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Abstract
Photodynamic therapy (PDT) and Magnetic resonance imaging (MRI) are two
techniques used in therapeutic and diagnostic purpose respectively. PDT can selectively
kill the cancer cells by utilizing light and photosensitizer, while MRI provides invasive
imaging on our interior bodies. If these two techniques combine, the probe can act as
both PDT and MRI agent at the same time. This theranostic agents can bring great
efficiency in the cancer treatment.
In this project, a porphyrin-cyclen gadolinium based dual functions bio-probe,
PZnGdL, is designed for diagnostic and photodynamic therapeutic functions.
PZnGdL demonstrated a great T1 signal enhancement for MRI, in which its T1
relaxivity is 15.06 mM-1s-1 (at 1.4T, 37oC). The T1 relaxivity is five-fold higher than the
clinically approved MRI contrasting agent Gd-DOTA, (2.92 at 1.4T, 37oC).
Furthermore, PZnGdL exhibits low dark toxicity and high photocytotoxicity.
Therefore, its photodynamic therapeutic index (PDI) in HeLa cells is as high as 1348
upon 1 J/cm2 light irradiation. Results from the present study show that PZnGdL is an
effective photodynamic therapy agent as well as a safe and promising MRI contrasting
agent.
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Chapter 1 Introduction
1.1 Photodynamic Therapy
1.1.1 Introduction of Photodynamic Therapy
Cancer is the leading cause of death in many developed countries. Research concerning
the curing of cancer therefore lure many scientists in tackling this problem. Traditional
cancer therapies like radiotherapy and chemotherapy do kill cancer cells in a very
effective way. Their side effects, however, bring painful suffering to the patients. Effort
has been paid to investigate other targeted cancer therapy so as to treat cancer efficiently
at the same time bring the least side effects to the patient. In the past two decades, shine
is shaded on the newly developed cancer therapy, photodynamic therapy (PDT). By
utilizing light and photosensitizers, only the cancer cells are selectively killed while it
brings less harm to other normal cells
Using light in medical treatment was first developed by Professor von Tappeiner, whose
student accidentally discovered light could kill paramecia in the presence of acridine in
1900. Further studies on this phenomenon let von Tappeiner’s group developed the
combination of photosensitizer and light could be used to treat skin cancer. Later on,
von Tappeiner termed this photosensitization process as “Photodynamic Therapy”, and
this marked a new milestone on the cancer treatment history [Stables et al., 1995].
Photodynamic therapy involves two main steps. Firstly, the photosensitizer is
1

administrated into patient’s body. The photosensitizer will then be uptaken by
malignant cells. Next, non-thermal light with known wavelength will be used for the
activation of the photosensitizer accumulated by the tumour cells. This brings cytotoxic
effect and damage to the specific tissue exposing under the light because reactive
oxygen species (ROS) are produced by the photosensitizer [Mroz et al., 2011]. In the
past decades, there are rapid development in PDT application in clinic as well as the
understanding of the underlying mechanisms. It has been approved to be used as a
standard treatment of certain cancers and diseases by U. S. Food and Drug
Administration (FDA) [Dougherty et al., 2002]. Clinical application of PDT has already
been applied on patients suffering from skin cancer, early head and neck cancer, lung
cancer and esophageal malignancies in United States, Canada and many other European
countries [Dougherty et al., 2002]. In addition, extensive studies on photofrin-PDT in
brain cancer have been carried out and it appears to increase the survival of the patients
with brain tumour [Muller et al., 2001].

2

1.1.2 Components of PDT
Basically, the components of PDT include light, molecular oxygen and
photosensitizer.

1.1.2.1 Light
Laser is the frequently utilized as the light source of PDT because its light beam is
coherent and monochromatic. This enable the light to be focused at a specific target site
and therefore bring minimal harm to the nearby tissue. Typically, laser with 800nm
would be applied for PDT because longer wavelength allows deeper tissue penetration,
which is around 3 to 8 mm. Short wavelength would result in increasing light scattering
in tissue, and it may lead to strong absorption of light by hemoglobin if the light
wavelength is shorter than 580nm [Ethirajan et al., 2010].

1.1.2.2 Molecular oxygen
Followed by the irradiation of light, the photosensitizer would then be activated and
converted the molecular oxygen into reactive oxygen species (ROS) such as singlet
oxygen (1O2), which is cytotoxic. The Jablonski energy diagram shown in Figure 1
summarized the energy conversion of the photosensitizer and the generation of the
cytotoxic singlet oxygen. When the tissue is irradiated, the photosensitizer previously
3

injected would then be excited. Electron of the photosensitizer would be promoted from
the ground state (S0) to the excited state (Sn), which is the higher energy molecular
orbital. When the electron returning back from the excited state to the lower energy
state through the internal conversion (IC), energy is lost and fluorescence would be
emitted when the electron decay from S1 to S0. In addition to fluorescence,
phosphorescence would also be resulted through the process called intersystem crossing
(ISC). It happens when there is spin inversion in the electron in S1 excited state, and the
transition of the electron is going from the first excited singlet state (S1) to the first
excited triplet state (T1). When the excited electron returns from the excited T1 state
back to the ground state (S0), this spin forbidden process would generate
phosphorescence. This spin inversion process would turn molecular oxygen (3O2)
nearby the tumour site into cytotoxic singlet oxygen (1O2), which is known as reactive
oxygen species (ROS) and is cytotoxic [Macdonald et al., 2001; Zhang et al., 2018].

4

Figure 1.1 Modified Jablonski energy diagram [Josefsen, et al, 2008]

5

There are basically two mechanisms for the generation of ROS. In the Type I
mechanism, radicals are produced from a series of electron-transfer process. After
exciting the photosensitizer by light, ROS may react with biological substrates and
results in a mixture of oxygenated products. Subsequent reactions between the radicals
and oxygen lead to the formation of ·OH racial and superoxide ·O2-, etc.
In the Type II mechanism, singlet oxygen (1O2) is generated from molecular oxygen
(3O2) through photochemical process. Singlet oxygen (1O2) is much more reactive than
ground state molecular oxygen (3O2) because both of its outermost electrons reside
together in the same antibonding orbital in opposite spin, while the two outermost
electrons are in the separate antibonding orbitals with the same spin for the ground state
oxygen. The reactive behavior of singlet oxygen (1O2) is known to be a powerful
oxidant and can cause serious cellular damage [Ethirajan et al., 2010].

Figure 1.2 Diagram showing Type I and Type II mechanism in the generation of ROS
[Liu, et al, 2015]
6

1.1.2.3 Photosensitizers
As mentioned previously, the function of photosensitizer is to generate ROS upon the
excitation by the light irradiation. The first generation of photosensitizer was known as
Hematoporphyrin (Hp). It has been shown that the

derivative HpD exhibits selective

cytotoxicity towards cancer cells. The clinically used

Photofrin is synthesized by

mixing the dimers and oligomers of photophyrin isolated from HpD [Issa et al., 2010].
Although Photofrin is marketed into clinical application in treating cancer, its
drawbacks include long life time, poor chemical purity and short activation wavelength.
The drawbacks of these first generation of photosensitizers lead to the investigation of
the next generation of photosensitizer. Second generation of clinically approved
photosensitizers includes NPe6, Levulan and Photochlor[Zhang et al., 2018].

7

Photosensitizer plays an important role in PDT, as it determines the efficiency of PDT.
Several strategies have beenadopted when designing the photosensitizer in order to
increase the successful rate of PDT:

1. Introducing heavy atoms (such as halogens and lanthanides) into photosensitizer
molecule or inhibiting free radicals interact with photosensitizer in triplet excited
state have been shown to increase the production yield of singlet oxygen (1O2), so
as to increase the cytotoxic effect on the tumor tissue [Garland et al., 2009].

2. Incorporating a central metal into the photosensitizer to prevent them being
aggregate: Aggregation of photosensitizer has been shown to

shorten the

lifetime of triplet state and decrease the yield of 1O2. Therefore, it is important to
design a photosensitizer which can suppress aggregation [Garland et al., 2009].

3. Expanding the photosensitizer’s conjugating system to increase the absorption
efficiency of photosensitizer: Light with longer wavelength such as red light is
adopted in PDT to increase depth penetration of human tissue [Garland et al.,
2009].

8

1.1.3 Porphyrin as the photosensitizer
Porphyrin-based complexes are well-known photosensitizer for PDT. The preferentially
accumulation of porphyrin-based complex at solid tumors was the first U.S. Food and
Drug Administration approved noninvasive anticancer modality. Upon the excitation,
they will be excited from ground singlet state to excited singlet state. Excited
photosensitizer transfers to triplet excited state by intersystem crossing. Cytotoxic
singlet oxygen (1O2) is then produced when the triplet excited state photosensitizer
reacts with the molecular oxygen [Stables et al., 1995]. Many porphyrin-based
photosensitizers have been shown to have effective cancer cell killing properties and
impressive quantum yield. Nevertheless, the spatial and temporal control of the
photosensitizer are still the limitations of PDT. Clinical decisions and the actual
conditions of patient can be benefited by the continuous assessment of the anti-cancer
treatment. Therefore, combination of therapeutic and diagnostic functions remains as
an attractive area in anti-cancer treatment.

9

Figure 1.3 Basic structure of porphyrin, and other porphyrin-based photosensitizers
[Ethirajan, et al, 2011]
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1.1.4 Cell Death Mechanisms in PDT
After the irradiation and the production of ROS by photosensitizer, a series of cellular
response may affect the survival of the cells, and eventually lead to cell death. It is a
complex process and many signaling pathways are involved. The mode of cell death is
affected by the physiological properties of the cell types, the dosage and the subcellular
localization of the photosensitizer, and the light intensity used [Davids et al., 2008;
Miller et al., 2007]. There are several typical modes of cell death after PDT, which are
apoptosis, necrosis and autophagy.

1.1.4.1 Apoptosis
Apoptosis, also known as programmed cell death, is a process which requires the
activation of specific genes and caspases[Buytaert et al., 2007]. During apoptosis, the
apoptotic cell is fragmented into several membrane bounded vesicles (apoptotic bodies).
Finally, apoptotic bodies are removed by phagocytes [Robertson et al., 2009].
In normal cells, apoptosis is activated when certain growth factor is depleted or there
are interactions between ligands and cell surface receptors. Other circumstances,
such as heat, radiation or chemicals, can also initiate apoptosis [Zhuang et al., 2000].
There are numerous reports to demonstrate PDT-induced apoptosis. The extent of
apoptosis in PDT-treated cells can be measured by DNA fragmentation or chromatin
11

condensation, which can be done by using TUNEL assay or flow cytometry. For
instance, apoptosis in L1210 leukemia was induced after photosensitizer was bound
onto mitochondria and irradiated by light [Kessel et al., 1998]. The photosensitizer
LuTex was found to be able to bind with the lysosome of EMT6 cells and induced
apoptosis upon light irradiation [Woodburn et al., 1997]. PDT can upregulate many
signaling pathways and therefore eventually lead to apoptosis. Bcl-2 and Bax are widely
studied proteins. The Bcl-2 family proteins and Bax play critical role over the apoptosis
control, in which Bcl-2 is anti-apoptotic and Bax function in an opposite way [Oleinick
et al., 2002]. It has been shown that after PDT can photodamage Bcl-2 proteins. This
results in an increase in the level of apoptotic Bax protein [Kim et al., 1999; Usuda et
al, 2001]. These results suggest that PDT damages Bcl-2 and promotes the recruitment
of Bax into mitochondria for the triggering of apoptosis [Oleinick et al., 2002].
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1.1.4.2 Necrosis
Different from apoptosis, necrosis has long been known as an unorganized and passive
way of cell death. Necrosis is characterized by plasma membrane disruption, organelles
destruction and swelling of cytoplasm. This lead to the release of cellular contents into
the extracellular compartment and inflammation [Danial et al., 2004]. It is usually
caused by chemical or physical damages. Higher dose of PDT, either by using
photosensitizer of higher concentration or higher light dosage, will result in cell death
by necrosis; whilst lower dose of PDT will result in cell death by apoptosis [Mroz et
al., 2011; Nagata et al., 2003]. The possible reason behind this phenomenon may be
certain essential enzymes are photochemically inactivated after high dose of PDT. For
example, high dose PDT has been shown to interfer lamin phosphorylation and promote
necrosis [Lavie et al., 1999]. In addition, high dose of PDT can cause damage to the
plasma membrane, which result in the loss of intracellular ATP in a rapid manner
[Kessel et al., 2000]. Some studies suggested that necrosis and apoptosis have similar
initiation pathway. However, caspases are activated when the cells are died by apoptotic
pathway. It is worthy to notice that inhibition of apoptosis can result in necrosis, so that
PDT can efficiently kill the targeted cells [Castano et al., 2005].
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1.1.4.3 Autophagy
Autophagy is a catabolic degradation pathway, in which cellular proteins and organelles
are engulfed and digested. The intracellular constituents will be recycled, so that they
become alternative energy source in response to starvation or external stress. This can
help the body to sustain normal metabolism, and cellular survival [Mathew et al., 2007].
Early studies of autophagy and cancer, it was found that this pathway might suppress
tumour through the production of Berclin 1. However, apoptotic pathways may be
blocked by autophagy, thus preventing cancer cell death from treatment [Maiuri et al.,
2010]. Although more studies have to be carried out to fully understand the interaction
between PDT and autophagy, it is generally believed that PDT may directly affect
autophagy as PDT will damage the cells and cytoplasmic contents are released from the
PDT-damaged cell. The damaged cellular constituents, e.g. lysosome and mitochondria,
will activate autophagy. The two effects of PDT treatment on autophagy may lead to
the conclusion that cell death may only occur when the PDT-damaged cellular content
is strong enough, and the damaged cells are unable to repair. Or else autophagy process
will act like an initiate rescue mechanism of the cells [Mroz et al., 2011].
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1.2 Magnetic Resonance Imaging (MRI)
1.2.1 Background of MRI
Magnetic Resonance imaging (MRI) is one of the best imaging techniques for earlystage disease diagnosis and is a very popular diagnosis technique in recent years. It
offers various advantages in the detection of tumors such as the provision of high spatial
resolution images and clear tissue contrast. The unnecessary for the use of harmful high
energy radiation is the most crucial advantage over other imaging methods like Postrion
Emission Tomography (PET), Single-Photon Emission Computed Tomography
(SPECT) and X-Ray Computer Tomography. This non-invasive imaging modality is
originated from nuclear magnetic resonance (NMR) [Haacke et al., 1999; De Graaf,
1998]. It started with the discovery of the magnetic moment of proton by Otto Stern in
1922 and he continued his work on the development of molecular ray technique. Effort
has been paid throughout the decades by lots of scientists to further understand the
application of NMR. Later, the concept of magnetic resonance imaging (MRI) was
purposed by Lauterbur and Mansfield [Kathiravan et al, 2013]. The basic idea of MRI
is based on the NMR signal of hydrogen nuclei. Hydrogen nuclei move about an applied
magnetic field in a phenomenon which is known as the Larmor precession, 0. By
definition, the frequency of the Larmor precession is proportional to the magnetic field
strength, ω0 = γB0 (γ: gyromagnetic ratio, a nuclei-specific constant, for hydrogen, γ =
15

42.6 MHz/Tesla; B0: magnetic field strength). In typical human MRI scanner, 1.5 or 3
Tesla uniform magnetic field is used [Damadian, 1971]. General configuration and
components of an MRI scanner is shown in Figure 1.4.
The principle of MRI is the measurement of relaxation of hydrogen after the excitation
by the radio frequency, Rf. In the MRI scanner, a strong uniform magnetic field is
applied and the spin of hydrogen nuclei which in the body water molecules will align
parallel to that applied magnetic field. With the excitation of the radio frequency pulse,
a new magnetic field is created and hence induce the hydrogen nuclei spin to change in
the way different from the original applied magnetic field. The hydrogen nuclei are
considered as flipped while this “flip” is power and time dependent on the Rf created
magnetic field. When the Rf is switched off, the hydrogen nuclei will realign to the
direction of the original applied magnetic field by two relaxation methods, T1 and T2
relaxations. The whole general process can be presented by Figure 1.5. Then the energy
lost or given after the Rf pulse excitation is recorded by the MRI. The signal recorded
is composed of various frequencies which representing different positions in the applied
magnetic field. The MRI signal is possessed by the Fourier transform. MR image is
constructed with the combination of the signal intensity and the spatial information.
Signal intensity is proportional to the density of hydrogen in particular location and the
spatial information is depending on the local magnetic field value. Since our bodies are
16

mostly composed of water, MRI can be used for scanning the NMR signals of the
hydrogen nuclei in our bodies. Many scientists from different fields are still working
hard on improving the resolution and efficiency of MRI, as it is a useful tool in
visualizing the internal human body and the soft tissues [Xiao et al., 2016].

Figure 1.4 Diagram showing the clinical MRI scanner [Al-Tamimi, et al, 2014].
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Figure 1.5 (a) Random aligned of hydrogen nuclei without magnetic field (b) All
Hydrogen nuclei aligned in the direction of the applied magnetic field, B0 (c) Hydrogen
nuclei flip in the presence of a new magnetic field, Brf, which is created by the radio
frequency (d) Hydrogen nuclei realign to their original state by relaxation after the radio
frequency is offed. [Law, et al, 2015].

18

1.2.2 T1 and T2 relaxivity
In order to understand the mechanism of MRI scan, it is important to know the term
“relaxivity’ beforehand. Relaxivity refer to the ability in changing relaxation rate of
water proton. The relaxivity is calculated by the following equation, which its unit is
expressed as mM-1S-1 [Zhou, et al., 2013]:
(

1
1
)𝑜𝑏𝑠 = ( )𝑑 + 𝑟1,2 [CA]
𝑇1,2
𝑇1,2

(1/T1,2) refers to the reciprocal of longitudinal (T1) or transverse (T2) relaxation time;
obs and d notation refer to the measurement done with or without MRI contrasting agent
respectively; [CA] refers to the concentration of the MRI contrasting agent added; r1,2
refers to the calculated relaxivity of the contrasting agent.

There are two types of relaxation after the Rf excitation is offed, T1 and T2.
T1 is known as the “spin-lattice” relaxation time. T1 refers to the recovery of the
magnetization in the longitudinal axis. It is a measurement of the “lattice” around spin.
For the free hydrogen nuclei which can rotate quickly, the rotation correlation time, the
time to rotate one radian, is shorter and it gives a longer T1. For the bound hydrogen
nuclei will have a longer rotation correlation time and hence shorter T1. T2 is known as
“spin-spin” relaxation time. It refers to the decay of magnetization in the transverse axis.
It is a measurement of a “spin” around a “spin”. For free hydrogen nuclei, the translation
correlation time is short and gives a longer T2, while for the bound hydrogen nuclei, the
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translation correlation time is long and gives a shorter T2. Generally, short T1 value
produces bright tissue while long T1 value gives dark tissue or fluid in the T1 images.
In contrast, the dark tissue appears in the T2 image has the short T2 value and the bright
tissue or fluid has the long T2 in the T2 image. Contrasting agents can help to enhance
the relaxivity and thus the quality of the images captured can be greatly improved.
Paramagnetic contrasting agents can change the contrast by producing time-varying
magnetic field which originated from the rotational motion and the electron spin flip
closely related to the unpaired electron of the contrasting agent. It enhances the T1
relaxivity of the water molecules. Possessing a high T1 relaxivity is a critical character
for the MRI contrasting agent because it represents its ability in changing the water
proton relaxation rates [Kathiravan et al., 2013]. Gadolinium (III) chelates is known to
be effectively increase the T1 relaxation rate (1/T1), which can provide a better contrast
MRI images. Since the electron configuration of Gadolinium is [Xe]4f75d16s2, the
seven unpaired f-electron configuration makes Gd(III) cheleates are highly
paramagnetic. This also explains why Gd(III) chelates are frequently used as the MRI
contrasting agent [Amos et al., 1987].
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Figure 1.6 Comparison of T1 and T2 relaxation properties. [Law, et al., 2015]
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1.2.3 MRI Contrasting agents and Gadolinium-complexes
To enhance the MRI signal, contrasting agent is frequently used in MRI scan.
Contrasting agent is routinely applied for MRI of lesions in various organs such as
breast, liver and the central nervous system. Among different classes of contrasting
agent, Gadolinium(III)-based compound has been used in clinic for many decades. For
instance, Gd-DOTA and Gd-DTPA are two commonly found clinically approved
contrasting agents (Figure 1.7) [Strijkers et al., 2007]. In current days, there are almost
50 tons of gadolinium used annually for MRI [Washer, et al., 2019]. Owing to the
characteristic electronic configuration of gadolinium, gadolinium-based contrasting
agents (GBCAs) is used widely in diagnosis and are regarded as one of the most
successful drugs used for imaging. There are currently 8 FDA approved Gd-(III) based
MRI agents and commercially available in the United State. Table 1.1 shows the trade
names and the generic names of the clinically used MRI contrasting agents. It is
estimated that about 40% MRI scan and 60% neuro MRI scan utilize GBCAs as the
contrasting agents every year [Washner, et al., 2019; Runge, 2017]. The overwhelming
application of gadolinium contrasting agent can attribute to two major reasons: the
provision of detailed information and the immediate effect of signal enhancement.
Compare with other noninvasive imaging methods, gadolinium based contrasting
agents provides betterment of detection in disruption of the blood brain barrier,
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blockages in blood vessels and contributes to the breast cancer staging. In many
radiology imaging methods, the radiotracers may have to be produced on demand,
however, GBCAs are more kinetically stable and non-ionizing, enhanced signal can be
recorded in shorter waiting time. Despite the use of MRI contrasting agents may
contradict with the non-invasive character of the scan, the enhancement brought by the
contrasting agent can clearly depict many interior tissues such as tumour angiogenesis
and atherosclerotic plaques [Collins, et al., 2004; Dafni, et al., 2003]. The signal to
noise ratio in MRI can be enhanced and it helps doctor to locate the tumor site more
easily.
There are three administration methods for the MR contrasting agents: 1. Intravenous
injection 2. Oral administration 3. Inhalation. Intravenous administered contrasting
agents can be further classified by three types: extracellular fluid (ECF) agents, bloodpool agents and organ target agents. More than 98% of contrasting agent sold in the
U.S. are ECF agents [FDA, 2017]. ECF agents are small molecule complexes which
can be distributed into the extracellular space after intravenous injection and eliminated
by the renal pathway. Blood pool agents are restricted in the intravascular space for MR
imaging of the blood vessels. It can be achieved by the noncovalent binding to the
human serum albumin and preferential size complexes which are too large to escape
from the intravascular space but small enough to be eliminated from the kidney. An
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example is gadofosveset trisodium (MS-325) (Figure 1.7), 80−90% of MS-325 was
found with HSA binding while the unbound molecules can be filtered by the kidneys
[Caravan, 2002]. Organ-specific agents are of specific organs or tissues targeting
purpose such as approved MRI contrasting agent gadoxetic acid uptake by hepatocytes
is applied in the liver and biliary system imaging [Ahn, 2010].
However, there are reports showing some gadolinium tends to accumulate in patients’
brain in recent years, and there is causal relationship between the use of GBCA and
the development of nephrogenic systemic fibrosis (NSF) for the patients with
compromised renal function [Ranga, 2017]. Therefore, it is suggested to limit the use
of GBCA in clinic and the necessity of repetitive GBCA MRI is needed to reassess.
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Trade Name

Chemical code

Generic name

Approval date

Dotarem, Clariscan

Gd-DOTA

Gadotetrate

1989 (Europe

meglumine

2013 (United States)

ProHance

Gd-HPDO3A

Gadoteridol

1992

Gadovist (Europe)

Gd-DO3A-butrol

Gadobutrol

1998 (Europe)

Gadavist (United States)

2011 (United States)

Magnevist

Gd-DTPA

Gadopentetate
dimeglumine

1988

Omniscan

Gd-DTPA-BMA

Gadodiamide

1993

Optimark

Gd-DTPA-BMEA

Gadoversetamide

1999

Multihance

Gd-BOPTA

Gadobenate
dimeglumine

2004

Table 1.1 Gd(III)-based MRI contrasting agents that have been used in clinic
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Figure 1.7 Commercially available approved T1 contrasting agent (NMG = meglumine) [Washner, et al., 2019].

The half-filled 4f7 shell makes GBCAs the paramagnetic contrasting agents which
dominates in the clinical used contrasting agents. They are known as positive
contrasting agent as the signal is enhanced in the region they locate. In most cases, an
octadentate polyaminopolycarboxylato-based ligand is used to chelate the
gadolinium(III) to prevent toxic free Gd3+ ions dissociate in our body. A ninth
coordination site is for water ligation. The coordinated water molecule can be
exchanged with bulk solvent water molecules rapidly. Simple molecular GBCAs have
similar r1 and r2 relaxivity in water. Table 1.2- 1.4 summarize the r1 and r2 relaxivity of
common MRI contrasting agents in water, plasma and blood at 37oC. In the MRI scan
of human body, the T2 of water is much shorter than T1. The r1 relaxivity value is
generally lower than the r2 relaxivity. Therefore, the use of GBCAs has a greater effect
on T1. Figure 8 shows the effect of using the T1 contrasting agent gadoteridol in the T1
weighted image of a patient with glioblastoma’s brain. The tumor is brightened at 20
minutes after the injection of gadoteridol (Figure 1.8) [Gahramanov S, et al., 2013].
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Figure 1.8 Axial T1-weighted MR images of the brain of a patient with glioblastoma
[Gahramanov S, et al., 2013].
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However, there is rising concern regarding to the safety of the use of Gd(III)-based
complexes. There are reports stating Gd deposition inside the patients’ body and it
becomes controversial whether GBCAs should be used or not [Gibby, et al., 2004;
Murata, et al., 2016]. Nevertheless, it is not easy to find another substitute MRI
contrasting agent that can bring such signal enhancement as Gd(III)-based agents do.
Regarding to this issue, several approaches should be adopted when designing the new
generation of GBCAs. First, GBCAs with higher relaxivity should be designed.
Therefore, lower dosage of the contrasting agent will be needed for each MRI scan;
secondly, it is important to maintain the stability of GBCAs, so as to prevent Gd(III)
ion from dissociating from the complex; thirdly, try to improve the specificity by
designing molecular targeting contrasting agents [Washner, et al. 2019].
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Table 1.2 Relaxivities of Common Contrasting agents in water at 37 C [Rohrer, et al., 2005].
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Table 1.3 Relaxivities of Common Contrasting agents in Plasma at 37oC [Rohrer, et al., 2005].

Table 1.4 Relaxivities* of Investigated Common Contrasting Agents in Blood at 37C
[Rohrer, et al., 2005].

32

1.3 Scopes of study

Photodynamic therapy can effectively kill the cancer cells, while magnetic resonance
imaging is a good and invasive way to undergo diagnosis of the tumour site. It will be
brilliant if these two techniques can be combined, so as to generate a bi-functional probe
therapeutic and diagnostic probe. In this project, the novel porphyrin-cyclen
Gadolinium based photosensitizer PZnGdL was designed and synthesized to possess
these two functions. Its photochemical properties are studied. It is believed that this bifunctional probe possesses impressive T1 relaxitivity, which makes it a very useful tool
as the MRI contrasting agent as well as the PDT agent.

The probe PZnGdL is designed to be porphyrin-based complex. Porphyrin complexes
have been utilized extensively in photodynamic therapy owing to its characteristic
extensive  electron conjugated system. The effectiveness in absorbing energy from
UV (360-400 nm) and visible region (500-700 nm) make it to be an ideal
photosensitizer, and favourable in tissue penetration as it is within the therapeutic
window. In addition, it is found that TriMPyP and DiMPyPs porphyrin exhibit selfaggregation by - stacking. The incorporation of the zinc metal into the center of
porphyrin can effectively enhance the - interaction between porphyrins. This
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stacking interaction results in the apparent molecular weight increase of the complex.
Therefore, it can slow down the rotation motion of the molecule and enhance T1
relaxativity and produce the MRI signal enhancement. Regarding to the use of
Gadolinium metal, cyclen group is used to act as a cylating group to prevent leakage of
the free toxic Gd ions.
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Chapter 2 Materials and Methods

2.1 Synthesis of PZnGdL
In the first part of this project, the complex PZnGdL is synthesized by chemical
methods. The synthetic routes of the intermediates and the final product are listed in
Figure 2.1 and 2.2. Intermediates and the final product are characterized by 1HNMR
and MALDI-TOF to make sure the desired products are produced. The detailed
synthetic method and the chemicals required are stated in the next section. The 1HNMR
and the MALDI-TOF results of the intermediate and the final product are included in
the next chapter.
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Figure 2.1 Synthetic route of PZnGdL (Part I).

Figure 2.2 Synthetic route of PZnGdL (Part II).
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2.1.1 Synthesis of 4-((trimethylsilyl)ethynyl)benzaldehyde (Reaction 1)
4-bromobenzaldehyde (4 g, 16.2 mmol) and ethynyltrimethylsilane (1.91 g, 19.4 mmol)
were added in the ratio of 1:1.2 to a two-neck round bottom flask. Then copper iodide
(61 mg, 0.00032 mmol) and tetrakis(triphenylphosphine) palladium(0) (936 mg,
0.00081 mmol), were added in the ratio of 0.02 and 0.05 respectively. Triethylamine (4
mL) was added. Reaction mixtures were reacted at 50℃ in THF for 15 hours. Product
was obtained after the purification of column chromatography (mobile phase:
DCM:Hexane = 1:2.5). 1HNMR (400MHz, CDCl3) 𝛿 :0.263 (S, 9H), 7.258-7.609 (D,
2H), 7.799-7.827 (D, 2H), 9.994 (T, 1H).

2.1.2 Synthesis of P1-TMS (Reaction 2)
Nitrogen gas was bubbled into 900 mL DCM in a 1L two-neck round bottom flask for
2.5 hours. Pentafluorobenzaldehyde (742 L, 6.0 mmol), pyrole (600 mL, 8.0 mmol)
and 4((trimethylsilyl)ethynyl)benzaldehyde (404 mg, 2.0 mmol) were added into the
solution in the ratio of 1:12: 3. Boron trifluroride diethyl etherate was added as catalyst.
After 1 hour reaction, 2,3-dichloro-5,6-dicyano-p-benzoquinone (1.36 g, 6 mmol) was
added and allowed to react for 1.5 hours. Triethyl amine (4mL) was added to the
reaction mixture. Then the product mixture was purified by column chromatography
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after the reaction. Further purification of product by column chromatography was
needed, mobile phase: DCM:Hexane = 1:6. 1HNMR (400MHz, CDCl3) 𝛿 : −2.898−2.862 (S, 2H), 0.394(S, 9H), 7.918-7.939(D, 2H), 8.171-8.192(D, 2H) and 8.9(M,
8H).

2.1.3 Synthesis of P1Zn-TMS and P1Zn (Reaction 3)
Zinc acetate (0.138 g, 0.627 mmol) was reacted with P1-TMS in DCM for 4 hours.
Excess zinc acetate was removed by column chromatography. TMS was then removed
by reacting with the tetrabutylammoniumfluoridehydrate (82.6 mg, 0.316 mmol). P1TMS was reacted with tetrabutylammoniumfluoridehydrate in mole ratio of 1:3 in
DCM at room temperature for 20 minutes. P1Zn was obtained by column
chromatography purification.

2.1.4 Synthesis of PZn (Reaction 4)
Nitrogen gas was bubbled into 30 mL DCM for 30 minutes in a 100 mL round bottom
flask. (4-bromopyridin-2-yl) methanol (21.77 mg, 0.116 mmol) and P1Zn were added
in the ratio of 1:1.1. CuI, Pd(PPh3)4 in the ratio of 0.02:0.04 and triethylamine (5mL)
were added respectively. Reaction mixture were reacted in oil bath of 40 oC overnight
in nitrogen environment. Column chromatography was used for purification after the
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reaction. Mobile phase was DCM: hexane in 1:1. Reaction 1 to 4 were repeated 5 times
to enhance the amount of PZn obtained. PZn obtained was taken for MALDI-TOF
HRMS ([M]+, m/z): Calcd. for C52H18F15N5OZn: 1077.055781; found for [M]+
1077.0608.

2.1.5 Synthesis of PZnOMS and PZnL (Reaction 5 and 6)
PZn (108.9 mg, 0.1 mmol) was dried in vaccum for 30 minutes in a 100 mL round
bottom flask. 30 mL DCM and trimethylamine, Et3N (81.9 mg, 0.404 mmol) was added
into PZn. Methanesulfonyl chloride, MSCl (51 mg, 0.202 mmol) was dissolved in
20mL DCM before added drop by drop into the reaction mixture. The mole ratio of PZn:
MSCl: Et3N was 1: 4.5: 8. The reaction was carried out in nitrogen environment at room
temperature. After the 30 min reaction, solvent of reaction mixture was first removed
by rotatory evaporation and the reaction mixture was re-dissolve by Dry ACN. Multiple
solvent extraction with water was carried out to obtain PZnOMS. Once PZnOMS was
extracted, reaction 6 was done immediately. Ligand, L (39.73 mg, 0.0777 mmol),
potassium carbonate (75.1 mg, 0.543 mmol) were added into PZnOMS in 20 mL of dry
ACN. The reaction was carried out in nitrogen condition at 80℃ for 18 hours. PZnOMs,
L and potassium carbonate were in the ratio of 1.3:1:7. Excess potassium carbonate was
removed by column chromatography. Aluminum oxide column was used with mobile
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solvent DCM: methanol, MeOH = 100:1. After the removal of the first two spots shown
in TLC, the polarity of mobile phase was increased to DCM: methanol, MeOH = 25:1
to obtain PZnL. PZnL was taken to MALDI-TOF HRMS analysis ([M+Na]+, m/z):
Calcd. for C78H69F15N12O3Zn+Na: 1593.455975; found for [M+Na]+ 1593.4518.

2.1.6 Synthesis of PZnYbL (Reaction 7)
Ytterbium(III) chloride hexahydrate (2.1 mg, 5.41x10-3 mmol) was added into the
PZnL (8.4 mg, 5.34x10-3 mmol) in DCM at 80℃ temperature for 18 hours. PZnYbL
obatined was taken ESI-MS analysis ([M]2+, m/z): Calcd. for C78H68F15N12O3YbZn2+:
872.4505; found for [M]2+ 872.4311. Product PZnL was also taken for HPLC Analysis.

2.1.7 Synthesis of PZnGdL (Reaction 8)
Gadolinium(III) chloride hexahydrate (2.0 mg, 5.41x10-3 mmol) was added into PZnL
(8.4 mg, 5.41x10-3 mmol) in DCM at 80℃ temperature for 18 hours. PZnGdL obatined
was taken MADLI-TOF HRMS analysis ([M]+, m/z): Calcd. for C78H69F15N12O3GdZn:
1730.392255; found for [M]+ 1728.4285.
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2.2 Biological studies of PZnGdL

2.2.1 Cell Culture
Human HeLa cells were grown in Dulbecco’s Modified Eagle’s medium (DMEM); T24
cells were grown in Roswell Park Memorial Institute medium (RPMI) and MRC5 cells
were grown in Minimum Essential medium (MEM). All mediums were supplemented
with 10% (v/v) fetal bovine serum (FBS) and 1% (v/v) penicillin-streptomycin (PS).
All cells are cultivated at 37 oC in a humidified incubator with 5% CO2. Subculture was
done twice a week.

2.2.2 Confocal Microscopy
4000 cells/mL of HeLa cells and MRC5 cells were seeded on glass-bottomed dish
overnight. 1.25M or 2.5M of PZnGdL were incubated into the two cell lines for 24
hours. Then, 50nM of LysoTracker Green was added into the cell lines 30 minutes
before imaging. PBS was used to wash the cells just before imaging. The co-staining in
vitro imaging was performed on Leica TCS SP8 Microscope (ex: 488nm; em: 600620nm).
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2.2.3 Flow cytometry
2x105 cells/mL of HeLa cells and MRC5 cells were seeded onto 6-well plate overnight
(one well for control and one well for treatment). The cells were treated with 1.25M
PZnGdL for 24 hours. HeLa cells and MRC5 cells were harvested by trypsinization
and washed by PBS twice. The cells were then suspended in 1mL PBS (4 oC)
respectively and keep on ice.

2.2.4 MTT cell viability assay
1 x 104 cells/mL of HeLa cells, T24 cells and MRC5 cells were seeded on 96-well plate
overnight. The cells were treated with various concentrations of PZnGdL and ALA for
24

hours. After

24

hours

of

incubation,

3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium (MTT) (conc. = 0.5 mg/mL) were added and the mixtures were
incubated at 37℃ for 3 hours. The formazan were dissolved in dimethyl sulfoxide
(DMSO) and the absorbance of the solution was measured in a microplate reader at 540
nm wavelength (reference wavelength = 690 nm). Quadruplicates were performed to
obtain the data.
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2.2.5 Photodynamic therapy (PDT) assay
The three cell lines (HeLa, T24, and MRC-5) (1 x 104 cells/mL) were seeded onto 96well plate overnight. The cells were then treated with various concentrations of
PZnGdL. After 24 hours of incubation, the cells were exposed to blue light (1, 2, or 4
J/cm2) produced from LED lamp with a power density 6 mWcm-2. MTT was added at
24 hours post-PDT and the mixtures were incubated at 37℃ for 3 hours. The formazan
dissolved in dimethyl sulfoxide (DMSO) and the absorbance of the solution was
measured in a microplate reader at 540 nm wavelength (reference wavelength = 690
nm). Quadruplicates were performed to obtain the data.

2.2.6 In vivo PDT studies
A mixture of HeLa cells ( 1 × 107 in 200 μL of serum-free medium (DMEM) and matrix
gel with 1:1 v/v) was injected into the right flank of female BALB/c nude mice (six to
eight-week-old). Animals used in this study were obtained from The University of Hong
Kong. The intra-tumoral injections were carried out when the average volume of the
tumors reached approximately 100 mm3. PZnGdL in PBS buffer (0.1 mmol/kg) was
injected directly into the tumor using a 24-gauge syringe. Equal volume of PBS buffer
and same concentration of ALA were used as the control. The total volume of PZnGdL
for injection was 150 μL/tumor. Body weight and tumor volumes were measured daily
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for 8 consecutive days. The equation: V=(L×W2)/2 (L = longer dimensions; W = shorter
dimension) was used to calculate the tumour volume. Intra-tumoral injections and laser
irradiation (808nm, 2 hours) were performed daily for 7 consecutive days. On the 8th
day, the mice were sacrificed and tumors were removed and weighed. Investigators
were blind to the treatment groups during the experiments and data analysis. All animal
experiments were approved by the Research Ethics Committee, Hong Kong Baptist
University.

2.2.7 In vivo MRI studies
The MRI study was performed on a 3.0 T clinical Siemens Trio MRI scanner with a
surface coil (Shanghai Chenguang Medical Technologies Co., Ltd.). The S18 tumor
xenograft BALB/c nude mice (6-8 Weeks, Female) was anesthetized by intravenously
injection of 10% chloral hydrate (100 L). 2D T1-weighted images of mice were
acquired before and after intravenous injection of PZnGdL and Gd-DOTA at a dose of
0.025 mmol of Gd/kg at different time. Parameters of the TSE sequence are as follows:
TR= 400 ms, TE= 17 ms, FOV = 256×128 matrix, slice thickness = 2.0 mm, flip angle=
120 deg, and NEX = 6. In order to acquire the images of the tumor, 6 slices were
acquired to cover the whole tumor. Image analysis was performed by using Siemens
work platform software. Region of interest (ROI) was drawn over the whole tumor and
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the average signal intensity was then measured. The signal intensity enhancement (ΔSI)
was calculated by using the following equation: ΔSI=|SIt-SI0|, where SIt and SI0
denoted the signal in the tumor after and before the injection of contrasting agents. The
animal experiments were conducted according to guidelines that were approved by the
Institutional Animal Care and Use Committee of the Sun Yat-sen University Cancer
Center.

2.2.8 In vivo bio distribution via ICP-MS
When the tumor xenograft of HeLa attained a size of approximately 0.1 cm3, mice were
injected with PZnGdL at a dosage of 100 mol/kg body weight. Tissues (heart, liver,
spleen, brain, skin, lung, and tumor; 0.02-0.04g each) and blood (80-90L) were
collected after 3 hours, 12 hours and 24 hours post-injection. All samples were
incubated with 500 L nitric acid at 90 oC to thoroughly dissolve the organic molecules.
Metal concentrations were examined by ICP-MS.

46

Chapter 3 Photophysical studies and characterization of
PZnGdL

3.1 Introduction
PZnGdL is designed to be a bi-functional bioprobe which can be used as the PDT agent
and the MRI contrasting agent at the same time. Part of the PZnGdL is composed of
porphyrin, which is functioned as the photosensitizer; while the other part of PZnGdL
is Gd-conjugated cyclen ligand, which is functioned as the MRI contrasting agent.
Metal Zinc (Zn) is coordinated in the center of porphyrin. The purpose of this design is
to increase the solubility and the stability of the porphyrin complex [Berg, et al, 2005].
Trimethylporphyrin is also believed to increase the lipophilicity of the complex, so as
to facilitate cellular uptake. This design also increases the apparent molecular weight
of the complex as self-aggregation and − stacking can be found in this molecular
structure [Kano, et al, 1997]. Therefore, the T1 relaxivity of this complex can be
increased as the proton rotation speed is slow down.
In this chapter, the characterization and the photophysical properties of PZnGdL are
studied and the results are evaluated in the following sections.
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3.2 Structural confirmation and purity of PZnGdL by 1HNMR and MALDI-TOF
In order to confirm the compounds synthesized are the one we desired, 1HNMR and
MADLI-TOF analysis have been carried out for the intermediate complexes and the
final compound (Figure 3.1 – 3.5). The results on the graphs match with the
characteristics and the molecular mass of the intermediates and PZnGdL, and therefore
it can be confirmed the compounds we synthesized are the complexes we want.
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Figure 3.1 400 MHz-1HNMR (CDCl3) spectrum of
4((trimethylsilyl)ethynyl)benzaldehyde.
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Figure 3.2 400 MHz-1HNMR (CDCl3) spectrum of P1-TMS.
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Figure 3.3 MALDI-TOF HRMS spectrum of PZn.
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Figure 3.4 MALDI-TOF HRMS spectrum of PZnL.
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[PZnGdL]

+

Figure 3.5 MADLI-TOF HRMS spectrum of PZnGdL.
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3.3 HPLC analysis of PZnGdL
To determine the purity of the compounds synthesized, HPLC analysis was carried out.
From Figure 3.6, it can be seen that only one peak is observed in the HPLC analysis,
this provides the proof that the compound we synthesized are of high purity as no other
peaks are found. The compound PZnL has a higher retention time (18.94 minutes)
while that of PZnGdL (17.594 minutes) is lower. It is because when the metal
Gadolinium is conjugated onto the cyclen, it makes the compound more polar in charge.
Therefore, it will be eluted out by the mobile phase in a faster manner, and thus its
retention time inside the column is shorter. 0.5% formic acid in MilliQ water and
methanol were used as the mobile phase of the PHLC analysis, and the method used
for the HPLC analysis is stated in Table 3.1.
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18.940

17.594

Figure 3.6 HPLC result of PZnL (up) and PZnGdL (bottom).
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Time (min)

0.5% formic acid in Milli-Q water (%)

Methanol (%)

0.00

90.0%

10.0%

5.00

70.0%

30.0%

10.00

50.0%

50.0%

15.00

10.0%

90.0%

25.00

90.0%

10.0%

Table 3.1 The method used in the HPLC analysis of PZnGdL and PZnL.
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3.4 Photophysical characterization of PZnGdL
The absorption and emission spectra of PZnGdL and its precursor without Gd, PZnL
were measured in aqueous solution (Figure 3.7c and 3.7d). PZnGdL and PZnL showed
a Soret band at 420 nm which is corresponding to the transition of the ground state to
the second excited state (S0 → S2) and a Q band at 554 nm which is referring to the
weak transition of the ground state to the first excited state (S0 → S1). PZnGdL
showed intense emission from 600 nm to 750 nm in aqueous solution with the excitation
of 430 nm (Figure 3.7d). Emission peaks at around 650 nm and 750 nm are originated
from the transitions of the second excited state to the ground state (S2 → S0) and from
the first excited state to the ground state (S1 → S0) of porphyrin respectively. The
singlet oxygen quantum yields () of PZnGdL and PZnL were measured in CHCl3
(Figure 3.7) and calculated by Equation 1 which comparing to a reference compound
tetraphenylporphyrin, H2TPP, (= 0.55 in CHCl3) (Figure 3.8). With reference to the
integrated area and absorbance of H2TPP, PZnL, PZnYbL and PZnGdL stated in
Table 3.2, the singlet oxygen quantum yields of PZnGdL and PZnL are 0.21 and 0.27
respectively as calculated by the equation.

Equation 1
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3.5 T1 relaxitivity of PZnGdL
In the study of the T1 relaxivity of PZnGdL, clinical MRI contrasting agent Gd-DOTA
was used as control for comparison. PZnGdL shows a higher T1 relaxivity of
15.06 mM-1s-1 while Gd-DOTA only shows 2.92 mM-1s-1 at 1.4T in water with 3%
DMSO (Figure 3.7b). The high T1 relaxivity of PZnGdL might attribute to the stacking
of the porphyrin moiety in PZnGdL. It results in slowing down of the rotational motion
of the complex and hence enhance the T1 relaxivity of PZnGdL.
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Figure 3.7 (a) Molecular structure of PZnGdL (b) T1 relaxivity plot of Gd-DOTA and
PZnGdL (1.4T, 37oC).
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Figure 3.7 (c) Absorption spectra of PZnL and PZnGdL (d) Emission spectra of
PZnL and PZnGdL under 430nm excitation.
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Figure 3.8 Emission spectra of singlet oxygen of H2TPP, PZnL, PZnYbL and
PZnGdL.
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Table 3.2 Integrated area and absorbance of H2TPP, PZnL, PZnYbL and PZnGdL.
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3.6 Conclusion
In this chapter, the structural confirmation of the synthesized PZnGdL was carried out.
By checking the 1HNMR and MALDI-TOF of the intermediate and the final product of
the synthesis, it can be concluded the desired complex, PZnGdL, was successfully
synthesized. After confirming the structure of PZnGdL, it is also important to
determine its purity. In order to measure the purity of the complex, HPLC analysis was
carried out. The results revealed that the PZnGdL synthesized was of high purity, and
therefore it is safe to carry out the next step experiment, such as the in vitro and in vivo
experiments.
As PZnGdL is designed to be a PDT agent as well as an MRI contrasting agent, it is
important to determine the 1O2 quantum yield and its T1 relaxivity. It is found that the
1

O2 quantum yield of PZnGdL is 0.21 with reference to H2TPP, and the T1 relaxivity

is 15.06 mM-1s-1. These data provide evidence that PZnGdL can be a potential bifunctional bioprobe for PDT and MRI.
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Chapter 4 The effectiveness of PZnGdL to act as
photosensitizer and MRI contrasting agent

4.1 Introduction
After studying the photophysical properties of PZnGdL, it is also important to
determine whether it can really act as the PDT agent and bring contrasting effect during
MRI scan. In this chapter, the in vitro and in vivo experiments were carried out to
determine the effectiveness of PZnGdL to as the photosensitizer and MRI contrasting
agent. HeLa cell (cervical cancer cells), T24 cell (bladder cancer cells) and MRC5 cells
(non-cancer cells) were used in the in vitro experiments, including dark and light
cytotoxicity, confocal imaging and flow cytometry. S18 xenograft bearing mouse were
used as in in vivo experiment for tumour inhibition assay, biodistribution of PZnGdL
and MRI scan. All these experiments can mimic how PZnGdL works to be the
photosensitizer and MRI contrasting agent in human bodies, and to evaluate whether
PZnGdL can effectively kill the cancer cells.
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4.2 In vitro study of PZnGdL
4.2.1 Dark and Light Cytotoxicity assay
The cytotoxicity assay of PZnGdL was performed on three different cell lines, HeLa
(human cervical cancer cells), T24 (human bladder cancer cells) and MRC5 (human
normal lung cells). In the absence of light, the cytotoxicity of PZnGdL on the three
cell lines were very low (Dark-IC50 > 200 M). However, the cytotoxicity of the
complex increased enormously upon light irradiation in all three cell lines. For instance,
the IC50 of PZnGdL in HeLa cells under darkness and light irradiation were 337 and
0.25 M, respectively (Figure 3.9). This result indicates that the complex is not
cytotoxic without light irradiation while it is an effective PDT agent upon lighting,
especially in cancer cell lines. The photodynamic therapeutic index (PDI) of PZnGdL
on HeLa and T24 cells were 1348 and 324, respectively (Table 3.3). This finding also
showed PZnGdL is a more efficient PDT agent when compared with the commercial
PDT prodrug 5-Aminolaevulinic acid (ALA). The cyototoxicity assay showed
PZnGdL can also be a potential PDT prodrug in addition to the MRI contrasting agent.
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Figure 4.1 Photocytotoxicity of PZnGdL and ALA (1 to 4 J/cm2) on various cancer cell
lines. (a) HeLa, (b) T24. MTT assay were carried out after 24 hours of incubation at
37oC.

Figure 4.1 (c) Photocytotoxicity of PZnGdL and ALA on MRC5 cells. MTT assay were
carried out after 24 hours of incubation at 37oC.
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Table 4.1 Summary of photophysical properties, singlet oxygen quantum yield of PZnL
and PZnGdL, Photo and Dark cytotoxicity of PZnL, PZnGdL and ALA towards
cancer cell lines HeLa, T24, normal cell line MRC5 under 1 J/cm2 light irradiation (ex
= 430 nm), MTT assay were carried out after 24 hours of incubation at 37oC
(Photodynamic index = Dark-IC50/ Photo-IC50).
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4.2.2 Confocal microscopic examination of PZnGdL stained cells

In order to understand the cellular localization and selectivity of PZnGdL in cancer
cells and non-cancer cells, confocal imaging and co-staining experiments were carried
out in cancer cells (HeLa) and non-cancer cells (MRC5). A low concentration (i.e. 2.5
and 1.25 M) of PZnGdL is used in this confocal microscopic examination because
there is no obvious difference in cellular uptake and localization in both cell lines if a
higher concentration (10M) is used. As shown in Figure 3.10, the complex PZnGdL
exhibited much stronger red fluorescence in HeLa cells when comparing with MRC5
cells even under a low concentration. It indicates the cellular uptake of PZnGdL by
HeLa cells is more rapid and effective than MRC5 cells. Co-staining experiments were
performed to further evaluate the localization of PZnGdL. The merged yellow colour
(overlay of red and green fluorescence) showed in HeLa cells incubated with both
PZnGdL and LysoTracker Green indicated the complex was located at the lysosome
of HeLa cells. However, little or no red fluorescence was found in MRC5 cells when
the cells were incubated with 2.5 and 1.25 M PZnGdL. Only green fluorescence was
found in MRC5 cells, which represent the emission of the LysoTracker. The
concentration-dependent cellular uptake of PZnGdL indicated our complex can
selectively penetrate into the cancer cells but not to MRC5 cells under a low
concentration of PZnGdL.
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Figure 4.2 Co-stain confocal imaging of HeLa and MRC5 cells in LysoTracker Green
and different concentration of PZnGdL under 480nm laser excitation. (PZnGdL
incubated in respective cell lines for 24 hours; 50nM of LysoTracker Green was added
at 30 minutes before confocal imaging).
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4.2.3 Flow Cytometric analysis of cellular uptake of PZnGdL

From the previous confocal imaging, the cellular uptake of PZnGdL by HeLa cells is
greater than the MRC5 cells under a low concentration condition. To further evaluate
the cellular uptake of this complex in these two cell lines, flow cytometry was carried
out. Flow cytometry is the technique that analyse the physical and chemical
characteristics of each individual cells in the population.

As PZnGdL can be excited at 480nm and give emission at around 650nm, it can be
detected by the flow cytometer once the cell taken up the complex. In Figure 3.11, when
the cells were incubated with 1.25M PZnGdL is incubated for 24 hours, band shifting
was found in HeLa cells but not in MRC5 cell. It indicates that cellular uptake is higher
in HeLa cells than the MRC5 cells. The selectivity of PZnGdL to be accumulated in
HeLa cells but not in MRC5 cells enable the use of a lower dosage of the compound.
The result of flow cytometry further provide evidence that the cellular uptake of
PZnGdL was higher in HeLa cells when the concentration of PZnGdL is low (< 2.5
M).
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b

Figure 4.3 (a) Flow cytometry result of HeLa cells only (upper graph) and HeLa cells incubated with 1.25 PZnGdL for
24 hrs (bottom graph); (b) Flow cytometry result of MRC5 cells only (upper graph) and MRC5 cells incubated with 1.25
PZnGdL for 24 hrs

a

4.3 In vivo study of PZnGdL
4.3.1 In vivo PDT

After the in vitro studies of PZnGdL, in vivo experiment of PZnGdL was carried out
to determine the anti-tumour activities. HeLa xenograft bearing mice were randomly
divided into six groups for the tumor inhibition study (Figure 3.12a). PZnGdL (3.46
mg/kg) or 5-aminoleeluvinc acid (ALA) (60 mg/kg) were injected into the tumours
which the size of the tumour reached 80 - 100 mm3. PBS buffer was used as control.
The PDT treatment group were irradiated with 808 nm laser for 2 hours after injections
while the tumor on the opposite flank was used as non-irradiated control. PDT
treatments were conducted three times per week for 20 consecutive days. The total light
dosage was 50 J/cm2. Comparing with the ALA-PDT, PZnGdL-PDT demonstrated a
significant tumor inhibitory effect after 20 days treatment (Figure 3.12b). HeLa tumor
receiving PZnGdL-PDT showed a 62 % decrease in volume after 20 days of the
treatment (Figure 3.12b). In vivo biodistribution of PZnGdL at different time points
were also studied by ICP-MS. PZnGdL was found to rapid accumulation at 3 hours
and remain for 12 hours in the HeLa tumor after the caudal vein injection (Figure 3.12c).
Total clearance of PZnGdL from the mice body was observed after 48 hours postinjection.
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Figure 4.4 (a) Representative images of tumors after PDT. Tumors were divided into
six groups (Group 1: PBS without PDT; Group 2: PBS with PDT; Group 3: ALA
without PDT; Group 4: ALA with PDT; Group 5: PZnGdL without PDT; Group 6:
PZnGdL with PDT). Scale bar = 10 mm.
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b

c

Figure 4.4 (b) Change of tumor volume during the PDT treatment using 808 nm laser
for excitation (c) Biodistribution studies of PZnGdL in respective organs in mice after
injection for 3, 12 and 24 hours. (* referring to P<0.01 and ** referring to P<0.005 vs
PBS – laser control, statistically significant difference)
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4.3.2 In vivo MRI studies

In addition to PDT, the performance of PZnGdL as MRI imaging agent was also
evaluated by performing in vivo MRI using S18 xenograft mouse model. PZnGdL
(0.025 mmol/kg) was injected into the S18 xenograft mice by caudal vein injection. T1
images showed PZnGdL provided robust contrasting effect in vivo, the tumor site has
been brightened up at the first hour after injection (Figure 3.13a). The strongest signal
enhancement was recorded at 2 hours after injection of PZnGdL. Significant signal
enhancement at the tumor site was found over 48 hours after injection compare with
Gd-DOTA at the dosage of 0.1 mmol/kg body weight (Figure 3.13b). Compared with
Gd-DOTA, PZnGdL can produce stronger signal at a lower dosage. Therefore, clearer
MR images with strong signal enhancement can be obtained to assist monitoring of the
anti-cancer treatment. In vivo fluorescence imaging was carried out to further validate
the accumulation phenomenon of PZnGdL at the tumor site. The result is consistent
with the result of in vivo bio-distribution experiments (Figure 3.13c) that the highest
amount of PZnGdL accumulation was observed at the tumor site at 2 to 3 hours after
injection, while obvious signal was not detected in normal mice (Figure 3.13c). It
explains for the strongest signal enhancement of the T1 images at the same period of
time.
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after the caudal vein injection of PZnGdL and Gd-DOTA. Red arrows indicate the tumour.

Figure 4.5 (a) Representative Magnetic Resonance Images of S18 xenograft mice cross section over time

Figure 4.5 (b) T1 signal enhancement produced by PZnGdL and Gd-DOTA over
time.
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Figure 4.6 (c) Representative in vivo fluorescence images of S18 xenograft mice and normal mice over time.

4.4 Conclusion

In this chapter, the in vitro and in vivo experiments of PZnGdL were carried to
determine whether it can be an effective photosensitizer and MRI contrasting agent.
From the experimental results, they showed that PZnGdL exhibited a very high
photodynamic therapeutic index (PZnGdL: 1348 in HeLa cells and 324 in T24 cells).
This indicates PZnGdL is a very safe agent without irradiation, while it brings high
toxic effect on cells upon irradiation. In addition, confocal imaging results and flow
cytometry results revealed that the cellular uptake of PZnGdL was hardly detected in
non-cancer MRC5 cells while fluorescence was detected in cancer HeLa cells when the
concentration administrated was very low (conc < 2.5 M). This shows that it is very
safe to utilize PZnGdL under a low concentration, and it is enough to be uptaken by
cancer HeLa cells. In vivo experiments of PZnGdL also provide evidence that it can
bring tumour inhibition effect upon irradiation by 808 nm laser and it give greater signal
enhancement in MRI scan when comparing with Gd-DOTA. Therefore, it is believed
that PZnGdL can be an effective PDT agent as well as MRI contrasting agent.
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Chapter 5 Future Perspective

5.1 Stability test of PZnGdL and its importance

MRI contrasting agent usually has a larger injection dosage compare to the use of
radiotracers in nuclear imaging methods. Therefore, the stability of the contrasting
agent is of important concern, especially, the free Gd(III) ions are toxic due to the
similar radius of Gd(III) ions and Calcium(II) ions. The problem of accretion and
formation of colloidal precipitates in cell membranes may arise and bring harm to the
Calcium(II) ion mediated signaling pathway in human body [Spencer et al., 1998]. The
study of kinetic stability of the complex is a useful parameter for the prediction of the
in vivo stability. Photon-assisted dissociation of the Gd(III) ions and the attack by
endogenous ions are the essential routes for the release of free Gd(III) ions [Port et al.,
2008]. Stability of the designed complex PZnGdL can be conducted by monitoring the
peak intensity of the complex using Reverse Phase HPLC over time in buffered solution
of different pH such as pH7 and pH5 for the stimulation of the relatively acidic
environment in cancer cells. Using competitive ligand such as DTPA is another
approach to varify the inertness of the complex [Dai et al., 2018]. Besides, the NIR
emission intensity of Yb3+ in the PZnYbL analogue in various pH environments can be
studied to prove the photostability of our complex.
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5.2 Impact of PZnGdL in the development of PDT and MRI agent

PDT and MRI are two very popular therapeutic and diagnostic techniques used in the
treatment of cancer. Because of the accumulation of the photosensitizer in the tumour,
PDT can selectively kill the cancer cells by the light beam. While MRI provide
convenient and invasive diagnostic imaging of the tumour site, this helps the doctor to
determine the accurate tumour site and evaluate the situation of the tumour without
bringing painful or uncomforted feeling to the patients. Drugs with these dual functions
are not widely available. Therefore, PZnGdL is designed for this purpose.

The molecular structure of PZnGdL is porphyrin-cyclen based bioprobe. Porphyrin is
chosen as part of the complex because it is known to be an effective PDT agent. Its −
electron conjugation system makes it very ideal in absorbing light energy, and to
convert the energy into the production of singlet oxygen or free radicals. These can then
kill the cancer cells. In addition, the Gadolinium cyclen moiety is used in synthesizing
this complex because it is known to be a good component of a MRI contrasting agent.
Owing to its special electron configuration, it makes the Gd(III)- complex high
paramagnetic, which is a very favourable property for a contrasting agent used in MRI.
Cyclen is used to chelating the Gd(III) metal, and to provide there will be free Gd(III)
ion in the body because it is toxic. The linker between porphyrin and cyclen is specially
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designed to be efficiently transferring energy in the whole system. This design makes
PZnGdL possess impressive T1 relaxivity and very high dark cytotoxicity. Taken
together, results from the present study indicate that PZnGdL is an effective and
efficient PDT and MRI agent.
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5.3 Conclusion

In conclusion, a novel porphyrin-cyclen Gadolinium based dual function bioprobe
PZnGdL was synthesized. With the impressive T1 signal enhancement and higher T1
relexivity (15.06 mM-1s-1, 1.4T) when comparing with clinical approved MRI
contrasting agent Gd-DOTA (T1 relaxivity 2.92 mM-1s-1, 1.4T). PZnGdL can be a good
substitute of Gd-DOTA in MRI contrasting agent. In addition, it selectivity towards
cancer cells under a very low concentration makes it a much safer agent for the clinical
purpose. The high PDT index also makes it to be a good photosensitizer for
photodynamic therapy. The present findings warrant further development of PZnGdL
for the cancer treatment.

84

List of References
Al-Tamimi MSH, Sulong G. Tumor Brain Detection Through MRImages: A Review of
Literature. Journal of Theoretical and Applied Information Technology 2014: 62(2):
387-403.

Amos WB, White JG, Fordham M, Use of confocal imaging in the study of biological
structures. Applied Optics 1987; 26, 3239-3243.

Ahn SS, Kim M-J, Lim JS, Hong H-S, Chung, YE, Choi J-Y. Added Value of Gadoxetic
Acid−Enhanced Hepatobiliary Phase MR Imaging in the Diagnosis of Hepatocellular
Carcinoma. Radiology 2010; 255: 459-466.

Berg K, Selbo PK, Weyergang A, Dietze A, Prasmickaite L, Bonsted A, Engesaeter BO,
Angellpetersen E, Warloe T, Frandsen N, Hogset A. Porphyrin-related photosensitizers
for cancer imaging and therapeutic applications. Journal of Microscopy 2005; 218(2):
133-147.

Buytaert E, Dewaele M, Agostinis P. Molecular effectors of multiple cell death
pathways initiated by photodynamic therapy. Biochimica et Biophysica Acta (BBA)Reviews on Cancer 2007; 1776 (1): 86-107.

Caravan P, Cloutier NJ, Greenfield MT, McDermid SA, Dunham SU, Bulte JWM,
Amedio JC, Looby RJ, Supkowski RM, Horrocks WD. The Interaction of MS-325 with
Human Serum Albumin and Its Effect on Proton Relaxation Rates. J. Am. Chem. Soc.
2002; 124: 3152-3162.
85

Castano AP, Demidova TN, Hamblin MR. Mechamisms in photodynamic therapy: part
two – cellular signaling, cell metabolism and modes of cell death. Photodiag. Photodyn.
Ther. 2005; 2: 1-23.
Collins DJ., Padhani AR. Dynamic magnetic resonance imaging of tumor perfusion.
Approaches and biomedical challenges. IEEE Eng Med. Biol. Mag. 2004; 23(5): 65-83.

Dai L, Jones CM, Chan WTK, Pham TA, Ling X, Gale EM, Rotile NJ, Tai WC,
Anderson CJ, Caravan P, Law GL, Chiral DOTA chelators as an improved platform for
biomedical imaging and therapy applications. Nature Communications. 2018; 9:857.

Damadian RV. Tumor detection by nuclear magnetic resonance. Science 1971;
171(3976): 1151-1153.

Danial NN, Korsmeyer SJ. Cell death: Critical control points. Cell 2004; 116: 205-219.

Davids LM, Kleemann B, Kacerovska D, Pizinger K, Kidson SH. Hypericin
phototoxicity induces different modes of cell death in melanoma and human skin cells.
Journal of Photochemistry and Photobiology B: Biology 2008; 91(2-3): 67-76.

Dafni H, Gilead A, Nevo N, Eilam R, Harmelin A, Neeman M. Modulation of the
pharmacokinetics of macromolecular contrast material by avidin chase: MRI, optical,
and inductively coupled plasma mass spectrometry tracking of triply labeled albumin.
Reson. Med. 2003: 50(5): 904-914.

De Graaf RA. In vivo NMR spectroscopy, Principles and Techniques; John Wiley &
86

Sons: Chichester, New York, 1998.
Dougherty TJ. An update on photodynamic therapy applications. Journal of Clinical
Laser Medicine & Surgery 2002; 20(1): 3-7.

Ethirajan M, Chen Y, Joshi P, Pandey RK. The role of porphyrin chemistry in tumor
imaging and photodynamic therapy. Chem. Soc. Rev. 2011; 40: 340-362.

FDA (Food and Drug administration). Medical Imaging Drugs Advisory Commitee:
Gadolinium Retention after Gadolinium Based Contrast Magnetic Resonance Imaging
in

Patients

with

Normal

Renal

Function

(September

2017).

https://www.fda.gov/downloads/AdvisoryCommittees/CommitteesMeetingMaterials/
Drugs/ MedicalImagingDrugsAdvisoryCommittee/UCM572848.pdf (accessed on
April 6, 2018).

Gahramanov S, Muldoon LL, Varallyay CG, Li X, Kraemer DF, Fu R, Hamilton BE,
Rooney WD, Neuwelt EA. Pseudoprogression of Glioblastoma after Chemo- and
Radiation Therapy: Diagnosis by Using Dynamic Susceptibility-Weighted ContrastEnhanced Perfusion MR Imaging with Ferumoxytol versus Gadoteridol and
Correlation with Survival. Radiology 2013; 266: 842-852.

Garland MJ, Cassidy CM, Woolfson D, Donnelly RF. Designing photosensitizers for
photodynamic therapy: strategies, challenges and promising developments. Future
Medicinal Chemistry 2009; 1(4): 667-691.
Gibby WA, Gibby KA, Gibby WA. Comparison of Gd DTPA-BMA (Omniscan) versus
GdHP-DO3A (ProHance) Retention in Human Bone Tissue by Inductively Coupled
87

Plasma Atomic Emission Spectroscopy. Invest. Radiol. 2004; 39: 138-142.
Haacke EM, Brown RW, Thompson MR, Venkatesan R. Magentic Resonance Imaging,
Physical Principles and Sequence Design; John Wiley & Sons: New York, 1999.

Issa MCA, Manela-Azulay M. Photodynamic therapy: a review of the literature and
image documentation. An Bras Dermatol 2010; 85(4): 501-511.

Josefsen LB, Boyle RW. Photodynamic Therapy and the Development of Metal-Based
Photosensitisers. Metal-Based Drugs. 2008: 1-23.

Kano K, Minamizono H, Kitae T, Negi Shigeru. Self-Aggregation of Cationic
Porphyrins in Water. Can − Stacking Interaction Overcome Electrostatic Repulsive
Force? J. Phys. Chem. A 1997; 101(34): 6118-6124.

Kathiravan S, Kanakaraj J. A review of Magnetic Resonance Imaging Techniques.
Smart Computing Review 2013; 3: 358-366

Kessel D, Luo Y. Mitochondrial photodamage and PDT-induced apoptosis. J.
Photochem. Photobiol. 1998; 42: 89-95.

Kessel D, Poretz RD. Sites of photodamage induced by photodynamic therapy with a
chlorin e6 triacetoxymethyl ester (CAME). Photochem. Photobiol. 2000; 71: 94-96.

Kim HR, Luo Y, Li G, Kessel D. Enahnced apoptotic response to photodynamic therapy
after bcl-2 transfection. Cancer Res. 1999; 59: 3429-3432.
88

Lavie G, Kaplinsky C, Toren A, Aizman I, Meruelo D, Mazur Y, Mandel M. A
photodynamic

pathway

to

apoptosis

and

necrosis

induced

by

dimethyl

tetrahydroxyhelianthrone and hypercin in leukaemic cells: Possible relevance to
photodynamic therapy. Br. J. Cancer 1999; 79: 423-432.

Law GL, Wong WT. An Introduction to Molecular Imaging. In The Chemistry of
Molecular Imaging; Long N, Wong WT, Eds.; John Wiley & Sons: Hoboken, NJ, USA,
2015; pp. 1-24.

Liu Y, Qin R, Zaat SAJ, Breukink E, Heger M. Antibacterial photodynamic therapy:
overview of a promising approach to fight antibiotic-resistant bacterial infections. J
Clin Transl Res 2015; 1(3): 140-167.

MacDonald IJ, Dougherty TJ. Basic principles of photodynamic therapy. J. Porphyrin
Phthalocyanines 2001; 5: 105-129.

Maiuri MC, Criollo A, Kroemer G. Crosstalk between apoptosis and autophagy within
the Beclin 1 interactome. EMBO J. 2010; 29: 515-516.

Mathew R, Karantza-Wadsworth V, White E. Role of autophagy in cancer. Nature
Reviews Cancer 2007; 7(12): 961-967.
Muller J, Wilson BC, Lilge L, Yang XD, Chen Q. Et al. Photofrin - Photodynamic
therapy for malignant brain tumors. Proc SPIE 2001; 4248: 34-45.
Murata N, Honzalez-Cuyar LF, Murata K, Fligner C, Dills R, Hippe D, Maravilla KR.
Macrocyclic and Other Non-Group 1 Gadolinium Contrast Agents Deposit Low Levels
89

of Gadolinium in Brain and Bone Tissue Preliminary Results From 9 Patients With
Normal Renal Function. Invest. Radiol. 2016; 51: 447-453.

Mroz P, Yaroslacsky A, Kharkwal GB, Hamblin MR. Cell death pathway in
photodynamic therapy of cancer. Cancers 2011; 3: 2516-2539.

Miller J, Baron E, Scull H, Hsia A, Berlin J, Mccormick T, Oleinick N. Photodynamic
therapy with the phthalocyanine photosensitizer Pc 4: The case experience with
preclinical mechanistic and early clinical-translational studies. Toxicology and Applied
Pharmacology 2007; 224(3): 290-299.
Nagata S, Obana A, Gohto Y, Nakajima S. Necrotic and apoptotic cell death of human
maliganat melanoma cells following photodynamic therapy using an ampliplilic
photosensitizer, ATX-S10(Na). Laser Surg. Med. 2003; 33: 64-70.

Oleinick NL, Morris RL, Belichenko I. The role of apoptosis in response to
photodynamic therapy: what, where, why and how. Photochem. Photobiol. Sci. 2002;
1: 1-21.

Pass HI. Photodynamic therapy in oncology: mechanism and clinical use. JNCI Journal
of the National Cancer Insititute 1993; 85(6): 443-456.

Port M, Idée JM, Medina C, Robic C, Sabatou M, Corot C, Efficiency, thermodynamic
and kinetic stability of marketed gadolinium chelates and their possible clinical
consequences: a critical review. Biometals 2008; 21: 469-490.
Ranga A, Agarwal Y, Garg KJ. Gadolinium based contrast agents in current practice:
Risks of accumulation and toxicity in patients with normal renal function. Indian J
Radiol Imaging 2017: 27 (2): 141-147
90

Robertson CA, Evans DH, Abrahamse H. Photodynamic therapy (PDT): A short review
on cellular mechanisms and cancer research applications for PDT. Journal of
Photochemistry and Photobiology B: Bioogy 2009; 96: 1-8.

Runge VM. Critical Questions Regarding Gadolinium Deposition in the Brain and
Body after Injections of the Gadolinium-Based Contrast Agents, Safety, and Clinical
Recommendations in Consideration of the EMA’s Pharmacovigilance and Risk
Assessment Committee Recommendation for Suspension of the Marketing
Authorizations for 4 Linear Agents. Invest. Radiol. 2017; 52: 317-323.

Spencer A, Wilson S, Harpur E, Hum. Exp. Toxicol. 1998; 17: 633-637.
Stables GI, Ash DV. Photodynamic therapy. Cancer Treatment Reviews 1995; 21: 311323.

Strijkers GJ, Mulder WJM, van Tilborg GAF, Nicolay K. MRI Contrast Agents: Current
Status and Future Perspectives. Anti-Cancer Agents in Medicinal Chemistry 2007; 7:
291-305.

Usuda J, Okunaka T, Furukawa K, Tsuchida Y, Kuroiwa Y, Ohe Y, Saijo N, Nishio K,
Konaka C, Kato H. Increased Cytotoxic Effects of Photodynamic Therapy in IL-6 Gene
Transfected Cells via Enahnced Apoptosis. Int. J. Cancer 2001; 93: 475-480.

Washner J, Gale EM, Rpdriguez-Rodriguez A, Caravan P. Chemistry of MRI Contrast
Agents: Current Challenges and New Frontiers. Chemical Reviews 2019; 119: 9571057.
91

Woodburn KW, Fan Q, Miles DR, Kessel D, Luo Y, Young SW. Localization and
efficacy analysis of the phototherapeutic lutetium texaphyrin (PCI-0123) in the murine
EMT6 sacroma model. Photochem. Photobiol. 1997; 65: 410-415.

Xiao Y, Paudel R, Liu J, Ma C, Zhang Z, Zhou S. MRI contrast agents: Classification
and application. International Journal of Molecular Medicine (Review) 2016; 38: 13191326.

Zhang J, Jiang C, Longo JPF, Azevedo RB, Zhang H, Muehlmann LA. An updated
overview on the development of new photosensitizers for anticancer photodynamic
therapy. Acta Pharmaceutica Sinica B 2018; 8(2): 137-146.

Zhou Z, Lu ZR. Gadolinium-Based Contrast Agents for MR Cancer Imaging. Wiley
Interdiscip Rev Nanomed Nanobiotechnol. 2013; 5(1): 1-18.

Zhuang L, Wang B, Sauder DN. Review: Molecular Mechanism of Ultraviolet-Induced
Keratinocyte Apoptosis. Journal of Interferon & Cytokine Research 2000; 20(5): 445454.

92

CURRICULUM VITAE

Academic qualification of the thesis author, Miss FOK Wan Yiu:

-

Received the degree of Bachelor of Science (Honours) from Hong Kong
Baptist University, November 2017.

August 2019

93

