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ABSTRACT
Photodynamic therapy (PDT) is a promising therapeutic approach for cancer therapy,
however, poor tumor selectivity and low penetration depth of light have always limited
its function during medical treatment. The goal of my study was to develop a new
generation of PDT agents to overcome the above restraints in current PDT cancer
therapy. We have synthesized three series of porphyrinate lanthanide complexes to
target cancer receptors αvβ3 integrin isoform for bladder cancer and phospholipid
anionic membrane for lung and prostate cancers.
Prior to the PDT, we have also synthesized a series of water-soluble homoleptic
lanthanides (Ln3+ = Gd, Er, and Yb) sandwich (DD) di-PEGylated porphyrin
complexes. The Yb complex (YbDD) has shown the same NIR emission quantum yield
as the highest record Yb complex in the literature (Yb-RhB), yet, the emission intensity
is double compared to the Yb-N. This implies a new thinking about the quantity
measurement for biological imaging. The brightness might be the prime factor for the
development of luminescence in vitro/in vivo imaging agent rather than the emission
quantum yield.
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Chapter 1 Introduction
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1.1 Porphyrin

1.1.1 Porphyrin and its derivatives
The word “porphyrin” originates from the Greek word porphyria which means purple.
Porphyrins are usually in red or purple color, having a substituted aromatic macrocyclic
ring. [1] Porphyrins are derived from porphin, consisting of two pyrroles (NH) and two
pyrrolenine (=N) units (Figure 1.1). In 1912, W. Küster firstly proposed the structure
of cyclic tetrapyrrole and confirmed the trans-NH-tautomer form is the most stable
derivative. Porphyrins compose of four pyrrole moieties, joined together by four
bridging methane (=CH-) groups (positions 5, 10, 15 and 20) at their α carbons
(positions 1, 4 ,6, 9, 11, 14, 16 and 19). The resulting conjugated planar macrocycle
may be substituted at the meso- and/or β-positions (2, 3, 7, 8, 12, 13, 17 and 18). When
the two nitrogen atoms in the center accept protons, a dication will be formed. If the
two NH groups lose a proton respectively, a dianion will be formed. Thus, metalation
of porphyrins is likely to occur with many metals through the formation of this dianion.
The complexes obtained are called “metalloporphyrin” (Figure 1.2). The formation of
metalloporphyrin takes place when the porphyrin central nitrogen atoms share the lone
pair electrons with metals, and, in fact, porphyrin is working as Lewis acid. [2-3]
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Figure 1.1 Structure of porphin and IUPAC (International Union of Pure and Applied
Chemistry) labeling of porphin positions. [1-4]

Figure 1.2 Simplified structures of free base porphyrin and metalloporphyrin. [2-3]

3

It is commonly known that porphyrin shows unique aromaticity properties and come
from the transverse ring distributed over the macrocycle. Indeed, porphyrin’s π-system
contains 22 electrons (as shown in Figure 1.3). Among all the tetrapyrrolic macrocycles
family, porphyrins and their derivatives are mostly concerned and studied, the
publications about porphyrins are increasing in recent years. [5]

Figure 1.3 Chemical structures of porphyrin, porphyrin derivatives and the number of
electrons in aromaticity. [5]

In 1867, J. L. W. Thudichun isolated a porphyrin from blood, named as the
hematoporphyrin (Figure 1.4 a), while this is the first time a porphyrin was isolated.
This unique tetra-pyrrole porphyrin and its derivatives have gained much attention in
the scientific research. Hans Fischer received the Nobel Prize in chemistry in 1930 for
his great contribution to the constitution and synthesis of haemin, moreover, he also
constituted the chlorophyll. [6] Both compounds are naturally present not only in Fauna
but also in Flora. Haemin

[7-8]

and chlorophyll play a very important role in oxygen

transport in animals and plants, and they have a lot of biological functions. (Figure 1.4
b and c)
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Figure 1.4 Structures of (a) hematoporphyrin, (b) haemin and (c) chlorophyll. [6-8]
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In recent years, the research on porphyrins extended to N-confused porphyrin,
phthalocyanine, porphyrazine except for the tetra-pyrrole porphyrins, (Figure 1.5).
These new porphyrins members show various applications according to their electronic
configurations. The expanded porphyrins are commonly used as supramolecular
architectures, catalysis, medicine, and sensors. [9-10]

Figure 1.5 Structures of porphyrinoids and porphyrin derivatives. [9-10]

1.1.2 Photophysical properties of porphyrin
Absorption and emission properties of porphyrin and metalloporphyrin
Over the past years, researchers from different areas show strong interests in porphyrins
and their derivatives due to their vital biological applications and their intriguing
spectroscopic properties. Porphyrins demonstrate unique absorption property due to
their large π-conjugated aromatic nature. In 1959, Martin Gouterman firstly proposed
porphyrin’s four-orbital models accounting for the symmetry from D4h to C2v.
6

[11]

Gouterman’s theory clearly states the transition between the highest occupied
molecular orbitals (HOMO) and lowest occupied molecular orbitals (LUMO). By
reason of the difference in oscillator strength, HOMO splits into a1u of stronger
oscillator strength while a2u is weak compared to a1u (Figure 1.6). Porphyrin shows a
strong absorption band in the UV-visible region. In detail, porphyrin’s electronic
absorption consists of two parts. The first part is the transition from ground state to the
second excited state (S0 → S2), at about 400-430 nm, which correlated to the higher
energy state of eg. The second part is the very weak transition from the ground state to
the first excited state (S0 → S1), at about 550 nm, which is named after Q band,
corresponds to the lower energy state of eg. Due to the vibrational excitations, the Q
band splits into Qx and Qy. [12-13] While the transition from ground state to the two
excited vibrational states occurs, two Q Bands Q (0, 0) and Q (1, 0) will be formed.
However, there are two N-H protons in the porphyrin ring, which break the symmetry
of porphyrin, Qx further splits into Qx (0, 0) and Qx (1, 0), at the same time, Qy splits
into Qy (0, 0) and Qy (1, 0). So, there are four Q bands observed in the free-base
porphyrin: Qx (0, 0) Qx (1, 0), Qy (0, 0) Qy (1, 0). However, there are only two bands
observed in the metalloporphyrins (Figure 1.7), attributed to the Gouterman four-orbital
theory which increases the symmetry but decreases the Q bands. [14-15]
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a)

b)

Figure 1.6 (a) The orbitals involved in Gouterman four-orbital theory and (b) Energy
levels of four Gouterman orbitals (a1u and a2u are two energy states of HOMO with
different oscillator strength, egx and egy are two energy states of LUMO with different
oscillator strength) and simplified representation of the one-electron transitions from
HOMO to LUMO. [14]
a)

Figure

b)

1.7

UV-visible

absorption

spectra

of

(a)

free-base

porphyrin:

tetraphenylporphyrin (H2TPP) and (b) metalloporphyrin: Zn(TPP) in toluene. [15]
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Upon excitation at 430 nm (Soret band), porphyrin shows intense emission at 600 - 800
nm (Figure 1.8). They are originated from transitions from the second excited state to
the ground state (S2 → S0) and from the first excited state to the ground state (S1 → S0).
[11-15]

Figure 1.8 Emission spectra of tetraphenylporphyrin (H2TPP) (solvent: toluene, λex =
430 nm, S (0, 0) and S (1, 0) belong to two vibrational excitations). [15]

As in metalloporphyrin, porphyrin behaves as dianionic ligand and metal acts as Lewis
acid, because porphyrin provides the lone pair electrons to the metal ions. According to
the fluorescence behavior, metalloporphyrins are divided into two groups.
The first main group is closed shell metal ions (d0 - d10), like Zn(Ⅱ). Zinc has little effect
on the porphyrin π to π* transitions due to its dπ (dxz, yz) orbitals at the very low energy
level. The second group of metalloporphyrins is hypsoporphyrin, in which the metals
contain filled dπ orbitals, dn (n = 6-9). There is a strong interaction called metal to ligand
π-back bonding, between metal dπ orbital and the porphyrin π* orbital (Figure 1.9 and
1.10). As a result, porphyrin π to π* energy separation increases, leading to porphyrin’s
9

absorption bands blue shift. In addition, for some paramagnetic metals, such as Cu(Ⅱ),
Ni(Ⅱ), their corresponding metalloporphyrins show very weak visible emission due to
the outer d orbital with a singlet electronic state, which can interact with porphyrin’s πconjugated system. [16]

Figure 1.9 Molecular orbital diagram for the metalloporphyrins and interaction of dπ
and π* in hypsoporphyrins. [16]

Figure 1.10 The aromatic π system of porphyrin overlap with the metal dπ orbital. [16]

The efficiency of radiative mechanism can be evaluated by the fluorescence quantum
yield Φ (Equation 1), defined as the ratio of the number of emitted photons over the
number of absorbed photons:
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Φem= Nem/Nabs （0< Φem<1） (1)
Φ depends on various factors including temperature, pH, capacity to form aggregates,
and metalation.
The emission quantum yield can also be defined as the ratio of a radiative and a nonradiative process, by the following equation (2):
Φ𝑒𝑚 = 𝐾

𝐾𝑟

𝑟 +∑𝐾𝑛𝑟

(2)

Kr represents the rate constant of a radiative process, Knr is the rate constant of a nonradiative process. ∑Knr is the summary rate constant of various processes, like
dissociative process or photochemical process.
1.1.3 Synthesis of porphyrin
Strategy 1: Pyrrole and aldehyde condensation.
In 1975, Adler and Logo developed one method called “mixed aldehyde method”. This
method is widely used in synthesizing both symmetric and non-symmetric meso-aryl
porphyrins. Non-symmetric meso-aryl porphyrins can be obtained by refluxing pyrrole
and two different aldehydes in propionic acid (Scheme 1.1).

Scheme 1.1 Synthetic routes of porphyrins according to Little's method. [17]
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While it is difficult to control the reactivity by Little’s method, a mixture of six kinds
of porphyrins will be obtained finally in the same pot (Scheme 1.2). However, we can
improve the product specificity by adjusting the ratio of m and n. For example, if we
want to get a porphyrin with three sides are R1 and one R2, we can use the ratio m: n =
3: 1.

Scheme 1.2 Synthetic strategies of porphyrins by using two aldehydes via Little’s
method. [17]

Lindsey improved the method by using the strong acid like TFA or BF3.OEt to catalyze
the condensation of pyrrole and aldehydes, followed by DDQ oxidation (Scheme 1.3).
High dilution conditions are necessary. Compared to the previous method, the biggest
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advantage of Lindsey’s method is the mild reaction condition at room temperature. [18]

Scheme 1.3 Porphyrin synthesis according to Rothemund-Lindsey’s method. [19-20]
Strategy 2: [2+2] Route.
MacDonald developed [2+2] method for the porphyrin synthesis by using dipyrrolic
intermediates and aldehydes alternative condensation (Scheme 1.4). This approach is
efficient for synthesizing un-symmetrical porphyrins. The key factor of this method is
removing oxygen from the solvent before acid catalysis. Thus, bubbling for 30-60 mins
is necessary for this reaction. [21]

Scheme 1.4 Synthetic routes of trans -porphyrins from dipyrromethenes derivatives. [21]
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1.2. Photodynamic therapy (PDT)
Photodynamic therapy (PDT) is a useful and important treatment for cancers, which
uses drugs called photosensitizers together with light to selectively kill cancer cells.
The drug can work on the condition which it is activated by a certain kind of light. PDT
has other names like photoradiation therapy or photochemotherapy. [22]
Photodynamic therapy has three key components which are light, photosensitizer, and
oxygen. PDT is a multi-stage process (Figure 1.11). Firstly, the drug is injected into the
body. Secondly, the drug selectively concentrates at the tumor sites, and finally, the drug
is activated by light. The drug can generate reactive oxygen species and kill the cancer
cells specifically rather than normal cells. In fact, PDT consists of three non-toxic
components -the photosensitizer, the light, the oxygen working together to produce the
toxic component -reactive oxygen species. [23-24]

Figure 1.11 Schematic illustration of the mechanism of Photodynamic therapy (PDT).
[23-24]

1.2.1 Photosensitizers
The photosensitizer is the key factor in the PDT process. Firstly, the photosensitizer can
14

accumulate at the tumor site and, after visible light irradiated, it is turned on and can
react with oxygen to produce the reactive oxygen species(ROS), then the toxic agent
causes cancer death. (Figure 1.12)

Photosensitizer

Visible

Administration

O2

Activation of

Cellular

Cytotoxic Agent

Photosensitizer

And Accumulation

Generation of
ROS

Light
Apoptosi
s

Tumor

Cell Death

Destruction

Necrosis

Figure 1.12 The steps of PDT drugs eliminating tumors. [25-26]

While an ideal photosensitizer should have the following characteristics: high 1O2
quantum yield; exhibits specific sub-cellular localization; target the tumor; shows the
intense absorption in NIR region or X-ray induced. Meanwhile, the light used in PDT
should have a long penetration depth.
Although, till now a lot of photosensitizers are reported, for example, methylene blue
rose Bengal and acridine (2,3-benzoquinoline) (Figure 1.13) are the typical examples,
due to their high singlet oxygen generation. While most of useful and important PDT
photosensitizers are tetrapyrrole chromophore based drugs, such as porphyrin, chlorine,
and bacteriochlorin (BC) derivatives. (Figure 1.13)
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Figure 1.13 Examples of non-porphyrin and porphyrin-based photosensitizers. [27-28]

Porphyrins and porphyrin derivatives are widely used as PDT drugs because of their
aromatic planar structure with special photophysical properties. For example, porphyrin
shows an intense Soret band at about 420 nm and four Q bands in the visible region.
One of the Q bands with absorption wavelength at 650 nm is suitable for PDT.
Furthermore, porphyrins have a high affinity for tumor sites and a high singlet oxygen
quantum yield after irradiation. Also, porphyrins are easily synthesized. Although the
yield is about 10%, the starting materials used for porphyrins synthesis are always
cheap.
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The following table summarizes the FDA approved PDT drugs, including their dosed
amount, laser power, and duration time. The structures of them are shown in Figure
1.14. Two of them are porphyrins -PHOTOFRIN® and VISUDYNE®. LEVULAN®
and HEXVIX® are non-porphyrin FDA approved PDT drugs. [28-31]

Table 1.1 Examples of FDA approved PDT agents. [28-31]
Name

Dosed amount

Laser power

Duration
time

PHOTOFRIN®

2 mg/kg of
body weight

a
power
output at a
wavelength of

Change
according to
different
cancer
types.

The first FDA approved
PDT agent

630  3 nm

Note

VISUDYNE®

6 - 20 mg/m2 of
body surface

0.5 W,
maximum at
689 nm

over 83 s

1:1 mixture
regioisomers

LEVULAN®
KERASTICK®

Illumination
with blue light
using the BLUU®

10 mW/cm2

1000 s.

ALA is a metabolic
precursor
of
a
photosensitizerprotoporphyrin IX

HEXVIX®

50 mL hexvix
solution
(8 mM)

Blue
light
wavelength at
375 - 440 nm

1h.

(hexaminolevulinate)
is derivative of the heme
precursor ALA
USA (2010)—bladder
cancer diagnosis
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of

two

Figure 1.14 FDA approved PDT agents. [28-31]
1.2.2 Singlet oxygen
Singlet oxygen, as O2 at the lowest excited state, is an attractive species with diverse
applications. While 1O2 is less stable compared to molecular oxygen at the ground state.
The excited photosensitizer transfers energy to O2, and produces toxic singlet oxygen.
Recently, Wassermanand [32] Murray, Ranby and Rabek [33] conducted the further study
in this field. They demonstrated that molecular oxygen has two singlet excited states,
with the energy 95 kJ mol-1 (22.5 kcal mol-1) and 158 kJ mol-1 (31.5 kcal mol-1)
respectively above the triplet state, as shown in Figure 1.15. The structures of the π antibonding orbitals of these electronic configurations’ states are different.

18

Figure 1.15 Energy level diagram for the three low-lying electronic states of molecular
oxygen, the first excited state1△g, the second excited state1∑+g and the triplet state
3

∑－g. [32]

The electronic configuration in the second excited state is similar to that of the ground
state, except that the last two electrons with antiparallel spins (see Figure 1.16). The O2
in the first excited state is a long-lived species because the transition from the first
excited state to the triplet state is spin forbidden. The second excited state of oxygen is
short-lived due to the transition to the first excited state is spin allowed. [34]
State
1∑+
1

Orbital Assignment

g

π

△π

π

3∑-

π

g

π

ππ

π

π

Figure 1.16 Three energy states of molecular oxygen and their valence electronic
configurations. [34]
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Among all the 1O2 generation methods, the photosensitized method is the most common
one. As previously described, porphyrins and their derivatives are important and widely
used as photosensitizers (PS). As shown in the Perrin-Jablonski diagram (Figure 1.17),
after visible or near infrared light irradiation, the photosensitizer will transfer from the
ground singlet state to the excited singlet state, and the excited PS (PS*) then has to
return to the ground state by two different pathways, either non-radiative or radiative
(fluorescence emission). [32]

Figure 1.17 Simplified Perrin-Jablonski diagram of processes in photosensitive
molecules and two types triplet sensitizers’ reactions. [32]

Besides, the excited photosensitizers can transfer to the triplet excited state by
intersystem crossing (ISC). This process includes spin changes, which is forbidden by
selection rules. Triplet excited state photosensitizer (3PS*) relaxing to the ground state
by radiative (phosphorescence) processes is forbidden, which results in longer lifetimes,
so the phosphorescence is about μs to ms, while lifetime for the fluorescence is very
short, about ns. However, the triplet excited states (3PS*) can interact with the
20

environment, especially with the oxygen molecular or other substrates to produce the
reactive oxygen species (ROS). There are two proposed mechanisms, named as type I
and type II mechanisms.
Type I mechanism
Type one mechanism is the electron transfer between the 3PS* to the surrounding
substrates, leading to free radicals. The free radicals react with oxygen molecules to
form the reactive oxygen species. [35]

As described in the above equations, 3PS* firstly reacts with a substrate by oxidative
or reductive electron transfer. Next, the subsequent radical anion reacts with molecular
oxygen to produce superoxide anion, and then superoxide anion abstracts a proton from
surrounding molecule to generate hydroperoxyl radical, which leads to hydrogen
peroxide production. Finally, hydrogen peroxide can react with superoxide anion, two
new ROS formed, -hydroxide anion and hydroxide radical. [36-38]
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Type II mechanism
The Type Ⅰ reaction results in electron transfer yielding radicals or radical ions, while
the type Ⅱ leads mainly singlet oxygen by energy transfer. In Type Ⅱ reaction, the
excited triplet state sensitizer can restore to its ground state by transferring its energy
directly to oxygen to form (1△g), a highly reactive oxygen species, such as 1O2. [39-40]

1.2.3 Challenges of PDT
There are mainly four cancer treatment methods, surgery, chemotherapy, and radiation
therapy and photodynamic therapy. Among all, PDT is approved by the United States
Food and Drug Administration (FDA) and is playing an increasingly important role in
cancer treatment. In recent years, a lot of researchers are interested in this area and the
papers published in this area are also increasing. [41]
Compared to the traditional cancer treatment, PDT has numerous advantages, the
photosensitizers can selectively accumulate into the tumor sites and destroy the tumors,
which protect the normal cells. This makes photodynamic therapy less destructive than
other cancer treatments. Moreover, the photosensitizers can be removed from the body
very quickly avoiding the photosensitivity reactions.
However, PDT still has some disadvantages (as shown in Figure 1.18), such as the
tissue- non-transparent, non-specific localization and low singlet oxygen generation of
the photosensitizers, and the limited depth of tissue penetration. Researchers in this
field are developing new photosensitizers with improved biological properties. A lot
22

of work needs to be done to solve these problems. [42-45]

Figure 1.18 The major disadvantages of existing PDT agents. [42-45]

1.3 Porphyrinate lanthanide complexes
1.3.1 Lanthanide chemistry
As shown in the periodic table of elements, lanthanide elements are located at the group
3 of the 6th period, which consists of fifteen elements, starting from La to Lu, with the
atomic number 57 to 71. They belong to the f-block elements because of the gradual
filling of the last electron in f-orbitals of the antepenultimate shell (except lanthanum).
Lanthanide ions show a distinct preference for the +3-oxidation state in solutions,
lanthanide trivalent ions have [Xe]4fn electronic configurations. [46-49]
In the lanthanide series, from La(Ⅲ) to Lu(Ⅲ), the 4f shell is filled with electrons from
0 to 14, however, the 4f electrons are shield by the outer 5 s and 5 p shells, due to the
weak interaction with the chemical environment, thus are not considered in the
chemical bonding process.
The optical properties of lanthanides are attractive and have a variety of energy levels
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due to the splitting of the 4fn electronic configurations, primarily as a result of spinorbital coupling (Figure 1.9). These energy levels are denoted as 2S+1LJ, in which S
represents the spin multiplicity; L is the orbital angular momentum, and J is the total
angular momentum.

[50-51]

The characteristic bands observed in lanthanide emission

spectra attributed to the transitions from the emissive state to the various electronic
energy levels within the ground state manifold. However, these transitions are
forbidden according to parity selection rule, so the lanthanides have a longer lifetime,
up to ms. More importantly, the long-lived lifetime of the excited state makes the
detection easier and the luminescence microscopy can be used to detect the emission of
lanthanide ions.

Figure 1.19 Partial energy diagrams for the lanthanide trivalent ions. The main
luminescent levels are drawn in red, while the fundamental level is indicated in blue.
[50-51]
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1.3.2 Antenna effect of organic-lanthanide complexes system
As mentioned above, the lanthanide ions’ f - f transitions are forbidden, so they have
low absorption cross sections, which make direct excitation of lanthanide ions difficult.
Yet, this can be overcome by using organic chromophores with large absorption cross
section that can transfer energy to lanthanide ions via antenna effect, and then emit
fluorescence (Figure 1.20 a). The lanthanide ions emission covers a wide range from
UV to NIR regions, for example, Gd(Ⅲ) emits UV light, Yb(Ⅲ) and Er(Ⅲ) are typical
examples with intense NIR emission. [52-53]
a)

b)

Figure 1.20 The illustrative diagram of (a) antenna effect in organic-lanthanide
complexes system and (b) emission spectra of the lanthanide trivalent ions. [52-53]
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Weissman et al. firstly found the antenna effect process. In other words, the energy
transfer from organic ligands to the lanthanide ions. As shown in Figure 1.21, the
sensitized process mainly consists of three steps: (i) ligands absorb the light, and
transfer electrons from the ground singlet state (S0) to the excited singlet state (S1) (ii)
excited state S1 decays to the triplet state (T1) non-radiatively through intersystem
crossing and (iii) energy transfer from the triplet state (T1 state) of the ligand to the
excited states of lanthanide ions. Sometimes, the energy transfer from S1 (the first
excited state of ligand) to the lanthanide ions is also observed.

Figure 1.21 Jablonski diagram for antenna effect in organic-lanthanide complexes. [53]

1.3.3 Porphyrinate lanthanide complexes
1.3.3.1 Introduction
Porphyrinate lanthanide complexes are attracting great interests in recent years because
of their wide biological and chemical applications. Recently, a lot of published works
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focused on the synthesis and photophysical study of porphyrinate lanthanide complexes.
[54-58]

For Ln-porphyrin complexes, the coordination sphere of the lanthanide is composed of
four nitrogen atoms of the porphyrin and at least three external monodentate ligands.
The external ligands are usually quite labile leading to the decomposition of the
complexes. Oxygen and nitrogen containing chelate type ligands are used in order to
prevent decomposition of the lanthanide complexes. He et al. [59-61] reported a series of
Yb3+, Er3+ and Nd3+ porphyrinate complexes coordinated with diethyl malonate (Figure
1.22 a), LOMeCo (Figure 1.22 b) and acetate ligand (Figure 1.22 c and d) respectively.
For the combination of diethyl malonate porphyrin ligand with Yb (Ⅲ), Er (Ⅲ) and
Nd(Ⅲ), it led to neutral and stable compounds. The anionic ligand LOMeCo was also
developed on the propose of stabilizing the porphyrinate lanthanide complexes owing
to the higher affinity of Ln3+ for O than N and the closer bond distances between Ln-O
than Ln-N. (Figure 1.23 b). Another example was using acetate ligand in the presence
of 2, 2’-dipyridylamine and phenanthroline respectively, resulted in the Yb3+
porphyrinate complexes with different coordinative numbers. (Figure 1.22 c and d)
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Figure 1.22 Examples of biocompatible porphyrinate lanthanide complexes. [59-61]

In 2011, Zhu et al. [62] reported the dinuclear Yb complexes 1 and 2 with OH- and Clbridge respectively (Figure 1.23). Dimerization of monoporphyrinate lanthanide
complexes [Yb(Por)(H2O)3]Cl in the presence of dilute HCl and K2CO3 solution at
room temperature gave dinuclear Yb complexes 1 and 2 with high reaction yield (80%).
The Yb dimmer 2 can convert to 1 in the presence of acidic conditions. In general, the
NIR emission is more intense for the dimmer than the monomers, while the -OH group
in the dimmer has chances to quench the energy transfer from the porphyrin to Yb3+
due to non-radiative vibration, the NIR emission intensity decreases as the number of
O-H oscillators present in the molecule increase. Water can be substituted by donating
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solvents such as THF and DMF. It has been found out that, the molecules show
enhanced emission intensity in DMF instead of a weak emission peak in acetone and
methanol due to O-H oscillators within the molecular quench lanthanide emission.

Figure 1.23 Schematic diagram for the formation of ytterbium(III) porphyrinate
dimers [62]
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In 2017, Zhang et al.

[63]

reported ytterbium(Ⅲ) porphyrinate complexes with NIR

quantum yield of 75% in the organic solvent. The structures of the ytterbium(Ⅲ)
porphyrinate complexes are shown in Figure 1.24. The change of the H atom in the
antenna to the heavy atom like D or F improved the NIR quantum yield because the CH and O-H groups quench the lanthanide emission according to the energy gap law.

Figure 1.24 Synthetic routes of Yb(Ⅲ) complexes with different porphyrin ligands. [63]

In the literature, there are lots of examples by using porphyrin-based complexes for
biological imaging /application. Since 2011, our research group has designed a series
of porphyrinate lanthanide complexes for biological applications. Zhang et al. reported
a series of porphyrinate lanthanide complexes with biological applications: such as
Yb3+ porphyrinate complexes could selectively bind with DNA in Figure 1.25 a; and
further conjugated to Rhodamine, Yb3+ porphyrinate complexes could target
mitochondria and demonstrate strong two-photo absorption (375 GM), impressive Yb3+
NIR emission quantum yield (2.5 %) in water with 18.1 μs long lifetime (Figure 1.25
b); For PDT, Zhang et al. also reported Yb3+ porphyrinate complexes (YbN) which
could selectively bind to phospholipid anionic cancer membrane (Figure 1.25 c) and its
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motif structure (Gd-N) demonstrated strong singlet oxygen quantum yield (about 51%)
and served as an in vivo tumor specific PDT agent. (Figure 1.25 d).

Figure 1.25 (a) DNA specific binding Yb(III) complex; (b) Mitochondria-specific
porphyrin-based Yb(III) complexes with impressive NIR emission quantum yield; (c)
Phosphatidylserine selectively porphyrinatoyitterbium complexes ;(d) Tumor specific
porphyrinate Gd complexes as PDT agents. [64-67]

1.3.3.2 Synthesis of porphyrinate lanthanide complexes
In 1974, Leussing et al. reported the synthetic method of porphyrinate lanthanide
complexes. [68] Porphyrin and Ln(acac)3. XH2O was refluxed in 1,2,4-trichlorobenzene
for 12 hours and Ln-Por(acac) could be obtained via column separation, refluxed the
Ln-Por(acac) with [(5-C5H5) Co{(MeO)2P=O}3]- anion in DCM: MeOH 5:1 system
for 6 hours to yield the final product with the yield about 30%. This method is easy and
time-saving and can be applied for the synthesis of porphyrin-based gadolinium and
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cerium complexes which were once hard to synthesis due to the large radius of the
lanthanides. However, the limitation of this method is the low reaction yield due to the
chromatographic purification step of Ln-Por(acac). [69-71]

Scheme 1.5 Synthetic scheme of porphyrinate lanthanide complexes designed by
Leussing et al. [68]

Our group has proposed an alternative method for the synthesis of porphyrinate
lanthanide complexes. The Ln-metal can chelate on the top of porphyrin by the reaction
of free base porphyrin with the active Ln[N(SiMe3)2]3. X[LiCl(THF)3] and then [(5C5H5) Co{(MeO)2P=O}3]- anion. The corresponding porphyrinate lanthanide
complexes could be obtained with the yield about 60% (as shown in scheme 1.6). [72]
Ln metals like Yb3+, Er3+, Tm3+, and Ho3+ can be applied in this scheme. The reaction
yield of this method is higher than the one mentioned above, however, this method is
time-consuming and difficult, because the reaction must be under the oxygen and water
free condition.
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Scheme 1.6 Synthesis of porphyrinate lanthanide complexes via refluxing with active
intermediate (Ln[N(SiMe3)2]3 .x[LiCl(THF)3], Ln= Yb3+, Er3+, Tm3+ and Ho3+). [72]

1.4 Scopes of the study
Lanthanide ions have unique photophysical and magnetic properties, they have lots of
potentials in optical imaging/ magnetic resonance imaging for cancer diagnosis and
treatment, especially combining with porphyrinate complexes. In my Ph.D. study, my
goal is to develop porphyrinate lanthanide complexes which are (1) cancer targeting (2)
with responsive signals for multi-modal imaging and high singlet oxygen quantum
yield for PDT.
In Chapter 2, a series of porphyrinate lanthanide complexes (Ln3+ = Yb, Er and Gd)
have been synthesized and well characterized. The bladder cancer specific peptides
(targeting integrin-αvβ3-isoform and anionic cancer cell membrane) have been
conjugated to the porphyrinate lanthanide complexes. These complexes show
impressive NIR(Yb/Er) emission and singlet oxygen quantum yield in water. The
singlet oxygen quantum yields (ΦO Gd-por) of the Gd complexes are measured by two
2

methods: back stairs method-indicated by absorption changes of ABDA at 402 nm in
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PBS buffer (ΦO Gd-por = 0.40) and directly method refers to the singlet oxygen emission
2

and compares with standard H2TPP in CHCl3(ΦO Gd-por = 0.48). All these complexes show
2

non-toxic in dark and light toxicity under appropriate light excitation. The PDT effect
has been evaluated in bladder cancer cells, non-bladder cancer cells, and normal cells,
Gd-PEG-R3 shows very high PTI index (199) in bladder cancer cells. For Gdcomplexes, the MRI of Gd-PEG-R3 have been done and further confirmed the
selectivity of our Gd-PEG-R3 as PDT agent in bladder cancer.
In Chapter 3, four water-soluble homoleptic lanthanides (Ln3+ = Gd, Er, Yb, and La)
sandwich (DD) with di-PEGylated disubstituted porphyrins have been first reported.
Our findings demonstrate that the NIR and singlet oxygen quantum yields of YbDD
and GdDD in aqueous media, respectively, are higher than those in organic solvents
and of their capped monoporphyrinato analogs, YbN and GdN. This work provides a
new dimension for the future design and development of molecular theranostics basing
water soluble double-decker lanthanide bisporphyrinates.
In Chapter 4, Experimental details are summarized, including the details of
photophysical measurements, instrumentation and biological measurements.
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Chapter 2 Cancer-Specific Multi-modal Imaging and
anticancer

agent

-Photodynamic

Therapy

with

Fluorescence and Magnetic Resonance Imaging with
Porphyrin Lanthanide Complexes
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2.1 Introduction
Photodynamic therapy (PDT) is a process where a photosensitizer (PS) converts
light energy into cytotoxic radical oxygen species to cause cell death. It is a
promising therapeutic approach for cancer therapy, such as skin cancer. [1-4] One
of the limitations for the development of PDT in cancer therapy is the light
excitation in internal organs, such as the stomach. Today, light for clinical
application in internal organs can be helped by quartz fibers. In the literature,
there are many studies for the development of PDT agents. Their focus is on
tumor selectivity. However, PDT treatment is more favorable in exterior organs
which are easy to be excited by light, such as the bladder. [5-10] Recently, a few
photosensitizers, such as hematoporphyrin derivative (HpD, dihematoporphyrin
ether and photofrin have been approved by US FDA for the clinical trial of
bladder cancer.

[11-14]

Yet, the effectiveness of bladder cancer therapy is limited

by the poor selectivity of the photosensitizers that aggregates in the normal tissue
of bladder, as a result, the healthy normal tissue is inevitably being damaged
during the treatment.
Porphyrin-based complexes are good photosensitizers for PDT with promising
1

O2 quantum yield. Texaphyrin is one of the typical examples.

[15-22]

However,

the light penetration and tumor selectivity are still major drawbacks.
Recently, our research group has developed several porphyrinate lanthanide
derivatives which can be photoactivated in the near-infrared region (λ = 8001000 nm) with the tissue-penetration depth 30-50 mm. [23] In addition, our PDT
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agents are conjugated with cancer vectors which can improve the cancer
selectivity. For example, porphyrinate gadolinium complexes (GdN) conjugated
with cationic chain

[24-26]

were found to be capable of binding only to cancer

specific phospholipid anionic membrane. Gadolinium (III) is an important T1
magnetic resonance imaging agent to distinguish the tumor site from the body.
[27-29]

Among the porphyrinate lanthanide system, porphyrin-gadolinium (III)

complexes presented a higher potential in the application of targeted PDT, not
only owing to their more efficient singlet oxygen production than Yb (III) or Er
(III) species, but also to the non-toxic and accurate PDT treatment rendered by
the bimodal imaging (magnetic resonance and fluorescence imaging).
In this chapter, we are going to develop porphyinate lanthanide complexes
conjugated with cancer vectors which can serve as fluorescence and magnetic
resonance imaging probes and cancer specific PDT agents with high singlet
oxygen quantum yields.
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2.2 αv3-Isoform Specific Porphyrinate Lanthanide System for Highly Selective
Bladder Cancer-Targeting Near-Infrared/Magnetic Resonance Imaging and
Photodynamic Therapy

Overexpression of integrin αvβ3 has been observed in the neovasculature of
bladder cancer, particularly in invasive carcinoma, but not on vessels in normal
tissues, [30-33] which make αvβ3 an appealing target for molecular imaging and
therapy. In this work, we have designed porphyrinate lanthanide complexes
which conjugated with specific functional groups. By binding to the specific
functional groups, our compounds could localize selectively on a typical tumor
cell. As shown in Figure 2.1 (a) left, we primitively designed Yb3+,
Er3+porphyrinate complexes binding to αv3-isoform specific bladder cancer
peptides Rn (n = 1-3). The molecular structures of three bladder cancer peptides
are shown in Figure 2.2, from which R1 is reported with αv3-isoform specific
property as well.

[34]

To increase the water solubility, we added hydrophilic

sequence RRrk to bladder cancer peptide R2(–cGRLKEKKc–), obtaining the
amphiphilic R3 with increased cell membrane permeability. Our result indicated
that Er-R3 can kill bladder cancer cells selectively and show specific localization
in lysosome according to the intense emission of Er3+. However, for the singlet
oxygen generation, gadolinium porphyrinate complexes are better than erbium
porphyrinate complexes.

[35-40]

We further developed porphyrinate gadolinium

complexes with a long PEG chain (as shown in Figure 2.1 b) to make the
compounds more hydrophilic, and then conjugated with three bladder cancer
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peptides R1, R2, R3.

[41-48]

By connecting to the bio-functional peptides, our

compounds could selectively localize in typical tumor cells and kill cancer cells
through the high 1O2 generation from porphyrin. The PDT process could be
monitored by the red emission from porphyrin and the MRI from the
paramagnetic Gd. [49] Our designed Ln-Rn (Ln = Yb3+ and Er3+), Gd-PEG-Rn (n
= 1-3) will be anticipating the second-generation-PDT agents for bladder cancerspecific NIR/MRI imaging diagnosis and photodynamic therapy.

Figure 2.1 The structures of porphyrinate lanthanide complexes (a) Ln-Rn (Ln = Yb3+
and Er3+) and (b) Gd-PEG-Rn (n = 1-3).
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Figure 2.2 The rational design of bladder cancer peptides Rn (n = 1-3).
2.2.1 αv3-Isoform Specific Ytterbium and Erbium Complexes Highly Specific for
Bladder Cancer Imaging and Photodynamic Therapy
2.2.1.1 Results and discussion
2.2.1.1.1 Synthesis
The synthetic route of Ln-Rn (Ln = Yb3+ and Er3+) (n = 1-3) was shown in Scheme 2.1.
4-((trimethylsilyl)ethynyl) benzaldehyde was synthesized by Sonogashira coupling
reaction in dry THF. Free base Por(THP-TMS) was prepared by condensation of pyrrole,
((trimethylsilyl)ethynyl) benzaldehyde and pentafluorobenzaldehyde with the ratio
4:1:3 in dilute DCM, using boron fluoride ethyl ether as a catalyst, DDQ as an
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oxidizing agent. Por(THP-TMS) was refluxed with the active intermediate
Ln[N(SiMe3)2]3.x[LiCl(THF)3] and the organometallic cobalt cap in the oxygen and
water free condition. Ln-1 was dissolved in DCM, and then TBAF was added in the
solution to remove the TMS group. Subsequently, under basic conditions, Sonogashira
coupling reaction with 4-iodobenzoperoxoic acid in dry THF was conducted. After the
coupling reaction completed, the carboxyl group reacted with EDCI and NHS in DMF
for 48 hours to yield the activated intermediate Ln-4, which was finally combined with
three bladder cancer peptides Rn (n = 1-3). The final products were obtained by diethyl
ether recrystallization and HPLC purification.

Scheme 2.1 Synthetic route of porphyrinate lanthanide complexes Ln-Rn (Ln = Yb3+
and Er3+, and n = 1-3).
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2.2.1.1.2 Photophysical properties
(a) Electronic absorption spectra of Ln-Rn (Ln = Yb3+ and Er3+, n = 1-3)
The absorption spectra of Ln-Rn (Ln = Yb3+ and Er3+, n = 1-3) were shown in Figure
2.3, Yb-Rn and Er-Rn exhibited characteristic absorption bands of metalloporphyrin
moieties with one intense Soret band at 425 nm, and one moderately intense Q band at
554 nm and another very week Q band at around 595 nm (too weak to determine).
Typically, porphyrins have four Q bands, after metallization, the Q bands will decrease
to two, this is due to Gourtman’s four orbitals rule stating that the asymmetry increases
with decreasing Q bands. Moreover, the absorption coefficient of Ln-Rn (Ln = Yb3+
and Er3+, n = 1-3) was measured in aqueous solution and summarized in Table 2.1. Add
on, all final products showed similar absorption coefficient in aqueous solution which
could be interpreted that these complexes had very similar coordination environment.
0.15
Yb-R1
Yb-R2

Absorbance

Yb-R3

0.10

Er-R1
Er-R2
Er-R3

0.05

0.00
350

400

450

500

550

600

Wavelength/nm

Figure 2.3 Absorption spectra of Ln-Rn (Ln = Yb3+ and Er3+) in aqueous solution at
298 K (Con.: 1 μM).
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(b) Emission spectra of Ln-Rn (Ln = Yb3+ and Er3+, n = 1-3)
In aqueous condition, Ln-Rn (Ln = Yb3+ and Er3+) (n = 1-3) exhibited an intense peak
at about 660 nm represents the intra porphyrin ligand π → π* transitions upon photoexcitation at 430 nm (Figure 2.4, 2.5). The NIR emission spectra of Ln-Rn (Ln = Yb3+
and Er3+, n = 1-3) in aqueous solution were shown in Figure 2.6, Figure 2.7, in which,
Yb-Rn (n = 1-3) exhibited intense NIR emission at about 936 nm-940 nm, 991 nm-994
nm,1029 nm-1031 nm upon excitation at 430 nm corresponding to the 2F5/2 → 2F7/2
transitions of Yb(Ⅲ). However, the NIR emission of Er-Rn (n = 1-3) from 1552 nm to
1556 nm (4I13/2 → 4I15/2) was weaker than that of Yb-Rn (n = 1-3). To explain this
phenomenon, we purposed that porphyrins can transfer energy to Yb3+ ion more
efficiently than Er3+ ion. The visible emission quantum yields of Ln-Rn (Ln = Yb3+ and
Er3+) (n = 1-3) were evaluated in DCM by comparison with the reported standard H2TPP
(Ф = 0.12, DCM). As shown in Table 2.1, the emission quantum yields of Yb-R1, YbR2, Yb-R3, Er-R1, Er-R2, Er-R3 were 0.012, 0.013, 0.013, 0.014, 0.014 and 0.015
respectively.
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Figure 2.4 Emission spectra of Yb-Rn (n = 1-3) in visible region in aqueous solution
at 298K (Con.: 1 μM, λex = 430 nm).
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Figure 2.5 Emission spectra of Er-Rn (n = 1-3) in visible region in aqueous solution at
298 K (Con.: 1 μM, λ ex = 430 nm).
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Figure 2.6 NIR emission spectra of Yb-Rn (n = 1-3) in aqueous solution at 298 K (Con.:
1 μM, λex = 430 nm).
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Figure 2.7 NIR emission spectra of Er-Rn (n = 1-3) in aqueous solution at 298 K (Con.:
1 μM, λex = 430 nm).
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(c) Singlet oxygen quantum yield of Ln-Rn (Ln = Yb3+ and Er3+, n = 1-3)
It is well asserted that 1O2 plays a key role in both the apoptotic and necrotic pathways
of cell death induced by PDT, so we investigated and considered the photosensitized
1

O2 generation of these new compounds as an important parameter in order to decide

whether these dyes would be suitable for the use of as photosensitizers in PDT. The
singlet oxygen quantum yields (ФΔ) of Ln-Rn (Ln = Yb3+ and Er3+) (n = 1-3) were
measured in DCM and calculated by comparing to a reference compound H2TPP (ΦΔ =
0.62 in DCM) according to the equation (1) below:
𝑛

2 𝐺𝑆
∆

ΦΔ𝑆 = ΦΔ𝑅 × (𝑛𝑆 )
𝑅

𝐺∆𝑅

×

𝐴𝑆
𝐴𝑅

(1)

where ФΔ represents the singlet oxygen quantum yield, GΔ introduces the integrated
emission intensity, A corresponds the absorbance at the excitation wavelength, n relates
to the refractive index of the solvent, and R and S denote the reference and the sample,
respectively. The 1O2 emission spectra were done with the absorbance set at 0.05 so as
to decrease reabsorption of the emitted light. The singlet oxygen quantum yields of YbRn (n = 1-3) were too weak to be found while the singlet oxygen quantum yields of ErRn (n = 1-3) were 0.11, 0.12, 0.12 respectively. This is due to the different energy levels
of Yb3+ and Er3+, porphyrin can transfer energy to Yb3+ efficiently so that no singlet
oxygen generation of Yb-Rn was observed.
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Figure 2.8 Near-infrared 1O2 phosphoresescence spectra of Ln-Rn (Ln = Yb3+ and Er3+,
n = 1-3) and the standard tetraphenylporphyrin (H2TPP) in DCM (abs = 0.05, λex = 425
nm).
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Table 2.1 Summary of photophysical measurement of Ln-Rn (Ln = Yb3+ and Er3+, n =
1-3)
Absorption (λ max )[nm] Emission(λ ) [nm]
em

a

Φ△

d

Compound
3

-1

-1

Log(ε[dm mol cm ])

a

(Φem )

b,c

Yb-R1

425(5.37), 554(4.09)

656,712(0.012) 975(29.86 μs)

Not Found

Yb-R2

425 (5.34), 554(4.16)

656,712(0.013) 975(30.08 μs)

Not Found

Yb-R3

425 (5.27), 554(4.04)

656,712(0.013) 975(29.97 μs)

Not Found

Er-R1

426(5.32), 554(4.05)

654,715(0.014) 1531

0.11

Er-R2

426 (5.50),554(4.53)

654,715(0.014) 1531

0.12

Er-R3

426(5.36), 554(4.24)

654 ,715 (0.015) 1531

0.12

[a] Absorption and emission spectra were evaluated in aqueous solution at 298 K. [b] The emission
quantum yield was measured by comparing to the standard tetraphenylporphyrin (H2TPP) in
anhydrous DCM (Φem = 0.120). [c] Lifetimes were measured at 298 K (water with 3 % DMSO) [d]
The singlet oxygen quantum yield was evaluated by comparing to the standard tetraphenylporphyrin
(H2TPP) in anhydrous DCM (Φ△ = 0.62).

2.2.1.1.3 In vitro imaging of Ln-Rn (Ln3+ = Yb and Er, n = 1-3)
Aim to show the bladder cancer selective of our proposed complexes, the in vitro
imaging of Ln-Rn (Ln = Yb3+ and Er3+, n = 1-3) have been studied in bladder cancer
cells (T24 and 5637), cervical cancer cells (HeLa) and normal lung cells (MRC-5). Red
emission was observed from two bladder cancer cells T24, 5637, while no signal was
obtained from HeLa and MRC-5 cells. In Figure 2.9, the red emission of Ln-Rn (Ln =
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Yb3+ and Er3+, n = 1-3) from the ligand porphyrin (due to the limitation of the
microscopy, only can monitor the visible region). The Er3+ complexes showed more
intense red emission signals than that of Yb3+ complexes owing to more efficient energy
transfer from the porphyrin to Yb3+ ion, less emission could be found in the visible
region from the porphyrin.

Figure 2.9 In vitro imaging of Er-Rn and Yb-Rn porphyrin complexes in human
bladder cancer (T24 and 5637), normal (MRC-5) and cervical carcinoma (HeLa)
cells. (Dosed con.:5 μM, incubation time: 24 hours, λex = 561 nm)

αv3-isoform located on the membrane surface of the bladder cancer cell, our design
porphyrinate lanthanide complexes are suggested to be bladder cancer selective via
binding to the αv3-isoform. Therefore, we have evaluated the subcellular localization
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of Ln-Rn (Ln = Yb3+ and Er3+, n = 1-3) in bladder cancer cells (T24 and 5637). The
containing experiment of Ln-Rn (Ln = Yb3+ and Er3+, n = 1-3) with Lysotracker have
been done.
As shown in Figure 2.10, red intense emissions of Er-Rn and Yb-Rn were observed in
two bladder cancer cells T24, 5637. Furthermore, Er-R2, Er-R3, Yb-R2, Yb-R3 could
overlap very well with the green emission from lysotracker in two bladder cancer cells
T24, 5637 (Figure 2.10), which suggested that Er-R2, Er-R3, Yb-R2, Yb-R3 localized
in the lysosome of T24, 5637 bladder cancer cells. However, no such overlaps were
found with Yb-R1, Er-R1, which indicated Yb-R1, Er-R1 localized on the membrane
of T24, 5637 cells regarding that R1 could bind to the αv3-isoform on the bladder cell
membrane.
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Figure 2.10 Subcellular localization of Er-Rn and Yb-R and co-staining with
lysotracker green in 5637 and T24 cells. (Dosed con.:5 μM, incubation time: 24 hours,
λex = 561 nm).

2.2.1.1.4 Cellular uptake of Ln-Rn (Ln3+ = Yb and Er, n = 1-3)
In order to confirm that Er-Rn and Yb-Rn porphyrin complexes can selectively bind to
bladder cancer cells T24 and 5637 through recognizing αv3 integrins on the T24 and
5637 bladder cancer cells surface. Flow cytometry experiment was performed in four
cell lines: T24, 5637, HeLa and MRC-5. (Figure 2.11). Yb3+ and Er3+ complexes were
conjugated with by peptides R1, R2, and R3 respectively. R1 and R2 peptides are bladder
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cancer selective via one-bead-one-compound (OBOC) method.
bind to the αv3 integrins on the T24 cells surface.

[34]

[32]

R1 was shown to

As shown in Figure 2.11,

significant uptake of Ln-Rn (Ln = Yb3+ and Er3+, n = 1-3) was observed in T24 and
5637 cells after about six hours. However, no uptake of Er-Rn and Yb-Rn porphyrin
complexes in HeLa and MRC-5 cells was observed after incubating the complexes with
24 hours. The flow cytometry experiment confirmed the selectively binding of Er-Rn
and Yb-Rn porphyrin complexes towards αv3 (+) bladder cancer cells rather than αv3
(-) HeLa and MRC-5 cell. From the data in the Figure 2.11, R3 shows better uptake than
R2 and R1 in bladder cancer cells, following the trend: R3 > R2 > R1. The summary of
fluorescence intensity after incubation 24 hours was illustrated in Table 2.2.

Table 2.2. Median fluorescence intensity of Er-Rn and Yb-Rn porphyrin complexes in
5637, T24, HeLa and MRC-5 cells after incubation for 24 hours.
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Figure 2.11 Cellular uptake of Er-Rn and Yb-Rn porphyrin complexes in 5637, T24,
HeLa and MRC-5 cells. (incubated for 3, 6, and 24 hours, respectively, dosed con.:5
μM, λex = 488 nm).

2.2.1.1.5 In vitro dark and photocytotoxicity of Ln-Rn (Ln3+ = Yb and Er, n = 1-3)

After evaluating the uptake of Er-Rn and Yb-Rn complexes, the in vitro dark and
photo cytotoxicity experiments were done in T24, MRC-5, and HeLa cells
respectively. The FDA approved PDT drug, aminolevulinic acid (ALA) which
has no specific tumor selectivity

[50]

, was chosen as a reference compound.

Generally, a good PDT agent should display a low dark cytotoxicity; in other
words, a good PDT has a high dark IC50 and a high photo-cytotoxicity, which
means a low light IC50. PTI is an important parameter to evaluate the PDT agents.
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And it is defined as the ratio of the dark IC50 over the light IC50. The cytotoxicity of ErRn and Yb-Rn complexes in T24, HeLa, and MRC-5 cells was measured with and
without light irradiation respectively and shown in Figure 2.12. The photo-cytotoxicity
of Er-Rn and Yb-Rn in T24 was 8-10 folds higher, compared with HeLa, and MRC-5
cells. Moreover, the concentrations of the Er-Rn and Yb-Rn complexes increased while
their photo-cytotoxicity increased as well. The low IC50 of Er-Rn and Yb-Rn complexes
towards the T24 cells compared to those towards HeLa and MRC-5 cells further
approved their selectivity through bladder cancer cells. After light irradiation, they can
selectively kill bladder cancer cells without destruction of normal cells. Bladder cancer
peptide R3 is more hydrophilic than R1 and R2. Thus, the cellular uptakes of Ln-R3 are
better than Ln-R2, Ln-R1, resulting in stronger photo-cytotoxicity of Er-R3. A similar
situation is found for Yb-Rn: Yb-R3 > Yb-R2 > Yb-R1.
The FDA approved PDT drug, ALA, showed much lower photo-cytotoxicity towards
the bladder cancer T24 cell than the Er-Rn and Yb-Rn, as well as in HeLa and MRC-5
cells. It indicated that ALA can not selectively destroy bladder cancer cell T24 while
the dark cytotoxicity of these compounds is very low with very high IC 50 values. As
shown in Figure 2.12, the PTI value of Er-R3 (34) is highest among all the final
products. followed by Er-R2 > Er-R1. Similarly, the PTI value of Yb-Rn complexes
follows the trends: Yb-R3 > Yb-R2 > Yb-R1. With regard to the results, Er-R3 is the
most promising bladder cancer specific PDT agent.
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Figure 2.12 In vitro light toxicity of Er-Rn and Yb-Rn porphyrin complexes and
ALA in (a) T24, (b) HeLa and (c) MRC-5 cells. (d) Dark and photo IC50 value of
Er-Rn and Yb-Rn porphyrin complexes and ALA in T24, HeLa, and MRC-5
cells respectively.
2.2.2 αv3-Isoform Specific Gadolinium Complexes Highly Specific for Bladder
Cancer Magnetic Resonance Imaging and Photodynamic Therapy
2.2.2.1 Results and discussion
2.2.2.1.1 Synthesis
The synthetic route of Gd-PEG-Rn (n = 1-3) was shown in Scheme 2.2. Gd-PEG-Rn
(n = 1-3) are the motif structures of Er-Rn and Yb-Rn. According to the size
difference between Gd (0.938 Å), Yb (0.868 Å), and Er (0.890 Å), the synthetic
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route of Gd-PEG-Rn (n = 1-3) was different compared to Yb/Er analogies. Por(THPTMS) ligand was refluxed with Gd(acac)3.xH2O and the organometallic cobalt cap
under free oxygen and water condition. The introduce of PEG chain to porphyrinate
gadolinium complexes Gd-2 via click reaction with 4 was on the purpose of increasing
the water solubility. Gd-PEG-COOH was conjugated with αv3-isoform specific
bladder cancer peptides Rn (n = 1-3) through amination reaction, and the crude was
purified by preparative high-performance chromatography (HPLC) to get the final
products- Gd-PEG-Rn (n = 1-3).

Scheme 2.2 Synthetic route of porphyrinate lanthanide complexes Gd-PEG-Rn
(n = 1-3).
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2.2.2.1.2 Photophysical properties
(a) Electronic absorption and emission spectra of Gd-PEG-Rn (n = 1-3)
The absorption and emission spectra of Gd-PEG-Rn (n = 1-3) were shown in Figure
2.13, 2.14 respectively in aqueous solution. Three Gd complexes showed a strong Soret
band at 425 nm attributed the S0→ S2 allowed transition of porphyrin, and one Q band
at 554 nm attributed to the S0→ S1 forbidden transition of porphyrin. The emission
spectra of Gd-PEG-Rn (n = 1-3) were measured in aqueous solution with the excitation
of 430 nm, the intense emission bands were found at 660 nm and 720 nm represented
porphyrin’s S (0, 0) and S (1, 0) emission. (Figure 2.14).
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Figure 2.13 Absorption spectra of Gd-PEG-Rn. (n = 1-3) in aqueous solution at 298 K
(Con.: 1 μM).
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Figure 2.14 Emission spectra of Gd-PEG-Rn (n = 1-3) in aqueous solution at 298 K
(Con.: 1 μM, λex = 430 nm).

(b) Singlet oxygen quantum yields of Gd-PEG-Rn. (n = 1-3)
Singlet oxygen is one of the prime factors to evaluate the effectiveness of PDT agents.
There are many studies about the singlet oxygen quantum yields in the literature. There
are two methods to determine the singlet oxygen quantum yields-comparing with the
standard by (1) emission, (2) absorption of the photosensitizers. However, there are few
examples to determine the singlet oxygen by two methods together, especially in
aqueous solution. Herein, we measured the singlet oxygen quantum yields by two
methods in CHCl3 and aqueous solution respectively.

63

(1) The singlet oxygen quantum yields measurement by comparing of the 1O2 emission
of Gd-PEG-Rn. (n = 1-3) and standard H2TPP in CHCl3.
The singlet oxygen quantum yields (ФΔ) of Gd-PEG-Rn. (n = 1-3) were measured in
CHCl3 and calculated by comparing to a reference compound H2TPP (ΦΔ = 0.55 in
CHCl3). The singlet oxygen quantum yields of Gd-PEG-Rn (n = 1-3) are 0.47, 0.47,
0.48, respectively (Figure 2.15). Compared to Yb-Rn and Er-Rn (n = 1-3), the singlet
oxygen quantum yields of Gd-PEG-Rn (n = 1-3) are much higher because the 1st
excited state of Gd is much higher than porphyrin’s triplet state (Figure 2.16), the
absorbed energy of porphyrin can’t transfer to Gd ion and therefore, most of absorbed
energy help to convert 3O2 to 1O2 in porphyrin.
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Figure 2.15 The near-infrared 1O2 phosphoresescence spectra of Gd-PEG-Rn (n = 1-3)
and the standard tetraphenylporphyrin (H2TPP) in CHCl3 (abs = 0.05, λex = 425 nm).
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Figure 2.16 Simplified diagram shows the energy transfer from porphyrins to Yb3+,
Er3+ and Gd3+ ions.

(2) The singlet oxygen quantum yields measurement by evaluating the absorption
changes of ABDA when mixed with Gd-PEG-Rn (n = 1-3) and standard RB
respectively in aqueous solution.
9,10-Anthracenediyl-bis(methylene)dimalonic acid (ABDA), a chemical-sensitive
probe of ROS, is used to monitor the generation of singlet oxygen. The reaction of
ABDA with singlet oxygen is shown in Figure 2.17. After light irradiation, the
absorbance of ABDA decreases because of the formation of its endoperoxide in the
presence of 1O2. The decreased amount of ABDA absorbance at 402 nm can be used to
estimate the singlet oxygen quantum yield produced by the photosensitizers.
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Figure 2.17 The reaction scheme of ABDA with singlet oxygen.

In this work, the singlet oxygen quantum yields (Ф△) of Gd-PEG-Rn (n = 1-3) in PBS
buffer were obtained using ABDA and RB (ФRB = 0.75 in PBS buffer) as 1O2 scavenger
and reference respectively.

[51-52]

Gd-PEG-Rn (n = 1-3) were incubation with ABDA,

the mixtures were photo-activated by using an LED lamp with power density 6 mWcm2

, the generation of singlet oxygen was evaluated by recording the changes of ABDA

absorbance at 402 nm. The singlet oxygen quantum yields of Gd-PEG-Rn (n = 1-3)
(ΦPS) were calculated by the following formula (2):
K

∗A

ΦPS = ΦRB KPS ∗ARB (2)
RB

PS

Where KPS is the decomposition rate of ABDA when ABDA is mixed with Gd-PEGRn (n = 1-3). The KRB is the decomposition rate of ABDA when ABDA is mixed with
RB after light irradiation. APS is calculated by the absorption integration of Gd-PEGRn (n = 1-3) and ARB is determined by the absorption integration of RB in the range
400–700 nm.
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As shown in Figure 2.18 a, ABDA as a control showed no changes of absorption under
light irradiation (550 nm long-pass filter, 6 mWcm-2). The ABDA absorbance decreased
continuously due to the formation of its endoperoxide over the different amount of light
exposure in the presence of singlet oxygen produced by Rose Bengal and Gd-PEG-Rn
(n = 1-3) respectively (Figure 2.18, b, c, d, and e). As summarized in Table 2.3, the Ф△
values of Gd-PEG-Rn (n = 1-3) in PBS buffer are 0.39, 0.39 and 0.40 respectively. In
addition, the evaluation of the singlet oxygen quantum yield of photosensitizers in
aqueous solution is very important as the biological system mainly consists of water.
The singlet oxygen quantum yield in aqueous solution is lower than that in an organic
solvent because the photosensitizers aggregate easily in aqueous solution. Furthermore,
water molecules will also quench singlet oxygen in some aspect.
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Figure 2.18 Absorption spectra of 9,10-anthracenediylbis(methylene)dimalonic acid
(ABDA, 200 μM) in the presences of the photosensitizers (10 μM) (a) Control group,
(b) RB, (c) Gd-PEG-R1, (d) Gd-PEG-R2, and (e) Gd-PEG-R3 in PBS buffer under
different irradiation time, (LED lamp with power density 6 mWcm-2, equipped with
550 nm long pass filter)
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Figure 2.19 Absorbance changes of ABDA at 402 nm upon illumination with LED
lamp (with the power density 6 mWcm-2) vs irradiation time in the presence of RB and
Gd-PEG-Rn (n = 1-3).
Table 2.3 Summary of photophysical measurement of Gd-PEG-Rn (n = 1-3)

[a] Absorption and emission spectra were evaluated in aqueous solution at 298 K. [b] Emission
quantum yield was measured by comparing to tetraphenylporphyrin (H2TPP) in anhydrous DCM
(Φem = 0.120). [c] The singlet oxygen quantum yield was measured in PBS buffer by evaluating the
absorbance changes of ABDA at 402 nm. [d] The Singlet oxygen quantum yield was measure by
comparing to the emission of tetraphenylporphyrin (H2TPP) in anhydrous CHCl3 (Φ△= 0.55).
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2.2.2.1.3 In vitro imaging of Gd-PEG-Rn (n = 1-3)
Comprehensive studies on in vitro imaging have been performed on three different cell
lines (T24: human bladder carcinoma cell line; HeLa: cervical cancer cell line; MRC5: normal lung cell line). According to Figure 2.20, red emission was observed from
bladder cancer cells T24, where the emission could be generated from the chromophore
moieties of porphyrins. In contrast, no light signal was obtained from HeLa and MRC5 cells. This situation further confirmed the specific localization of Gd-PEG-Rn (n =
1-3) in bladder cancer cells. Bladder cancer peptide R3 is more hydrophilic than R1 and
R2. Therefore, the red emission of Gd-PEG-R3 was of high emission intensity than GdPEG-R2 and Gd-PEG-R1, following the trends: Gd-PEG-R3 > Gd-PEG-R2 > GdPEG-R1. The same situation happened for all Ln-Rn (Ln = Yb3+ and Er3+, n = 1-3)
complexes.
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Figure 2.20 In vitro imaging of Gd-PEG-Rn (n = 1-3) in human bladder cancer(T24),
normal (MRC-5), and cervical carcinoma (HeLa) cells. (Dosed con.: 5 μM, incubation
time: 24 hours, λex = 561 nm).

After the investigation on the specific localization of Gd-PEG-Rn (n = 1-3) in bladder
cancer cells, the co-staining experiments were performed to further identify the
intracellular localization of Gd-PEG-Rn (n = 1-3) in bladder cancer cells. As shown in
Figure 2.21, red emission was originated from Gd-PEG-Rn complexes, and green
emission was from the lysotracker. It is worth noting that the merged yellow (red plus
green) co-staining emission could only be found in bladder cells incubated with GdPEG-R2 and Gd-PEG-R3. This observation proved the same staining positions of GdPEG-R2/Gd-PEG-R3 and lysotracker, which indicated the two complexes localized in
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the lysosome of bladder cancer cells T24. By contrast, no obvious overlap was found
for Gd-PEG-R1, which further indicated that Gd-PEG-R1 localized on the membranes
of bladder cancer cells T24.

Figure 2.21 Subcellular localization of Gd-PEG-Rn (n = 1-3) by co-staining
with lysotracker green in T24 cells. (Dosed con.: 5 μM, incubation time: 24 hours,
λex = 561 nm).

2.2.2.1.4 In vitro dark and photocytotoxicity of Gd-PEG-Rn (n = 1-3)
The cytotoxicity of Gd-PEG-Rn (n = 1- 3) complexes in T24, HeLa, and MRC-5 cells
was evaluated with or without light irradiation, respectively (shown in Figure 2.22).
The photo-cytotoxicity of Gd-PEG-Rn (n = 1- 3) in T24 was 10-fold more potent than
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that in HeLa and MRC-5 cells (for Gd-PEG-R3, it was 50-fold more potent). In
addition, with the increasing concentrations of the Gd-PEG-Rn (n = 1- 3) complexes,
the photo-cytotoxicity was also increased. The selectivity of the complexes for bladder
cancer cells was also revealed by the difference in their cytotoxicity, because the IC50
values of Gd-PEG-Rn (n = 1- 3) complexes in the T24 cells were lower than those in
HeLa and MRC-5 cells. After light irradiation, the complexes could selectively kill
bladder cancer cells but did not destroy the normal cells. The photocytotoxicity of GdPEG-R3 was better than Gd-PEG-R2 and Gd-PEG-R1, and this observation could be
attributed to the better solubility of Gd-PEG-R3, which enhanced its cell permeability.
As shown in Figure 2.22, Gd-PEG-R3 exhibited the highest PTI value among all the
final products, followed by Gd-PEG-R2 > Gd-PEG-R1.
Given that Gd-PEG-R3 possessed the most potent photo-cytotoxicity (IC50 = 8.2 μM),
with the highest PTI value (199) (six folds higher than Er-R3), it could be considered
as the most promising bladder cancer specific PDT agent among all tested samples.
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Figure 2.22 In vitro photo-cytotoxicity of Gd-PEG-Rn (n = 1-3) in (a) T24, (b)
HeLa and (c) MRC-5 cells under 10 J cm-2 irradiated with 550 nm long-pass filter;
(d) dark and photo IC50 values of Gd-PEG-Rn (n =1-3) in T24, HeLa, and MRC5 cells.

2.2.2.1.5 T1 relativity and in vivo MRI of the Gd-PEG-R3
Because the solubility of Gd-PEG-R3 is higher than Gd-PEG-R2 and Gd-PEG-R1, T1
relativity of the proposed MR-available prodrug Gd-PEG-R3 was measured. The
relativity of Gd-PEG-R3 at 1.5 T in water (3%DMSO) was 0.2847 mM-1s-1, which is
lower than that of GdDOTA. This difference in relativity could be due to the different
coordinative numbers of them: for Gd-PEG-R3, the coordinative protection for the
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central Gd3+ ion is better than that of GdDOTA, so the Gd3+ ion in Gd-PEG-R3 has less
chance to exchange with water protons compared to GdDOTA.

Figure 2.23 The relationship between relativity (1/T1) and the concentrations of Gd(III)
(H2O with 3% DMSO).
Table 2.4 T1 relativity of Gd-PEG-R3 and GdDOTA.

Conc.[a]

T1(s)[b]

T1(s) [b]

Slice 01

Slice 02

T1(s) average [b]

R1(S-1)(c)

Blank

0.000

2.520

2.470

2.495

0.000

GdDOTA

1.000

0.168

0.170

0.169

5.522

0.750

0.206

0.207

0.207

4.442

0.500

0.300

0.302

0.301

2.919

0.250

0.536

0.534

0.535

1.468

0.750

1.623

1.615

1.619

0.217

0.500

1.876

1.886

1.881

0.131

0.250

2.136

2.086

2.111

0.073

0.125

2.327

2.295

2.311

0.032

Gd-PEG-R3

[a] The concentration of Gd(III) was corrected with ICP-MS. [b] The longitudinal
relaxation time was measured twice of each sample and taken the average at 0.17T. [c]
The longitudinal relativity, R1 = (1/T1-1/T0).
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Magnetic resonance imaging (MRI) is an advanced imaging technique which provides
high-resolution pictures from deep tissue. In addition, MRI is able to offer 3D temporalspatial resolution images. Gd-based materials are often used as contrast agents for MRI
because of the paramagnetic property of Gd. For further understanding the working
mechanism of Gd-PEG-R3 in vivo, experiments were conducted in vivo in the T24
tumor, and commonly used MRI contrast agent Gd-DOTA was chosen as the control.
Gd-PEG-R3 and Gd-DOTA were injected into the tail vein of the mice with T24 tumor
respectively. As shown in Figure 2.24, the whole body became brighter for the mouse
injected with Gd-DOTA. However, for the mouse injected with Gd-PEG-R3, the
brighter MRI signals were only observed at the T24 tumor site. This observation further
indicated that the Gd-PEG-R3 could selectively bind to bladder cancer tumor in vivo.
Although the T1 relativity of Gd-PEG-R3 was not impressively high, after selectively
binding to αv3-Isoform of bladder cancer cells, enhanced MRI signals at the T24 tumor
side was clearly observed. Above results suggested that water soluble Gd-PEG-R3
could be a promising MRI-guided bladder cancer specific PDT agent.

Figure 2.24 In vivo MR imaging in xenograft tumor (T24 bladder cancer cells) of GdPEG-R3 and GdDOTA in PBS buffer. (Con: 10 mg/mL, injection volume :100 μL).
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2.3 Porphyrin-based Gadolinium Complexes Targeting Anionic Phospholipid
Membrane as Selective Bio-makers for Cancer Cells Imaging

The combination of cancer therapy and optical evaluation is the trend in the
development of targeting anti-cancer medicine. Photodynamic therapy (PDT) is one of
the well-defined cancer treatment. The PDT treatment requires a compound which can
convert the “photon” to reactive oxygen species such as singlet oxygen (1O2) to
inhibition of tumor growths. Some scientists criticized the effectiveness of PDT and it
may be too late for the cancer patients. However, PDT is still one of the simplest and
direct ways to reduce the tumor for the cancer patients. For cancer targeting, the ideal
imaging or anti-cancer cancer agents should be able to identify cancer cells, nonpermeable in normal cells. Recently, we reported a bulky lanthanide porphyrin system
(GdN and Gd-PEG-R3) which can achieve cancer cell selective via targeting the cancer
specific phospholipid anionic membrane [53] and αv3-isoform respectively.

[54]

These

two lanthanide complexes targeting cancer cells only after 6 hours’ incubation and
cancer cell permeable (normal cells impermeable) after 24 to 48 hours incubation for
the PDT treatment. Herein, we would like to make the progress on top of these twocancer cell specific agents. Gd-P1 and Gd-P2 are newly synthesized and are motif
structures of our reported cancer membrane selective gadolinium complexes (GdN and
Gd-PEG-R3). The change of cationic “claw” from “ethanaminium group” to
“triphenylphosphine group” in Gd-P1 and Gd-P2 (Figure 2.25) help the complexes
selective on the phospholipid membrane in cancer cells, but both cancer and normal
cells impermeable with more than 48 hours incubation due to the steric hindrance,
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stronger binding to phospholipid anionic species in cancer cells. Gd-P1 and Gd-P2 are
also available for the MRI imaging and fluorescence imaging. The non-cell permeable,
but only attach on the cancer membrane form Gd-P1 and Gd-P2 give the direction for
the development the ideal multifunctional bio probe in molecular imaging agents and
cancer therapy.

Figure 2.25 The structures of (a) Gd-P1 and (b) Gd-P2.

2.3.1 Results and discussion
2.3.1.1 Synthesis
The synthetic routes of Gd-P1 and Gd-P2 are shown in Scheme 2.3 and Scheme 2.4,
respectively. Por(THP-TMS) ligand was refluxed with Gd(acac)3. xH2O and the
organometallic cobalt cap under oxygen and water free environment. Hydrophilic chain
1 was added via click reaction catalyzed by CuSO4.XH2O and sodium ascorbate in the
mixture of t-BuOH and water. The final products were obtained by column
chromatography and purified by preparative HPLC. Similarly, the synthetic route of
Gd-P2 is shown in Scheme 2.4.
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Scheme 2.3 Synthetic route of Gd-P1.

Scheme 2.4 Synthetic route of Gd-P2.
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2.3.1.2 Photophysical properties
a) Electronic absorption spectra of Gd-Pn (n = 1 and 2)

The absorption spectra of Gd-Pn (n = 1 and 2) are shown in Figure 2.26, Gd-P1 and
Gd-P2 have similar absorption spectra. An intense Soret band at 427-429 nm and one
Q band at about 554 nm are observed. Additionally, Gd-P1 and Gd-P2 have similar
absorption coefficient (Logεsoret = 5.1 dm3mol-1cm-1, LogεQ = 3.9 dm3mol-1cm-1) (Table 2.5).
0.14

Gd-P1
Gd-P2

Absorbance

0.12
0.10
0.08
0.06
0.04
0.02
0.00
350

400

450

500

550

600

650

Wavelength/nm

Figure 2.26 Absorption spectra of Gd-Pn (n = 1 and 2). in aqueous solution at 298K
(Con.: 1 μM).
(b) Emission spectra of Gd-Pn (n = 1 and 2).
The emission spectra of Gd-Pn (n = 1 and 2) in aqueous solution are shown in Figure
2.27. The strong emission band at about 650 nm is attributed to the intra porphyrin
ligand π → π* transitions. The emission quantum yields of Gd-P1 and Gd-P2 are 0.015
and 0.016 compared to the standard H2TPP in DCM (Φem = 0.12) excited at 425 nm.
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Figure 2.27 Emission spectra of Gd-Pn (n = 1 and 2) in aqueous solution at 298 K
(Con.: 1 μM, λex = 425 nm).

(c) Singlet oxygen quantum yields of Gd-Pn (n = 1 and 2)
(1) The singlet oxygen quantum yields measurement by comparing of the 1O2 emission
of Gd- Pn (n = 1 and 2) and standard H2TPP in CHCl3.
The near-infrared 1O2 phosphorescence spectra of Gd-Pn (n = 1 and 2) in CHCl3 are
shown in Figure 2.28 by comparing to a reference compound H2TPP (ΦΔ = 0.55 in
CHCl3) as introduced before. Gd-P1 and Gd-P2 both exhibits strong singlet oxygen
quantum yields (Gd-P1 0.5 and Gd-P2 0.52) in CHCl3 excited at 425 nm.
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H2TPP

0.0096

Intensity/a.u.

Gd-P1
Gd-P2

0.0090

0.0084

0.0078

0.0072
1200

1250

1300
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Wavelength/nm

Figure 2.28 The near-infrared 1O2 phosphoresescence spectra of Gd-Pn (n = 1 and 2)
and the standard tetraphenylporphyrin (H2TPP) in CHCl3 (abs = 0.05, λex= 425 nm).

(2) The singlet oxygen quantum yields measurement by evaluating the absorption
changes of ABDA when mixed with Gd-Pn (n = 1 and 2) and standard RB
respectively in aqueous solution.
The singlet oxygen quantum yields of Gd-P1 and Gd-P2 were also studied in aqueous
solution using 9,10-Anthracenediyl-bis(methylene)dimalonic acid (ABDA) as an
indicator. As shown in Figure 2.29, a decrease in the ABDA absorption was observed
only in the presence of Gd-P1 or Gd-P2, which indicated the generation of singlet
oxygen. The singlet oxygen quantum yields of Gd-P1 in DMSO/PBS (v/v =3/100) and
Gd-P2 in PBS buffer were determined to be 0.40 and 0.43, respectively, using Rose
Bengal (RB) as the standard photosensitizer (Ф RB = 0.75 in water). Those values were
much higher than that of the clinically used PS, Photofrin® (Ф RB = 0.28). The singlet
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oxygen quantum yield of Gd-P2 was higher than that of Gd-P1 in PBS buffer which
might result from that Gd-P2 is more hydrophilic than Gd-P1.
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Figure 2.29 Absorption spectra of 9,10-anthracenediylbis(methylene)dimalonic acid
(ABDA, 200 μM) in the presences of the photosensitizers (10 μM) (a) Control group,
(b) RB, (c) Gd-P1 and (d) Gd-P2 in PBS buffer under different irradiation times (LED
lamp with power density 6 mWcm-2, equipped with 550 nm long pass filter).
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Figure 2.30 Absorbance changes of ABDA at 402 nm upon illumination with LED
lamp (with the power density 6 mWcm-2) vs irradiation time in the presence of RB and
Gd-Pn (n = 1 and 2).

Table 2.5 Summary of photophysical measurement of Gd-Pn (n =1 and 2)
Compound

Absorption (λ max)[nm]
Log(ε[dm3mol-1cm-1])a

Emission(λem) [nm]a
(Φem,)b,

Gd-P1

429(5.07) ,556(3.85)

Gd-P2

427(5.12), 554(3.97)

600,648,706(0.015)

Φ△c
In
PBS buffer
by
absorption
0.40

Φ△d
In
CHCl3
by
emission
0.50

600,648,706(0.016)

0.43

0.52

[a] Absorption and emission were evaluated aqueous solution at 298 K. [b] The emission
quantum yield was measured by comparing to tetraphenylporphyrin (H2TPP) in DCM (Φem
= 0.120). [c] The singlet oxygen quantum yield was measured in PBS buffer by evaluating
the absorbance changes of ABDA at 402 nm. [d] The singlet oxygen quantum yield was
measured in CHCl3 by comparing to the standard tetraphenylporphyrin (H2TPP) (Φ△ = 0.55).
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2.3.1.3 In vitro imaging of Gd-Pn (n = 1 and 2)
To understand the subcellular localization of Gd-Pn (n = 1 and 2) in vitro, the confocal
imaging in HeLa, and MRC-5 normal cells have been conducted in Figure 2.31. The
images of Gd-Pn (n = 1 and 2) are different in HeLa and MRC-5 cells. In HeLa cells,
the red emission of Gd-Pn (n = 1 and 2) are found targeting the phospholipid anionic
membrane, but in normal cells, the red emission of Gd-Pn (n = 1 and 2) are just outside
the membrane, not binding to phospholipid anionic membrane. This should be caused
by the strong interaction between the cationic function groups of Gd-Pn (n = 1 and 2)
and the anionic phosphatidylserine of phospholipids in the membranes of HeLa which
prevents the Gd-Pn (n = 1 and 2) from passing through the membrane smoothly. [55]
In some abnormal cells, such as HeLa, a considerable number of anionic
phosphatidylserine of phospholipids are displayed on the outer leaflet of the cell
membrane. [56-57] Gd-P1 and Gd-P2 can selective target on the phospholipid anionic
membrane in cancer cells, not normal cells attributed to the charge moiety and steric
hindrance. Gd-P1 and Gd-P2 binding to the phospholipid anionic membrane of HeLa
cell can give rise to cellular relaxation rate which then strengthens the MRI signals from
the paramagnetic Gd(III) ions. Therefore, the HeLa cell phospholipid anionic
membrane specific Gd-Pn (n = 1 and 2) might be considered as promising MRI-guided
PDT agents in the near future [58-66] and could be the new direction of development of
PDT agents.
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Figure 2.31 In vitro imaging of (a) Gd-P1 and (b) Gd-P2 in HeLa cells, (c) Gd-P1 and
(d) Gd-P2 in MRC5 normal cells. (Dosed conc.:5 μM, λex = 514 nm, incubation time:
24 hours).

2.3.1.4 In vitro dark and photocytotoxicity of Gd-Pn (n = 1 and 2)

In vitro, PDT effects in HeLa and MRC-5 normal cells were investigated under
photo-irradiation at 1, 5, and 10 J cm-2 with 525 nm long-pass filter. The linear
relationship between light dose and photo-cytotoxicity of Gd-P1, Gd-P2 were
observed (see Figure 2.32 e). Generally, a good PDT agent should display a low
dark cytotoxicity; in other words, a good PDT has a high dark IC 50 and a high
photo-cytotoxicity, which means a low light IC50. PTI is an important parameter to
evaluate the PDT agents. And it is defined as the ratio of the dark IC50 over the light
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IC50. The photo cytotoxicity of Gd-P2 was about two-fold higher than Gd-P1 in
HeLa cells under photo-irradiation at 5 and 10 J cm-2. The MTT of Gd-P1and
Gd-P2 incubation with HeLa and MRC-5 cells 24 hours was measured (Table
2.6). Compared with the IC50 of Gd-P1and Gd-P2 in dark, the photo cytotoxicity
of Gd-P1 and Gd-P2 towards HeLa and MRC-5 cells was higher, which indicated
their potential as PDT agents. Gd-P2 shows higher PTI than Gd-P1 under all
conditions (1, 5, and 10 J cm-2), which indicated that Gd-P2 performed better on
killing HeLa cells.

Figure 2.32 In vitro photo-cytotoxicity of (a) Gd-P1 and (b) Gd-P2 in MRC5
normal cell; (c) Gd-P1 and (d) Gd-P2 in HeLa cell irradiated at 1, 5 and 10 J cm2

(with 525 nm long-pass filter) with the dosed concentration 1 μM, 5 μM, 10 μM

and 50 μM, respectively.
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Table 2.6 IC50 and photodynamic therapy index (red color) values of Gd-P1, GdP2 with/without irradiation in MRC-5 normal and HeLa cells.
Energy / (J cm-2)

Photo IC 50/ μM

1

5

10

51.5
(51.2)
1.00
44.9
(52.3)
1.16
40.5
(62.3)
1.54
33.8
(55.3)
1.64

43.7
(51.2)
1.17
38.0
(52.3)
1.38
39.5
(62.3)
1.58
23.9
(55.3)
2.31

31.2
(51.2)
1.64
30.3
(52.3)
1.73
37.3
(62.3)
1.67
20.0
(55.3)
2.77

(Dark IC50/ μM)
Photodynamic therapy index

MRC5(Gd-P1)

MRC5(Gd-P2)

HeLa(Gd-P1)

HeLa(Gd-P2)
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2.4 Conclusion
In conclusion, we have synthesized a series of porphyrinate lanthanide complexes
which can target (1) αvβ3 -isoform and (2) phospholipid anionic membrane in cancer
cells, thus can be used for cancer therapy and multi-modal imaging, such as
fluorescence and MR imaging.
For αvβ3 -isoform, we have conjugated with three peptides with porphyrinate lanthanide
complexes, the higher singlet oxygen quantum yields were observed in Gd-PEG-Rn (n
= 1-3, Φ△ = 0.48) than Yb3+ and Er3+ species. R1-R3 peptides were identified to be
capable of carrying Por-Ln complexes to penetrate into integrin αvβ3 (+) expressive T24
cells, but not into αvβ3 (-) expressive HeLa and MRC-5 cells by confocal imaging. The
co-staining experiment has been performed which indicated that the complexes
conjugated with R2 and R3 localized in the lysosome of bladder cancer cells, the
complexes conjugated with R1 localized on the membranes of bladder cancer cells T24.
The dark IC50 of Ln-Rn (Ln = Yb3+ and Er3+), Gd-PEG-Rn (n = 1-3) are about 1.0 mM
which confirms the non-toxicity in dark. The photodynamic effect of series of Ln-Rn
(Ln = Yb3+ and Er3+), Gd-PEG-Rn (n = 1-3) compounds was assessed in parallel and
Gd-PEG-R3 exhibited the extreme inhibitory toward the T24 cells (IC50 = 8.2 μM),
with the highest PTI value (199) (six folds higher than Er-R3), it could be considered
as the most promising bladder cancer specific PDT agent among all tested samples.
More importantly, we produce a novel theragnostic Gd-PEG-R3 agent capable of
highly selective targeting to bladder cancer cell as well as killing tumor cells via 1O2
produced from a porphyrin moiety and affording robust bimodal imaging (fluorescence
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and MRI contrast imaging). The imaging effect of Gd-PEG-R3 was assessed by a range
of in vitro and in vivo studies over 24 h post administration. Our study indicated that
Gd-PEG-R3 is a hopeful MRI-guided bladder cancer PDT agent with high specificity
and will be further developed in the treatment of the bladder cancer.
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Chapter 3 Enhanced Near-Infrared Emission and
Singlet

Oxygen

Generation

from

Lanthanide-

Porphyrin Double-Decker Complexes in Aqueous
Solutions
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3.1 Introduction
Near-infrared (NIR) luminescent lanthanide materials have been being utilized widely
and researched increasingly in telecommunications engineering, laser technology, and
biomedical science in virtue of their extraordinary photophysical properties.[1-5]
However, significant challenges remain that lanthanides are intrinsically constrained by
the Laporte-forbidden 4f-4f transitions that render direct excitation of them for
luminescence rather inefficient.[6-7] To circumvent the issue,

π-conjugated

heteromacrocycles, such as porphyrins and phthalocyanines, possessing (i) high
absorption cross-sections , (ii) low triplet energy states well resonating with lanthanides’
NIR emitting states, and (iii) four “hard” nitrogen donor atom matching “hard”
lanthanides, become one of the promising antenna ligands in use for optimal energy
sensitization and protective coordination.[8-10] A legitimate hypothesis has it that
sandwich-type lanthanide porphyrin/phthalocyanine complexes can afford preferable
or even surprising results. Tremendous advances, in fact, in double-decker lanthanide
complexes have recently spanned in electrochromic/optoelectronic devices,
photovoltaic cells, single-molecule magnets, and even molecular rotors

[11-14]

, but

almost no bio-related counterparts. Despite the salient feature of their wellcharacterized and long-lived NIR emission and singlet oxygen generation as potential
theragnostic agents, general lanthanide-macrocycle complexes suffer from inferior
water solubility that considerably hampers their further developments in biomedical
fields.[13-14] Given that the structure of porphyrin is more rigid and thereby the energy
of porphyrin is hardly quenched by self-vibration (than phthalocyanines),[15] one of the
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research lenses of our group has been focused on potential bioapplications of
multifaceted lanthanide-porphyrin complexes. On top of water solubility, when it
comes to biofunctions, in 2011, 2013 and 2014, our group first consecutively reported
three water-soluble (up to 1 μM), polyethylene glycol (PEG) chain conjugated, capped
lanthanide monoporphyrinates of (i) organelle specificity, YbRhB,[16] and (ii) tumor
selectivity, YbN

[17]

and GdN.[18]Asides demonstrating impressive NIR fingerprint

signals from all them intrinsically, our GdN efficiently generates cytotoxic singlet
oxygen, potentially as dual-functional photodynamic therapy-NIR imaging bioprobes
for cancer treatment.

Herein, we introduce four water-soluble porphyrin-based lanthanide double-decker
complexes (LnDD, where Ln3+ = La, Er, Gd and Yb) with remarkable NIR
photophysical properties in aqueous solutions. Upon the strategic installation of two
optimally short hydrophilic polyethylene glycol (PEG) chains on our tailor porphyrin
Por(2PEG) for sandwich lanthanide complexation, our YbDD in water exhibited the
NIR luminescence quantum yield (ΦH2O) at λem = 978 nm (5F5/2 → 2F7/2) with λex = 425
nm (conc.: 1 μM) as high as 2.8% with the luminescence lifetime (τH2O) being 23.62 μs;
both values outstrip our reported YbN’s 2.7% and 12.04 μs. The singlet oxygen
generation efficiency in terms of quantum yield (ΦO2) of our GdDD was also measured
to be 0.46, slightly higher than 0.42 of our previous GdN. Structural elucidation was
conducted with nuclear magnetic resonance spectroscopy and mass spectrometry based
on the nonparamagnetic LaDD analogue. Our findings substantiate our hypotheses that
the double-decker complexation between lanthanides and porphyrins can (i) facilitate
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better lanthanide sensitization in the presence of two antenna chromophores rather than
one, and (ii) minimize the inner-sphere O-H quenching effect by lowering the q value
of bound water molecules under the macrocyclic sandwich fashion. This work provides
overarching results for the first LnDD’s photophysical data in aqueous media and, more
importantly, a new dimension for the future design and development of molecular
theragnostic basing water-soluble double-decker lanthanide bisporphyrinates.

Figure 3.1 Strategy development and molecular structures of water-soluble lanthanide–
porphyrin complexes: use of porphyrins with (a) hydrophilic long polyethylene glycol
(PEG) chain. (b) Double-decker forms with short length-dependent PEG conjugated
porphyrins.
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3.2 Results and discussions
3.2.1 Synthesis and characterization
The detailed synthesis and characterization of the double decker porphyrinate
lanthanide complexes with Ln = La, Er, Gd and Yb trivalent ions were shown in Scheme
3.1. Por(2PEG) was synthesized through a classic method, Di(1H-pyrrol-2-yl) methane
and 3-(2-(2-methoxyethoxy)ethoxy)benzaldehyde were mixed in dry DCM and the
strong acid TFA was added to catalyze the reaction. Then DDQ was used to oxidize the
reaction. The next step was to dissolve Por(2PEG) and Ln(acac)3. xH2O in dry hexanol.
This step is important and difficult as it is essential to perform the reaction under
absolutely no oxygen and water. Then DBU was then added to the solution dropwise.
The mixture was refluxed overnight and monitored by TLC.

Scheme 3.1 Synthetic scheme of double decker porphyrinate lanthanide complexes.
(Yb3+, Er3+, La3+ and Gd3+).
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NMR studies of the double-decker porphyrinate lanthanide complexes
Owing to the paramagnetic properties of the latter three rare earth ions, LaDD was
synthesized as the analogue for comprehensive NMR analysis. A high propensity of
tautomerization of porphyrin core’s protons in general always engenders a poor
resolution NMR spectrum with multisplitting at room temperature. However, upon the
addition of hydrazine hydrate, a well-resolved NMR spectrum of LaDD could be
obtained (Figure 3.2). As far as the single ligand Por(2PEG) is concerned, its protons
can be categorized into (i) peripheral and (ii) internal. The peripheral aromatic protons
are typically located around 6.5-10.0 ppm, whilst the PEG sidechain’s aliphatic protons
normally lie within the range of 1.5-4.0 ppm. The peak of hydrazine hydrate mixed with
DMSO-d6 is verified at 2.6 ppm. It is with the ring current effect that two internal
protons on the porphyrin are strongly upfield shifted to -3.2 ppm.
The disappearance of such internal N-H peaks and proton shifting can then serve as an
indication of metallization with lanthanide ions. When it comes to the spectrum of
LaDD, as expected, no signal in the negative range equated to internal N-H protons can
be detected while all peaks are subjected for upfield shifting due to the anisotropy of
the f-metals as well as the impact of lanthanide-induced shifts. Of noteworthy is that
theoretically all possible supramolecular trimer or even multimer aggregate structures
can also give rise to such NMR spectrum, but it is the high-resolution mass spectrum
that corroborates the double-decker structure of LaDD (Figure 4.50) and so do our
LnDD series unambiguously. (Figure 4.47, 4.48 and 4.49)
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Figure 3.2 a) The NMR spectrum of the ligand Por(2PEG) in CDCl3; b) The NMR
spectrum of LaDD in CDCl3: DMSO-d6 1:1 mixed with 1% hydrazine hydrate.

3.2.2 Photophysical properties
(a) Electronic absorption spectra of LnDD (Ln = Yb3+, Er3+, La3+ and Gd3+)
The absorption spectra of the double-decker porphyrinate lanthanide complexes
showed an intense Soret band in the range of 406-412 nm and attributed the S0 → S2
allowed the transition of porphyrin, two Q bands (Q (1, 0), Q (0, 0)) assigned to the
forbidden S0 → S1 transition in the region of 500-600 nm. In addition, the absorption
coefficients of LnDD (Ln = Yb3+, Er3+, La3+ and Gd3+) were measured in aqueous
solution (Table 3.5). All the final products showed a similar absorption coefficient.
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Figure 3.3 Absorption spectra of LnDD (Ln3+ = Yb, Er, La and Gd) in aqueous solution
(Con.: 10 μM).

(b) Emission spectra of LnDD (Ln = Yb3+, Er3+, La3+ and Gd3+).
As expected, the room temperature emission spectra of LnDD (Ln3+ = Yb, Er, Gd and
La) in visible region were almost identical and were characteristic of intra-ligand
transitions. The emission peak of these complexes at 650 nm could be assigned to the
ligands π → π* transitions. As shown in Figure 3.4 and 3.5, unlike GdDD and LaDD,
the emission spectra of YbDD, ErDD consisted of two parts, the porphyrin ligand
visible emission part and the Yb (2F5/2 → 2F7/2), ErDD (4I13/2 → 4I15/2) NIR emission
part, due to the efficient energy transfer from the porphyrin ligands to the Yb3+ and Er3+
respectively.
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2

2

F5/2 → F7/2

Figure 3.4 Visible (left) and NIR (right) emission spectra of YbDD in aqueous solution
at 298 K (Con.: 1 μM, λex = 425 nm).

4

4

I13/2 → I15/2

Figure 3.5 Visible (left) and NIR emission (right) spectra of ErDD in aqueous solution
at 298 K (Con.: 1 μM, λex = 425 nm).
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Figure 3.6 Emission spectra of GdDD in aqueous solution at 298 K (Con.: 1 μM, λex =
425 nm).
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Figure 3.7 Emission spectra of LaDD in aqueous solution at 298 K (Con.: 1 μM, λex =
425 nm).
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(c) Singlet oxygen quantum yields of GdDD
(1) The singlet oxygen quantum yields measurement by comparing of the 1O2 emission
of GdDD, GdN and standard H2TPP in CHCl3.
As a cross-system validation, the singlet oxygen quantum yield of GdDD was also
examined in chloroform by comparing to a reference compound H2TPP, (ΦΔ = 0.55 in
CHCl3). The near-infrared 1O2 phosphorescence spectra of GdDD was shown in Figure
3.8. The new-generation anticancer GdN with high singlet oxygen quantum yield was
chosen to serve as a control. Again, GdN contains only a single porphyrin in contrast to
two in GdDD. The singlet oxygen quantum yields of GdDD and GdN are 0.66 and 0.51,
respectively, GdDD showed the higher singlet oxygen generation efficiency in
chloroform than GdN.
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Figure 3.8 The near-infrared 1O2 phosphorescence spectra of GdDD compared to GdN
and the standard tetraphenylporphyrin in CHCl3 (abs = 0.05, λ ex = 425 nm).
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(2) The singlet oxygen quantum yields measurement by evaluating the absorption
changes of ABDA when mixed with GdDD, GdN, and standard RB respectively in
aqueous solution.
The singlet oxygen quantum yield of GdDD in PBS buffer was also measured by
evaluating the absorbance decrease of ABDA at 402 nm as it was introduced before. As
shown in Figure 3.9, only in the presence of GdN and GdDD, a decrease in the
absorbance of ABDA was obtained which indicated the singlet oxygen generation. The
singlet oxygen quantum yields of GdN and GdDD in PBS buffer were 0.42 and 0.46,
respectively, compared to the standard RB (ΦRB = 0.75). GdDD showed higher singlet
oxygen quantum yields than GdN with monoporphyrinates not only in organic solvents
but also in aqueous solutions (Table 3.1), which could be further developed in the
biomedical field.
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Figure 3.9 Absorption spectra of 9,10-anthracenediylbis(methylene)dimalonic acid
(ABDA, 200 μM) in the presences of the photosensitizers (10 μM) (a) Control group,
(b) RB, (c) GdDD and (d) GdN in PBS buffer under different irradiation times (LED
lamp with power density 6 mWcm-2, equipped with 550 nm long pass filter).
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Figure 3.10 Absorbance changes of ABDA at 402 nm upon illumination with LED
lamp (with the power density 6 mWcm-2) vs irradiation time in the presence of RB and
GdDD and GdN.

Table 3.1 Singlet oxygen quantum yields summary of GdDD in PBS buffer and CHCl3
compared with GdN

GdN

Φ△a
in PBS buffer
by
absorption
0.42

Φ△b
in CHCl3
by
emission
0.51

GdDD

0.46

0.66

Compound
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(d) NIR emission quantum yields of YbDD
The NIR quantum yields of YbDD were measured by comparison with the standard
YbTPP(Tp) which was reported as 3.2% in dichloromethane with the excitation
wavelength of 425 nm [19-20] and calculated by the following equation:
Φ𝑠 =

𝐺𝑠 𝜂𝑠 2
( ) Φ𝑟
𝐺𝑟 𝜂𝑟

where r and s stand for the reference and sample, respectively, Φ represents the quantum
yield, G is the slope of the integrated emission intensity vs the absorbance, and 𝜂 is the
refractive index of the solvent.
The NIR emission quantum yields of YbDD were measured in various solvents ranging
from the non-polar DCM, toluene to the polar MeOH and water by comparison with
YbN with monoporphyrinates (Figure 3.11, 3.12, 3.13). The NIR emission quantum
yields of YbDD in DCM and toluene were 3.9% and 3.5%, respectively, which were
higher than that of YbN with the value 2.8% in both DCM and toluene. Furthermore,
the NIR emission quantum yields of YbDD in water and MeOH were recorded 2.8%
and 2.6% respectively, while the NIR emission quantum yields of YbN in both solvents
were 2.7% and 2.5% respectively. (Table 3.2)
As can be noted from the results above, the energy transfer from the porphyrin ligand
to the Yb(Ⅲ) ion was enhanced in more non-polar solvents (DCM, toluene) than polar
solvents (MeOH and water), is attributable to the solvent effect, otherwise known as
the quenching O-H oscillators (water ligands), with respect to lanthanide emissions.
Haas, Stein, and Wurzberg explained this quenching effect according to the energy law
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[21-26]

. Furthermore, no matter in the polar or non-polar solvents, the NIR quantum

yields of double decker YbDD were higher than YbN with mono-porphyrin, Since the
trivalent lanthanide ions belong to the hard Lewis acid category with a coordination
number up to 8-12, unsaturation of the lanthanide’s inner coordination sphere by
ligands does offer vacancies for the solvent molecule exchange [27-28]. In our reported
YbN system, it was confirmed to have unsaturated seven coordination numbers, four
from the porphyrin ring’s nitrogen atoms and three from the Kläui [(5-C5H5)
Co{(MeO)2P=O}3]- anion cap’s oxygen atoms. To minimize the aqueous luminescence
quenching and thus enhance the emission efficiency, by our assumptions, doubledecker complexation strategy in YbDD can gratify the eight-coordination number
requirement, allowing isolative “water-free” environment, as justified by the MS data.
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Steady state emission spectra of YbTPP(Tp) in DCM (425nm excitation)

Steady state emission spectrum of YbDD in DCM (425nm excitation)

Steady state emission spectrum of YbDD in H2O (425nm excitation)

Integrated emission intensity VS Absorbance

Integrated emission intensity VS Absorbance

Integrated emission intensity VS Absorbance

Figure 3.11 NIR emission spectra of YbDD in DCM and water (left) and the (integrated
emission area vs absorbance) plot (right) (λex = 425nm, compared with YbTPP(Tp)).
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Figure 3.12 NIR emission spectra of YbDD in DCM (left) and water(right) compared
with YbN and the standard YbTPP(Tp) (λex = 425nm).
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Figure 3.13 NIR emission spectra of YbDD in toluene(left) and MeOH(right),
compared with YbN and the standard YbTPP(Tp) in DCM (λex = 425nm).
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Table 3.2 NIR emission quantum yields of YbDD in different solvents

Standard

Solvent /Φ

YbTPP(Tp)

DCM

H2O

Toluene

MeOH

YbDD

3.9%

2.8%

3.5%

2.6%

YbN

2.8%

2.7%

2.8%

2.5%

(e)NIR emission decay of YbDD and YbN
To further testify the hypothesis, other photophysical parameters have also to be
evaluated — the NIR emission decay of YbDD and YbN (monitored at 978 nm, the
2

F5/2→2F7/2 transition) in toluene and water. The lifetime values of YbDD were

determined to be 23.62 μs in water and 28.19 μs in toluene respectively, which were
both higher than YbN’s 12.04 μs and 23.02 μs (Table 3.3). Such trend was consistent
with the measured NIR emission quantum yields in water and toluene (Table 3.2). The
impressive NIR emission quantum yields and long NIR emission lifetime of YbDD in
aqueous solution together with its hydrophilic properties hold tremendous promise as
an (NIR) bioimaging probe.
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Figure 3.14 NIR emission decay of YbDD in water (λex = 425 nm, Con.: 1 μM, 298 K).
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Figure 3.15 NIR emission decay of YbDD in toluene (λex = 425 nm, Con.:1 μM,298
K).
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Figure 3.16 NIR emission decay of YbN in toluene (λex = 425 nm, Con.: 1 μM, 298 K).
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Figure 3.17 NIR emission decay of YbN in water (λex = 425 nm, Con.: 1 μM, 298 K).
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Table 3.3 NIR emission lifetimes (τ) of YbDD and YbN in toluene and water.
(λ em = 978 nm, 5F5/2 → 2F7/2, λex = 425 nm, con.: 1 μM).

τ
H2O

Toluene

YbDD

23.62 μs

28.19 μs

YbN

12.04 μs

23.02 μs

(f) Phosphorescence emission spectra of GdDD
The energy gap between the antenna and the lanthanide ion play crucial roles in the
energy transfer efficiency. It is of importance to study in detail the triplet energy level
of the ligand. Gadolinium(III) porphyrinate complexes are the optimized choices for
the triplet energy level study of the porphyrin ligand. The lowest energy level of Gd3+
(6P7/2) is much higher than that of the porphyrin ligand so it is hard for the porphyrin
ligand to transfer energy to the Gd3+ ion.

[29-35]

The low-temperature (77K)

phosphorescence emission spectra of GdDD and GdN are shown in Figure 3.18. The
phosphorescence emissions resulted from the triplet state of the porphyrins’ rings
exhibit very characteristic vibronic-structured emission. GdN unveils its porphyrin
antenna triplet emissions at 746 nm, 836 nm, 941 nm and 1073 nm. However, GdDD
gave intra ligand-ligand charge transfer bands at 614 nm (peak 1) and 646 nm (peak 2)
with a very short lifetime 22.4 μs and 22.7 μs respectively. In essence, GdDD displays
its porphyrin triplet phosphorescence emissions at 746 nm, 830 nm, 938 nm and 1062
nm. (Table 3.4) The phosphorescence emissions of GdDD and GdN were double
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checked by lifetime, (Table 3.4), given that phosphorescence has a relatively long
lifetime (10 -3 - 10 2 s) compared to fluorescence (10 -9 - 10 -7 s). The phosphorescence
lifetime of GdDD was higher than GdN; hence, the longer triplet lifetime could
promote the energy transfer from the triplet state of the porphyrin ligand to the ground
state molecular oxygen which then bolsters the singlet oxygen quantum yield. [36-37] In
another aspect, the long triplet lifetime of the ligand of GdDD could accelerate the
energy transfer to the Yb3+ ion, which is well-correlated with and supports the high NIR
emission quantum yields of YbDD. [38-39]
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Figure 3.18 77K phosphorescence emission spectra of GdDD compared to GdN in
MeOH (Con.: 10 μM, λex= 425 nm).
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Table 3.4 77K emission spectra maxima and lifetime decay of GdDD and GdN
(Con.:10 μM, λex = 425 nm, Solvent: MeOH).

Compound

Porphyrin phosphorescence(nm) (τ)

GdN

746(0.16 ms), 836, 941,1073

GdDD

746(0.24 ms), 830, 938,1062

The triplet-state energy level of the ligand could be measured and calculated from the
shortest-wavelength phosphorescence band of the phosphorescence spectra for the
GdDD to be 13405 cm-1; [40] the gap between the ligand triplet to the lanthanide Yb ion
was about 2571 cm -1, while the optimum energy gap should be between 2000 cm -1 to
5000 cm -1 to eradicate back energy transfer. [41-42]The energy gap between the triplet of
ligand and Yb was in the optimum region which guaranteed the efficient energy transfer
from ligand to Yb(III) ion. (Figure 3.19).

Figure 3.19 The simplified diagram shows the energy transfer pathway of YbDD.
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The 77K f-f emission spectra of YbDD, ErDD were also recorded in MeOH by
employing a liquid nitrogen filled dewar and pyrex NMR tubes. YbDD illustrated a
sharp band at 978 nm with the lifetime 3.45 μs and a broad band at 1005 nm with a
shoulder at 1018 nm assigned to the 2F5/2 →2F7/2 transition (Figure 3.20). Moreover, the
high-resolution 77K NIR emission spectra of ErDD was given in Figure 3.21, where
two peaks were observed at 1530 nm and 1542 nm (the lifetimes were too weak to
determine) produced by the Er 4 I13/2→ 4I15/2 transition.
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Figure 3.20 77K emission spectra of YbDD in MeOH (Con.: 10 μM, λex = 425 nm).
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Figure 3.21 77K emission spectra of ErDD in MeOH (Con.: 10 μM, λex = 425 nm)
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Table 3.5 Summary of photophysical measurement of LnDD (Ln = Yb3+, Er3+, La3+ and Gd3+).

Emission(λem) [nm]

Absorption
Compound

3

-1

-1

(λmax)[nm]Log(ε[dm mol cm ])

Φ△

a,b

a

(τ)

e

in CHCl3 by

c,d

emission
647,699(0.009), 923,949,978(28.19 μs,

Φ△

f

in PBS
buffer by
absorption

YbDD

408(5.12),545(4.36),580(4.11)

ErDD

408 (5.36),545(4.82),580(4.48)

GdDD

412 (5.35), 545(4.13),580(4.72)

646,703(0.017)

0.66

0.46

LaDD

406(5.23), 506(3.78),545(4.18)

647,701(0.017)

A

A

23.62 μs) 1001,1018,1044
647,701(0.012),1533(7.37 μs, not
Found) ,1602

g h
Emission spectra at 77K (τ)

Not Found

Not Found

978(3.45 μs) ,1006, 1018

Not Found

Not Found

1531,1545
746(0.24 ms), 830, 938,1062
A

A: Note: we didn’t measure
[a] Absorption and emission spectra were evaluated in aqueous solution at 298 K. [b] The visible emission quantum yield was measured in DCM
by comparing with tetraphenylporphyrin (H2TPP) (Φem = 0.120). [c] The lifetime was evaluated at 298 K in toluenec H2O d. (Con.:1 μM, λex = 425
nm) [e] The singlet oxygen quantum yield was measured by comparing to tetraphenylporphyrin (H2TPP) (Φ△ = 0.55 at 298 K, λex = 425 nm). [f]
The singlet oxygen quantum yield was also evaluated in PBS buffer use RB as the standard by absorption changes of ABDA at 402 nm. [g] The
77K emission spectra was measured in MeOH (Con.:10 μM, λex= 425 nm)). [h] The lifetime was measured at 77 K in MeOH (Con.:10 μM, λex =
425 nm).
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3.3 Conclusion
In conclusion, the design and synthesis of double-decker Yb3+, Er3+, Gd3+ and La3+
porphyrinate complexes were described. The detail photophysical properties were
studied. we had developed a water-soluble double-decker complexation strategy for
translational bioapplications of luminescent lanthanide-porphyrin materials YbDD and
GdDD for NIR imaging and cytotoxic singlet oxygen generation. Both systems can
serve as the blueprint for future design and development of multifunctional
bisporphyrinato lanthanide-based molecular therapeutics.
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Chapter 4 Experimental
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4.1 Synthesis and characterization

General information of synthesis
All the solvents used were dried before setting up a reaction, toluene, dichloromethane
(DCM), acetonitrile (CH3CN) and dimethylformamide (DMF) were dried by refluxing
with calcium hydride (CaH2), while tetrahydrofuran (THF) was dried by sodium. All
the chemicals and reagents were ordered with high quality and could be used directly.
Reaction processes were monitored by TLC (thin-layer chromatography), and further
monitored by UV lamp. silica gel or Al2O3 were used for purification in most of the
cases, those final products with high polarity, HPLC methods were used. NMR
spectrums were obtained by either a 400 (1H: 400 MHz, 13C: 100 MHz) or a 500 (1H:
500 MHz, 13C: 1250 MHz) spectrometer. High-resolution mass spectra were recorded
on a Bruker Autoflex MALDI - TOF mass spectrometer (characterized by m/z).
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4.1.1 Experimental procedures of chapter 2
Synthesis of compound 1 (4-((trimethylsilyl)ethynyl)benzaldehyde)
4-bromobenzaldehyde (1.850 g, 10.0 mmol), CuI (190 mg, 1.00 mmol) and Pd(PPh3)4
(462 mg, 2.00 mmol), Et3N (5.6 mL, 40.15 mmol) were dissolved in dry THF (30 mL)
and bubbled with nitrogen for one hour, trimethylsilylacetylene (2.12 mL, 15.0 mmol)
was added dropwise at nitrogen atmosphere for half an hour. Then the reaction was
stirred at room temperature for 8 hours, monitored by TLC. After finished, THF and
Et3N were removed under reduced pressure, and the residue was purified through silica
gel with the solvent ration: Hex: EA = 20:1 then 9:1. Then all the solvent was removed
under reduced pressure. Finally 4-((trimethylsilyl)ethynyl)benzaldehyde a brown solid
was obtained 2.00 g with the yield about 98%. 1H NMR (400 MHz, CDCl3) δ 0.27 (s,
9 H, Si(CH3)3), 7.83 (d, 2 H, J 8.1, Ph-H), 7.61 (d, 2 H, J 7.8, Ph-H), 10.00 (s, 1 H,
CHO).
Synthesis of Por(THP-TMS)
Pentafluorobenzaldehyde (1.18 mg, 6.0 mmol), Pyrrole (560 μL, 8.0 mmol), and 4-[2(trimethylsilyl)ethynyl]benzaldehyde 1 (404 mg, 2.0 mmol) were dissolved in 800 mL
anhydrous CH2Cl2, bubbled with nitrogen for 30 mins to remove oxygen, BF3.O(Et)2
(1.2 mL, 2.64 mmol) was added dropwise, the reaction was further stirred two hours at
room temperature under the nitrogen atmosphere. Then DDQ (1.36 g, 6.0 mmol) was
added and stirred for one hour at room temperature. After finished, the solvent was
removed and the residue was collected for further purification by silica column
(hexanes-CH2Cl2 10:1). The product was the second point in TLC.
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5,10,15-Tris(pentafluorophenyl)-20-[4-{2-(trimethylsilyl)ethynyl}phenylporphyrin ]
gave a pink/purple solid (238 mg, 22.8%); 1H-NMR (CDCl3): -2.87 (s, 2 H), 7.91 (d, 2
H ),8.17 (d, 2 H), 8.89 (d, 2 H), 8.93(s, 4 H), 8.94(d, 2 H); 0.387(s, 9 H), MS (MALDI)
calcd. for C49H23F15N4Si [M+H]+ 981.1513, found. 981.1523.
Preparation of compound Ln-1
Ln[N(SiMe3)2]3·x[LiCl(THF)3]: HN(SiMe3)2 (5.4 mL, 0.025 mol) was mixed with 40
mL dry THF, the mixture was cooled to 0 °C in ice bath and bubbled with nitrogen for
half an hour, then n-BuLi (1.6 M in hexane) was added dropwise in one hour. The
mixture was stirred at room temperature overnight, then a clear year solution was
obtained. Subsequently, the mixture was transferred slowly to a Schlenk flask with
LnCl3 (2.37 g, 0.087 mol) dissolved in 20 mL dry THF. The mixture was stirred for 24
h and a clear yellow solution was obtained. The solution Ln[N(SiMe3)2]3.x[Li(THF)3Cl]
(x = 3 ~ 5) was obtained. Solution A for Ln = Yb and solution B for Ln = Er.
Yb-1: 100 mL dry Schleck flask was full of nitrogen, solution A (5.0 mL, 1.04 mmol
of Yb) was transferred to it and the solvent was removed under reduced pressure. Then
20 mL dry CH2Cl2 was added, for the precipitation of LiCl. The clear yellow layer was
transferred to another Schleck flask with dry porphyrin free base (0.2 g, 0.32 mmol) in
30 mL toluene. The mixture was refluxed for about 12 hours and monitored by TLC.
Dry NaLOMe (0.2 g, 0.44 mmol)[LOMe- ((cyclopentadienyl)tris(dimethylphosphito)cobaltate, an anionic tripodalligand] was then added and further stirred for 12 hours and
then cooled down to room temperature. After the reaction finished, the solvent was
removed and purified through silica gel using CHCl3/Hex (v/v = 5:1) as eluent, the
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product was the second point in TLC.
Yb-1: Yield: 81%; 1H-NMR (CDCl3): δ -4.95(s, 5 H), 0.92 (s, 9 H), 6.34 (s,18 H), 8.69
(s, 1 H), 8.97 (d, J = 4.96 Hz, 1 H), 10.86 (s, 1 H), 14.61 (s, 2 H), 14.84(s, 2 H), 15.13
(s, 2 H), 15.52 (s, 2 H), 17.34 (s, 1 H); 31P-NMR (CDCl3): δ 64.56, MALDI-TOF MS:
calcd. for C60H44CoF15N4O9P3SiYb [M] + 1603.0571, found: 1603.0512.
Er-1: The same procedure with Yb-1, replace solution A with solution B; Yield: 80%.
1

HNMR (CDCl3): δ -35.54 (s, 5 H), 3.48 (s, 9 H), 13.50(s, 1 H), 14.09 (s, 1 H), 20.73

(s, 18 H), 21.16 (s, 1 H), 31.22 (s, 2 H), 32.94 (s, 2 H),36.38 (s, 2 H), 37.77 (s, 2 H),
46.77 (s,1 H);
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P-NMR (CDCl3): δ -169.74, MALDI-TOF MS: calcd. for

C60H44CoErF15N4O9P3Si [M]+ 1597.1878, found 1597.2927.
General procedure for the preparation of Ln-2
Yb-2: Yb-1(0.32 g, 0.2 mmol) was dissolved in 20 mL dry DCM, TBAF (1.0 M in THF,
0.4 mL, 0.4 mmol) was added dropwise to the solution, and the mixture was stirred for
half an hour at room temperature, monitored by TLC. After the reaction was completed,
the mixture was purified through silica gel with DCM, only one pointed was obtained
for this reaction. DCM was removed under reduced pressure and the purified pink
product was obtained with a high yield.
Yb-2: Yield: 92%; 1H-NMR (CDCl3): δ -4.82 (s, 5 H), 4.13 (s, 1 H), 6.30 (s, 18 H),
8.63(s, 1 H), 8.95 (d, J = 4.44 Hz, 1 H), 10.83 (s, 1 H), 14.51 (s, 2 H), 14.90(s, 2 H),
15.08 (s, 2 H), 15.45 (s, 2 H), 17.21 (s, 1 H); MALDI-TOF MS: calcd. for
C57H36CoF15N4O9P3Yb [M]+ 1530.8176, found 1530.9929.
Er-2: The same procedure with Yb-2, replace Yb-1 with Er-1; Yield: 92%;1HNMR
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(CDCl3): δ -35.05 (s, 5 H), 13.19(s, 1 H), 13.94 (s, 1 H), 20.56 (s, 18 H), 21.02 (s, 1 H),
30.97 (s, 2 H), 32.77 (s, 2 H),36.44 (s, 2 H), 37.36 (s, 2 H), 46.20 (s,1 H); MALDI-TOF
MS: calcd. for C57H36CoErF15N4O9P3 [M]+: 1525.0067, found: 1525.0143.
General procedure for the preparation of Ln-4
Yb-4: Yb-2 (0.31 g, 0.2 mmol), Pd(PPh3)4 (46.22 mg 0.04 mmol), CuI (3.8 mg, 0.02
mmol), and 4-iodobenzoic acid (248.02 mg, 1.0 mmol) were dissolved in 40 mL dry
THF, the mixture was degassed with nitrogen for half an hour. Then NEt3 (4 mL) was
added dropwise. The mixture was stirred at 45 °C for 12 h under a nitrogen atmosphere,
then the reaction was stopped and the solution was concentrated, subsequently, the
residue was purified through a silica gel column with the solvent polarity
CH2Cl2/Methanol (12:1) to yield Yb-3. Yb-3 (208.48 mg,0.12 mmol), EDCI (460.4 mg,
0.24 mmol) and NHS (27.62 mg,0.24 mmol) were dissolved in 20 mL dry DMF. Then
stirred at room temperature for 48 hours. The solvent was removed and diethyl ether
was added to do recrystallization. Then further purified by silica gel column with the
solvent polarity CH2Cl2/Methanol (100:1). The title product was obtained after the
solvent was removed.
Yb-4: Yield: 72%; 1H-NMR (CDCl3): δ -4.82 (s, 5 H), 6.34 (s,18 H), 8.45 (s, 2 H), 8.47
(s,2 H), 8.59 (s, 1 H), 8.61 (s, 1 H), 10.91 (s, 1 H), 14.53 (s, 2 H), 14.80 (s, 2 H), 15.12
(s, 2 H), 15.51 (s, 2 H), 17. 29 (s, 1 H); 31P-NMR (CDCl3): δ 65.74, MALDI-TOF MS:
calcd. for C68H43CoF15N5O13P3Yb [M]+1748.0176, found 1748.0460.
Er-4: The same procedure with Yb-4, only replace Yb-2, Yb-3 with Er-2, Er-3; Yield:
80%; 1H-NMR (CDCl3): δ -36.64 (s, 5 H), 3.61(s, 2 H), 4.03(s , 2 H), 5.49 (s, 1 H),
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8.77 (d, J = 7.96 Hz, 2 H),10.89 (d, J = 5.12 Hz, 2 H), 13.20 (s, 1 H), 13. 84 (s, 1 H),
20.93 (s, 18 H), 21.07 (s,1 H), 31.22 (s, 2 H), 33.28(s, 2 H), 36.82 (s, 2 H), 38.04 (s, 2
H), 46.89 (s, 1 H);
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P-NMR (CDCl3): δ -177.62, MALDI-TOF MS: calcd. For

C68H43CoErF15N5O13P3 [M+Cl-]:1777.2035, found:1777.4591.
General procedure for the preparation of Ln-Rn
Yb-R1: A stirred solution of Yb-4 (50 mg, 0.029 mmol) in anhydrous 5 mL DMF was
mixed with N,N’-diisopropylethylamine (DIPEA) 0.1 mL. the mixture solution was
added into a vial which containing peptide R1 (42.45 mg, 0.038 mmol). It was stirred at
room temperature for 12 hours and then the solvent was removed. The residue was
recrystallized from diethyl ether and DCM respectively to yield the titled product,
HPLC was used to purify the final product.
Yb-R1: yield: 69%. MALDI-TOF MS: calcd. for C109H109CoF15N19O23P3S3Yb [M+H]+ :
2760.4878 found: 2760.6458. HPLC characterization: retention time = 10.00 min.
Yb-R2: The same procedure with Yb-R1, peptide R2 was used; yield: 69% MALDITOF MS: calc. for C113H129CoF15N21O22P3S2Yb [M+H]+: 2808.6835 found: 2808.6715.
HPLC characterization: retention time = 10.21 min.
Yb-R3: The same procedure with Yb-R1, peptide R3 was used; yield: 65% MALDI-TOF
MS: calc. for C143H187CoF15N35O28P3S2Yb [M+H]+: 3520.2985 found: 3520.2543.
HPLC characterization: retention time = 10.05 min.
Er-R1: The same procedure with Yb-R1, replace Yb-4 with Er-4; yield: 75% MALDITOF MS: calcd. for C109H109CoErF15N19O23P3S3 [M+K]+:2791.4826. found: 2791.3747.
HPLC characterization: retention time = 9.66 min.
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Er-R2: The same procedure with Yb-R1, replace Yb-4 with Er-4; yield: 72% MALDITOF MS: calcd. for C113H129CoErF15N21O22P3S2 [M+K]+: 2839.6015 found: 2839.2967.
HPLC characterization: retention time =10.09 min.
Er-R3: The same procedure with Yb-R1, replace Yb-4 with Er-4; yield: 70% MALDITOF MS: calcd. for C143H187CoErF15N35O28P3S2 [M]+: 3511.4955 found: 3511.5162.
HPLC characterization: retention time = 9.80 min.
Preparation of compound 2
Tetraethyleneglycol (11.35 mL, 70 mmol), Et3N (8 mL) were mixed with dry THF (200
mL), the mixture in a 500-mL round bottle was cooled by putting into an ice bath, when
the temperature cooled to 0 °C, methane sulfonyl chloride (5.4 mL, 70 mmol) was
added dropwise in half an hour. After addition was completed, further stirred at room
temperature for about 6 hours monitoring by TLC. Then CHCl3 (125 mL) was added
and extracted with CHCl3 three times and washed with a saturated NH4Cl aqueous
solution (25 mL). All the organic solvents were combined and dried with Na2SO4 for
20 mins. The concentrated residue was purified through silica column, with the solvent
gradient CH2Cl2/MeOH (15:1) to give product 2 (6.45 g, 35% yield). 1H-NMR (400
MHz, CDCl3): δ 3.76 (m, 4 H), 3.68 (m, 8 H), 3.64 (m, 2 H), 3.61 (s, 2 H),2.60 (bs, 1
H). 13C-NMR (CDCl3): δ 72.5, 71.4, 70.7, 70.6,70.5, 70.4, 61.8, 42.6.
Preparation of compound 3
Compound 2 (4.56 g,16.7 mmol) and sodium azide (1.2 g, 18.4 mmol) were dissolved
in ethanol (25 mL) and then refluxed 12 hours. After cooling down, the solvent was
removed and the residue was extracted with ether three times, the combined organic
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layer was washed with water three times and then dried over Na2SO4 and concentrated
the solution , finally the solvent polarity Hex/EA (2:1) was used for the silica gel
column purification to give the titled product 3 (3.2 g, 96% yield), 1H -NMR (500 MHz,
CDCl3): δ 3.73 (m, 2 H), 3.67 (m, 10 H), 3.62 (t, 2 H), 3.40 (t, J = 4.8 Hz, 2 H).
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C

NMR (CDCl3): δ 72.47, 70.71, 70.68, 70.61, 70.37, 70.07, 61.76, 50.68.
Preparation of compound 4
NaH (330 mg,13.7 mmol) was weighed and put in a 200 mL dry bottle. Then 20 mL
dry THF was added to the bottle, bubbled with nitrogen for 20 mins, then compound 4
(0.5 g, 2.3 mmol) mixed well with dry THF (20 mL) firstly and added to the mixture
dropwise in half an hour. Then the mixture stirred one hour monitored by TLC.
Then a bromoacetic acid (0.635 g, 4.6 mmol) dissolved in dry THF (20 mL) was added
to the mixture above dropwise. Stirred further 12 hours after the addition was completed,
the unreacted NaH was removed by addition of ice in the buffer slowly until no gas
produced. Then THF was removed and water (50 mL) was added and aqueous 2M HCl
solution was prepared to make the pH less than 5. Then the DCM was used for the
extraction and washed with water to remove the water-soluble side products because
the final product is not soluble in water. Then the mixture was further purified through
a silica gel with the solvent gradient CH2Cl2/MeOH (10:1) turning out 4 (0.6 g, 92%)
1

H-NMR (400 MHz, CDCl3): δ 3.76 (s, 2 H), 3.68 (m, 14 H), 3.42 (t, 2 H). 13C-NMR

(CDCl3): δ 171.75, 71.60, 70.74, 70.52, 70.38, 70.11, 70.00, 69.10, 50.65.
Preparation of Gd(acac)3. xH2O
Gadolinium(III) acetate hydrate (2.5 g, 6.15 mmol) mixed with distilled water (40 mL)
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and stirred at room temperature for half an hour to make sure all the solid soluble in DI
water. Then 2, 4, Pentanedione (acac) (1.87 g, 18.7 mmol) was added dropwise to the
mixture in half an hour, the pH value of this solution was adjusted to 7 by the addition
of NH3 aqueous solution. The mixture was precipitated and the white solid was obtained.
The mixture was ﬁltered and washed with MeOH. Yield: 69.9%.
Preparation of compound Gd-1
Free base porphyrin Por(THP-TMS) (300 mg,0.30 mmol), Gd(acac)3·xH2O (145.72
mg, 3.0 mmol) were dissolved in 15 mL dry TCB in a 100 mL Schleck flask and then
bubbled with nitrogen for half an hour. The mixture was refluxed for 12 h under
nitrogen atmosphere. After cooled down, the reaction mixture was transferred to a
silica gel column with 1L hex to remove the toxic TCB. Then 500 mL DCM was
added to remove the unreacted porphyrin ligand. Then increase the polarity to
DCM/MeOH (v/v = 10:1), the purified Gd-acac complexes 260 mg was obtained.
Then Gd(acac)3. xH2O and NaLOMe

(2 equiv, 168.15 mg) dissolved in 10 mL of

CHCl3/CH3OH (v/v = 1:1) mixing solvent. The mixture was stirred at room
temperature for 12 hours. Then removed the solvent, the residue transferred to a silica
column with the polarity DCM/ Hex (v/v = 3:1) as eluent.
Gd-1: MALDI-TOF MS: calcd. for C60H44CoF15N4O9P3SiGd [M]+ 1587.0412, found:
1587.0514.
Preparation of compound Gd-2
Gd-1 (240.62 mg,0.15 mmol) was dissolved in 20 mL dry DCM, TBAF (1.0 M in THF,
0.3 mL, 0.3 mmol) was added dropwise to the solution, and the mixture was stirred for
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half an hour at room temperature, monitored by TLC. After the reaction completed, the
mixture was purified through silica gel with DCM, only one pointed was obtained for
this reaction. DCM was removed under reduced pressure and the purified pink product
was obtained with a high yield (98%).
Gd-2: MALDI-TOF MS: calcd. for C57H36CoF15N4O9P3Gd [M+H]+ 1516.0012, found:
1516.0163.
Preparation of compound Gd-PEG-COOH
Gd-2 (200 mg, 0.13 mmol) CuSO4, (2.16 mg,0.13 mmol), sodium ascorbate (5.06
mg,0.026 mmol) were dissolved in the mixture of t-BuOH: H2O (5:1), and then 4(47
mg, 0.158 mmol,) were added dropwise, the mixture was stirred at 55 0C for 12 h. After
cooling to room temperature, extracted with DCM three times, the organic extracts were
combined, washed with water, dried over Na2SO4 and evaporated under vacuum, the
crude was subjected to a flash chromatographic column on silica gel with a polarity
CH2Cl2/MeOH (10:1) turning out Gd-PEG-COOH (193 mg, 82%).
Gd-PEG-COOH: MALDI-TOF MS: calc. for C67H55CoF15N7O15P3Gd [M]+
1792.1314, found: 1792.1379.
Preparation of compound Gd-PEG-Rn (n = 1- 3)
Gd-PEG-R1: Gd-PEG-COOH (50 mg,0.027 mmol), PyBOP (29.02 mg,0.056 mmol)
were dissolved in 5 mL dry DMF, and then DIPEA 2 μL was added, stirred at room
temperature for 1 h, then R1 (36.48 mg,0.032 mmol) was added, stirred another 12h at
room temperature. Then DMF was removed, the residue was recrystallized with diethyl
ether 10 mL to get the crude product, then HPLC was used to check and purified the
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final products.
Gd-PEG-R1: Yield: 69% LC-MS: calcd. for C112H124CoF15N22O27P3S3Gd [M+H]+
2901.5212 found: 2901.5530. [M+3H]3+ 967.1950, found: 967.5291. HPLC
characterization: retention time = 20.777 min.
Gd-PEG-R2: The same procedure with Gd-PEG-R1, peptide R2 was used; Yield: 69%
LC-MS: calcd. for C116H143CoF15N23O27P3S2Gd [M+2H]2+ 1474.3525 found:
1474.3752. [M+3H]3+ 983.9225 found: 983.9171. HPLC characterization: retention
time = 21.401 min.
Gd-PEG-R3: The same procedure with Gd-PEG-R1, peptide R3 was used; Yield: 69%
LC-MS: calcd. for C146H202CoF15N38O32P3S2Gd [M+2H]2+ 1829.1728 found:
1829.1979. [M+3H]3+ 1219.3333 found: 1219.4145. HPLC characterization: retention
time = 20.751 min.
Bladder cancer peptides
R1: ESI MS [M+2H]2+ 564.30, [M+H]+ :1126.45
R2: ESI MS [M+2H]2+ :588.25
R3: ESI MS [M+2H]2+:943.55, [M+3H]3+: 629.45

Preparation of Gd-Pn (n = 1 and 2)
(4-azidobutyl)triphenylphosphonium bromide 1 was synthesized according to the
reference [1].The other intermediates all synthesized according to the reference. [2]
Gd-P1: Gd-2 (100 mg, 0.066 mmol) CuSO4.5H2O, (1.57 mg, 0.0066 mmol), sodium
ascorbate (2.58 mg,0.013 mmol) were dissolved in the mixture of t-BuOH: H2O (5:1),
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and then (4-azidobutyl) triphenylphosphonium bromide 1 (34.76 mg, 0.079 mmol,)
dissolved in 5 mL t-BuOH were added dropwise, then the mixture stirred at 55 0C for
12 h. After cooling to room temperature, extracted with DCM (3×50 mL), the organic
extracts were combined, washed with water, dried over Na2SO4 and evaporated under
vacuum, the crude was subjected to a flash chromatographic column on silica gel with
a polarity CH2Cl2/MeOH (9:1) turning out Gd-P1 (96.99 mg, 82%). Then HPLC was
used to purify the compound.
Gd-P1: MALDI-TOF MS: calcd. for C79H59CoF15N7O9P4Gd [M]+ 1875.1713, found:
1875.1773. HPLC characterization: retention time = 15.482 min.
Gd-P2: The same procedure as Gd-P1, compound 4 was used. MALDI-TOF MS: calcd.
for

C103H87CoF10N10O9P5Gd

[M]+

2169.2506,

found:

2169.8924.

HPLC

characterization: retention time = 15.101 min.

HPLC purification
Because of the high polarity of the final products, it is difficult to use the column to
purify them. Therefore, HPLC was used to purify and check the purity of the final
products. All peptides conjugate Ln-Rn (Ln3+ = Yb and Er) and Gd-PEG-Rn. (n = 13) were used after purified by HPLC, which was carried out on a preparative column
(C18, 10.0 ×250 mm, 5 μm particle size). Ln-Rn (Ln3+ = Yb and Er) and Gd-PEG-Rn
(n = 1-3) were eluted in H2O/MeOH +0.05% HCOOH. Final products were identified
by MALDI-TOF mass spectrum. (Autoflex Ⅱ TOF/TOF mass spectrometer Bruker
Daltonik GmBH) operating in the positive ion mode using the α-cyano-4140

hydroxycinnamic acid (CHCA) matrix.
HPLC characterization of Ln-Rn (Ln3+ = Yb and Er) (n = 1-3)
Table 4.1 Solvent gradient for preparative HPLC.

Time /min

0.05% HCOOH in water /%

MeOH /%

0

50

50

5

40

60

25

0

100

Yb-R1
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Yb-R2

Yb-R3

142

Er-R1

Er-R2
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Er-R3

Figure 4.1 HPLC chromatogram of Ln-Rn (Ln3+ = Yb and Er) (n = 1-3). Elution
conditions: column, Agilent ZORBAXSB-C18 (4.6 ×150 mm, particle size 5; flow rate,
1.0 mL/min; gradient elution; detection wavelength, 430 nm. Retention time: Yb-R1,
10.00 min; Yb-R2, 10.21 min; Yb-R3, 10.05 min; Er-R1, 9.66 min; Er-R2, 10.09 min;
and Er-R3, 9.80 min).
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HPLC characterization of Gd-PEG-Rn (n = 1-3).
Elution conditions: column, Agilent ZORBAXSB-C18 (4.6 × 150 mm, particle size 5;
flow rate, 1.0 mL/min; gradient elution; detection wavelength, 430 nm. Retention time:
Gd-PEG-R1 20.777 min, Gd-PEG-R2 21.401 min, Gd-PEG-R3 20.751 min).

Table 4.2 Solvent gradient for preparative HPLC.

Time /min

0.05% HCOOH in water /%

0.05% HCOOH in MeOH /%

0
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5

20
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80

35

50

50
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Gd-PEG-R1

Gd-PEG-R2

Gd-PEG-R3

Figure 4.2 The analytical HPLC spectrums of pure Gd-PEG-Rn. (n = 1-3).
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HPLC characterization of Gd-Pn (n = 1 and 2).
Table 4.3 Solvent gradient used for preparative HPLC.

Time /min 0.05% HCOOH in Water /% HPLC MeOH /%
0

40
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20
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40
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Gd-P1
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Gd-P2

Figure 4.3 HPLC chromatogram of Gd-Pn (n = 1 and 2). Elution conditions: column,
Agilent ZORBAXSB-C18 (4.6 ⅹ 150 mm, particle size 5; flow rate, 1.0 mL/min;
gradient elution; detection wavelength, 430 nm. Retention time: Gd-P1, 15.482 min;
Gd-P2, 15.101 min).

4.1.2 Experimental procedures of chapter 3
Preparation of 5,15-bis(3-(2-(2-methoxyethoxy)ethoxy)phenyl)porphyrin (Por2PEG)
Di(1H-pyrrol-2-yl)methane (788.84 mg, 5.4 mmol) was dissolved in 1 L dry DCM in a
two-neck round flask, 3-(2-(2-methoxyethoxy)ethoxy)benzaldehyde (1.21 g, 5.4 mmol)
was added to the solution, stirred 30 mins under nitrogen atmosphere to remove the
oxygen, then TFA (0.24 mL, 3.24 mmol) was added slowly, the mixture was stirred at
room temperature for 3 hours under the nitrogen atmosphere. After 3 hours, DDQ(1.47
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g, 6.48 mmol) was added and the mixture was stirred another one hour, after that 2 mL
TEA was added to quench the unreacted TFA, the solvent was concentrated and the
residue was transferred to a silica gel column with the solvent gradient DCM: MeOH
(100:1). The purple product was obtained 0.9 g with the yield 49%. 1H-NMR (CDCl3):
-3.16 (s, 2 H), 0.387(s,9 H)， 3.37 (s, 6 H),4.37(d, 4 H), 3.96(d, 4 H), 3.77(d, 4 H),
3.60(D, 4 H), 7.87(d, 4 H), 7.60(d, 2 H), 7.30(d, 2 H), 9.37 (d, 2 H), 9.10 (d, 2 H),
10.30(s, 2 H), MS (MALDI) cal. for C42H42N4O6[M+H]+ 699.3123, found. 699.3173.
Preparation of LnDD (Ln3+ = Yb, Er, Gd and La)
5,15-bis(3-(2-(2-methoxyethoxy)ethoxy)phenyl)porphyrin (80.0 mg, 0.12 mmol),
Yb(acac)3.xH2O (0.48 mmol), DBU(114 μL, 0.79 mmol) were dissolved in 10 mL dry
hexanol , bubbled with nitrogen for 20 mins at room temperature and then refluxed for
12 hours . After the reaction was completed, cooled down to room temperature first,
then predicted with 30 mL Hex. The solid was dissolved in DCM and transferred to an
Al2O3 column for purification. (DCM: MeOH 20:1) and then purified by HPLC.
YbDD: Yield: 45%; MALDI-TOF MS: calcd. for C84H80N8O12Yb [M] + 1566.5312,
found: 1566.5379. HPLC characterization: retention time = 15.518 min.
ErDD: The same procedure with YbDD, replace Yb(acac)3.x H2O with Er(acac)3.x
H2O; Yield: 45%. MALDI-TOF MS: calcd. for C84H80N8O12Er [M+H] + 1561.5214,
found: 1561.5352. HPLC characterization: retention time = 15.585 min.
GdDD: The same procedure with YbDD, replace Yb(acac)3.x H2O with Gd(acac)3.x
H2O, Yield: 10%. MALDI-TOF MS: calcd. for C84H80N8O12Gd [M+H] + 1551.5229,
found: 1551.5362. HPLC characterization: retention time = 15.495 min.
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LaDD: The same procedure with YbDD, replace Yb(acac)3.x H2O with La(acac)3.x
H2O; Yield: 10%. 1H-NMR (CDCl3): 1.879(s,12 H), 2.883(m, 8 H), 3.051 (m, 8 H
d),3.260(d, 8 H), 3.685(s, 8 H), 6.730(m,4 H), 7.060(m, 4 H), 7.160(M, 8 H)),8.435(d,
8 H), 8.814(d, 8 H), 9.747(s, 4 H). MALDI-TOF MS: calcd. for C84H80N8O12La [M+H]
+

1532.5032, found: 1532.4982. HPLC characterization: retention time = 15.098 min.

HPLC characterization of Ln-DD (Ln3+ = Yb, Er, Gd and La)
Table 4.4 Solvent gradient used for preparative HPLC.
Time /min 0.05% HCOOH in Water /% HPLC MeOH /%
0

30

70

5

20

80

15

0

100

20
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Figure 4.4 HPLC chromatogram of LnDD (Ln3+ = Yb, Er, La and Gd). Elution
conditions: column, Agilent ZORBAXSB-C18 (4.6 ⅹ150 mm, particle size 5; flow rate,
1.0 mL/min; gradient elution; detection wavelength, 430 nm. Retention time: LaDD,
15.098 min; YbDD, 15.518 min; GdDD, 15.495 min; ErDD 15.585 min)

4.2 Photophysical measurement
4.2.1 Linear induced photophysical properties in chapter 2 and 3
The absorption spectra of the final products were measured in aqueous solution in the
range 200-800 nm by HP Agilent UV-8453 Spectrophotometer, the emission spectra
from 400-1600 nm were obtained by the Fluorolog-3 TCSPC(HORIBA) Combined
Fluorescence Lifetime and Steady state spectrofluorometer. This is equipped with a NLC2 Pulsed Diode Controller NanoLED, which is a cost-effective source of picoseconds
and nanoseconds optical pulses at a wide range of wavelengths from ultraviolet to NIR.
[3]
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Singlet oxygen quantum yield in organic solvent (CHCl3) by comparing to the
emission of standard H2TPP in chapter 2 and 3
With the phosphorescence at 1,270 nm, [4] we had detected the singlet oxygen with the
Fluorolog TCSPC(HORIBA) luminescence spectrometer, and determined the quantum
yields (ΦΔ) of all compounds in CHCl3 through comparing the 1O2 emission intensity
of the sample solution to that of a reference material (H2TPP, ΦΔ = 0.55 in CHCl3) as
illustrated in Eq. 1 as follows:
𝑛

ΦΔ𝑆 = ΦΔ𝑅 × (𝑛𝑆 )
𝑅

2 𝐺𝑆
∆
𝐺∆𝑅

×

𝐴𝑆
𝐴𝑅

(1)

where ΦΔ denotes the singlet oxygen quantum yield, GΔ indicates the integrated
emission intensity, A represents the absorbance at the operation excitation wavelength,
n reflects the solvent’s refractive index, given that the Super Scripts REF and S stand
for the reference and sample, respectively. In all cases, we had measured the 1O2
emission spectra upon due excitation. To reduce the impacts of reabsorption of the
emitted light, all absorbance was set at 0.05 as well.
Singlet oxygen quantum yield in PBS buffer by evaluating absorption changes of
ABDA in chapter 2 and 3
For singlet oxygen detection in PBS buffer by absorption method, the ABDA (200 μM)
was mixed with a photosensitizer (10 μM) and exposed to visible light (λ = 400–700
nm) irradiation. The decomposition of ABDA was monitored by the absorbance
decrease at 402 nm. [5]
The absorbance decrease of ABDA at 402 nm was recorded for different durations of
light irradiation to obtain the decayrate of the photosensitizing process. Using Rose
Bengal (RB) as a reference, the singlet oxygen quantum yield of photosensitizer (ΦPS)
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was calculated according to the following formula (2): ↓
𝐾

∗𝐴

Φ𝑃𝑆 = Φ𝑅𝐵 𝐾𝑃𝑆 ∗𝐴𝑅𝐵 (2)
𝑅𝐵

𝑃𝑆

Where KPS and KRB are the decomposition rate constants of ABDA by photosensitizer
and RB. APS and ARB represent the light absorbed by photosensitizer and RB, which are
determined by integration of the absorption bands in the wavelength range of 400–700
nm. ΦRB is the singlet oxygen quantum yield of RB, which is 0.75 in water.
NIR emission decay measurement in chapter 2 and 3
The

NIR

emission

lifetime

decays

were

determined

on

a

Fluorolog-3

Spectrofluorometer with a laser-system consisting of a Nd:YAG pumping laser (1064
nm), a third-order Harmonic-Generator (355 nm, 120 mJ) and a tunable optical
parameter oscillator (OPO, Spectra-Physics versaScan) with a pulse duration of 8 ns,
repetition frequency of 10 Hz. (HKBU, Department of chemistry).

4.3 In vitro and in vivo studies

Cell culture in chapter 2
In chapter 2, T24 and 5637 are two human bladder cells used in chapter 2 for the cell
experiment. The condition of the culture of these two bladder cancer cells was in RPMI
1640 medium (Gibco) mixed with 10% FBS, Gibco and two antibiotics penicillin and
streptomycin, the amount is 50 μgmL-1 respectively. Human cervical carcinoma (HeLa)
cells and MRC-5 were used as used as control cell lines in chapter 2. The condition of
the culture of HeLa cell was that DMEM (Gibco) mixed well with 10% FBS (Gibco)
and two antibiotics penicillin and streptomycin, the amount is 50 μgmL-1 respectively.
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Human normal lung fibroblast (MRC-5) cells were cultivated in MEM mixed very well
with 10 % FBS and 1% 50 μgmL-1 penicillin; 50 μgmL-1 streptomycins. The suitable
temperature for all cells is 37 oC in a wet condition with 5% CO2. [6-13]
Dark cytotoxicity in chapter 2
In chapter 2, tumor cells T24, HeLa and normal cells MRC-5 were used for the dark
cytotoxicity study of porphyrinate lanthanide complexes. The concentration of
prophyrinate complexes was 1 μM, 5 μM, 10 μM, 50 μM, 100 μM and 500 μM,
respectively, incubated for 24 hours. The cell monolayers were washed with PBS buffer
and incubated with 3-(4, 5-dimethylthiazol-2-yl)-2 and 5-diphenyltetrazolium bromide
(MTT) solution, the concentration of this solution was 500 ugmL-1. Treating the cells
with MTT for 3 hours, then evaluated the cellular inhibitory potency of the complexes.
Then formazan crystals were dissolved in DMSO, and the absorbance of the solution
was evaluated by Biotek PowerWave XS microplate reader in the range of 570 and 690
nm.
HeLa cells (1 x 105) were treated with Gd-Pn (n = 1 and 2) porphyrin complexes for 24
h at six concentrations (0, 1, 2, 10, 20, 100 μM). The cell monolayers were rinsed once
with phosphate-buffered saline (PBS) and incubated with 500 μgmL-1 3-(4, 5dimethylthiazol-2-yl)-2 and 5-diphenyltetrazolium bromide (MTT) solution. The
cellular inhibitory potency of the complexes was examined by treating the cells with
MTT for 3 hours to allow formazan production during cell metabolism. After that, the
formazan crystals were fully dissolved in DMSO with oscillation. Finally, the
absorbance of the solution was measured with Biotek PowerWave XS microplate reader
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at the wavelength of 570 nm.
Photocytotoxicity in chapter 2
In chapter 2, bladder cancer cell T24, HeLa, and MRC-5 cells were treated with
porphyrin complexes for 24 hours at four concentrations (1, 5, 10 and 50 μM). Then,
the cells were irradiated at 6 mWcm-2 for about 27 minutes and further incubated for
24 hours. The treatment of cells is similar as MTT.
HeLa cells (1 x 105) were treated with Gd-Pn (n = 1 and 2) porphyrin complexes for 24
hours at four concentrations (1, 5, 10 and 50 μM). Then, the cells were irradiated at
6mWcm-2 (equipped with 525 nm long pass filter) for approximately 2 minutes,13
minutes and 27 minutes respectively, and further incubated for 24 hours. The cells were
then treated according to the same protocol as the previous MTT assay.
In vitro confocal microscopy in chapter 2
In chapter 2, in order to know more about the suitability of the obtained complexes as
probes, T24, 5637 two bladder cancer cells, HeLa and MRC-5 cells (1 × 105) were
imaged. After incubation with the porphyrin complexes at 5 μM for 24 hours, then
washed the cells with PBS buffer three times before imaging. Lysotracker Green DND26 was used as containing dye. Then the imaging was obtained by the Leica TCS SPE
confocal laser-scanning microscope. The samples and Lysotracker were excited at a
wavelength of 561 and 488 nm respectively.
The HeLa and MRC-5 cells were washed with PBS three times after incubation with
Gd-Pn (n = 1 and 2) for 24 h, then the in vitro imaging was performed with a confocal
laser scanning microscope, Leica TCS SP8, equipped with a Ti: Sapphire laser. The
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samples were excited by a 514-nm wavelength laser.
Flow cytometry measurements of cellular uptake in chapter 2
5637, T24 two bladder cancer cells, HeLa and MRC-5 normal cells were seeded onto
35 mm Petri dishes. Then incubated 5 μM porphyrin complexes in cells for 3, 6 and 24
hours respectively. Harvested the cells with trypsin and washed the cells with PBS
buffer twice. Flow cytometry was used to evaluate the uptake of the complexes within
T24, HeLa, and MRC-5 cells. 488 nm was chosen as the excitation wavelength of cells
and the FL-3 channel was used for the emission.
In vivo bladder cancer MR imaging of Gd-PEG-R3 in chapter 2
Bladder cancer cells T24 was in RPMI 1640 medium (Gibco) mixed with 10% FBS,
Gibco and two antibiotics: penicillin and streptomycin with the amount are 50 μgmL-1
respectively. The mice purchased and incubated with T24 tumors. After two weeks post
inoculation, each mouse was screened via the IVIS small animal fluorescence imaging
system to verify the presence of the tumor. Gd-PEG-R3 and GdDOTA were injected
via tail vein of the mice with the amount:100 μL (Con: 10 mg/mL).
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4.4 MALDI-TOF mass and 1H-NMR spectrums of the intermediates and final
products.

Figure 4.5 1H-NMR spectrum of compound 1 in chapter 2.

Figure 4.6 1H-NMR (CDCl3) spectrum of Por(THP-TMS) in chapter 2
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Figure 4.7 MS spectrum (MALDI-TOF) of Por(THP-TMS) in chapter 2.

Figure 4.8 400 MHz-1H-NMR (CDCl3) spectrum of Yb-1 in chapter 2.
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Figure 4.9 MS spectrum (MALDI-TOF) of Yb-1 in chapter 2.

Figure 4.10 400 MHz-1H-NMR (CDCl3) spectrum of Er-1 in chapter 2.
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Figure 4.11 400 MHz-1H-NMR (CDCl3) spectrum of Yb-2 in chapter 2.

Figure 4.12 MS spectrum (MALDI-TOF) of Yb-2 in chapter 2.
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Figure 4.13 400 MHz-1H-NMR (CDCl3) spectrum of Er-2 in chapter 2.

Figure 4.14 MS spectrum (MALDI-TOF) of Er-2 in chapter 2.
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Figure 4.15 400 MHz-1H-NMR (CDCl3) spectrum of Yb-4 in chapter 2.

Figure 4.16 MS spectrum (MALDI-TOF) of Yb-4 in chapter 2.
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Figure 4.17 400 MHz-1H-NMR (CDCl3) spectrum of Er-4 in chapter 2.

Figure 4.18 MS spectrum (MALDI-TOF) of Er-4 in chapter 2.
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Figure 4.19 MS spectrum (MALDI-TOF) of Yb-R1 in chapter 2.

Figure 4.20 MS spectrum (MALDI-TOF) of Yb-R2 in chapter 2.
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Figure 4.21 MS spectrum (MALDI-TOF) of Yb-R3 in chapter 2.

Figure 4.22 MS spectrum (MALDI-TOF) of Er-R1 in chapter 2
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Figure 4.23 MS spectrum (MALDI-TOF) of Er-R2 in chapter 2.

Figure 4.24 MS spectrum (MALDI-TOF) of Er-R3 in chapter 2.
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Figure 4. 25 31P-NMR spectra of Yb-1 in chapter 2.

Figure 4. 26 31P-NMR spectra of Yb-4 in chapter 2.
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Figure 4.27 31P-NMR spectrum of Er-1 in chapter 2.

Figure 4.28 31P-NMR spectrum of Er-4 in chapter 2.

169

Figure 4.29 400 MHz-1H-NMR (CDCl3) spectrum of 2 in chapter 2.

Figure 4.30 400 MHz-13C-NMR (CDCl3) spectrum of 2 in chapter 2.

170

Figure 4.31 400 MHz-13C-NMR (CDCl3) spectrum of 3 in chapter 2.

Figure 4.32 400 MHz-1H-NMR (CDCl3) spectrum of 4 in chapter 2.
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Figure 4.33 400 MHz-13C-NMR (CDCl3) spectrum of 4 in chapter 2.

Figure 4.34 MS spectrum (MALDI-TOF) of Gd-1 in chapter 2.
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Figure 4.35 MS spectrum (MALDI-TOF) of Gd-2 in chapter 2.

Figure 4.36 MS spectrum (MALDI-TOF) of Gd-PEG-COOH in chapter 2.
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Figure 4.37 LC-MS spectrum of Gd-PEG-R1 in chapter 2.
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Figure 4.38 LC-MS spectrum of Gd-PEG-R2 in chapter 2.
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Figure 4.39 LC-MS spectrum of Gd-PEG-R3 in chapter 2.
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Figure 4.40 ESI-MS spectrum of R1 in chapter 2.

Figure 4.41 ESI-MS spectrum of R2 in chapter 2.
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Figure 4.42 ESI-MS spectrum of R3 in chapter 2.
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Figure 4.43 MALDI-TOF spectrum of Gd -P1 in chapter 2.
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Figure 4.44 MALDI-TOF spectrum of Gd-P2 in chapter 2.
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Figure 4.45 400 MHz-1H-NMR (CDCl3) spectrum of Por-2PEG in chapter 3.

Figure 4.46 MS spectrum (MALDI-TOF) of Por-2PEG in chapter 3.
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Figure 4.47 MS spectrum (MALDI-TOF) of YbDD in chapter 3.
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Figure 4.48 MS spectrum (MALDI-TOF) of ErDD in chapter 3.
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Figure 4.49 MS spectrum (MALDI-TOF) of GdDD in chapter 3.
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Figure 4.50 MS spectrum (MALDI-TOF) of LaDD in chapter 3.
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Figure 4.51 The NMR spectrum of LaDD in chapter 3.
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