Tech Inc. Cellgro) at 37oC with 5% CO2, Dulbeco’s phosphateBuffered Saline (Media Tech Inc. Cellgro) (DPBS 1X). Benzoporphyrin Derivative
(BPD) was used as a photosensitizer.

5.2.2. Synthesis and Characterization of Nanoconstruct
Nanoconstructs were synthesized based on published protocols [141]. Briefly, the
constructs were prepared in chloroform where each phosphatidylserine, cholesterol
and phosphatidylethanolamine-PEG2000 were dissolved in chloroform separately and
mix together in a molar ratio of 2:1:0.2. An aqueous solution of the
nanoparticles(~80nm) and the hydrophilic drug (Bevacizumab, anti-VEGF) is then
added at a temperature greater than the highest value of the fluid-solid transition
temperature (Tm= 60oC) for the lipids in the mixture inorder to load with /or without
bevacizumab in combination with the photosensitizer BPD and nanoparticle (NCA).
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Other treatment arms included traditional formulations of Avastin, and liposomalBPD, final formulation are collected (~180nm) (Figure 5-1). Unencapsulated
nanoparticels (NC) and other agents were removed by gel filtration

Figure 5-1: Nanoconstruct for combinational delivery. b) Polymeric nanoparticle. c) monoclonal
humanized anti-body (avatstin).

5.2.3. Photodynamic Therapy
BPD was obtained in the form of powder and stock solution was prepared and then
diluted to obtain desired concentration. Twenty four hours after seeding the cells at
the density of 5×105 in 35 mm2 dishes, cells were washed with PBS and were
incubated with fresh RPMI-1640 cell culture media (1% FBS) containing with or
without photosensitizer drug for 1 hour.
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Figure 5-2: 96-well plate template for cell dose response of 25nM and 250nM of BPD.
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Figure 5-3: 96-well plate template for cell dose response of nanocells, BPD concentrations were in
nano-molar. Nanocell encapsulating Avastin (NCA) concentrations were based on BPD, similarly for
Nanocell (NC) and Nanocell+Avastin in free form (NC+A).

5.3. Dark and light activated Cytotoxicity (MTT)
Cell killing was assessed after 24hrs photosenstizer incubation and light irradiation by
means of reduction of 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl 2H-tetrazolium
bromide (MTT) to the insoluble blue formazan catalyzed by mitochondrial and other
cellular dehydrogenises.
MTT (sigma’s Louis, MO) reagent (5 mg/ml) was added to RPMI-1640 media i.e.
100µl/ml and incubated with 1ml MTT containing media for 60 minutes. MTT
solution was aspirated, DMSO (sigma) was added, and dishes were kept on shaking
for 15 minutes to dissolve the converted dye. A volume of 200µl of the solution was
pipette out of each well into a 96-well plate Figures 6-2&6-3 and the resulting
absorbance. indicative of remaining cellular activity was read at 570nm (absorbance
mode) on a spectramax M5 microplate system.

5.3.1. Enzyme-Linked Immunosorbent Assay (ELISA)
Pancreatic cancer cells AsPC-1 (pancreas ascites) were treated with different
treatment arms for time points of 0 hrs, 24 hrs, 48 hrs and 72 hrs. After treatment intra
and secreted VEGF proteins were measured by Enzyme-Linked Immunosorbent
Assay (ELISA), using the R&D systems kit.
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5.3.2. Fluorescence Spectroscopy
Cells were incubated for one hour with free Bevacizumab labeled fluorophore (Alexa488) or encapsulated Avastin labeled Alexa-488. Before collecting lysates cells were
washed twice with cold PBS (2ml) gently. Then radioimmunoprecipitation assay
(RIPA) lyses buffer was added to each plate (0.5ml) and incubated for 60 min. Whole
cell lysates were extracted to measure bevacizumab levels inside the cells for
intracellular

presence

and

quantification

of

Bevacizumab

labeled

with

fluorophore(Alexa-488) at time point of one hour incubation i.e. some of the dishes
were incubated with bevacizumab for one hour and read out directly after that and
some other dishes were also incubated for one hour but at the end of incubation time
the RIPA buffer was replaced with fresh RIPA buffer and returned dishes to incubator
for next 24 hours. Bevacizumab was delivered conventionally and in an encapsulated
formulation and quantified by fluorescence technique using Fluoromax-3, excitation
wavelength 480nm, emission wavelength (496-580) nm.

5.3.3. Confocal Microscopy
Cellular localization of drug in conventional and encapsulated delivery system was
carried out at different time point on live AsPC-1 cells using an Olympus Fluo View
1000 confocal microscope (Olympus UPLSAPO 60XW, 1.20NA).

5.4. Results and Discussion
5.4.1. Encapsulation of BPD and bevacizumab improves treatment
response.
AsPC-1 pancreatic cancer cells were incubated with 25 nM or 250 nM liposomalBPD (L-BPD) and exposed to different light doses (0.5, 1, 2, 5) J/cm2 (Figure 5-4) in
order to establish dose response of 25nM which will serve as reference for Nanocell
experiment as shown in Figure 5-1. Then lower concentration of BPD was selected
for nanoconstruct encapsulation dose.
In case of nanoencapsulation lower concentrations of BPD were used along with
coencapsulated monoclonal antibody Bevacizumab Figure 5-5. At 2J/cm2 cell killing
with encapsulated BPD and bevacizumab shows higher death, almost 56%
(Figure 5-5), than previously got (almost 39%) for the same BPD dose. Encapsulating
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therapeutic drugs shows increased efficacy, almost 15%, of combinational therapy as
compared to extracellular delivered drugs.

Figure 5-4: AsPc-1 cells dose response, 25nM and 250nM L.BPD concentrations.

Figure 5-5: Intracellular delivery of bevacizumab (NCA), improves AsPC-1 cells killing compared to
conventional delivery when used in combination with BPD-PDT.
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5.4.2. Intracellular and Extracellular Avastin quantification by
fluorescence spectroscopy
Intracellular presence of Avastin for both conventional and encapsulated formulation
was measured at two different time points while incubation time for monoclonal antibody of one hour kept constant.
It was observed that conventionally delivered human monoclonal antibody (mAb) was
not present in intracellular spaces when fluorescence was measured for one set of
dishes just after one hour of incubation and for other set of dishes after 24 hours of
post incubation. The intracellular concentration of Avastin with conventional delivery
was not detectable, but when encapsulated we were able to measure 0.81nM Avastin.
This concentration was retained in the cells as determined by measuring the
concentration of Avastin in cells 24 hours following washing and media change which
more closely resembles the in vivo situation (Figure 5-6) cell lysate. The supernatant
collected from the dishes were also measured for fluorescence detection. It was found
that supernatant collected after one hour of incubation for first set of dishes depicts

Figure 5-6: Nanoconstruct improves delivery and retained up to 24hour (Cell Lysate).
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Figure 5-7: Compare the nanoconstruct and conventionally delivered avastin uptake and out flux
(Media).

presence of avastin and nanoformulation both, but the media collected for a second set
of dishes following washing and media change fluorescence was not detectable,
which is also double check of the result obtained from cell lysate ( Figure 5-7)..The
results, obtained from cell lysate and supernatant support very well our hypothesis
that by targeting VEGF intracellularly one can achieve greater inhibition of this
angiogenic growth factor (VEGF). Intracellular presence of mAb seems to be more
effective in inhibition of VEGF, which may be possibly due to smaller effective
interacellular volume. Also confocal imaging supports the longer retention of
antibody intracellularly.

5.4.3. Extracellular and Intracellular VEGF Proteins
To fully understand the mechanisms by which the intracellular delivery of Avastin
inhibits the VEGF, protein level is measured when therapeutic drugs were delivered
conventionally and in an encapsulated formulation by running ELISA Secretion of
VEGF in extracellular spaces is inhibited completely over the time course of 72 hours
by Avastin see Figure 5-8, when administered as the traditional formulation and as
part of the nanoconstruct (Figure 5-1).
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Figure 5-8: Secreted VEGF protein levels (pg VEGF/µg total intracellular protein) nearly undetectable
for both intracellular delivery (NCA) and extracellular (NC+A) over 72 hours. 2 J/cm2 PDT with 690
nm light.

Figure 5- 9: Intracellular VEGF protein levels (pg VEGF/µg total intracellular protein) neutralized
only by intracellular delivery (NCA) over 72 hours.

Like many therapies, BPD-PDT stimulates VEGF secretion [142-144]. Intracellular
VEGF proteins level tends to increase for all the treatment formulation in first 24
hours of post PDT but thereafter co encapsulated therapeutic drugs delivery treatment
arm start to show inhibition of VEGF and completely inhibit beyond 48 hours
(Figure 5-9). It seems that just after PDT insult burst of VEFG produced which start
to intercept by Avastin sitting in the surrounding in case of encapsulated formulation
while other treatment arms since cannot pierce intracellular so don’t have inhibitory
effects of VEGF. This did support our first hypothesis that simultaneous intracellular
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delivery of photosensitizer and monoclonal human antibody (Avastin) completely
inhibits VEGF signaling post PDT.

5.5. Conclusion
The following study introduces new strategy to disrupt compensatory signaling
pathways stimulated following photodynamic therapy. Future studies will aim to
further interrogate the biological response of the approach described above.
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CHAPTER 6
Summary and Future Recommendations
6.1. Summary
During this research work, in vitro & in vivo therapeutic efficacy of PDT using
different PS on different human cell lines and animal model were evaluated. The
selected treatment strategies with free PS molecules in in vitro and in vivo
experiments come up with effective outcome on the expense of higher doses of PS.
Owing to minimize the administered PS doses and for the almost same therapeutic
outcome, an encapsulation strategy was adopted for enhanced accumulation in
intracellular spaces. It was observed that with nano-encapsulation a lower PS doses
can produce as effective treatment results as could be obtained with higher doses and
also provides the provision for targeting intracellular protein with combinational
therapy.
An in vitro and in vivo experiments carried on different cell line concluded that
proper combination of PS doses and light doses can produce effective outcome. It was
observed that due to hydrophilic nature PS uptake was lower than when delivered
through PEGylated-nano-carrier, hence one can obtained higher cancerous cell killing
with lower concentrations of PS doses as could be achieved with higher doses, where
as higher doses of PS could also damage healthy tissues in in vivo. PEGylation of
nanoparticles not only enhanced the uptake of PS but also retain PS once internalizes
to intracellular spaces.

6.2. Future Recommendations
Due to biocompatible property of polymeric nanoparticles, a construct could be
design to deliver multi targeted chemo and therapeutic agents selectively and
simultaneously in order to further enhance the outcome of PDT especially for chemo
and PDT resistance cells response. These nanoparticles could be responsible to
present chemo and light activated molecules for multiple therapeutic sessions so that
to avoid administration of treatment agents again and again. A research could be
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extended to investigate the intracellular presence of VEGFRs by delivery theranostic
agents in intracellular spaces.
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