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Abstract
On the purpose of designing a novel generation of luminescent bioprobes for imaging
and inhibition of tumour cells, a series of lanthanide-ruthenium complexes has been
synthesized and characterized by 1H NMR, 13C NMR, absorption/emission
spectroscopy, high-performance liquid chromatography, and mass spectroscopy.
Those complexes are qualified to be considered as photo-activatable anticancer
prodrugs which consist of a ruthenium (II) complex linked to a lanthanide-based
cyclen chelate via a π-conjugated bridge. Comprehensive studies have been
performed to evaluate their efficacy as pro-drugs which requires in cellulo activity,
inhibiting ability, instant monitoring possibility, and safety to normal cells. The
resulting complexes are proved to be promising agents for controllable anticancer
therapy because the prodrug remains inactive in dark and the release of the active
drug is induced by visible light. Drug delivery process can be quantitatively
monitored by either the long-lived red europium emission under one- or two-photon
excitation or potentially by magnetic resonance imaging signals. Besides of these, the
correlation among the drug releasing amount, signaling emission intensity, and mass
spectroscopy response, has been proposed for quick and simple quantitative analysis.
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Chapter I Introduction

1.1 Basics of lanthanides’ photophysics

The lanthanide (Ln) series of chemical elements belong to rare earth elements, with
atomic numbers from 57 to 71. Investigations on lanthanides in the field of optical
applications date back to more than one hundred years ago when many scientists
started to use lanthanides as analytical tools to study crystallization. Later, there have
been numerous bio-applications of lanthanides based on the optical properties of those
rare-earth elements. In this section, the originality of spectroscopic characteristics of
trivalent lanthanide ions will be elucidated and related practical examples are also
going to be discussed.

1.1.1 Electronic configuration of ions

The ground state electronic configuration of trivalent lanthanide ions (LnIII) is [Xe]4fn
(n=1-14). According to atomic orbital theories, electrons on 4f orbitals are shielded by
the xenon core (see Fig. 1)1, because of the expansion of subshells, which means the
valence 4f orbitals are in inner orbitals. From Figure 1, it can be seen that: at r > 1.8
a.u., there will be a higher possibility to find electrons on xenon core rather than on 4f

1

orbitals. The shielded 4f orbitals are less affected by outer chemical environment than
other electrons, and this fact is the basis of spectroscopic properties of lanthanide ions.
Further explanation will be given.

Figure 1. Radial wavefunction diagram of Nd(III) 4f electrons and radial
wavefunction of xenon core.

The number of energy states of electrons in 4f orbitals corresponds to the
multiplicity of the configuration, which has been calculated by the combinatorial
formula. Electronic properties of Ln(III) free ions are summarized in Table 12.

2

Table 1. Electronic properties of LnIII.

Even for f7 free ions, there are only 3432 multiplicities. This number is much smaller
than those of most organic compounds, and this situation means energy transitions in
lanthanide ions are more predictable and under control.

1.1.2 Absorption and emission spectra

As for one lanthanide ion, when it absorbs one photon, it obtains energy and makes
one electron “excited” into a higher energy level. The number of excited energy levels
is determined by the multiplicity of ions, which is related to the number of electrons
on 4f orbitals. As mentioned previously, the number of lanthanides’ multiplicities is
quite small, so researchers have been able to calculate and determine most energy
levels on all lanthanide(III) ions. The results are as follow, cited from Reference 3

3

Figure 2. Energy level diagram for trivalent lanthanide ions (in a low-symmetrical
crystal, LaF3).
Broad charge-transfer transitions are the most widespread type of electronic
transitions relating to lanthanide ions. This kind of transitions consists of
metal-to-ligand or ligand-to-metal charge transfer (MLCT/LMCT) transitions which
are common on high energy levels and are highly associated with energy transfer that
happens in complexes.
Emission of light from excited lanthanide ions when the ion return to ground

4

state has unique advantages over other kinds of emission, where most other kinds of
emission are related to normal organic chromophores. The first advantage of
lanthanide emission over most kinds of emission is the characteristic and sharp
emission peaks. Energy is released partially in the form of light when excited
electrons return to the ground states. However, the limited number of transition
pathways fixes possible wavelengths of light emission, so the emission bands are
narrow and highly differentiated. Secondly, the lifetime of lanthanide emission is
much longer than that of organic chromophores, because f-f transitions are forbidden
by the Laporte Rule, and it takes long time for electron decaying to the ground state.
Therefore, time-resolved emission spectroscopy can be used to remove possible
background emission and increase the signal-to-noise ratio. Besides of these, electrons
on 4f orbitals do not affect Ln(III) - ligand bond, and internuclear distances remain no
change in the excited state. This results in large Stokes’ shifts and narrow emission
bands, while for most molecules, stokes’ shifts are usually small because of strong
vibrations of bonds. As for the same electronic transitions, the wavelength difference
between the maximal absorption peak and maximal emission peak is called Stokes
shift, and a large Stokes shift is better for optical imaging.

5

1.1.3 Sensitization of lanthanide luminescence

Since f-f transitions happen between two f orbitals with the same symmetry, they
conserve the orbital parity. Therefore, these transitions are Laporte-forbidden. As a
consequence, emissions generated from lanthanide ions, which are mostly f-f
transitions, are quite weak in intensity.
To solve this problem, an alternative path for energy transfer has been found. The
path is called luminescence sensitization or antenna effect where the metal ion is
doped into a ligand which has a large conjugated structure to absorb light energy. The
energy is transferred from excited surrounding chelates to the metal, and then the
metal generates characteristic luminescence. The whole pathway is drawn as
following 4. Through different pathways, excitation energy can be transferred to the
excited f orbitals from energy states of ligands, rather than from ground states of
lanthanides, so this situation avoids the forbidden pathways.

6

Figure 3. Schematic representation of energy transfer process in a lanthanide complex

In the representation (see Figure 3), 1S* or S equals to singlet state; 3T* or T is
triplet state; A, F, P, and k are the abbreviations of absorption, fluorescence,
phosphorescence, and rate constant respectively; r and nr are radiative, non-radiative;
ILCT/IL means intra-ligand charge transfer; LMCT/LM means ligand-to-metal charge
transfer; IC stands for internal conversion; ISC stands for intersystem crossing. The
general pathway is from ground state of ligand to singlet state and then to triplet state
of the ligand, finally to excited state of lanthanide and the energy is released radiative
or non-radiative.

7

1.1.4 Macrocyclic-based lanthanide ligands

To design a practicable lanthanide-based probe, one of the foremost things is to design
a good ligand to chelate with central metals. There are many criteria for optimal and
robust ligands used in lanthanide probes, including sensitization efficiency, stability,
and

coordination

properties.

Recently,

scientists take advantages

from

a

widely-applied ligand, Tetraazacyclododecane tetraacetic acid (DOTA), and then
design its derivatives 1,4,7,10-Tetraazacyclododecane-1, 4, 7-triacetic acid (DO3A) as
a ligand for lanthanides (examples are shown in figure 4). Besides, one of the most
applied MRI contrast agent, Dotarem®, is also designed based on the DO3A scaffold.

Figure 4. Structures of the ligands based on DO3A scaffold.

The DO3A structure and its analogs have been studies from a view of
photophysics, including evaluation of performance in bodies with effects from
metabolites5. Besides of these, comprehensive studies on cell lines have also been
carried out and the results revealed that this structure and its derivatives have high
potential in biological applications.
8

1.2 Applications of lanthanides in MRI

Magnetic resonance imaging (MRI) is a medical technology utilized to visualize
physiological process in human bodies. When an oscillating magnetic field is applied
to human bodies, the excited protons will generate a signal. After the signal is
recorded, magnetization goes off and on for next measurement. Repetitive signals are
averaged for accurate scanning of body structures. There is a group of compounds,
called MRI contrast agents, used to improve the performance of MRI, in which the
pictures of internal structures will be clearer. The most commonly used MRI contrast
agents are gadolinium-based. As mentioned in the previous section, Dotarem® is one
of gadolinium-based MRI contrast agent examples. Gadolinium belongs to lanthanide
elements. Because of its unique electronic configuration [Xe]4f7, Gd(III) is
paramagnetic and has seven unpaired electrons, which means it is able to “relax”
surrounding water molecules efficiently, and affect the relaxation rate of protons.
Therefore, Gd(III) is widely applied as MRI contrast agents to relax water molecules
and recover the magnetization (T1 relaxivity). It will improve the performance of
imaging and increase the scanning rate. Recently, Dysprosium (Dy) becomes a
promising agent in MRI contrast agents. Not like Gd(III) showing T1 relaxivity,
Dy(III) relaxes water molecules in a different way and reveals T2 relaxivity. Both T1
and T2 relaxivity are important to MRI, so it is also valuable to investigate Dy-based
9

complex and test its performance as a multi-function prodrug in the future.

Figure 5. (Left) Molecular structure of Dotaream®, a Gd(III)-based MRI contrast
agent; (Right) Magnetic resonance imaging of human brain without/with MRI
contrast agents.

1.3 Prodrugs

A prodrug is a medication which maintains inactive before metabolism but
pharmacologically active after biotransformation in the body. Because a prodrug
contains therapeutic part linked with non-toxic protective groups, adverse effects from
parent molecules can be reduced6. Applications of prodrugs are important and
extensive in treatments which bring severe side effects, such as using platinum (II)
complexes to treat cancers. Currently, one of the significant discussions is to
administrate cisplatin in a prodrug form.

10

1.3.1 Classification of prodrugs

Since the difference between prodrugs and normal drugs is that prodrug is able to
convert into an active form after administration, it is fair to classify prodrugs on the
basis of how or when they get converted7.
Type I prodrugs are activated inside cells through cellular metabolism. Type II
prodrugs are bio-activated in vivo but not directly in cells. Either of them get
converted into an active form by an external cellular reaction. Incentives out of the
body can also achieve conversions, such as light excitation or other chemicals
administrated.

1.3.2 Photo-dissociative prodrugs

Conversion into an active form and then release drugs is a vital process of a prodrug.
Photo-dissociative prodrugs, a Type II prodrug, is developed. This prodrug is
switched on by light excitation. When a photon is absorbed by light-harvesting part,
energy transfer between ground states and excited states might induce
photodecomposition, where some chemical bonds are broken down. With accurate
calculation of energy state, researchers can predict which bond is going to be broken
so drugs are designed to link through this bond. As a result, pharmaceutically active

11

part of prodrug will be released firstly when the prodrug is excited by light.
A novel anticancer drug has been introduced which is a derivative of cisplatin. It
is the first two-photon-absorption (TPA) induced ligand on a square-planar Pt (II)
complex8. On one hand, although cisplatin is the most commonly used anticancer
drugs, it causes severe adverse effects on the human body because it shows little
selectivity and destroys most kinds of normal cells. Therefore, by assembling cisplatin
into a prodrug, its cytotoxicity will be quite low before the release of an active drug.
On the other hand, comparing with traditional one-photon-absorption (OPA), TPA
allows the excitation light having a longer wavelength and low power. Instead of
absorbing one photon with high energy and short wavelength, TPA allows exciting a
molecule by absorbing two photons, and the excitation energy equals to the total of
the photon energies8. Scientists can excite the complex not with UV light but visible
light or Near Infrared, which means light excitation can penetrate deeper than usual
and cause less harm to normal tissue. This paper provides a new angle of view for
designing an anticancer prodrug which is controlled by a light switch, and it has been
revealed that the toxicity of Pt-based drugs decreases without light (dark toxicity).

12

1.3.3 Other examples of photo-dissociated prodrugs

Saddler’s work8 provided us a good start to consider photo-dissociative anticancer
drugs. Our group then also published a paper discussing a photo-release antitumor
cisplatin9. On the basis of reported Pt-based prodrugs, the latter one not only shows
photo-dissociation ability, but it is also doped with Eu(III) ions for imaging purposes.
The lanthanide can generate characteristic luminescence after light excitation.
Therefore, this complex is more suitable to be applied as anticancer agents, because it
has advantages including controlled cisplatin release, TPA-induced photodissociation,
luminescent emission, and traceable signal. There is a trend to equip simple anticancer
drugs with other functions including traceability, phototherapy possibility, and
selectivity.

Figure 6. Schematic illustration of the photo-induced dissociation of PtEuL.
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1.4 Basic requirements for Ln-based prodrugs

To design probes which can achieve the inhibition and imaging at the same time, there
are many requirements on the ligands. Different moieties are supposed to be taken in
consideration for different purposes (see Figure 7).

Figure 7. A schematic illustration of the design principles.

The first part is the medical part, which is the most crucial one to accomplish the
inhibition or killing cancer cells. Besides of common therapeutic functions, there must
be a photo-cleavable linker between the drug and the parent molecule. The linker can
only be broken when there comes a trigger, so the controllable drug release can be
successful. Secondly, the sensitizing chromophore is important to the antenna effect,
so that there can be enough energy for strong lanthanide emission. Thirdly, the
lanthanide trivalent ions should be doped into organic chelates, and the chelates

15

should have an appropriate size and coordination positions for high binding constants
with metals. If the chelator is not able to coordinate all positions of the central metal,
there could be water molecules coordinating which will dramatically quench the
europium emission. Normally, pendant arms consist of carboxylates or amides, and
they can serve for controlling the overall complex charges. The total charges can
affect water solubility which is vital to in vivo/in vitro performance. Lastly, it is better
for the ligand having a vector which shows specificity, such as localization. The term
“localization” consists of two folds: one is the whole complex can target certain kinds
of cells or tissues, such as anticancer prodrug targeting tumour tissues. The other is
related to subcellular localization, which means those molecules can specifically
accumulate in certain organelles in cells. Both properties can improve the efficacy of
the drug molecules.

16

1.5 Ruthenium complexes as anticancer agents

Although the toxicity of drugs is diminished in inactive form as prodrugs, cisplatin
analogs are still highly toxic to normal cells even before biotransformation. It is
becoming increasingly difficult to ignore the necessity of replacement of traditional
platinum (II) drugs. Strained ruthenium (II) complexes have been considered as a
promising anticancer agent which shows relatively low cytotoxicity before conversion
to an active form14.

Figure 8. Structures of ruthenium (II) complexes studied in Ref. 14.

These strained ruthenium complexes show both potential Photo Dynamic
Therapy (PDT) ability and similar activity of cisplatin, which means this new
generation of complexes could become substitutions with traditional Pt-based
anticancer drugs. On the one hand, the complex can dissociate ligands through
photodecomposition. Therefore, this complex should be considered as an improved
PDT agent since it does not depend on generating singlet oxygen as traditional PDT
agents

do.

On

the

other

hand,

after
17

photo-dissociation,

the

remaining

Ruthenium-based part has a similar planar structure with cisplatin and is able to form
crosslinking with DNA double strains in the same way as a cisplatin does. Above all,
strained ruthenium complexes have significant advantages over cisplatin and its
derivatives. Considering the easily controlled light-induced drug-release and low dark
toxicity, Ru (II) complexes are a good choice in the design of anticancer prodrugs.

Figure 9. Ruthenium(II) complex shows light-controlled toxicity (Ref. 16).
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Chapter II Tumuor-Targeting Photo-responsive anticancer
Lanthanide-Ruthenium prodrug

2.1 Purposes of the research

So far there are few studies on one prodrug model which can simultaneously show
light-induced drug release, quantitative traceability, selectivity, and low dark
cytotoxicity. I herein report a new generation prodrug, RuLnL. The ligand is designed
based on the existing motif of our group. The large π-conjugated part of ligand
absorbs visible light excitation through TPA and transfer most excitation energy to the
dissociative states of the Ru(II) moiety and a limited amount to doped Ln(III) through
sensitization

15

. After cleavage, the dissociation of Ru(II) part is proven by

luminescent emission (from Eu, Tb or Yb), since all energy absorbed by the antenna
ligands will be supplied to the Eu center if no Ru(II) moiety exists 9, and if the doped
metal is Gd(III), the prodrug can also show MRI functionality. Besides of these, mass
spectroscopy can be applied to monitor successful drug release, because wherein the
intensity of the mass peak of dissociated Ru(II) complexes has a linear correlation
with the europium emission. The released Ru moiety are further activated by light and
converted into an active form of the anticancer Ru(II) species, cis-Ru(bpy)2(H2O)OH.
19

At the final stage, Ru(bpy)2 moiety forms crosslinking on targeted DNA strains and
damage them. This novel design of prodrug not only introduces Ru (II) complexes as
a substitute of cisplatin for lower dark toxicity but also equip the drug with real-time
traceability. Studies of this prodrug, RuLnL, on photophysical properties, mass
spectroscopy, DNA binding, and cytotoxicity, have been conducted. The results reveal
advantages of this anticancer prodrug over some existing ones and provide possibility
in the improvement of multi-purpose prodrugs.

20

2.2 Synthetic scheme

2.2.1 Synthesis of RuLnL

Figure 10. Synthetic route of RuLnL.

Synthesis of compound 2 is a condensation reaction between the amino group and
carboxyl group with the existence of bases. The formation of compound 4 is based on
Sonogashira reaction, which is a cross-coupling reaction between a terminal alkyne
and an aryl halide. In the Sonogashira coupling, a palladium catalyst reacts with an
aryl (compound 2), while compound 3 reacts with the CuI. The intermediate copper

21

acetylide goes through a transmetallation with Pd(II) complex and finally a reductive
elimination gives the final product. The hydroxyl group on compound 4 gets
converted into methanesulfonate by methanesulfonyl chloride and then condenses
with an amine group on a tri-substituted cyclen. Compound 7 is firstly treated with
trifluoroacetic acid to remove protecting groups. Next, lanthanide ions are doped in a
slightly basic condition, because protonated cyclen could prevent the doping process
but metal salts could also precipitate in base. The Ru complex links with the complex
by a simple condensation reaction.

22

2.3 Experimental

2.3.1 Chemicals and materials

All reacting materials used in reactions were in reagent grade and purchased from
qualified chemical suppliers. They were used without further purification. All solvents
used in characterization are analytical-grade and were dried, distilled, and deaerated
by standard procedures before use. Nuclear magnetic resonance spectra were
measured and recorded on a Bruker Ultrashield 400 PLUS NMR spectrometer. The
chemical shifts in 1H NMR spectra were referenced to tetramethylsilane, TMS (d =
0.00). Mass spectra, reported in the unit of m/z, were obtained on a Bruker Autoflex
MALDI - TOF mass spectrometer.

2.3.2 Preparation of Compound 2

1.000 g of 4-iodoaniline was added into 200 ml dichloromethane (DCM), followed by
the addition of 506 mg isonicotinic acid, 136mg 4-(Dimethylamino)pyridine (DMAP),
and 1.314 g 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDCI). The whole
solution was sealed and stirred at room temperature for 24 hours. After the reaction,
the solution was washed with saturated ammonium chloride, sodium bicarbonate, and
brine. The crude product was dried and purified by column chromatography (1.087 g,
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yield: 81%). 1H NMR (DMSO-d6, 400MHz): δ 10.50 (s, 1H), 8.77 (d, J=2 Hz, 2H),
7.80 (d, J= 2Hz, 2H), 7.72 (d, J= 4Hz, 2H), 7.61 (d, J= 4Hz, 2H);

13

C NMR

(DMSO-d6, 100MHz): δ 163.1, 150.1, 141.0, 138.0, 137.2, 122.4, 121.7, 88.5.

2.3.3 Preparation of Compound 3

In the solvent of freshly distilled THF (30 mL), (4-bromopyridin-2-yl)methanol (1.5 g,
10.40 mmol), Pd(PPh3)2Cl2 (56 mg, 0.08 mmol), CuI (30 mg, 0.16 mmol),
Ethynyltrimethylsilane (1.4 mL, 10.40 mmol), and DIPEA (5 mL) were added. The
resulting reacting solution was stirred at 45 oC for 10 hours with the protection of
nitrogen gas. Silica gel flash column chromatography was used to purify (Hex/EA
2:1). The pale yellow oil product was dissolved in MeOH, and K2CO3 was added. The
solid was filtered out and the filtrate was concentrated (1.05 g, 7.60 mmol, 80%). 1H
NMR (CDCl3, 400 MHz): δ 8.54 (d, J= 2Hz, 1H), 7.36 (s, 1H), 7.28 (d, J= 2Hz, 1H),
4.66 (s, 2H), 3.61 (br, 1H);

13

C NMR (DMSO-d6, 100MHz): δ 59.3, 148.2, 130.0,

123.5, 123.2, 82.3, 80.7, 61.7.
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2.3.4 Preparation of Compound 4

1.339 g compound 2 was dissolved in 200ml THF (Tetrahydrofuran), followed by the
addition of 500 mg prepared compound 3, 28.6 mg cuprous iodide, 86.9 mg
Bis(triphenylphosphine)palladium(II) dichloride and 20ml DIPEA. After 12-hour
reaction under room temperature, adding methanol to dissolve all solid and the
solution was dried. The product was purified by column chromatography (1.090g,
yield: 88%). 1H NMR (DMSO-d6, 400MHz): δ 10.72 (s, 1H), 8.79 (dd, J=4Hz, 8Hz,
2H), 8.54 (d, J= 2Hz, 1H), 7.87 (d, J= 4Hz, 2H), 7.86 (d, J= 2Hz, 2H), 7.62 (d, J= 6Hz,
2H), 7.55 (d, J= 2Hz, 1H), 7.38 (dd, J=4Hz, 8Hz, 1H), 5.53 (t, J=6Hz, 1H), 4.59 (d,
J=4Hz, 2H); 13C NMR (DMSO-d6, 100MHz):
δ 164.3, 161.6, 150.0, 148.0, 141.3, 139.4, 132.2, 130.5, 123.0, 121.2, 121.1, 120.0, 1
16.4, 93.4, 86.7, 64.0.

2.3.5 Preparation of Compound 7

365.7 mg Methanesulfonyl chloride (0.247 ml) was added into stirred solution of
compound 4 (300 mg) in anhydrous 200 ml DCM with 1.46 ml DIPEA. The resulting
solution was stirred at room temperature for 4 hours. After that, the solution was
washed in turn with saturated sodium bicarbonate solution, saturated ammonium
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chloride solution, and brine. The bottom organic phase was dried by anhydrous
sodium sulfate. After removing the solvent, a pale yellow solid appeared as the
intermediate, (4-((4-benamidopheny)ethynyl)pyridine-2-yl) methyl methanesulfonate,
which was used in the next step without previous treatment. The intermediate was
dissolved in dry 40 ml MeCN followed by the addition of 1.16 g K2CO3. The
resulting mixture was stirred at 50 oC for 2 days under nitrogen gas. The solid was
filtered away and the filtrate was concentrated. The crude product was purified by gel
column chromatography (DCM: MeOH= 20:1) (450 mg, 79%).

2.3.6 Synthesis of LnL (Ln= Eu or Gd or Dy)

Europium(III) chloride hexahydrate (or Gadolinium(III) chloride hexahydrate), which
was 96.4 mg (around 0.25 mmol) was added to the solution of the ligand (compound
7, 150 mg, 0.244 mmol). The resulting solution was maintained in a pH range of
6.5-7.0 by 0.4 M NaOH solution and was stirred at room temperature for one day. The
solvent was removed under vacuum and the residue was dissolved in 1 mL of
methanol and added into ethyl ether (35 mL) dropwise. The precipitates were filtered
out, washed with diethyl ether and dried at vacuum under room temperature. White
solids were collected as the product (200 mg, 98%).
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2.3.7 Synthesis of RuLnL (Ln=Eu or Gd or Dy)

171.2 mg cis-bis-(2,2’-bipyridine)dichlororuthenium (0.33 mmol) was added into a
mixture solvents (EtOH:H2O=1:1, 110 mL), followed by the addition of LnL (250 mg,
0.29 mmol). The solution was under nitrogen gas and kept away from light. After
24-hour reflux, the solution was dried and the brown crude product was 284 mg (yield:
70%).

2.3.8 Photophysical studies

Absorption spectra were recorded ranging from 200 to 700 nm by an Agilent 8453
UV-visible spectrophotometer. Emission spectra of the compounds were recorded
from 550 nm to 700 nm with Horiba Company’s a Fluorolog®-3 spectrophotometer
equipped with a 450 W continuous xenon lamp for the measurement of steady-state
emission.

2.3.9 HPLC characterization and qualitative analysis

HPLC

characterization

of

products

and
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qualitative

analysis

of

RuEuL

photodissociation was performed on Agilent 1290 Infinity Quaternary LC System
coupled with a DAD detector. A Hypersil GOLD Analytical column (250 × 4.6 mm,
5 µm) was used. The elution profiles are shown as following:

Table 2. Solvent gradient of HPLC for the characterization of RuEuL and EuL.
Time /min

0.1% acetic acid in water 0.1% acetic acid in CH3CN
/%
/%

0
5
15
20
25
30

85
85
40
0
85
85

15
15
60
100
15
15

Flow rate = 1 mL/min

2.3.10 LC-MS/MS quantitative analysis

LC-MS/MS analysis was done by using an Ultra Performance Liquid Chromatometer
which is coupled with a triple quadrupole mass spectrometer (UPLC-MS/MS). The
column used in the liquid chromatography is Agilent EclipsePlus C18 RRHD (2.1×50
mm, 1.8 μm) protected with an Agilent SB-C18 guard column (2.1×5 mm, 1.8 μm).
The liquid chromatography elution profiles are shown in Table 3.Mass spectra were
recorded on an Agilent 6460 Triple Quadrupole mass spectrometer which is equipped
with an Agilent Jet Stream technology electrospray ionization source for sample
ionization.
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Table 3. Solvent gradient of UPLC-MS/MS quantitative analysis.
Time /min

0.1% acetic acid in water 0.1% acetic acid in CH3CN
/%
/%

0
10
11
16
17
25

95
60
10
10
95
95

5
45
90
90
5
5

Flow rate = 1 mL/min

The temperatures in auto-sampler and columns were controlledconstantly at 4
and 25°C respectively. Injections of samples were performed on 5-second needles,
which is washed in Flush Port mode with the organic eluent. 10 μL was injected each
time.

The temperature of nitrogen gas was controlled at 300°C and the flow rate was 5
L/min. Nebulizer pressure was 45 psi. Sheath gas temperature was 250°C. Flow rate
was 11 L/min. Capillary voltage was set at 3500V.

Results were calculated by using Agilent MassHunter Workstation software.

2.3.11 DNA binding assays

The interaction between RuEuL and DNA was examined by agarose gel
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electrophoresis. 225 ng for each lane Plasmid DNA was incubated with 20 µM
compounds. The resulting lanes were irradiated at 488 nm (dose 50 J m-2) or not (as a
control group) and then was subjected to 1% agarose gel electrophoresis. GelRed
Nucleic Acid Stain (BIOTIUM) was used to separate DNA and Tanon 1600 Gel
Imaging System (Tanon Science & Technology Co., Ltd) was used for imaging.

2.3.12 In cellulo studies

Human lung fibroblast cells were obtained from the cell resource center of Shanghai
Institute of Biological Sciences, Chinese Academy of Sciences. Human cervical
cancer cells (HeLa cells) were grown in Dulbecco’s Modiﬁed Eagle Medium
(DMEM). Medical Research Council cell strain 5 (MRC-5 cells) were grown in
Minimum Essential Medium (Gibco® 41500034). The medium solution was also
supplemented with fetal bovine serum (10% (v/v)), penicillin (1%) and streptomycin.
The incubation was performed at 37 oC and with 5 % CO2.

2.3.13 MTT cell cytotoxicity assays

In experiments evaluating dark cytotoxicity, both HeLa and MRC-5 cells were
incubated with the prodrugs at seven concentrations (RuEuL and EuL : 0, 1, 5, 10,
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50, 100 and 500 µM; PtEuL : 0, 1, 5, 10, 20, 50 and 100 µM) for 24 hours. The cell
layers were washed with phosphate-buffered saline (PBS) and then incubated with
MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide) solution (0.5
mg/mL). The absorbance intensity of formazan solution was measured with
PowerWave XS microplate reader from BioTek, and the amount of formazan was
calculated. The half-maximal cellular inhibitory concentration (IC50) of the each
sample was measured by relating the amount of formazan formed in the solutions by
cell metabolism with MTT after 3 hours.
In the experiments evaluating photo cytotoxicity, both HeLa and MRC cells were
incubated with the prodrugs at five concentrations (RuEuL and PtEuL : 0, 1, 5, 10
and 50 µM; EuL: 0, 10, 50, 100 and 500 µM). After that, the cells were irradiated
with blue light (488 nm, 1 J/cm2). Cell viability was evaluated by using the MTT
assay after 24-hour light irradiation.

2.3.14 In vitro photoactivation and two-photon in vitro imaging

HeLa cells were incubated with the compounds (50 μM of RuEuL or 10μM of
PtEuL (negative control)) for 6 hours and were reinsed with PBS. The prepared cells
were positioned in a tissue culture chamber with living conditions (5% CO2, 37 oC).
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The two-photon confocal microscope was used to obtain pictures. In vitro imaging
results were obtained by using the confocal laser scanning microscope Leica TCS SP8
equipped with a 700-1000 nm laser. Excitation light for imaging is λex = 488 nm,
Power = 7 mW and that for pictures acquiring is λex = 700 nm, Power = 420mW.

2.3.15 Stability test

Emission spectroscopy and mass spectroscopy were used to determine the stability of
RuEuL in water under dark at 37 oC.
Emission spectroscopy: 5 µM of RuEuL was in the dark at 37 oC and emission
spectra were recorded after 0, 3, 6, 12, 18, and 24 hours. The emission spectra
solutions were recorded when the samples were cooled down to 25 oC each time.
Mass spectroscopy: Preliminary treatments of samples were in the similar ways
with those in emission spectroscopy experiments. The concentrations of
[Ru(OH)(bpy)2H2O]+ and EuL were measured by using UPLC-MS/MS. Equipment
and methods have been introduced in section 2.3.10.

2.3.16 pH effect test

PBS buffer at different pH values were prepared (5.0, 5.5, 6.0, 6.5, 7.0, 7.5, 8.0). The
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prodrug, RuEuL, was dissolved into each PBS buffer solution at the concentration at
5µM. All solutions were irradiated for 25 minutes with 450 nm laser (0.8 W) for full
dissociation. The emission intensity was measured in the same way of previous
photophysical studies.

2.3.17 Oxygen effect test

The aqueous solutions of 5 µM RuEuL were prepared. The stock solutions were
separated into two parts. Both were kept in dark. However, one was degased by
ultra-sonication for 30 minutes, but the other was only stored for another 30 minutes
without any further treatment. Both samples were irradiated with 488 nm laser (P=1
W). Emission spectra were recorded at different irradiation time points. The emission
intensity at 615 nm vs. irradiation time were collected and plotted by software.
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2.4 Results and discussion

2.4.1 Photophysical properties

As for the absorption spectra (Figure 11 a), the general photophysical properties for
EuL and RuEuL are similar, such as they have π*-to-π transition in the ligand at the
same energy state (same wavelength) with molar absorption coefficients of 26,970
M-1cm-1 for RuEuL and 6,970 M-1cm-1 for EuL. However, there is no obvious
metal-to-ligand charge transfer in EuL, which can be explained by most absorbed
energy in EuL is emitted in the formation of light. Besides of this, there is one more π
* to π transition happening on bipyridine moiety of Ru(II) complex at 243 nm (π →
π* transition of bpy ligand, ε = 67,380 M-1cm-1) 290 nm (π → π* transition of bpy
ligand, ε = 28,340 M-1cm-1), 400 nm (shoulder, MLCT), and 464 nm (MLCT), ε =
11,200 M-1cm-1. It is because that conjugated structure in the Ru complex can also
absorb light.
As for the one-photon induced emission spectra (Figure 11 b), the spectra was
obtained through one-photon absorption (OPA), where the energy of one photon fits
the corresponding excitation state of EuL. Although emission peaks of EuL and
RuEuL are located at the same wavelength, which means there are similar energy
transfers happening in both compounds, general intensities for different complexes
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are quite different: EuL exhibits strong red emission (575 nm -700 nm, corresponding
to the 5D0→7F0-4 transitions of Eu(III)). However, RuEuL does not show obvious
Eu(III) emission under identical experimental conditions. High emission intensity of
EuL can be accounted by most absorbed energy was transferred to the Ln(III) metal
center and was emitted as luminescence, but not in RuEuL.
The emission spectra acquired through two-photon absorption (TPA) were given
in Figure 11 (c). Different from OPA, TPA is a process where the energy acceptor
obtains two photons to reach the excited state. Therefore, the energy of each photon
for TPA is lower than that of OPA, and then the excitation light with longer
wavelength can be used. By comparing spectrum (a) and (c), there is no obvious
difference in the profile (similar peaks and extinction coefficients), which means NIR
excitation is suitable to acquire the emission spectra, and tracing the release of
RuEuL can be achieved by NIR light with less harm to human bodies.
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Figure 11. (a) Absorption (10 mM, λex= 350 nm), (b) one-photon induced emission
(10 mM, λex= 350 nm), and (c) two-photon induced emission spectra (0.1 mM, λex=
800 nm) of RuEuL or/and EuL in aqueous solution.
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2.4.2 Emission intensity changes of RuEuL under light irradiation

The photo-induced dissociation of RuEuL was simultaneously investigated by
absorption (Fig. 12 a) and emission (Fig. 12 b) spectra of the RuEuL aqueous
solution (5 µM) after irradiation with 488 nm light (P =1 W). After irradiation, the
MLCT band redshifts from 465 to 482 nm, and the absorbance of the π → π*
transition is reduced. Meanwhile, the emission intensity increases with longer
irradiation time because of the more photodisscoaition and the more resulting EuL
units.
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Figure 12. (a) Absorption spectra and (b) emission (λex = 350 nm) spectra of 5 μM
RuEuL in aqueous solution at different time points after 488 nm laser irradiation (P=1
W).
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2.4.3 Qualitative analysis of dissociation process by HPLC

The qualitative analysis of the photodissociation of RuEuL is achieved by HPLC.
Under the same elution profiles, the same components will be eluted out at the same
time. Therefore, by using pure standard samples as reference, direct monitoring of the
dissociation process can be achieved. The HPLC results (see Figure 13) demonstrated
that: after 1-minute irradiation, there were peaks appeared at around 6.0 min, 7.3 min,
and 7.7 min (retention time), which correspond to the peaks of EuL and
[Ru(OH)(bpy)2(H2O)]+. After 8-minute irradiation, there was no RuEuL peak, which
indicated

the

complete

dissociation,

and

peaks

belonging

to

EuL

and

[Ru(OH)(bpy)2(H2O)]+ still existed. The HPLC trace has clearly proved the
successful and complete dissociation of compounds. It is worth noting that, as for
[Ru(OH)(bpy)2(H2O)]+, there were always two peaks. The reason could be the ligand
exchange happening in the Ru (II) moiety, where acetic acid (mobile phase
component) partially replaced water molecules. This reason is supported by the
similar polarity of two ligand exchanging products.
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Figure 13. HPLC instant qualitative analysis of the photodissociation process of
RuEuL

in

aqueous

solution.

(a)

Pure

RuEuL;

(b)

Pure

EuL;

(c)

[Ru(OH)(bpy)2(H2O)]+; (d) RuEuL after 1-min irradiation; (e) RuEuL after 8-min
irradiation of 488 nm laser irradiation (P = 1 W). The concentrations for samples and
the reference are 5 µM in aqueous solution.

42

2.4.5 DNA binding and cleavage

In Figure 14, the interaction of photo-activated RuEuL with DNA was examined by
agarose gel electrophoresis. Results were compared with or without light and other
dosing groups served as controls (buffer, EuL). Without light, there is no difference
seen in the profile between the experimental group and the control groups, which
means the prodrug and the dissociating product, EuL, showed no toxicity. However,
with light irradiation, the delayed migration was observed in the lane of RuEuL. It is
because that the light induced the dissociation of RuEuL and the resulting Ru (II) unit
crosslinked with DNA strands and damaged them. The results showed that the active
drug from RuEuL is able to interfere cell metabolism while the remaining signal
emitter, EuL, has no side effects.

Figure 14. DNA binding and cleavage of RuEuL and control groups: EuL and Buffer
(10mM Tris-HCl, 1mM EDTA, pH = 8.0) in dark and after light irradiation. (Dosage
concentration: 20 µM).
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2.4.6 Quantitative analysis of the drug release

A time-resolved correlation study between Eu(III) emission, MS response, and the
level of ruthenium compounds released was performed (Fig. 15 Top) in order to
monitor the efficiency of the drug release process. There is a high correlation between
Eu(III) emission and the amounts of dissociative products (Fig. 15 middle), meaning
that the concentration of released drug can be simply calculated from the Eu(III)
emission intensity. A pseudo-first order rate constant k was determined from these
data to be 0.43 min-1 under the same experimental conditions as for the photophysical
studies. A 3D diagram of the relationships among irradiation time, emission intensity,
and calculated concentration has also been given as Fig. 15 (bottom) for a clear
illustration of the correlation.
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Figure 15. Quantitative analysis of photodissociation of RuEuL with the irradiation
of 488 nm laser (P = 1 W). (Top) Calibration curves of the concentrations of
[Ru(OH)(bpy)2]+ or EuL vs. MS response or emission intensity respectively. (Middle)
Triple diagram of the photo-dissociation products [Ru(OH)(bpy)2]+ and EuL after
irradiation of 5 µM RuEuL with 488 nm laser light (P = 1W). (Bottom)
Three-dimensional diagram of quantitative analyzing diagram.
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2.4.7 Dark/ Light cytotoxicity evaluation

The efficacy of RuEuL as a light-controlled prodrug is investigated by cytotoxicity
studies. The experiments were performed on both HeLa and MRC-5 cell lines.
PtEuL9 was used as the control group, whose molecular structure is close to that of
RuEuL, except Ru (II) moiety is replaced by cisplatin. EuL was also a control sample
which is for studying the toxicity of dissociated products. The cells were incubated
with each complex respectively for six hours in the dark, and then they were
irradiated by 488 nm light for 8 minutes which ensured complete dissociation. Dark
control groups were run in parallel without irradiation. The IC50 values and
photodynamic index (PDI) are shown in the figure and the table below, where PDI is
the ratio of dark IC50 to light IC50, and larger PDI indicates better photodynamic
therapeutic effects. EuL showed nearly no toxicity in dark or under light, which
proved it as a safe emitter. As for PtEuL, it exhibited high toxicity towards cells both
in dark and with light irradiation, so PtEuL only has poor photodynamic potential. In
contrast, photo-dissociable RuEuL showed significant high PDI. In the dark, it was
nontoxic with IC50 values over 200 μM. However, with light irradiation, it exhibited
cytotoxicity with light IC50 32.5 μM, which is comparable with that of PtEuL (light
IC50 22.9 μM). The difference between dark and light IC50 values is approximately 10
folds, which proves the possibility of RuEuL serving as a photo-activated prodrug.
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Figure 16. MTT dark and photo-cytotoxicity of RuEuL, PtEuL (control) and EuL
(control). PDI is the photodynamic therapy index, equal to the ratio of dark IC50 with
respect to light IC50.

Table 4. IC50 (μM) values of RuEuL, PtEuL (control) and EuL (control) in HeLa cells
under dark and blue light irradiation. [a]

Complex
RuEuL

IC50 in HeLa [μM]
Dark
Light[b]
277.0 ± 7.1
32.5 ± 8.2

PDI
8.5

PtEuL

23.6 ± 0.8

22.9 ± 3.2

1.0

EuL

510.6 ± 12.9

508.2 ± 20.2

1.0

a) Incubation time = 24 hours; b) λirr. = 488 nm, light dosage = 1 J∙cm-2.
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2.4.8 In vitro imaging

The light-induced cytotoxicity of RuEuL towards HeLa cells was also investigated
by confocal microscopy (Fig. 17) with the PtEuL as the control group for comparison.
Preliminary studies were performed in aqueous solution. Both cuvette filling with
solutions were irradiated with 488 nm light for 30 minutes and then excited by 700
nm light for acquiring emission. As shown in the photos on the left side, there was
strong red europium(III) emission detected, which indicated that RuEuL dissociated
into EuL and EuL generated emission. As for PtEuL, no obvious emission from
PtEuL was observed, which means 488 nm light was not able to trigger the drug
release. Previous reports claimed that PtEuL can only be activated by ultraviolet A
(UVA) irradiation or one with shorter wavelength. However, we have known that
UVA irradiation might cause adverse effects on human body, even skin cancers. The
results of in vitro imaging were consistent with those of preliminary experiments.
After 15-minute irradiation, red emission can be observed clearly in cells and, after 30
minutes, the emission intensity increased, because more energy induced more
dissociation activity where more Ru (II) units were left as emitters. Additionally, cell
deformation can also be detected, which resulted from the drug release and the related
therapeutic effects. By contrary, cells incubated with PtEuL showed neither red
emission nor cell death. All these observations proved the ability of 488 nm light
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trigger and the in vitro performance of RuEuL. It is also shown that RuEuL is a
better choice than PtEuL as an anticancer prodrug because of the longer wavelength
light triggering.

Figure 17. (Left) Preliminary experiments on photo-induced dissociation properties
of RuEuL and PtEuL (λex. = 700 nm) in aqueous solution; (Right) Time-resolved in
vitro imaging of 50 µM RuEuL and 10 µM PtEuL (control) with 488 nm light
irradiation (P=7 mW; λex. = 700 nm).
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2.4.9 Stability of the prodrug and the active drug

Dark stability test of the prodrug, RuEuL, was performed in two methods. The first
one is to measure the emission intensity of RuEuL. If a significant amount of RuEuL
dissociates, there will be much EuL unit left which can generates strong emission.
However, no obvious increase in emission intensity was found after 24-hour
incubation in dark. But the emission intensity increased dramatically, right after
8-minute irradiation of 488 nm light on the tested samples. These observations proved
that normal environment cannot cause the dissociation of the prodrug, and only
specific light excitation can trigger the drug release.
The stock solutions were analyzed by LC-MS after irradiation. According to
Figure 18 (B), there was nearly no EuL or Ru(II) moiety in the solutions, which
confirmed the stability of RuEuL in dark.
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Figure 18. Dark stability tests on RuEuL in aqueous solution at 37 oC for 24 hours.
(A) Emission intensity at different time points of 5 µM RuEuL aqueous solution
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stored

at

37

o

C

(λex=615

nm).

(B)

LC--MS/MS

analysis

results

of

[Ru(OH)(bpy)2(H2O)]+ and EuL: the stock solution is 5 µM RuEuL aqueous solution
stocked for different time duration.

The stability of the active drug, [Ru(OH)(bpy)2(H2O)]+, was investigated by LC-MS.
The pure Ru (II) moiety solutions were irradiated under the same experimental
conditions as previous photophysical studies. The concentration was calculated from
the MS response by using standard solutions. As shown in the diagram, there was no
obvious change in the concentration of Ru(II) solutions after 8-min irradiation. Eight
minutes has been shown to be long enough for full photo-dissociation of RuEuL.
Those results proved the active drug is stable enough before the photo-dissociation of
the parent molecule is finished.
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Figure 19. Photo-stability test on [Ru(OH)(bpy)2(H2O)]+: pure Ru(II) complex
solutions were irradiated with 488 nm light (P=1 W) for 8 minutes. LC-MS analysis
was performed at different time points.
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2.4.10 pH effect on the drug release rate

The pH values in human bodies vary among different tissues. Also, Tannock and
Rotin (1989) had already pointed out that it is more acidic in tumours than in normal
organs17. Therefore, it is important for the prodrug behaving normally in a common
pH range. A series of PBS buffer were prepared at a pH range covering normal human
pH values. The prodrug was added and irradiated, and the dissociation process was
monitored quantitatively by measuring the europium emission. Kinetic curves are
plotted and the rate constants are also calculated (similar results have been omitted in
the diagram for clarity). According to Figure 20, RuEuL showed no difference in the
dissociation rate at pH = 5 or 7, although it dissociated slightly faster in water than in
PBS buffer. The results proved that normal pH variation could not affect the
dissociation process of RuEuL.
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Figure 20. pH-variable photodissociation of 5µM RuEuL. The plot of irradiation time
vs. emission intensity at different pH values (λirrad= 450 nm, P= 0.8W).
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2.4.11 Oxygen effects on photodisscoation

Although in vitro imaging has been performed to exhibit the performance of the
prodrug, in vivo environment is quite different with in vitro one. One crucial
difference is oxygen concentration. Varied oxygen concentrations in human bodies
might interfere the function of the prodrug, including interfering the dissociation or
quenching the light signal. Therefore, emission spectra were measured with/without
oxygen. The photodissociation of RuEuL is oxygen independent.
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Figure 21. Time-resolved emission spectra of RuEuL irradiated by 488 nm laser on
(A) normal or (B) degassed condition. C) The plot of emission intensity at 615 nm vs.
irradiation time.
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2.5 Proposal of future work

2.5.1 Purposes of the proposal

Although the functionality of the RuEuL as a prodrug and the potential of other
related lanthanide-based complexes have been proved by comprehensive experiments,
there is still room for more improvement. As mentioned in Section 1.4: Basic
requirements for Ln-based prodrugs, a vector is one important factor for drug
targeting and subcellular localization. Unfortunately, the complexes mentioned in this
thesis have not been equipped with these functions, but possible plans have been
proposed, and the related studies could be finished by myself or other group members
in the future.

2.5.2 Biotin conjugation

To increase selectivity of prodrugs, especially anticancer drugs, one method is to
conjugate the drug with a vector which shows affinity to specific cells.
Because the rapid growth of tumor cells requires a large amount of nutrients
including vitamins, there is an over-expression of vitamin receptors inside of the
cancer cells at the terminal stage of carcinogenesis12, and the uptake for biotin
(vitamin H) is much higher. Therefore, biotin is a particularly promising vector which
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reveals high affinity to various cancer cells and biotin-modified prodrugs are able to
show high selectivity.

Figure 22. Structure of biotin.

The selection of a spacer between the active component and biotin requires deep
investigation. Although some published data show controversial results on the
relationship between spacer and biological activity13. Some researchers claimed
longer spacer-arms are related to higher stability. Additionally, more hydrophobic
diimine ligands are better for emission enhancement18.
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Figure 23. Structure of biotin-based compounds studied in Ref. 18.

2.5.3 Proposed synthetic route of biotin ligand

A Boc group is added to one end of the diamine through condensation reaction, and
the other end then condenses with carbonyl group to form compound 9. The
protecting group is removed by acids and the newly formed amine reacts with
carbonyl groups of biotin derivatives to form the target product, biotin-ligand.

Figure 24. Synthetic route of Biotin ligand.

61

2.5.4 Proposed structure of RuLnL-Biotin

The final product consists of three main moieties. The first one is from cyclen doped
with lanthanides to one nitrogen bonding with Ru. This part serves for traceability,
because the doped metals can either emits light or affects MRI signals and large
conjugated structure can absorb excitation energy then transfer it to lanthanides. The
second one includes Ru (II) and the other five bonded pyridines. After dissociation,
the strained Ru complex serves as an active drug which cross-links with DNA and
inhibit growth of cells. The third part contains biotin and a linker, this part works as a
vector because it can specifically bind to some receptors in cancer cells. Three
different parts have different functions which constitutes the multi-purpose prodrug.

Figure 25. Proposed structure of RuLnL-Biotin.
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2.6 Conclusions

This project is to design and investigate a series of lanthanides-based complexes
conjugated with anticancer moieties and vectors. The target compounds can serve as a
novel generation of pro-drugs with low dark cytotoxicity and can achieve two
important tasks: controllable drug delivery and quantitative monitoring via visible
light emission or possible MRI signals. Besides, especially for RuEuL, the light
cytotoxicity of the compounds and drug-releasing amount can be monitored by
real-time europium emission. Therefore, these multi-functional RuLnL prodrugs can
be considered as promising theranostic models for anti-cancer therapy since it
simultaneously yields quantitative information on drug release. Comprehensive
studies on the integrity, performance and stability have been done to confirm the
potential of those lanthanide-based complexes as luminescent bioprobes for imaging
and inhibition of tumour cells Future works have also been proposed for the
improvement on the selectivity.
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