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Abbreviations 

1O2 Singlet oxygen  
3O2 Ground state molecular oxygen  

CMC Critical micelle concentration  

DMF Dimethylformamide 

DPBF 1, 3-diphenylisobenzofuran  

EPR Enhanced penetration and retention 

ET Electron transfer  

EtOH Ethanol 

FRET Förster resonance energy transfer 

Ge Germanium  

Hp Hematoporphyrin 

HPMA N-hydroxy-propyl methacrylate  

ISC Intersystem crossing 

MCS Modular carrier system 

MW Molecular weight 

NCS Neocarzinostatin  

NIR Near infrared 

O2
- Superoxide ion  

OD Optical density  

PDT Photodynamic therapy 

PEG Polyethylene glycol  

PhCN Benzonitrile 

PIC Photosensitizer immunoconjugate  

PS Photosensitizer 

RB Rose Bengal  

ROS Reactive oxygen species  

S1 First excited singlet state 

SCE Saturated calomel electrode  

SMA Styrene maleic acid 

T1 First excited triplet state 

TAS Transient absorption spectroscopy  

TCSPC Time-correlated single photon counting 
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TP Two-photon  

TPA Two-photon absorption 

ZnOEP Zinc octaethylporphrin  

ZnP Zinc porphyrin  

ZnPP Zinc protoporphyrin  

ΦF Fluorescence quantum yield  

ΦISC Intersystem crossing quantum yield 

ΦΔ Singlet oxygen quantum yield  

τF Fluorescence lifetime 

τT Triplet state lifetime 

τΔ  Singlet oxygen lifetime 
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1 Introduction 
Cancer is one of the leading causes of death in western countries, and its incidence has been 

rising. [Fer07, Jem07] Established cancer treatments, such as cytostatic chemotherapy, 

radiation, and surgery are often inadequate for full recovery and they also have serious side 

effects.    

Photodynamic therapy (PDT) is an alternative non-invasive modality to treat cancers of the 

head and neck, brain, lung, pancreas, intraperitoneal cavity, breast, prostate and skin. Today 

PDT is not only approved for tumor therapy, it is used to treat several other diseases like age-

related macular degeneration, psoriasis and scleroderma as well. [Dol03, Hol03, Ber05]   

 

PDT combines the use of photosensitizing dye molecules (photosensitizer), light and oxygen 

to selectively destroy abnormal tissue. The photosensitizer, after activation with light of 

appropriate wavelength, generates reactive oxygen species, mainly singlet oxygen. This 

cyctotoxic effector destroys the tissue only in the local environment of the photosensitizer 

leading to a defined destruction of the area where light has been applied. [Röd00a, Röd04]       

 

In order to achieve effective treatments with low associated side effects, the photosensitizer 

should selectively accumulate in the tumor tissue following administration to the patient. Up 

to now, photosensitizers approved for clinical use display only a limited tumor specifity. 

[Vro99, Don04] For this reason molecular delivery systems utilizing different targeting 

strategies have been taken into consideration. [Mae02, Yok05, Dun06] Among them are 

liposomes [Jia98, Der04, Sch05], protein nanoparticles [Pol02, Taw06], dendrimers [Bat01, 

Nis03, Pau03], polymeric micelles [Zha03a, Rob06, Nos04] and photosensitizer-

immunoconjugates employing antibodies as targeting units.[Car01, Sav03, Ran07b] 

 

Most of these targeting systems cause selective accumulation in tumor cells. In contrast, the 

photodynamic activity of the photosensitizer-carrier complexes was significantly affected 

compared to the photosensitizer alone. [Ham03, Sav03, Ran05b] It has been found that after 

photoexcitation complex energy transfer mechanisms and nonradiative deactivation processes 

take place among photosensitizers attached to or incorporated in such carrier systems. 

[Erm05, Hac05, Hel05] These processes influence the potential of photosensitizer-carrier 

conjugates to generate cyctotoxic oxygen species. As a consequence, the macromolecules 

may be inefficient for the use in PDT. 
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The present work investigates three promising photosensitizer-carrier systems regarding to the 

photophysical processes after light excitation and their implications for the applicability of the 

complexes for PDT. It is expected that the carrier system itself and the molecular architecture 

of the conjugates have an important influence on the type and efficiency of intramolecular 

deactivation or transfer processes. Revealing the underlying structure-property relationships 

may improve the development of novel PDT agents. 

 

Among the macromolecules studied, the focus is set on the examination of 

hexapyropheophorbide a-fullerene [C60] molecular systems. These complexes are a fractional 

realization of a modular carrier system. [Patent00, Röd06a, Jux06, Ran07b] In second line, a 

poly (ethylene-glycol) based polymer carrier and a styrene-maleic acid block-copolymer 

targeting system are investigated.  

 

The thesis at issue is structured in separate sections. Following the introduction to 

photodynamic therapy and macromolecular carrier systems in chapter 2, the aim of the work 

is specified in detail in chapter 3. Section 4 contains descriptions of the used experimental set-

ups, equations for data analysis and the used materials. In order to provide a basis for the 

theoretical calculations performed in subsequent sections, relevant fundamentals of 

photoinduced transfer processes are given in chapter 5.    

In chapter 6 to 8, results of steady state and time-resolved spectroscopic measurements on 

these conjugates in solution and in vitro are presented as well as theoretical calculations. This 

allowed studying the photoinduced transfer processes in these novel macromolecules and 

resolving the intramolecular interactions limiting the photodynamic activity of 

photosensitizer-carrier complexes. Finally, conclusions are given in chapter 0. 
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2 Photodynamic Therapy  

2.1 Principle of Photodynamic Therapy 

In photodynamic therapy, maglinant tissue is selectively destroyed by a combination of a 

photosensitizing drug (photosensitizer) and light in the presence of oxygen. The schematic 

course of photodynamic therapy is illustrated in Figure 1. After injection, the photosensitizer 

needs to be enriched selectively in the target tissue which typically takes between 3 and 96 

hours. [Bon95] Following the accumulation period, the abnormal tissue is illuminated by light 

of appropriate wavelength through an optical fiber or specialized optical system. The 

photosensitizer (PS) absorbs the light and, in the presence of molecular oxygen (O2), 

generates singlet oxygen (1O2). This type of reactive oxygen species (ROS) damages vital 

structures and functions of cells, resulting in direct tumor tissue destruction. Associated 

effects include damage of the tumor associated vasculature that blocks the oxygen supply to 

the tumor and infiltration of lymphocytes, leukocytes and macrophages into PDT treated 

tissue, indicating activation of the immune response. [Dol02,Gol04] The selectivity of PDT is 

based on directing of light into the target tissue and on the enrichment of the photosensitizer 

in the target tissue through an appropriate carrier system. 

 

Figure 1. Schematic course of photodynamic therapy 

Photosensitizers employed for PDT are mostly cyclic tetrapyrroles. [Röd90a, Ber05] They 

have an extended π-electron system which is the reason for a number of PDT relevant 

electronic properties. The molecules exhibit a high intersystem crossing and singlet oxygen 

quantum yield as well as long triplet lifetimes. [Kor98, Röd90b] As a subset of tetrapyrrolic 

compounds, porphyrins are used as photosensitizers for PDT. [Röd98,Wie01a,Wie01b] A 
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typical member is hematoporphyrin (Hp) derivate that was the first photosensitizer approved 

for clinical PDT in Canada in 1993 under the synonym Photofrin.[Nym04] Another 

representative of this class is zinc protoporphyrin which is part of the photosensitizer-carrier 

complexes investigated in chapter 7 and 8. Phorbides are also employed for PDT, a 

photosensitizer belonging to this family is pyropheophorbide a, part of the 

hexapyropheophorbide a-fullerene [C60] molecular systems studied in chapter 6. [Reg07b, 

Ran07a, Erm05] Another class of molecules used as photosensitizers comprise the 

phthalocyanine and naphthalocyanine group. [Wöh06, Mak06, Pau02]  

2.2 Photophysical processes of photosensitization 

The primary photophysical processes involved in PDT are depicted in Figure 2. Through 

absorption of a photon of appropriate energy hν, the photosensitizing molecule is excited 

from its ground state (S0) to the first excited singlet state (S1) or to higher excited singlet 

states (S2-Sn) in which case an immediate relaxation to the first excited state usually occurs 

(Kasha’s rule). [Kas50] 

 

Figure 2. Jablonski diagram of the primary photophysical processes 

The lifetime of the first excited state τF is typically in the nanosecond region which is too 

short to allow for significant chemical reactions with surrounding molecules. [Wan04] The S1 

state decays via fluorescence emission with rate kF or nonradiative transitions (internal 
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conversion at rate kIC or intersystem crossing kISC) to the ground state or first excited triplet 

state (T1), respectively. [Lak99] [Bir70] An important parameter of the molecule is the 

fluorescence quantum yield (ΦF). It can be calculated by 

ISCICF

F
F kkk

k
++

=Φ
 

(2-1) 

The transition S1→ T1, known as intersystem crossing (ISC), involves a change of 

multiplicity, thus it is spin-forbidden. For tetrapyrrolic compounds this prohibition is 

weakened due to enhanced spin-orbit coupling leading to a high yield of triplet population. 

[Kas50, Kas52] The latter is characterized by the intersystem crossing quantum yield (ΦISC): 

ISCICF

ISC
ISC kkk

k
++

=Φ
 

(2-2) 

As direct transitions from the T1 state to the ground state S0 are strictly spin-forbidden, the 

lifetime of the triplet state is in the micro- to millisecond range.  The long lifetime of the 

triplet state (τT) is a requirement for subsequent photoinduced chemical reactions which 

compete with phosphorescence emission occurring at low rate kP. 

There are two types of photodynamic reactions as defined by C.S. Foote, and followed by 

other authors. [Foo91, Sti93, Dou98, Nym04] An excited photosensitizer in the S1 or T1 state 

can react with a substrate or solvent (Type I) or with oxygen (Type II). In Type I reactions 

hydrogen or electron transfer may occur in both directions yielding radicals or radical ions. 

The produced reactive intermediates, for example hydroperoxyl, and hydroxyl radicals, as 

well as hydrogen peroxide, cause further oxidation of biomolecules. This may lead to cell 

death but concurrently the sensitizer radical immediately reacts with surrounding molecules. 

As a consequence the photosensitizer can not be activated repeatly. The disadvantage of the 

Type I mechanism is the lower efficiency of intermolecular reactions due to the short S1 

lifetime and the destruction of the photosensitizer. [Röd90a]  

For tetrapyrrolic photosensitizers the Type II mechanism leads to reactive singlet molecular 

oxygen by energy transfer (kEnT[O2]) from the excited triplet photosensitizer to molecular 

oxygen (3O2) as illustrated in Figure 2. [Spi98, Pau04, Has89]. Additional deactivation 

pathways of the triplet state occurring with lower probability are electron transfer (kET) to 

molecular oxygen yielding O2
- and physical quenching (kPQ) by molecular oxygen. [Sch03] 

All of these processes depend on the concentration of molecular oxygen in the proximity of 

the photosensitizer. The competing processes leading to deactivation of the first excited triplet 

state can be summarized by the equations: 
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In the following, we derive an expression, characterizing the ability of the photosensitizer to 

generate singlet oxygen in solution on the basis of the underlying photophysical processes. 

The proportion of the triplet state quenched by molecular oxygen (all processes) can be 

calculated by 

[ ]
[ ] PQETEnTP

PQETEnT

kkOkk
kkOk

S
+++

++
=Δ

2

2  (2-4) 

The fraction of excited triplet sensitizer quenched by 3O2 and leading to the generation of 

singlet oxygen is expressed by 

[ ]
[ ] PQETEnT

EnT
T kkOk

Ok
f

++
=

2

2

 
(2-5) 

The singlet oxygen quantum yield (ΦΔ) of a photosensitizer is the ratio of photons absorbed to 

the number of singlet oxygen molecules generated, which is given by:  

[ ]
[ ] ΔΔΔ ⋅

++
⋅Φ=⋅⋅Φ=Φ S

kkOk
Ok

Sf
PQETEnT

EnT
ISCTISC

2

2

 
(2-6) 

For tetrapyrroles under normal air conditions, phosphorescence emission has a very low 

probability compared to quenching processes in the presence of 3O2, thus kP << ( kEnT + kET + 

kPQ ). This means that equation (2-4) simplifies to SΔ=1 and the triplet state lifetime equals to 

τT = ( kEnT[O2] + kET + kPQ )-1. The singlet oxygen quantum yield for tetrapyrrolic compounds 

can therefore be expressed as: 

[ ]2OkEnTTISC ⋅⋅Φ=Φ Δ τ  (2-7) 

In order to achieve a high singlet oxygen quantum yield ΦΔ , the photosensitizing molecules 

should have a high intersystem crossing quantum yield ΦISC, a sufficiently long triplet state 

lifetime τT to increase the probability of close approaches to diffusing oxygen molecules and a 

high energy transfer rate kEnT to molecular oxygen. [Lo03] The latter depends on additional 

characteristics which follow from the properties of singlet oxygen and the process of its 

generation. 
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2.3 Singlet molecular oxygen 

The lowest excited singlet state (2σg)2 (2σu)2 (3σg)2 (1πu)4 (1πg)4  (1Δg) of molecular oxygen 

lies by 0.94eV above the triplet ground state (3Σ g
-). [Mul32, Her34] As the transition from the 

ground state to the first excited state is strictly forbidden (violated selection rules for 

electronic dipole radiation: ΔS≠0, ΔL≠ ±1, parity is not different), the direct excitation by 

infrared light has a very low efficiency due to the weak absorbance. [Sch03] Excitation is 

therefore commonly realized by a spin-allowed energy transfer from a photosensitizer in the 

first excited triplet state, as it is utilized in PDT. For generation of singlet oxygen by energy 

transfer to 3O2, the S1-T1 energy gap of the photosensitizer should be at least 0.94eV.  

In pure liquids, the singlet oxygen lifetime τΔ strongly depends on the solvent due to physical 

quenching of 1O2. In water a value of 3.1µs was obtained.[Sch92] The long lifetime of 1O2, 

the allowed singlet-singlet reaction with organic molecules, and the excited state energy of 

about 94 kJ mol-1 are the reasons for the extraordinary chemical reactivity of singlet oxygen. 

It immediately reacts with biomolecules containing double bonds or allylic hydrogen by 

cycloaddition or the “ene” reaction, respectively. [Ran78, Aub95] When generated within 

cells, singlet oxygen destructs cellular constituents, e.g. membranes [Koc96], DNA [Rav04] 

and mitochondria [Pau03] which precipitates cell death. Due to the high reactivity, the 

lifetime of singlet oxygen in biological environments is very low τΔ ≤ 0.6µs. [Moa90, Bak92, 

Nie02] The diffusion constant of 1O2 in cells at room temperature is about D = 1.4×10-5cm2s-1. 

[Moa81] Using these values, the mean diffusion length of 1O2 can be calculated to 

δ = (6DτΔ)1/2 ≤ 0.07µm. From this estimation it is apparent that singlet oxygen reacts only on 

its side of formation. 

The efficient generation of singlet oxygen is of key importance in the development of new 

photosensitizers, carrier systems and treatment conditions. Therefore the detection of singlet 

oxygen and determination of the 1O2 lifetime, as an indicator of its immediate environment, 

has achieved great attention during the past decades. In the late 1970s direct spectroscopic 

detection of the weak 1270nm (1Δg → 3Σ g
-) phosphorescence emission from 1O2 became 

possible. [Kra76] This method, using LN2 cooled Ge-diodes as sensitive NIR detectors, has 

become the standard technique to investigate processes in which singlet oxygen is involved. 

Röder and co-workers demonstrated the time-resolved detection of singlet oxygen emission in 

a biological environment using red-cell ghost suspensions.[Oel94, Oel97] With the 

introduction of near infrared photomultipliers, whose quantum efficiency in the 1270nm 

region is an order of magnitude larger the Ge-diodes, the first determination of singlet oxygen 
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lifetime in vivo was made. [Nie02] Latest results showed that spatially resolved singlet 

oxygen detection is even possible on a subcellular level under the precondition that cells were 

incubated with D2O. [And02, Zeb03, Zeb04, Sny04, Sko05, Sny05] In addition to the 

introduction to singlet oxygen, it is noteworthy that molecular oxygen has also a higher 

excited singlet state (1Σg
+) with excitation energy of 157 kJmol-1 or 1.6eV. Direct excitation 

from the ground state violates the spin and parity selection rule, thus is not effective. 

Moreover the 1Σg
+ state is very fast and completely deactivated to the metastable 1Δg state in 

collisions with other molecules. [Sch03] 

 

2.4 Factors affecting PDT efficiency  

There are three areas to be considered for the design of effective PDT treatments. The first 

one concerns the photophysical and photochemical processes underlying PDT which have 

been introduced in the previous sections. The second matter deals with the application of light 

to the tumor, e. g. light doses, light penetration and light sources, a topic not covered in this 

thesis. The third area comprises in vivo transport and localization processes of the 

photosensitizing agent in the body which is dependent on the used carrier system. 

So far in clinical PDT the first and second generation photosensitizers consisted of basic 

tetrapyrroles, therefore photosensitizing properties and tumor selective accumulation 

depended on the structure of the photosensitizer employed. [Wie01a] It turned out that not all 

demands of an effective treatment can be equally fulfilled by this approach. For example 

hydrophobic photosensitizers tend to aggregate in aqueous solutions decreasing their 

photodynamic activity, while hydrophilic photosensitizers display a decreased tumor cell 

uptake and are rapidly cleared in vivo. [Eic00, Röd00b, Woo92, Sch95] With the introduction 

of so called third-generation photosensitizers, consisting of the photosensitizing agent and a 

carrier system covering the whole pathway from administration to specific accumulation in 

tumor cells, more efficient PDT therapies can be developed. [Röd06a, Hel04, Ham01,Nos04] 

The requirements for suitable photosensitizers and the demands for adequate carrier systems 

are summarized in Table 1. An “ideal” photosensitizer should have a high singlet oxygen 

quantum yield, as outlined in section 2.2, and a high absorbance between 600nm and 900nm, 

in which biological tissue shows increased transmission. [Wil85, Nym04, All04] It should 

exhibit a low darktoxicity, meaning no toxicity without illumination, and a good 

biodegradability equivalent to a possible metabolic decomposition of the photosensitizer 

without the generation of toxic byproducts. 
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Photostability of the photosensitizer is required to avoid degradation of the molecule under 

illumination (photobleaching). On the contrary this can be an advantage as well because 

through degradation of the strongly absorbing photosensitizers in the upper cell layers, 

penetration of light to deeper tissues will be possible. [Pat94] The tendency of 

photosensitizers to aggregate within the cell is unwanted as it leads to a decrease of the triplet 

quantum yield as well as the singlet oxygen quantum yield according to equation (2-7) 

[Wan04, Eic00] 

Table 1. Important requirements for effective photodynamic therapy 

Photosensitizer related requirements Carrier system related demands 

High singlet oxygen quantum yield (ΦΔ)  Selective accumulation in the tumor tissue 

Strong absorption between 600nm-900nm Enhancement of intracellular uptake 

Low cytotoxicity  Low immunogenicity, Non toxicity 

Biodegradability  High loading capacity 

Photostability Macromolecularity 

Low self-aggregation within the tumor cell Watersolubility (for parenteral 

administration) 

Accumulation in vital subcellular structures of tumor cells 

A selective enrichment of the photosensitizer in tumor tissue keeps the concentration in 

healthy skin tissue low, thus the patient is not pronounced sensitive to sunlight, a serious 

problem in clinical treatment with photosensitizers of 1st generation.[Bel06] Moreover the 

amount of photosensitizer applied, in parenteral therapies typically 1-5mg photosensitizer per 

kg body weight, can be reduced. [Hir99, All04] A destruction of cancer cells via ROS 

generation is only achievable if the photosensitizer accumulates inside tumor cells, therefore 

the transport system should enhance the intracellular uptake of the photosensitizer. [Ran07b] 

Furthermore the carrier should be non-immunogenic and in a perfect sense completely shield 

the photosensitizer from its biological environment during passage to tumor cells (“Stealth 

delivery system”). This may result in minimization of systemic side effects, for example 

administrative irritations and pain, often observed in clinical PDT. [All04, Nym04]  The 

carrier is supposed to have a high loading capacity for the photosensitizer. After tumor cell 

uptake the carrier releases the photosensitizer [Gil04, Rue99], or it remains attached to the 

dye molecules [Sav05]. In the first case the photosensitizer’s tendency to accumulate in vital 

cell organelles, e.g. mitochondria, cell membrane (See section 2.3), is of importance while in 
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the latter case the carrier also influences the intracellular distribution of the photosensitizer. 

Another requirement that has been gaining more attention during recent years is the 

macromolecularity of the carrier-photosensitizer complex. Small particles are rapidly washed 

out of the blood stream through the kidney whereas heavier particles have a longer plasma 

residence time [Mae01a]. The prolong circulation time is necessary to achieve higher 

concentrations of the complexes in the target tissues.     

 

2.5 Macromolecular carrier systems  

In this work polymers are used as building blocks of macromolecular carrier systems. 

Polymers are especially attractive, primarily because of their ease of processing and the 

ability to control their chemical and physical behaviour. Developments in polymer science 

allowed synthesizing water-soluble polymers which showed low immunogenicity, low 

polydispersity, nontoxicity and biodegradability which satisfies many of the demands 

disussed in the previous section. [Dun06, Haa06] 

Macromolecular carrier systems for PDT can be classified into two categories according to 

their mechanism of targeting: active and passive targeting systems.  

 

2.5.1 Active targeting  

Active targeting refers to the efforts to increase the delivery of the photosensitizer to a target 

tissue through the use of specific interactions at target sites. These interactions include antigen 

receptor binding. [Yok05] To this category belong peptide-based delivery vehicles [Bis99], 

amino acid photosensitizer conjugates [Ogu05], glucose-based transporters [Zha03b] and 

photosensitizer immunoconjugates (PICs) employing antibodies as targeting units [Vro99, 

Sav03, Don04, Ran07b].  

 

Several ways to realize such drug targeting systems have been proposed, initiated by Paul 

Ehrlich‘s vision of the “magic bullet” at the beginning of the last century. In 1975 Ringsdorf 

proposed a model where a number of drug molecules are bound by spacers to a linear polymer 

backbone to which targeting moieties or solubilizing groups may be connected additionally. 

[Rin75] An alternative concept was proposed by Röder, namely the modular carrier system 

(MCS) as depicted in Figure 3. [Röd00a] An adressing unit, e. g. an antibody or ligand, is 

connected to a multiplying system carrying a higher number of photosensitzing molecules 



   2. Photodynamic Therapy 

 18 

(PS) to achieve PDT relevant dye concentrations in the target tissue. The coupling of the 

several PS directly to the adressing unit may reduce its specific binding capability, therefore a 

multiplying system is employed which consumes only one binding site at the targeting unit.     

PS

PS

PS

PS

PS

Multiplier 

PSPS

Targeting 
Unit 

 

Figure 3. Scheme of the modular carrier system for PDT. 

First attempts employed dendrimers as a multiplying systems.[Hac05, Pau03, Bat01] In this 

work hexapyropheophorbide a- fullerene [C60] molecules were studied as a step towards the 

realization of a MCS. The multiplying system is constructed by a central building block, in 

this case a [C60]-fullerene, and a dendritic branching architecture connecting the 

pyropheophorbide a photosensitizing moieties. [Erm05, Hel06, Röd06b, Reg07b]  

In this work emphasis is placed on the photophysical transfer processes occurring in these 

multichromophoric conjugates after photoexcitation which directly influence their 

applicability as an active agent for PDT.  

2.5.2 Passive targeting  

Passive targeting is based on the physical and chemical properties of the carrier which are 

adjusted to meet the physiological differences between target and non-target tissues. Carriers 

belonging to this category include liposomes [Jia98, Der04, Sch05], protein nanoparticles 

[Pol02, Taw06], and polymeric micelles [Zha03a, Rob06, Reg07a, Nos04]. The power of 

passive targeting has been underestimated during the last ten years because it was not 

expected to reach the high specificity to target tissues that was possible with the use of 

antibodies. Due to the renaissance of the enhanced permeability and retention (EPR) effect 

discovered already in 1986 by Matsumura and Maeda, this situation has completely changed. 

[Mat86] Today passive accumulation in tumor tissue due to the EPR effect can be regarded as 

a standard for targeted delivery to solid tumors. For macromolecular carrier systems with 
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molecular weights above 40-50kDa, the EPR effect demonstrated in vivo drug enrichment 

factors beyond 2000 between blood stream and malignant tissue with high targeting accuracy 

[Mae00, Gre03].   

Small 
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Macromolecules Blood stream

Normal tissue

Tumor tissue
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Figure 4. Schematic representation of the enhanced permeability and retention (EPR) effect.  

The EPR-effect is based on structural differences between tumor tissue and healthy tissues. 

Low molecular weight compounds do not show any discrimination, they enter into normal 

and tumor tissue through the endothelia cell layer of blood capillaries by free diffusion-

dependent equilibrium as shown in Figure 4. Macromolecules cannot pass the endothelial cell 

barrier of normal tissue but they can penetrate into tumor tissue because the endothelial cell 

layer of tumor tissue is leaky, resulting in an enhanced permeability of blood capillaries. In 

normal tissue clearance of macromolecules and small size particles occur rapidly and steadily 

via the lymphatic system whereas in tumor tissue the drainage system is defective. For this 

reason macromolecules are retained in the tumor and accumulate to high doses independent of 

the specific type of tumor. [Mae01a, Mae02] 

In this thesis two constitutively different topologies of passively targeting carrier systems 

basing on the EPR-effect are investigated. Their principle structure is shown in Figure 5.  

The first topology employs a linear polyethylene glycol (PEG) chain attached to Zn-

protoporphyrin (ZnPP) by a spacer molecule. The PEG chain solubilizes the hydrophobic 

ZnPP molecule and imparts the desired macromolarity. 
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Figure 5. Passively targeting topologies of polymeric macromolecular carrier systems for 
PDT. 

In contrast to the covalent coupling between PS and polymer carrier, the second system 

incorporates the photosensitizer in a non-covalent manner. It consists of a watersoluble poly 

styrene-maleic-acid (SMA) block-copolymer which forms stable micelles entrapping Zn-

protoporphyrin.  
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3 Aim of the work 
This thesis addresses a number of questions which influence the potential of the molecular 

systems under study for their use in photodynamic therapy. The questions may be divided into 

two groups. 

The first issues address the suitability of the carrier system itself and the influence of the 

carrier system on incorporated or attached photosensitizers: 

 

• Collection of basic photophysical properties of the carrier-photosensitizer complexes in 

solution in comparison to the photosensitizer alone.  

• Does the polymer carrier change the ground state and/or excited state properties of the 

photosensitizer and if, how does it affect the photophysical parameters being relevant for 

PDT.  

• Does the carrier system quench the generated singlet oxygen?  

• Does the polymer carrier improve cellular uptake of the photosensitizer? 

• Is the photosensitizer released by the transport system after tumor cell uptake? 

• Which molecular topology of the systems investigated is most suitable for actively and 

passively targeting strategy? 

• Are there any carrier induced effects which might be utilized to improve current PDT 

treatments?  

 

The second set of questions is related to the photophysical interactions among 

photosensitizers in the different investigated systems as well as deactivation processes after 

photoexcitation:   

 

• What kinds of energy transfer processes take place among photosensitizers incorporated 

or attached to the carrier after photoexcitation? What are the rate constants for these 

processes? How do they influence the energy transfer to molecular oxygen? 

• In case that there are different types of interactions between photosensitizers, which 

process is dominant? 

• How do the systems behave under in vitro conditions in comparison to their properties in 

solution? 
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The influence of the carrier system on the incorporated dye molecules and the photophysical 

interactions among photosensitzing molecules is expected to affect the phototoxicity of the 

studied systems against tumor cells. In order to evaluate this dependency, previous results 

from in vitro photobiological experiments will be reviewed and linked to the photophysical 

studies. 
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4 Experimentals 

4.1 Methods 

4.1.1 Steady state absorption and steady state fluorescence 
spectroscopy 

Ground state absorption spectra were recorded using a commercial two beam-absorption 

spectrometer (UV-2501PC, Shimadzu, Japan) at room temperature. The optical density (OD) 

of the sample can be determined in the range from 200nm to 1100nm. The spectral bandwidth 

of the system is 2 nm and the error of the measured optical density is ±0.005 under the 

precondition that the OD ranges below 1.5. The precision of wavelength calibration is ± 

0.5mm. 

 

Steady state fluorescence spectra were measured in 1 cm × 1 cm Quartz optical cells 

containing the dissolved compound. The samples were excited using a combination of a cw-

Xenon lamp (XBO 150, Osram, Germany) and a grating monochromator (model 77250, Lot-

Oriel, Germany). A polychromator with an attached cooled CCD sensor (InstaSpec IV, Lot-

Oriel, Germany) served to record photons emitted by the sample in the range between 400nm 

and 930nm. The fluorescence quantum yield of an unknown compound Φu can be obtained by 

comparison of the fluorescence intensity relative to a known standard according to  

S
Su

uS
u nFA

nFA
Φ⋅

⋅⋅
⋅⋅

=Φ 2
0

2

 (4-1) 

, where: the u subscript refers to the unknown and s to the standard and other symbols have 

the following meanings: (Φ is quantum yield, A is absorbance at the excitation wavelength, F 

is the integrated emission area across the band and n's are index of refraction of the solvent 

containing the unknown (n) and the standard (n0), respectively. [Par60, Eat88]  

4.1.2 Fluorescence lifetime measurements by TCSPC 

Fluorescence lifetimes were measured by time-correlated single photon counting (TCSPC) 

technique [Con84]. It relies on the concept that the probability distribution for emission of a 

single photon after excitation yields the actual intensity distribution over time of all the 

photons emitted as a result of excitation. By sampling the single photon emission after a large 

number of excitation flashes, the experiment constructs this probability distribution or in other 
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words the fluorescence decay of the sample. The experimental set-up is shown in Figure 6. 

The femtosecond pulses of a mode-locked Ti:Sapphire laser (Coherent Mira 900, FWHM 200 

fs, 75MHz) were frequency doubled by Second Harmonic Generation (SHG). These pulses 

(400nm) were used to excite the samples located in the probe chamber (Pr). The adjustment of 

polarizer P1 allowed tuning the intensity of the laser beam in combination with the fixed 

polarisator P2. The intensity was adjusted so low that approximately one fluorescence photon 

is detected every few hundred excitation pulses which satisfies the single photon counting 

condition. The excitation pulse is split such that a photodiode (PD) is triggered at the same 

time that the sample is excited and when a fluorescence photon is detected by the 

microchannel plate photomultiplier (S 3809, Hamamatsu), the time difference is measured 

electronically (SPC 600, Becker & Hickl GmbH, Germany). A monochromator (MC) in the 

detection path served to select the detection wavelength whereas an additional filter (F) cuts 

off scattered excitation light. All measurements were performed in the magic angle (Analyser 

A set to 54.70) to cancel out the influence of time-resolved anisotropies. [Mak06, Kor98] 

 

Figure 6. Schematic assembly of the TCSPC set-up. A: Analyser, F: Filter, L1,2,3: Lenses, MC: 
Monochromator, P1,2: Polarizer, PD: Photodiode, MCP-PMT: Micro channel plate 
photomultiplier, Pr: Probe chamber, SHG: Second Harmonic Generation 

Depending on the sample, it is assumed that the fluorescence decay is one or multiexponential 

and can be described by a model function according to: 
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Because of the finite duration of the excitation puls and the response of the PMT, the 

measured fluorescence decay ME(t) is actually a convolution of the instrument function IRF(t) 

with I(t). The IRF could be measured at the excitation wavelength with Ludox (Aldrich, 

Germany), the FWHM of the IRF was determined to 80ps. 
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A testfunction MT can be generated which predicts the measured fluorescence decay in 

dependence on the paramters ai  and τi contained in the model function.   
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(4-3) 

Minimization of the least-square error function between MT and ME allows determining the 

parameters of the fluorescence decay: 
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A routine (vfit, written by S. Tannert) was applied to minimize the least-square error between 

the model function convoluted with the instrument response function and the measured data 

set. 

4.1.3 Steady-state singlet oxygen luminescence spectroscopy 

Spectrally resolved measurements of the weak 1270nm singlet oxygen luminescence 

generated by the sample were carried out utilizing the set-up depicted in Figure 7. A cw 

Ytterbium:YAG laser (Versadisk, ELS, Germany) equipped with a SHG unit was used to 

excite the sample within the probe chamber (Pr) at 515nm with 5-10mW power. The emitted 

luminescence was focused on the entrance slit of a Czerny-Turner monochromator (Digikröm 

240, CVI Laser Corporation, USA, grating: Au coated, 600 lines/nm).  

 

Figure 7. Schematic assembly steady-state singlet oxygen luminescence set-up. F: Silicon-
Filter, InGaAs-PD: liquid nitrogen cooled InGaAs-photodiode, L1,L2: lenses, MC: 
Monochromator, Pr: Probe chamber, S: Shutter, Sh: Shopper, SHG: Second 
Harmonic Generation 

The fluorescence emitted from the sample was suppressed by Silicon filter (F) placed in front 

of the entrance slit. The singlet oxygen luminescence was detected by a slow (fmax~20Hz) 
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liquid-nitrogen cooled InGaAs photodiode (ILN020, Electro-Optical System, USA). Lock-in 

technique was employed to recover the luminescence signal from the noise background. For 

this purpose a shopper (Sh) operating at 4Hz modulated the excitation beam. The sinusoidal 

signal from the photodetector was fed in the Lock-in amplifier (Mod. 5109, EG&G, USA) 

together with reference signal from the chopper. The output voltage signal of the Lock-in was 

read out by a personal computer (PC) which also controlled an additional shutter (S) to 

prevent photobleaching of the sample prior to the measurement. [Spi98] 

 

For a homogenous solution, the signal obtained from the photodiode is given by the product 

of the sensitivity α of the set-up, the radiative decay constant of singlet oxygen kr and the 

number of singlet oxygen molecules [1O2] contributing to the signal. 

[ ]2
1OkI r ⋅⋅= α  (4-5) 

The number of singlet oxygen molecules can be obtained by solving the differential equations 

under steady state conditions and constant illumination Iex of the sample basing on the 

processes shown in the Jablonski diagram. (See Figure 2.) By a stepwise procedure, starting 

with [S1] state, followed by the [T1] state, we can obtain the [1O2] population: 
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Iex is the number of incident photons per second along the optical path and the product Iex(1-

10OD) refers to the number of excited photosensitizer molecules per second. For a description 

of τF, kISC, kEnT and τΔ see section 2.2 and 2.3. The expression for the [1O2] state can be 

further simplified by introducing ΦISC = kISC⋅τF and substituting equation (2-7). We get: 

[ ] )101(2
1 OD

exIO −Φ= ΔΔτ  (4-7) 

Replacing the expression for [1O2] in equation (4-5), yields the equation for the signal 

measured by the photodiode: 

)101( OD
exr IkI −⋅⋅Φ⋅⋅⋅= ΔΔτα  (4-8) 

The measured signal is directly proportional to the singlet oxygen quantum yield of the 

sample. This opens up the possibility of determining the singlet oxygen quantum yield of an 
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unknown sample by comparison of the spectrally integrated signal generated by the unknown 

compound and a known standard. If the sensitivity of the set-up α, the optical density OD, the 

excitation intensity Iex and the singlet oxygen lifetime τΔ are kept constant, the singlet oxygen 

quantum yield of the unknown sample is given by: 

ref
ref

sample
sample

I
I

ΛΔ Φ⋅=Φ  (4-9) 

4.1.4 Time-resolved singlet oxygen luminescence  

The time-resolved detection of singlet oxygen generated by the photosensitizer was performed 

by measurement of the 1270nm luminescence of 1O2. The experimental set-up is shown in 

Figure 8. The sample in the probe chamber (Pr) was excited using the pulses generated by an 

optical parametric oscillator (OP 901-355, BM Industries) which was pumped by the THG of 

a Nd:YAG laser (BM Industries, Evry Cedex, France). Pulses are generated at a frequency of 

20Hz, the length of the excitation puls is a few nanoseconds and the energy of each puls 

ranges between 0.1 and 1 mJ which could be controlled utilizing a puls energy meter 

(PEM100, LTB, Berlin). 

 

Figure 8. Schematic assembly of the time-resolved singlet oxygen luminescence set-up. F1,2: 
Filter, Ge-PD: liquid nitrogen cooled Ge-photodiode, IF: Interference filter, OPO: 
Optical parameteric oscillator, OZ: Oscilloscope, P: Puls energy meter, Pr: Probe 
chamber, S: Shutter, T: Telescope 

A telescope (A) served to widen the beam and a filter (F1) was employed to limit the intensity 

of the excitation light. The singlet oxygen emission was detected using a liquid nitrogen 

cooled Ge-photodiode (North Coast, Inc., Santa Rosa, CA). For wavelength selection, a 

combination of a silicon filter (F2) and interference filter (IF) for 1270 nm was placed in front 

of the Ge-photodiode. An oscilloscope (HP 54542A, Hewlett Packard, USA) recorded the 
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detector signal over time which in turn was transmitted to a personal computer (PC). The 

latter also controlled a shutter (S) to prevent photobleaching of the sample prior to the 

measurement. [Oel97] 

 

Similar to the steady-state singlet oxygen measurement, the signal obtained from the 

photodiode is governed by equation (4-5) but the number of singlet oxygen molecules is now 

time-dependent. The time evolution of [1O2] can be obtained by solving the differential 

equation for the O2(1Δg) state basing on the processes shown in the Jablonski diagram. (See 

Figure 2.) Inserting the solution in equation (4-5) yields the rise and decay kinetics of the 

time-resolved 1O2 signal: 
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,where the product Iex(1-10OD) denotes the number of excited photosensitizing molecules 

shortly after excitation (t=0). τΔ and τT(O2) are the singlet oxygen lifetime and the lifetime of 

the first excited triplet state of the photosensitizer under the presence of oxygen. From 

equation (4-10) it is apparent that the amplitude of I scales linear with the singlet oxygen 

quantum yield. This opens up the possibility of determining the singlet oxygen quantum yield 

of an unknown sample by comparison of the signal generated by the unknown compound and 

a known standard. Under the conditions that sample and reference compound are dissolved in 

the same solvent and exhibit the same optical density at the excitation wavelength, the singlet 

oxygen quantum yield of the unknown sample is given by: 
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, where Isample, Iref are the measured amplitudes of the 1270 luminescence signal and Iex refers 

to the excitation puls energies for sample and reference accordingly. For the validity of 

equation (4-11) it is further necessary that the sensitivity α of the set-up is held constant and 

the excitation intensity is kept low to avoid bleaching effects.  

4.1.5 Laser flash photolysis 

In this work, laser flash photolysis was employed to study the time-dependent population of 

the first excited triplet state of the photosensitizer. Figure 9 depicts the experimental set-up. 

The probe was excited using laser pulses emerging from the OPO system / Nd:YAG laser as 

already described in section 4.1.4. The cw probe beam traversed the sample perpendicular to 
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the excitation beam and was generated by a combination of a Xenon arc lamp (XBO 100, 

Osram, Germany) with attached monochromator. The transmitted light passed an interference 

filter for the wavelength of the probe beam to suppress scattered excitation light in addition to 

fluorescence emitted by the sample and was further detected by a fast Si-photodiode. The 

signal was amplified, recorded by an oscilloscope (HP 54542A, Hewlett Packard, USA) and 

transmitted to a personal computer.  

 

Figure 9. Schematic assembly of the laser-flash photolysis set-up. F1: Filter, IF: Interference 
filter, L1,2,3: Lenses, OPO: optical parameteric oscillator, OZ: Oscilloscope, Pr: 
Probe chamber, S: Shutter, PD: fast Si-photodiode, T: Telescope 

The parameter monitored by laser flash photolysis is the time-dependent change in the 

sample’s optical density ΔOD(t) probed at the wavelength λ of the T1-Tn transition of the 

photosensitizer, and it is given by 
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where OD(t<0) and OD(t) are the optical densities before and after excitation, respectively. 

These are related by the Lambert-Beer Law to the intensities of the transmitted light before 

and after excitation denoted by I0 and I(t), respectively, or to the product of the triplet 

difference molar absorption coefficient ΔεT(t), the time-dependent concentration of the 

molecules in the first excited triplet state [T1] and the path length l through the sample 

solution.  

The decadic logarithm in equation (4-12) can be substituted by the natural logarithm due to 

the identity )10ln(/)ln()(log10 xx = . For small changes of x around 1, the natural logarithm 

can be approximated by xx ≈)ln( -1. Expression (4-12) can further be simplified to  



  4. Experimentals 

 30 

[ ] lT
I

I
tI

tII
tOD T ⋅⋅Δ=

⋅
Δ

≈
⋅

−
=Δ 1

0

0

10ln10ln)(
)(

)( ελ  (4-13) 

Equation (4-13) shows that by measuring the change in the intensity ΔI, the time-resolved 

decay of the first excited triplet state can be obtained.   

The method of laser flash photolysis was also used to determine the generation of singlet 

oxygen indirectly via triplet lifetime measurement. In the following, an expression is derived 

relating the first excited state triplet lifetime τT in the presence and absence of oxygen to the 

singlet oxygen quantum yield ΦΔ.   

In the absence of molecular oxygen in solution (remove of oxygen by flushing of the sample 

with N2 gas), a sample excited to the first excited triplet state T1 will decay with an 

unimolecular (first order) decay rate constant k(N2). This constant is the sum of all 

deactivation processes of the triplet state in the absense of molecular oxygen and is given by 

PQET kkNk +=)( 2 as explained in section 2.2. This is only valid under the precondition that 

low intensity excitation pulses (<10% conversation to the triplet state) are used. In this case 

interactions among excited triplet photosensitizers are improbable due to the low generated 

concentration of triplet photosensitizers [T1].  The concentration decreases with time 

according to:  
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The decay lifetime of the triplet state in the absence of oxygen τ(N2) can be obtained by an 

exponential fit to ΔOD(t) or ΔI(t). When the triplet state is being quenched by molecular 

oxygen, a second order decay is observed: 
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Normally the ground state oxygen concentration [O2] (typically 10-3 to 10-4 M) is much higher 

than the concentration of photosensitizers in the triplet state (typically 10-6 to 10-7 M) and so a 

pseudo-first order rate constant k(O2) can be assumed: 
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The triplet lifetime in the presence of oxygen and absence of oxygen is given by 

[ ]( ) 1
22 )( −++= PQETEnTT kkOkOτ  and ( ) 1

.2 )( −+= PQETT kkNτ  , respectively. Substituting both 

expressions in equation (2-6), the value of the singlet oxygen quantum yield can be indirectly 
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determined by: 
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4.1.6 Picosecond transient absorption spectroscopy (ps-TAS) 

Transient absorption spectroscopy (TAS) is usually performed to follow population dynamics 

of different electronic states and deactivation processes after excitation. The typical pump-

probe experimental set-up is shown in Figure 10.  

 

Figure 10. Schematic assembly of the ps-TAS set-up., F1,2: Filter, L1,2: Lenses, OPG/OPA: 
optical parametric generation/amplification, P: Polarizer, Pr: Probe, S1,2: Shutter, T: 
Telescope  

The probe beam consisted of a white light continuum which was generated in a cell with 

D2O/H2O mixture using intense 25 ps single pulses from a Nd:YAG laser (PL 2143A, Ekspla) 

at 1064 nm. Before focusing into the cell using lens L1, the IR laser radiation passes through 

the 4-pass mechanical delay line to introduce a time delay up to 15ns with respect to the 

pumping light. After white-light was generated, it is re-collimated by a lens L2 and traverses a 

filter F1 to remove remaining IR laser radiation. Two pinholes reduce the diameter of the 

white light beam to 1 mm, a second filter F2 allowed adjusting the intensity of the beam. The 

polarizer P2 was set to the magic angle (54.70) in order to avoid time-dependent anisotropy. 

Before passing through the probe Pr, the continuum radiation was split to get a reference 

spectrum. The transmitted as well as the reference beam were focused into two optical fibers 

and were recorded simultaneously at different traces on a CCD-matrix (Lot-Oriel, Instaspec 

IV). Radiation from an OPG/OPA (Ekspla PG 401/SH, tuning range 200 – 2300 nm) pumped 
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by third harmonic of the same laser was used to excite the molecules at the chosen optical 

transition. Polarization rotating prism P1 rotated the polarization plane of the excitation beam 

from horizontal to vertical and the telescope was introduced to increase the homogeneity of 

the excited area. The pump beam is focused slightly by a cylindrical lens to obtain a 5mm × 2 

mm excited area on the 5mm Quartz cell. The probe beam passes through the excited region 

just behind the front wall of the cell. 

The measurand of TAS is the change in the optical density of the sample ΔOD(λ,t) in 

dependency of the delay between pump puls and probe puls 
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, where OD*, T* are the optical density and transmission of the excited probe. OD and T refer 

to the optical density and transmission of the non-excited probe. The analysis of TAS spectra 

is more complicated because three different processes (transients) contribute to the ΔOD 

signal. Firstly, a fraction of the photosensitizer molecules remain in the ground state and 

therefore show a reduced or so-called saturated absorption compared to the unexcited 

ensemble. This behaviour is characterized by an absorption cross section GAσ and leads to a 

negative ΔOD signal. Second, the photosensitizer molecules in the excited S1 state or T1 state 

cause a positive ΔOD signal due to possible transitions to higher excited states. An induced 

absorption cross section 
1,SIAσ  for S1-Sn transitions or 

1,TIAσ for T1-Tn transitions reflects this 

feature. Third, the probe beam causes stimulated emission emerging from the 

photosensitizer’s excited S1 state. This process, named transient amplification, is described by 

the absorption cross section TAσ and leads to a negative ΔOD signal. Considering all of the 

three transients, the ΔOD signal for a three-level (S0,S1,T1) system is given by  

( ) [ ] [ ] [ ]{ }1,01, 1110ln
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, where Δ[S0] = [S1] + [T1] denotes the ground state depletion. [Zeu02b] As the transients are 

located separately or partly overlapping in the ΔOD(λ,t) spectra, the time-evolution of the S1 

and S0 state can be obtained in addition to excited state absorption cross sections and 

intersystem crossing efficiencies. This was accomplished by utilizing a fitting procedure 

described in [Rüc97] and coded by Dr. A. Zeug.  
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4.2 Materials 

4.2.1 P6, FHP6 and FP6  

The hexapyropheophorbide a-fullerene [C60] super molecules were synthesized by Dr. 

Matthias Helmreich and Dr. Jux from the research group of Prof. Hirsch. Erlangen University, 

Germany. The preparation of FHP6, P6 and FP6 and reference materials P1, P2 included a 

high number of synthetic steps and elaborate purification and characterization procedures. 

These are described in detail in the doctoral thesis of Dr. Helmreich. [Hel06]  

Briefly, for the synthesis of FHP6 and FP6, malonic acid was modified by the attachment 

of a C6-spacer unit and further coupled to a first generation Newkome dendrimer. The 

resulting malonate was deprotected and subsequently reacted with the pyropheophorbide 

carrier to give the desired reference material P6. For the synthesis of FP6 the malonate was 

coupled to C60 yielding the fullerene monoadduct.  After removal of the protecting groups, the 

fullerene hexaacid was obtained and immediately coupled with the pyropheophorbide carrier 

which yields compound FP6.  To obtain FHP6 five additional diethyl malonates were 

coupled to the fullerene core on the stage of the fullerene monoadduct. The resulting [5:1]-

hexakisadduct was deprotected and subsequently coupled to the pyropheophorbide carrier, 

thus the desired [5:1]fullerene hexakisaddukt FHP6 was obtained.  

4.2.2 PEG-Zinc protoporphyrin 

The synthesis of PEG-ZnPP was performed in the research group of Prof. Maeda at 

Kumamoto University School of Medicine, Japan. The sequence of synthetic steps required to 

obtain the pegylated form of ZnPP is described in detail in reference [Sah02]. Firstly an 

aminated derivate of protoporphyrin was obtained by a stepwise reaction with 

ethylchloroformate and ethylenediamine. The resulting bis(ethylenediamino)protoporphyrin 

was reacted with succinimidyl PEG (average MW of 5000). In order to remove unreacted 

PEG, dialysis against distilled water was performed yielding the pegylated protoporphyrin 

(PEG-PP). By addition of zinc acetate to a solution of PEG-PP in chloroform, chelation of 

Zn2+ into the porphyrin macrocycle occurred. The product PEG-ZnPP was dialysed again to 

obtain pure pegylated ZnPP. The material was characterized by size exclusion chromography 

und complete reaction between succinimidyl PEG and aminated ZnPP was checked by 

quantification of the free amino groups of PEG-ZnPP.  
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4.2.3 SMA-Zinc protoporphyrin 

SMA-ZnPP was also prepared in the group of Prof. Maeda in Japan. The synthesis of this 

material has been published previously. [Iye07] In a first step the SMA copolymer with a 

mean molecular weight of 1280Da was purified by a solvent precipitation technique. 

Afterwards the maleic anhydride residue of the SMA polymer was hydrolyzed to the water-

soluble maleic acid form by addition of NaOH. Later, the SMA was neutralized and freeze-

dryed. ZnPP was synthesized by addition of zinc acetate to a solution of protoporphyrin in 

DMSO. SMA-ZnPP micelles were prepared by dissolving ZnPP in DMSO and addition of 

hydrolyzed SMA (1:1 weight ratio). The hydrolyzed SMA instantaneously formed 

hydrophobic associations with ZnPP leading to precipitation of the micelles. Through 

subsequent centrifugation and washing procedures DMSO was removed and the micelles 

were resuspended in H2O. The solution was titrated with NaOH to pH 10.45 and adjusted 

back to 7.4 by addition of HCl. Finally ultrafiltration with a membrane (cut-off of 10kDa) was 

carried out to purify and concentrate the SMA-ZnPP micelles. 
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5 Theoretical Fundamentals of Photoinduced Transfer 
Processes 

This chapter introduces the concepts of electronic energy transfer (EET) and electron transfer 

(ET) processes of photoexcited molecules in solution. The description of the underlying 

theory is restricted to those types of EET and ET processes which are relevant for the analysis 

of the photophysical investigations carried out in this work.  

 

5.1 Energy Transfer Processes 

Energy transfer processes are regarded as a transfer of excited state energy from a donor (D) 

to an acceptor (A) molecule. The discussion is focused on incoherent nonradiative electronic 

energy transfer processes of optically excited molecules. The EET process can be described 

by the general scheme:  

*TransferEnergy  * ADADAD h +⎯⎯⎯⎯ →⎯+⎯→⎯+ ν  (5-1) 

Through absorption of a light quantum hν, the ground state donor molecule undergoes a 

transition to an excited state. The following energy transfer from D to A may occur by 

different mechanisms depending on the strength of the interaction between D and A.  

Simpson and Peterson proposed a practicable criterion to estimate the strength of the 

interaction and thus, provided a classification of the energy transfer mechanisms. [Sim57] 

This criterion is based on a characteristic result of the interaction between D and A, namely 

the generation of an exciton band. Its bandwidth (2U) is dependent on the oscillator strength 

of the corresponding electronic transitions, their relative orientation and it is dependent on the 

distance between D and A. [Dav62] The strong and weak coupling cases are characterized by 

the criteria 2U/Δε>>1 and 2U/Δε<<1, where Δε is the Frank-Condon band width of the 

corresponding molecular electronic transition in the individual molecular unit.  

Both cases can be treated by exciton theory which is being briefly introduced in the next 

section. [Kas63] In case of very weak coupling, stated by the modified criteria U/Δε'<<1, 

where Δε' is the individual vibronic band width, energy transfer occurs by a dipole-dipole 

resonance interaction, the so-called Förster resonance energy transfer (FRET). [För48] This 

type will be discussed in section 5.1.2. 
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5.1.1 Exciton theory for molecular dimers 

The formal treatment of the interaction between two identical molecules was firstly elaborated 

by Michael Kasha. [Kas65] The theoretical description of molecular dimers undergoing 

strong coupling is especially significant for the understanding of photophysical data obtained 

for the systems studied during this work. For this reason the exciton theory for molecular 

dimers will be presented in the following.  

Kasha used first order perturbation theory to estimate the interaction between donor (D) and 

acceptor (A). The overlap of the wavefunctions is assumed to be small, so that the 

Hamiltonian operator can be written as the sum of the monomer operators plus a perturbation 

term describing the interaction: 

DADA VHHH ˆˆˆˆ ++=  (5-2) 

The perturbation term DAV
)

has the form:  
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where AiR are the coordinates of the nuclei and Air refer to the coordinates of the electrons of 

acceptor A. The donor coordinates are named accordingly. The interaction is described by 

three contributions. The attraction between donor nuclei and acceptor electrons and vice versa 

is represented by the first potential V1 in equation (5-3). The second one (V2) characterizes 

the Coulomb repulsion between donor and acceptor nuclei wheras the third term (V3) reflects 

the repulsion of the electrons belonging to donor and acceptor, respectively.    

The ground state wavefunction of the dimer is given by the product of the ground (G) state 

monomer wavefunctions DAG ψψ=Ψ . The energy EG of the ground state dimer can be 

obtained by solving the time-independent Schrödiger equation: 

DADADADAGGGG VEEEEH ψψψψ ˆˆ ++=⇒Ψ=Ψ  (5-4) 

The solution shows that EG is given by the sum of the ground state energies of the monomer 

(EA, ED) and the van der Waals interaction energy which corresponds to the last term on the 

right-hand side of equation (5-4). The van-der-Waals term lowers the energy of the dimer. In 

the next step, we are interested in the excited states of the dimer. For this purpose, the excited 

(E) state can be constructed by *2*1 DADAE cc ψψψψ +=Ψ  where ** , DA ψψ are the 

excited state wavefunctions of the acceptor and donor, respectively and c1, c2 are coefficients 
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to be determined. The solution of the Schrödinger equation provides the wavefunctions and 

the related energies of the dimer: 

[ ]**
2,1

2
1

DADAE ψψψψ ±=Ψ  

*****
2,1 ˆˆ

DADADADADADADAE VVEEE ψψψψψψψψ ±++=  

(5-5) 

As it can be seen from (5-5), the excited state of the dimer splits into two states with different 

energies. The energy of the excited states is given by the sum of the energy of the excited 

state of the monomer (here it is the excited energy level of the acceptor EA*), the ground state 

energy (in this case the donor ground state energy ED), the Van-der-Waals term 

DADADA V ψψψψ **
ˆ and the exciton splitting term **

ˆ
DADADA V ψψψψ . If we take the 

difference of the Van-der Waals terms in equations (5-4) and (5-5) as ΔD and the difference 

EA* - EA as ΔEMonomer, the transition energy of the dimer molecule can be expressed by 

calculating ΔEDimer = EE - EG: 

**
2,1 ˆ

DADADAMonomerDimer VDEE ψψψψ±Δ+Δ=Δ  (5-6) 

By analysis of the exciton splitting term in the frame of the Born-Oppenheimer 

approximation, one finds that the first two terms (V1,V2) of the operator DAV
)

do not contribute 

to the matrix element. Instead only the electron-electron repulsion expressed by V3 (see 

equation (5-3) ) yields a non-zero term which can be further simplified in the point-dipole 

approximation.[McR64] The exciton splitting then becomes 
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BA μμ , are the transition dipole moments of the D → D* and A → A* transitions and R is the 

position vector of the donor dipole referred to the acceptor dipole as origin. As the acceptor 

and donor molecule are identical in case of the dimer, the exciton splitting term can be 

reduced to: 

( )θϕ
μ

2
3

2

2,1 cos3cos −±Δ+Δ=Δ
R

DEE MonomerDimer  (5-8) 

In this case, μ  is the transition dipole moment for the singlet-singlet transition of the 

monomer, the angle ϕ denotes the non-planarity of the transition dipoles and θ refers to the 

incline between the transition dipoles. Figure 11 depicts the energy levels of the dimer for 
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specific geometrical orientations between co-planar (ϕ = 0) orientated transition dipole 

moments. Under this cirumstance, allowed transitions are given for a parallel orientation (θ = 

900), head-to-tail alignment (θ = 00) and oblique orientations (all θ but not 00, 900 or 54,70! ).  

 

 

Figure 11. Scheme of the exciton band structure in molecular dimers with various geometrical 
arrangements of transition dipole moments. Adapted from [Kas63]. 

The exciton splitting in the strong-coupling case has two important consequences for the 

photophysical properties of the dimer. The first one is obvious from Figure 11, namely, that 

the electronic transition will be hypsochromic or bathochromic shifted with respect to the 

monomer. The second effect is the enhancement of non-radiative transitions in the dimer 

accompanied by a quenching of the fluorescence of the dimer.   

Looking at the transfer rate for the strongly coupled dimer, it was found that energy transfer 

occurs much faster (~ 1014 s-1) in comparison to relaxation processes to the ground state. This 

means that the excitation energy is located neither at the donor nor on the acceptor site. The 

exciton state is delocalized over the dimer or phenomenologically spoken; excitation energy is 

bundled as a free exciton. [Röd99] This is in sharp contrast to the Förster resonance energy 

transfer mechanism introduced in the following section. 

5.1.2 Förster Resonance Energy Transfer (FRET) 

A donor chromophore in its excited state can transfer energy by a non-radiative long-range 

dipole-dipole coupling mechanism to an acceptor chromophore. Förster obtained an 

expression to describe the rate of this process. [För48] The derivation of the important 

equations is briefly shown below. [Lin71][Lin93][Spe96] 

The electronic energy transfer (EET) rate is that of the transition from the initial (i) state 
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D* + A described by the two-electron wavefunction Ψi to the final (f) state D + A* described 

by Ψf: 

[ ]
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 (5-9) 

According to the Born-Oppenheimer Approximation, the molecular wavefunction Ψ is given 

by the product of the nuclear Φ and electronic wavefunction χ. The interaction matrix element 

VEET expressing the coupling between initial and final state is given by 

r
eVVV fi

EET ⋅
=ΨΨ=

ε

2

 (5-10) 

V is the perturbation part of the total Hamiltonian of the system and reflects the repulsion 

between the two electrons involved in the energy transfer. ε is the dielectric constant of the 

medium and r is the distance between the electrons. The interaction matrix element VEET is 

the sum of two terms, namely the Couloumb interaction and the exchange interaction. Energy 

transfer via the exchange mechanism or so-called Dexter mechanism is only efficient for short 

distances (~0.5-1nm) between D and A, therefore is not further considered. The Coulombic 

term can be approximated by expanding it in series and maintaining only the dipole-dipole 

term in the expansion thus obtaining    
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µD and µA are the transition dipole moments of the D → D* and A → A* transitions. 

Equation (5-11) can be rewritten by introduction of an orientational factor k: 
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(5-12) 

The relative orientation of the interacting transition dipole moments controls the strength of 

the interaction. (See Figure 12 for a graphical representation of the geometrical arrangement 

of the dipole-dipole interaction) In a situation where they are aligned perpendicular, for 

example θD = 900, θA = 00, the orientational factor is zero as well as the coupling matrix 

element. In this situation, Förster energy transfer is not to be expected. 

By using Fermis Golden rule, the EET rate constant can be written as 

( )∑∑ −⋅⋅⋅=
i f

fi
EET

i
EET EEVPk δπ 22

h
 (5-13) 
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where Pi is the distribution of the initial state and Ei, Ef are the energies of the initial and final 

states, respectively. Substituting equation (5-12) into equation (5-13), we find:  
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The population of the vibrational states of the excited donor and the ground state acceptor 

(initial state) are determined by the Boltzmann distribution i
vP . 

 

Figure 12. Geometrical configuration of dipole-dipole interaction between donor and acceptor 
molecules. 

The next step is very important, since measurable spectroscopic quantities are introduced in 

equation (5-14). Using the expression for the absorption coefficient, 
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the normalized spectral emission distribution given by equation (5-16),  
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the integral representation of the δ function and carrying the integration over t, we finally 

obtain the Förster expression for dipole-dipole induced EET rate constant: 
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n is the refractive index of the medium, ΦD and τD are the donor fluorescence quantum yield 

and its lifetime in the absence of acceptor molecules, FD(ν) is the normalized donor 

fluorescence spectrum, εΑ(ν) is the acceptor’s absorption spectrum expressed by its extinction 

coefficient and NA is Avogadro number. Equation (5-17) shows that energy transfer of Förster 

type requires an overlap between the donor fluorescence spectrum and the acceptor’s 
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absorption spectrum. Typically, equation (5-18) is given in terms of the Förster radius R0: 
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(5-18) 

The Förster radius is the distance between donor and acceptor at which the energy transfer 

process has a probability of 50% with respect to all other processes depopulating the donor’s 

excited state. For aromatic compounds R0 ranges typically between 10 Å and 100 Å. [Spe96] 

For a random distribution of dipole moments, e.g. for separate dye molecules in solution, the 

orientational factor is given by k2 = 2/3. [Spe96]    

 

5.2 Electron Transfer Processes 

The discussion will be limited to photoinduced electron transfer processes in solutions, in 

which after light excitation of a donor (D) an electron is transferred from the donor to an 

electron accepting species (A).  Electron transfer can be regarded as a multi-step process: 

[ ] [ ] −+−+ +⎯⎯⎯ →⎯+⎯→⎯+⎯⎯⎯ →⎯+⎯→⎯+ ADADADADAD SeparationETEncounterh **ν
 (5-19) 

Following excitation of the donor, the formation of an encounter complex [D* + A] between 

excited donor and acceptor is required which may occur by diffusion or is achieved by 

covalent attachment of D and A. After electron transfer (ET) took place, an ion-pair [D+ + A-] 

is created, also known as a charge-transfer intermediate. [Kav93] In this state, the ions are 

attracted by Coulomb’s force and may further separate through rearrangement of solvent 

molecules, yielding two stabilized free ions. Quenching of the photoexcited donor state by ET 

competes with other deactivation processes, e.g. radiative transitions or internal conversion. 

Whether ET is the favourable quenching process or not can be estimated from the associated 

thermodynamic driving force, namely, the Gibs free energy change. 

5.2.1 Rehm-Weller Equation   

The calculation of the Gibs free energy change ΔG0 for an electron transfer between donor 

and acceptor allows estimating if the reaction will proceed exergonic (ΔG0<0) or endergonic 

(ΔG0>0). In case of an exergonic reaction, electron transfer occurs spontaneously but no 

information is provided about the expected transfer rate, hence the word spontaneously is 

often misleading.  

The free energy change for a one electron transfer process can be calculated using the Rehm-

Weller-equation: 
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The first term in parentheses multiplied by the charge of an electron refers to the difference 

between the energy required for oxidation of the donor (D → D+ + e- or D/D+) and the energy 

released by reduction of the acceptor (A + e- → A- or A/A-). The subscript 1/2 of the 

associated potentials )/(21
+DDE ox  and )/(21

−AAE red indicate that these values are defined as 

half-wave, a necessary convention coming from the way these potentials are measured by 

cyclic voltametry. The second term ΔE* is the energy supplied to the thermodynamic system 

by photoexcitation of the donor and corresponds to the difference between the energy of first 

excited state (S1 or T1) and the ground state of the donor. The latter presumes that electron 

transfer always takes place from the equilibrated lowest excited state. When the ion pair is 

formed, attractive Coloumb forces will draw the two ions closer together up to the contact 

distance R. This process is related with the release of energy represented by the last term in 

equation (5-20).  

The solvent has an important influence on oxidation and reduction potentials but this 

dependency is not parameterized in equation (5-20). The Born equation provides correction 

terms for a transfer of ions from reference solvent with the dielectric constant εref, where the 

potentials have been measured in, to the solvent (εs) used in the experiment: 
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rD+ and rA- are the radii of the donor cation and the acceptor anion. By substituting equation 

(5-21) in (5-20) we obtain the solvent dependence of the Rehm-Weller-equation: 
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Under polar conditions, where εs is large, ΔG0 is lower compared to the situation in unpolar 

solvents. Therefore, electron transfer is mostly favoured in polar solvents. The reason is that 

when ions are formed from neutral reactants, polar solvent molecules rapidly surround each 

ion and screen the electrostatic interactions between the oppositely charged ions. 
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5.2.2 Marcus Theory 

Marcus theory allows estimating the photoinduced electron transfer rate kET for a given 

donor- acceptor pair in solution. In the following, derivation of the important equations is 

drafted in combination with the main underlying ideas.  

Thermodynamic calculations based on the abovementioned Rehm-Weller-equation suggested 

a favourable electron transfer for many donor-acceptor systems but experiments showed that 

charge-separation proceeded quite slowly. It was found that the presence of a kinetic barrier 

characterized by a free energy of activation ΔGel is responsible for this behaviour. A straight 

forward approach was therefore, to formulate the dependence of kET on ΔGel basing on the 

Arrhenius law and additionally introduce suitable preexponential factors:  
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(5-23) 

νn is the nuclear frequency and refers to the vibrational motion of encounter complex. 

[Mar85] With higher frequency, the probability to overcome the activation barrier increases. 

The electronic factor kel refers to the overlap between the initial reactant state [D*-A] and final 

product state [D+ + A-] and therefore cover the quantum-mechanical aspects of electron 

transfer.  

 

If D and A approach close enough during the encounter complex, there is sufficient overlap 

between reactant and product state to ensure a transition to the charge-separated state. In this 

situation, the electronic factor is in the range of kel ≅ 1. The so-called adiabatic electron 

transfer can be treated by classical Marucs theory. In this model, the reactant state [D*-A] and 

product state [D+ + A-] are approximated by harmonic enthalpy energy curves along a 

generalized reaction coordinate as depicted in Figure 13. The point where reactant and 

product state intersect corresponds to the activation energy ΔGel. Due to the significant 

overlap of their wavefunctions, the potential enthalpy curves merge at the transition point. An 

electron transfer process starts with the excitation into the Frank-Condon State (vibrationally 

excited state) of the reactant [D*-A].  This state undergoes rapidly equilibration to the lowest 

vibrational level. This step is followed by a gain of energy from thermal collisions with 

surrounding molecules until the activation barrier is reached. [Kav93] After charge separation 

took place, the product state relaxes to the lowest vibrational level. This process involves a 

rearrangement of the nuclei and a reorientation of solvent molecules. 

For estimation of kET from equation (5-23), a relationship between the activation energy ΔGel 
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and the free energy change ΔG0 as a known quantity from Rehm-Weller equation, is desired. 

By geometrical considerations of potential energy curves shown in Figure 13, Marcus and 

Hush were able to obtain this relation:  

λ
λ

4
)( 20 +Δ

=Δ
GGel  (5-24) 

The total reorganisation energy λ is the energy required to distort the product state and its 

surroundings to reach the equilibrium configuration of the reactant state. (See Figure 13). 

 

Figure 13. Potential energy curves of initial donor-acceptor pair (D + A), encounter reactant 
complex (D* + A) and charge separated product state (D+ + A-). 

It is the sum of the internal reorganisation energy λi associated with changes in bond lengths 

between reactant and product state, and the solvent reorganisation energy λs which refers to 

the effects of orientational changes of solvent molecules surrounding the reactant. For 

estimation of the total reorganisation energy, the Born-Hush approach can be used: 
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(5-25) 

n is the refractive index of the solvent, εs is the dielectric constant of the solvent, ra- and rd+ are 

the radii of the acceptor anion and donor cation. R refers to the separation distance between 

donor and acceptor. With kel ≅ 1 and substitution of equation (5-24) into equation (5-23), the 

electron transfer rate for adiabatic ET processes equals to: 
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The nuclear frequency may range from ~1012 to 1014s-1 and is an upper limit for the transfer 

rate under adiabatic conditions. 

 

In case that donor and acceptor are well separated, the orbital overlap is really low (kel « 1) 

and electron transfer is classified as non-adiabatic. It then occurs by a tunnelling process 

which can be treated only by quantum mechanics. The electron transfer rate can be calculated 

by Fermi’s Golden Rule.  

FCWDVkET ⋅⋅= 22
h

π  (5-27) 

V describes the electronic matrix element describing the electronic coupling of the reactant’s 

electronic state with the product’s electronic state. FCWD is the Frank-Condon weighted 

density of vibronic states: It is the sum of products of overlap integrals of the vibrational and 

solvational wavefunctions of the reactants with those of the products. By a treating the 

reactant and product states quantum-mechanically as harmonic oscillators and consider the 

motion of the solvent classically, Marcus was able to obtain the electron transfer rate on the 

basis of equation (5-27) for non-adiabatic ET processes in a semiclassical way. [Mar84]    
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Reactions are non-adiabatic if the coupling matrix element V is smaller than kBT 

(approximately ~200cm-1 at room temperature). V diminishes with distance and can be 

approximated by: [De98] 

))(exp(2
0

2
+− −−β−= da rrRVV  (5-29) 

where V0 is the coupling matrix element at contact and ß is constant, scaling the distance 

dependence. Equation (5-29) reproduces the exponential dependency of the rate constant 

which is typical for tunneling processes through a barrier.  

Whether adiabatic or non-adiabatic electron transfer, three different regions exist in Marcus 

theory. Barrierless electron transfer can occur if ΔG0 equal λ, this is called the optimal region. 

In case that λ > −ΔG0, the ET rate increases with larger thermodynamic driving force. Instead, 

in the inverted region (λ > −ΔG0), this behaviour is reversed.  
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6 Hexapyropheophorbide a-fullerene [C60] molecules as 
part of modular carrier systems 

6.1 Introduction 

Dendrimers are repeatedly branched molecules, with many end groups emanating from one 

central core. [Smi05] In contrast to conventional polymers, dendrimers are prepared by a 

stepwise procedure, leading to a highly regular branching pattern, well-defined architecture, 

and a unique molecular weight (MW). They can contain a strictly controlled number of 

functional groups for the attachment of drugs and also host molecules in inner cavities and 

deep ditches caused by their multi-branched structure. This design has been proven to be of 

superior significance for the development of drug delivery systems for PDT and in medicine 

generally. Another very interesting application of dendrimers is the construction of artificial 

light harvesting antenna systems. [Dic05]  

The photophysical investigations of hexapyropheophorbide a- fullerene [C60] molecules (P6, 

FHP6, FP6) presented throughout this chapter are a continuation of recent studies in the 

group of Prof. Röder on more basic molecular architectures (P1, P2, FHP1, FP1) covering 

both directions of research, namely the development of suitable delivery systems for PDT and 

artificial complexes mimicking the energy conversion in photosynthesis. [Erm04a, Erm04b, 

Oma04] 

The macromolecules under study, in which six pyropheophorbide a chromophores are 

covalently linked by a Newkome dendrimer and further coupled to a C60 fullerene (See Figure 

14), represent a major step towards the realization of a modular carrier system for PDT as it 

was introduced in section 2.5.2. It is known that the C60 fullerene can be used as a versatile 

building block for the construction of globular dendrimers. [Hac05, Röd06a, Ran05a] This 

concept is established within the hexakis (pyropheophorbide a)-fullerene [5:1] hexaadduct 

(FHP6) and the hexakis (pyropheophorbidea)-C60 (FP6) molecule where C60 serves as a 

central construction core. C60 is linked to the dendritic polymer and allows coupling of a 

targeting unit additionally, for example an antibody. This may also increase the water 

insolubility of these compounds. The employed first generation Newkome dendrimer allowed 

increasing the number of attached photosensitizing molecules compared to its previously 

investigated precursor FHP1 (monofullerene hexaadduct-bispyropheo) by a factor of three. 

FHP6 differs structurally from FP6 by the addition of five diethyl malonate addends in the 

remaining octahedral positions of the fullerene. (See Figure 14) As an important consequence, 
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the conjugation of the π-electron system of fullerene is broken up and the well-known 

electron accepting ability of C60 is strongly reduced. [Bou95] It was shown that in recently 

studied monofullerene–bispyropheo (FP1) the electron-accepting fullerene core strongly 

affects the photoactivity of the pyropheophorbide a (pyropheo) moieties resulting in a strong 

reduction of the singlet oxygen quantum yield compared to the values obtained for the 

reference compound bispyropheo (P2). [Erm04a] Since a low singlet oxygen quantum yield 

limits effective PDT, compound FHP6 containing the substituted fullerene was envisaged as 

a potential compound for PDT. Interestingly, it was found that in FHP6 the fluorescence as 

well as singlet oxygen quantum yields were quenched compared to those values of FHP1. 

These results were explained by applying the phenomenological model of energy traps and 

efficient delivery of excitation to them via Förster energy transfer. [Erm05] 
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Figure 14. Structural formulas of FHP6, P6 and FP6 and reference compounds P1 and P2. 

Due to the capability of the unsubstituted C60 to act as an excellent electron acceptor within 

the FP6 molecule, an electron transfer (ET) from the photoexcited pyropheophorbide a 

chromophores to the fullerene is expected similar to the ET process observed for FP1, 

consisting of a fullerene with two attached pyropheo molecules. [Erm04b, Oma04] 

Hexapyropheophorbide a (P6), as shown in Figure 14, allowed studying the photoinduced 

transfer and deactivation processes without the influence of the fullerene core.  

The presented work is a comparative investigation of the hexapyropheophorbide series, one 

without fullerene (P6) and two with an electron accepting (FP6) and completely substituted 
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(FHP6) fullerene core. It is expected that the deactivation pathways of the excited states of 

the pyropheo chromophores are different in P6, FHP6 and FP6 molecular systems. The 

influence of the fullerene core on the relative efficiency of photoinduced transfer processes is 

also investigated. Furthermore the in vitro phototoxicity generated by FHP6 and P6 is 

reviewed in order to evaluate the potential of these compounds for photodynamic therapy. 

 

The pyropheophorbide a (pyropheo) moieties are attached to the multiplying dendron by octyl 

spacer chains which modify the photophysical properties of pyropheo. Accordingly, the 

compounds pyropheo-8-hydroxyoctylester (P1) and bis (8-hydroxyoctyl) malonate-bis-

pheophorbide-a-ester (P2), as depicted in Figure 14, are more reliable for the purpose of 

comparison with photophysical data of the hexapyropheo compounds. Important properties of 

P1 dissolved in DMF were published previously, the fluorescence lifetime, intersystem 

crossing quantum yield and singlet oxygen quantum yield have values of 7ns, 0.55 and 0.5, 

respectively. The fluorescence lifetime and singlet oxygen quantum yield of P2 was reported 

to 5.7ns and 0.43. [Erm04a,Erm04b]  

 

6.2 Photophysical parameters of FHP6, P6, FP6 

In this section the fundamental photophysical parameters concerning FHP6, P6 and FP6 are 

presented. These were determined by steady state absorption, fluorescence and singlet oxygen 

luminescence spectroscopy as well as time resolved fluorescence spectroscopy employing 

time correlated single photon counting (TCSPC) and transient absorption spectroscopy 

(TAS). All measurements were performed in DMF. 

6.2.1 Steady state absorption spectra 

The absorption spectra of FHP6, P6, FP6 and of the reference compounds P1 and P2 in DMF 

are shown in Figure 15. The shape of the absorption spectrum is similar to that of metal free 

tetrapyrroles consisting of the Soret band located at 413 nm and the splitted Qx,y-bands. The 

absorbance of P2 containing two pyropheo units is nearly twice the absorbance of P1 over the 

whole spectral range. For P6 consisting of six pyropheo chromophores the absorbance does 

not increase by a factor of six with respect to P1. The Qy(0,0) absorption transition of P1 has 

an extinction coefficient of ε=4.2×104 M-1cm-1 whereas for P6 this value is ε=19.2×104 M-

1cm-1. 
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As can it be seen from Figure 15, the absorbance of FHP6 is about six times the value of P1 

over the whole UV/Vis spectral region. For FP6 the extinction coefficient of the Qy(0,0) 

absorption band is ε=12.7×104 M-1cm-1 which is lower than the value obtained for FHP6 and 

even for P6. The fullerene core with high electron accepting capabilities in FP6 leads to a 

strong decrease in absorbance of this compound, indicating the strong influence of C60 on the 

ground state properties of the attached pyropheo chromophores.  
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Figure 15. Absorption spectra of FHP6, P6 and FP6 in DMF. The spectra of P1 and P2 are 
also shown for comparison. 

The compounds FHP6, FP6 and P2, P6 show a pronounced splitting of the Soret band in 

comparison to P1. The Qy(0,0) band of FHP6, P6 and FP6 is bathochromically shifted 

compared to P1 by about 1, 2 and 2.5 nm, respectively. 

6.2.2 Steady-state fluorescence 

Normalized fluorescence of the investigated compounds and the reference compound spectra 

are depicted in Figure 16.The samples were excited in the Qy(0,0) absorption band, the OD 

was adjusted to 0.2 at this wavelength. The spectra of FHP6, P6 and FP6 have similar shapes 

compared to P2 which shows that the fluorescence emission originates from the pyroPheo 

units. Furthermore the shape of the fluorescence spectra of FHP6, FP6 and P6 is broadened 

compared to P2. 

The fluorescence intensity of FHP6 and P6 is reduced compared to P2. By comparison of the 

integrated intensities, the relative fluorescence quantum yield with respect to P2 can be 
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determined. For FHP6 a value of 42% was obtained and 25% in case of P6. For FP6 a very 

weak fluorescence emission was detected, the relative fluorescence quantum yield was below 

1%. (See Table 2)  
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Figure 16. Fluorescence spectra of FHP6, P6, FP6 and reference P2 in DMF. 

6.2.3 Time-resolved fluorescence  

The fluorescence signal was recorded over time employing the time-correlated single photon 

counting technique. The samples were excited at 400nm and the fluorescence was detected at 

678nm.  
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Figure 17. Time resolved fluorescence emission of FP6, P6 and FHP6 in DMF. 
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The fluorescence decay of FHP6, P6 and FP6 shows a complicate character and was fitted in 

all cases by a four exponential function. (See Figure 17). The fluorescence decay of FP6 

exhibits a fast (τq = 110 ps) and dominant quenching process of the S1-state. The intermediate 

times were determined to 0.6 ns and 1.7 ns, respectively. The long decay time was every time 

fixed to a value of τlong = 5.7 ns similar to the decay time of P2 representing the fluorescence 

decay of non-interacting pyropheo chromophores.[Erm04a] 

The quenching rate kq in case of FP6 is given by 19109.811 −×=−= sk
longq

q ττ
. For FHP6 

and P6 the short component was measured to be 0.17 ns and 0.16 ns, respectively. The two 

intermediate decay components had nearly similar values (about 0.8 ns and 3.5 ns) for FHP6 

and P6 compounds. It should be mentioned, that all fluorescence decay times estimated for P6 

are slightly shorter compared to FHP6. The long decay component had the lowest amplitude 

(below 10%) for all three compounds under investigation. 

6.2.4 Steady-state singlet oxygen generation 

Photosensitized steady-state singlet oxygen luminescence was measured to determine the 

singlet oxygen quantum yield of FHP6, P6 and FP6 in DMF.  
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Figure 18. Steady-state singlet oxygen emission photosensitized by FHP6, P6 and FP6 in 
DMF. Pheophorbide a in DMF served as a reference. 
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The spectrally resolved 1270nm singlet oxygen emission is shown in Figure 18. The singlet 

oxygen quantum yield was determined by comparison of the integrated line intensity of 

unknown compounds to the integrated line intensity obtained from a reference 

photosensitizer. For this purpose pheophorbide a in DMF was used. It generates singlet 

oxygen with a quantum yield of  ΦΔ = 0.52. [Spi98]. 

The singlet oxygen quantum yields of FHP6, P6 and FP6 were calculated from equation (4-5) 

and gave values of 0.22, 0.15 and 0.02, respectively. These are significantly lower than the 

values reported for P1 and P2 of 0.5 and 0.43 in that order. [Erm04a] The reduction of the 

singlet oxygen quantum yield might be a consequence of a reduced intersystem crossing 

quantum yield according to equation (2-6). In the following the results of transient absorption 

spectroscopy answer this question and provide further insights about the photophysical 

processes within these molecules.  

6.2.5 Transient Absorption Spectroscopy 

Transient absorption spectroscopy (TAS) was performed to follow population dynamics of 

the first excited singlet states and the ground state of FHP6, P6 and FP6. The TAS 

measurement provided a set of transient absorption spectra ΔOD(λ, Δt) showing the 

differences in absorption before and after excitation of the sample at different delay times, Δt. 

Figure 19 shows the transient absorption spectra of FHP6, P6 and FP6 at a delay time of 50 

ps after excitation. For comparison the ground state absorption spectrum and the fluorescence 

spectrum of FHP6 are given at the bottom of Figure 19.  
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Figure 19. Transient absorption spectra of FHP6, P6 and FP6 in DMF measured at delay time 
50ps. 
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A strong bleaching is observed at the S0-S1 transition of pyropheo around 673 nm caused by 

the light-induced depletion of the ground state of the molecules. Due to the small Stokes shift, 

the fluorescence emission of pyropheo partly superimposes the bleaching observed in the 

region of the S0-S1 transition.  

Between 500 nm and 630 nm the light-induced excited state absorption (S1-Sn) of pyropheo 

causes an increase of the ΔOD signal whereas in the region around 480 nm the T1-Tn induced 

absorption of the chromophores results in a positive ΔOD signal. [Zeu01] The fullerene in 

FHP6 and FP6 has more than 30 times lower ground-state extinction coefficient at the 

excitation wavelength positioned at the Qx(0,1) band of the pyropheo molecules (515 nm), 

thus mainly pyropheo was excited during the TAS measurements.[Oma04] 

Using the compensation method [Rüc97] the change in the ground state population ΔS0(t) and 

decay of the first excited singlet state population S1(t) can be determined from the ΔOD 

spectra in the region from 600 nm to 800 nm in which the S0-S1 transition and the 

fluorescence emission are partly overlapping. 

The decay of the first excited singlet state S1(t) of FHP6, P6 and FP6 was fitted by a three 

exponential function. (See Figure 20) For FHP6, P6 and FP6 the fast decay component of the 

S1-state depopulation was measured to 49 ps, 30 ps and 24 ps, respectively (see Table 2). 

These short times could not be resolved by TCSPC and represent an additional process. The 

intermediate decay times confirm the results of TCSPC measurements.  
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Figure 20. Excited state population of FHP6, P6 and FP6 as determined by ps-TAS. 

For FP6 the dominant deactivation process was determined to 120 ps which is in a good 

agreement to the value obtained from time-resolved fluorescence measurements. The long 
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decay components measured by TAS have values of 2.8, 3.6 and 2.3 ns for FHP6, P6 and 

FP6 respectively. This component is an average value of the decay times in the nanosecond 

range obtained by TCSPC.  

The ground state depletion of P6, FHP6 and FP6 fitted by three exponential functions is 

shown in Figure 21. The short components have the same values as the fast decay times 

determined from transient amplification. The intermediate decay times were determined to 

138 ps, 101 ps, 261 ps and the long decay times were fitted to 3.7, 3.1 and 5.2 ns for FHP6, 

P6 and FP6, respectively.  
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Figure 21. Ground state depletion of FHP6, P6 and FP6 as measured by ps-TAS. 

The intersystem crossing quantum yield (ΦISC) can be estimated by comparing the depletion 

of the ground state shortly after excitation (Δt=0 ps) to the value after a long delay time 

(Δt=15 ns), when the population of the first excited state is negligible. [Rüc97] The 

intersystem crossing quantum yield of FP6 was determined to ΦISC=0.06 which is 

significantly lower compared to the values for FHP6 and P6 (0.24 and 0.16, respectively). 

[Erm05] These different ΦISC values support the results obtained by singlet oxygen 

measurements. The reduction of the singlet oxygen quantum yield is a consequence of the 

reduced intersystem crossing quantum yield. As an example, FP6 has a very low singlet 

oxygen quantum yield (ΦΔ) of only 0.02 because of its strongly reduced ISC quantum yield of 

0.06. (see Table 2) 
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6.2.6 Compilation of photophysical parameters  

Table 2 summarizes the photophysical properties of FHP6, P6, FP6 in DMF obtained from 

steady steady and time-resolved spectroscopies in the UV/VIS/NIR range. The longer S1 

lifetime components were determined by time-resolved fluorescence (τTrap3, τTrap2 ,τTrap1, τq, τF) 

whereas the short process (τShort) could only be resolved by ps-TAS as aforementioned in 

section 6.2.5.  

Table 2. Important photophysical parameters of FHP6, P6 and FP6 (reference compound P2) 
in DMF. 

sample 
S1 decay components 

τF [ns]       Amplitude       Assignment 
ΦFrel ΦΔ ΦISC 

P2 5.7 τF 1 0.43 0.49 

0.049 0.27 τShort 

0.17 0.17 τTrap3 

0.9 0.11 τTrap1 

3.7 0.39 τTrap2 

FHP6 

5.7 0.06 τF 

0.42 0.22 0.24 

0.030 0.25 τShort 

0.16 0.32 τTrap3 

0.7 0.09 τTrap1 

3.3 0.29 τTrap2 

P6 

5.7 0.05 τF 

0.25 0.15 0.16 

0.024 0.35 τShort 

0.11 0.47 τq 

0.6 0.08 τTrap1 

1.7 0.05 τTrap2 

FP6 

5.7 0.05 τF 

<0.01 0.02 0.06 

 

The notation of the lifetime components is in anticipation of the detailed analysis of this data 
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presented in sections 6.4, 6.5 and 6.7. The relative fluorescence quantum yield ΦFrel with 

respect to P2, the singlet oxygen quantum yield ΦΔ and the intersystem crossing quantum 

yield ΦISC were obtained by steady state fluorescence spectroscopy, steady state singlet 

oxygen luminescence and transient absorption spectroscopy, respectively. For the purpose of 

a later comparison the photophysical parameters of P2 are also shown. 

6.3 Molecular modeling 

Molecular modeling was performed to obtain energetically minimized structures of FHP6, P6 

and FP6 which provided insight about intramolecular interactions and distances among 

molecular subunits in the optimized conformations. This information supported the 

interpretation and theoretical analysis of photoinduced energy and electron transfer processes 

within these molecules presented in the next sections of this chapter.   

 

Figure 22. Energy minimized conformations of FHP6, P6 and FP6 calculated with simulated 
annealing + geometry optimization. 

Geometry optimization of FHP6, P6 and FP6 was computed in vacuo with Material Studio 

(MS) 3.2 [MatSt] using the COMPASS (condensed-phase optimized molecular potentials for 

atomistic simulation studies) forcefield and a combination of gradient and Newton methods 

encapsulated in the modul Discover of MS. In order to avoid trapping the structure in a 

conformation that represents a local energy minimum, geometry optimization was performed 

in combination with simulated annealing (Modul Forcite of MS). The molecules were heated 

to 700K and then cooled to 300K over a period of 1000fs for up to 500 cyles. During each 
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cycle the atoms are allowed to move according to their kinetic energy at temperature T. After 

each annealing cycle geometry optimization was executed to obtain the energetically 

minimized conformation. The structures with the lowest potential energy were selected for 

analysis and are shown in Figure 22.  

All distances measured among the chromophores and C60 refer to center-to-center distances. 

The possible conformations of P6, FHP6 and FP6 have one feature in common. The 

pyropheo units are partly stacked together at intramolecular distances of about (9±1) Å. P6 

tends to fold to a dense coil. A variety of orientations and angles between the planar pyropheo 

molecules could be identified. The average distance R between adjacent pyropheo units 

(centre-to-centre) in P6 was estimated from the corresponding minimized structure to (13±1) 

Å. The average distance between non-neighboring molecules is approximately (24±2) Å. For 

FP6 the situation is completely different. The molecule does not fold as dense as P6. The 

average distance of neighboring molecules is about (13±3) Å but the average distance 

between non-neighboring units is about (32±7) Å and therefore significantly longer compared 

to P6. It was found that one of the pyropheo units can be located in close proximity to C60 at 

distances of around 12 Å. Such a close approach is hindered in FHP6 because the malonate 

units connected to C60 act as spacers. 

6.4 Photoinduced energy transfer processes in P6, FHP6, FP6 

Two different types of energy transfer mechanism have been identified in FHP6, P6 and FP6 

molecules. Förster resonance energy transfer (FRET) allows the long-range radiationless 

intramolecular hopping of energy from an initially excited pyropheo donor to other pyropheo 

units within the molecule. The other mechanism is known as excitonic interaction requiring 

two participating pyropheo units in a close proximity. In this case the excitation energy is 

delocalized over the whole dimer.  [Hel97, Kas65] In the following subsections both types of 

energy transfer in FHP6, P6 and FP6 will be discussed basing on the photophysical 

parameters and molecular modeling results presented in section 6.2 and section 6.3, 

respectively.  

6.4.1 Förster resonance energy transfer in P6, FHP6 and FP6 

For a pyropheo-pyropheo FRET a significant overlap between absorption and fluorescence 

spectrum exists and therefore we assume that FRET may occur between adjacent pyropheo 

molecules. The theory developed by Förster allows the estimation of the energy transfer rate 

kD. [För48] 
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where RDA is the centre-to-centre distance between donor and acceptor and τD is the lifetime 

of the excited pyropheo donor in the absence of any acceptor molecules. As τD we will use the 

fluorescence lifetime of P2 in DMF measured to 5.7 ns. [Erm04b] Förster radius R0 can be 

estimated from the overlap integral of the absorption Aε  and normalized fluorescence 

spectrum n
DI of the pyropheo molecules: [Kle00] 
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The refractive index of DMF is n = 1.43. The average orientation between the interacting 

dipole moments is not known, therefore we assume for the orientation factor a value of k2 = 

2/3 corresponding to a random distribution of dipole moments. Using these values R0 was 

calculated to 56 Å. The average distance of neighboring pyropheo units RDA we assumed to be 

13 Å for P6. (See section 6.3) The resulting FRET rate is 1.1×1012 s-1. This means that the 

excitation energy remains only one picosecond on the initially excited molecule before 

hopping to the nearest neighbor. Excitation jump to the more distant non-neighboring units 

(average RDA = 24 Å) is more than one order of magnitude less probable and the excitation 

should remain around 35 ps on the pyropheo moiety. For P6 the short component of the 

fluorescence lifetime was measured to 30 ps.  

In the studied multichromophoric system with different distances and mutual orientations 

between the pyropheo units, a number of subsequent steps of FRET should occur before the 

energy is delivered to a trap resulting in the observed average transfer time of 30 ps. As the 

jump to the nearest neighbor is much faster than any other process we can assume that several 

FRET jumps take place until the energy is caught by a trap. 

For FHP6 the fast component of the fluorescence lifetime (49 ps) is longer than the value 

measured for P6. This is in agreement with molecular modeling results where the average 

distances between pyropheo units in FHP6 are longer compared to P6. For FP6 the fast 

fluorescence decay component was determined to 24 ps and this value is even shorter 

compared to that one of P6. FP6 is not folded as dense as P6 pointing out that a lower number 

of jumps occur until the dye molecules are deactivated. This may indicate the presence of 

another trapping process which we assume to be an electron transfer.  
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6.4.2 Excitonic interactions in P6, FHP6 and FP6 

The absorption spectra of FHP6, P6 and FP6 show a pronounced splitting of the Soret band. 

Together with the observed reduction of the fluorescence as well as ISC quantum yields 

compared to these values of reference P2 compound, this is an indication for excitonic 

interactions between adjacent pyropheo molecules.[Kas65,Kas50] The formation of pyropheo 

dimers in FHP6, FP6, and P6 has two important consequences.  

Firstly the absorption cross section of a dimer is reduced in contrast to the monomer [Eic00], 

thus the overall absorbance should be decreased if dimer formation takes place. Indeed a 

significant reduced absorbance of P6 relative to FHP6 was observed. This is attributed to the 

denser folding of the P6 molecule compared to FHP6 (See section 6.3), and as result, the 

probability of a trap formation is higher for P6. In FHP6 the fullerene with added malonate 

units can be considered as a spacing unit lowering the probability of dimer formation. FP6 

has the lowest absorbance of all compounds carrying six pyropheo chromophores. As a larger 

spacing between the pyropheo chromophores mediated by the fullerene would lead to an 

increase of absorbance compared to P6 another effect induced by C60 seems to be more 

important. The fullerene core in FP6 with its extended π−electron system is assumed to 

influence the electronic ground state properties of the attached pyropheo chromophores 

leading to a significant reduction of the absorbance of this compound.  

Second, the pyropheo dimers can act as efficient energy traps. The arrangement of the 

transition dipole moments of the pyropheo units forming the dimer and the distance between 

them determine the properties of a trap as it was previously reported. [Hac05, Röd06b] The 

observation of intermediate fluorescence decay times of τTrap1=0.7 ns (τTrap2=3.3 ns) for P6 

and τTrap1=0.9 ns (τTrap2=3.7 ns) for FHP6 are attributed to traps with prevalent face-to-face 

(oblique) arrangement of the transition dipole moments. The reduced fluorescence lifetime of 

the dimers is based on enhanced non-radiative transitions. As a consequence the fluorescence 

intensity of FHP6 and P6 is reduced compared to P2. The fluorescence quenching of P6 is 

stronger than in FHP6, supporting the argument that in FHP6 dimer formation is less 

probable.  

 

6.5 Photoinduced electron transfer processes in FP6 

It was found that for FP1 photoinduced electron transfer from initially excited pyropheo 

moiety to the electron accepting C60-fullerene is the dominant process leading to the fast 
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deactivation of the first excited singlet state of pyropheo with a rate of 1.8×109 s-1. [Erm04b] 

Investigation of FP6 revealed a strongly reduced fluorescence quantum yield, ΦFrel, of 0.01 

relative to P2, a low intersystem crossing quantum yield, ΦISC, of 0.06 and the occurrence of a 

fast dominant quenching process visible in the time-resolved fluorescence decay. These 

findings can be attributed to an efficient process deactivating the S1 state of FP6. An energy 

transfer process to the fullerene is unfavorable because although the first excited singlet state 

of C60 (1.75 eV) [Hal00] is energetically close to the singlet state of pyropheo (1.84 eV), the 

extinction coefficient of C60 monoadduct in the region of the fluorescence band of pyropheo is 

very low, thus the overlap integral and the Förster radius are very small too.[Sun00] For 

FHP6 the reduction of fluorescence (quantum yield 0.42 relative to P2) and intersystem 

crossing quantum yield (ΦISC =0.24) is not as strong as for FP6. As the first electron 

reduction potential of fullerene hexakisadduct is relatively high, about 0.8 V lower than for 

the fullerene monoadduct [Bou95], the electron accepting capabilities of the fullerene moiety 

in FHP6 are strongly reduced compared to FP6. 

From a thermodynamic point of view the question of a possible electron transfer for FP6 

between excited pyropheo donor (D) and C60 acceptor (A) can be addressed by calculating the 

free energy change using the Rehm-Weller equation: [Pet06, Reh69, Reh70] 
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The half-wave oxidation potential of the pyropheo in DMF is ( )+DDEox
21  = 0.42 V [Osu96]. 

The first step half-wave reduction potential of a similar fullerene monoadduct (C60H2) 

dissolved in benzonitrile (PhCN) was reported to be -1.05 eV (versus the 

ferrocene/ferrocenium cation or Fe/Fc+). [Gua93] By referencing this value to the saturated 

calomel electrode (SCE) electrode (+0.40V) [Gag80] and applying a solvent correction 

(+0.02V for PhCN → DMF), we assume a reduction potential of ( )−AAE red
21  = -0.63 V for 

the C60 monoadduct in DMF, ΔE* is the energy difference between first excited singlet and 

ground states of pyropheo which was derived from the absorption and fluorescence spectra to 

ΔE* = 1.84 eV. The effective radii of the fullerene anion is ra- = 4 Å [Chi81] whereas the value 

of the pyropheo donor cation is rd+ = 4.4 Å. The separation distance between donor and 

acceptor was assumed to be R = 12 Å. The last two values were estimated from molecular 

modeling. The dielectric constant of DMF is εs = εref  = 37. For the free energy change we 
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calculated a value of ΔG0 = -0.82 eV. A negative ΔG0 implies that the electron transfer from 

photoexcited pyropheo to the fullerene core is an exergonic reaction. The energy of the charge 

separated state is ECS = ΔE* + ΔG0 = 1.02 eV. This value lies below the energy of the first 

excited singlet as well as triplet state of pyropheo. When donor and acceptor are spaced by 

more than ~5 Å, electron transfer can be treated in the nonadiabatic or weak coupling limit.
 

[Ven98] The widely used expression developed by Marcus [Mar85] allows the calculation of 

the transfer rate kET: 
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In the first term h is the Planck constant, T = 293K is the room temperature, kB is the 

Boltzmann constant and λ is the reorganization energy, λ is the sum of the intramolecular 

reorganization energy λΙ and the solvent reorganization energy λS. The intramolecular 

reorganization energy is around 0.3eV [Gou90,Gou91] whereas λS can be approximated by 
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Using the values already mentioned the solvent reorganization energy is λS = 1.08 eV. The 

total reorganization energy is then calculated to λ = 1.38 eV. In order to estimate the electron 

transfer rate the coupling matrix element V is also needed. A precise determination would 

require a quantum mechanical approach but it was shown that V2 can be approximated by the 

term: [De98] 

))(exp(2
0

2
+− −−β−= da rrRVV  (6-6) 

The highly flexible spatial arrangement of the pyropheo donor and C60 acceptor may allow 

conformations, in which the through-space distance is lower than the through-bond pathway. 

For this reason electron transfer may also occur by a through-space mechanism, even if the 

coupling matrix element at contact (V0) is usually smaller than for a trough-bond situation. 

[Sak97,Wei04] For fullerene-based donor acceptor systems high values of V0=100cm-1 for 

through-bond ET have been reported. This value is used as an upper limit for the molecular 

systems investigated. The distance attenuation factor ß for saturated hydrocarbon spacers 

typically exhibit values of 1 Å-1. [Mur94,Gra05] Similar factors have been obtained for pure 

liquid electron transfer in polar solvents, therefore the damping factor is assumed to be ß=1 Å-

1, approximating both through-bond and through space ET. [Tav00,Sai04]  

Using the values mentioned above the electron transfer rate was calculated to kET = 8.9×109 s-1 
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or τET = 112 ps. The determined quenching rate from the observed short fluorescence decay 

component (τq=110 ps) of FP6 is kq = 8.9×109 s-1 (see section 6.2.3) which is in very good 

agreement with this theoretical value. Comparable electron transfer rates have been reported 

for self-assembled zinc porphyrin-fulleropyrrolidine dyads in which donor and acceptor are 

spaced by about 10 Å.[Sou02] 

After photoexcitation of the FP6 molecule an intramolecular competition between energy 

delivery to the traps and transport to the pyropheo chromophore located close to the fullerene 

takes place. On the one hand the energy transfer to traps reduces the probability of an electron 

transfer. On the other side, FRET facilitates delivery of excitation from the periphery of the 

system to the pyropheo chromophore in close distance with the fullerene. As result, the 

probability of electron transfer is increased and therefore becomes the major deactivation 

pathway in the FP6 molecule. 

 

6.6 Non-radiative relaxation processes in P6, FHP6 and FP6 

The occurrence of the shorter fluorescence decay times of 170ps and 160ps for P6 and FHP6 

may be attributed to a trap consisting of a single pyropheo molecule, where the lowest excited 

singlet state is coupled to a large number of nearly degenerate, highly excited vibrational 

levels of the ground state of the whole molecule. This leads to effective nonradiative 

relaxation of the excited singlet state of the pyropheo molecule; the energy is converted to 

vibronic motion of the whole complex. In case of FP6 a fast fluorescence decay time of 

0.11ns with dominant amplitude of 0.47 was observed and has been attributed to an electron 

transfer process. This decay time is in the same time range of the shorter fluorescence 

lifetimes observed for P6 and FHP6, therefore non-radiative relaxation processes may be a 

relevant factor of deactivation in the FP6 molecule.   

A formal treatment for nonradiative transitions in large molecules was developed between 

1960 and 1980, and was published in [Rob62, Sie67,Avo77]. Two conditions must be 

fulfilled to observe strong non-radiative transitions. Firstly, the molecule must have a large 

number of vibrational modes in the ground state which is likely the case for the hexapyropheo 

molecular systems. Second, the coupling of the excited state to the excited vibrational states 

of the ground state must be effective enough. This might be valid for specific conformations 

of the molecules. Due to the high flexibility of the dendron system the probability to find the 

molecules in such a conformation is very high. Prediction of nonradiative relaxation rates 

would require the knowledge about number and energy of vibrational states. From UV/VIS 
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spectra it is not possible to obtain this information as vibrational states are only reflected in 

the broadening of the different electronic transitions visible in the absorption and fluorescence 

spectra only.  

6.7 Macroscopic model for the transport processes in P6, FHP6, 
and FP6 

The mathematical modeling of the electronic system of P6, FHP6 and FP6 should provide an 

enhanced understanding of the transfer processes from an initially excited pyropheo molecule 

to other pyropheo moieties and to different kinds of energy traps present in these systems. The 

main benefit of the purposed macroscopic model is that the efficiency of the excited state 

energy transport to the different traps can be evaluated from time-resolved fluorescence data 

as determined by TCSPC and from S1 decay data as measured by TAS. 

6.7.1 The model 

Each P6, FHP6 and FP6 molecule contains 6 pyropheo chromophores. Within each complex 

the formation of different kinds of energy traps can occur. From an initially excited pyropheo 

donor molecule, the excited state energy can hop by Förster energy transfer to acceptors like 

energy traps, single pyropheo molecules or an electron transfer trap in case of FP6. The 

different types of acceptors are assumed to be of the following types: 

Trap I consists of two pyropheo molecules forming a dimer where the dipole moments are 

aligned in parallel. The S1 state lifetime of this trap type is referred to τTrap1 and was 

determined to have a value of 0.7 to 0.9 ns.  

Trap II comprises of a pyropheo dimer with oblique orientation of dipole moments, the S1 

state lifetime (τTrap2) was measured to 3.3 ns and 3.7 ns. The properties of Trap I and II have 

been discussed im section 6.4.2 and were also reported in recent publications [Erm05, 

Röd06b].  

Trap III is assumed to consist of a single pyropheo molecule where the lowest excited S1 

state interacts with a large number of highly excited vibrational levels of the ground state of 

the whole molecule as supposed in section 6.6. The fluorescence lifetime of Trap III was 

found to be 170ps and 160ps for P6 and FHP6, respectively.  

Besides these types of traps, a well-separated pyropheo molecule can act as an acceptor as 

well. It exhibits a fluorescence lifetime of 5.7ns in DMF.  Deactivation takes place mainly by 

fluorescence, internal conversion and intersystem crossing to the first excited triplet state. In 
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contrast to P6 and FHP6, an additional dominant trapping process is active in the FP6 

molecule, namely electron transfer from pyropheo to C60 as it was discussed in section 6.5. 

This deactivation process will be denoted by Trap IV and is characterized by a fluorescence 

lifetime of 0.11ns.  

 

Figure 23. Average Förster energy transport rates from an initially excited pyropheo to the 
different possible acceptors for P6, FHP6 and FP6. 

Trap III and Trap IV have similar fluorescence lifetimes; therefore they can not be 

distinguished from fluorescence decay data. For this reason they are treated as one acceptor in 

the model for the FP6 molecule as shown in Figure 23. 

The proposed model is based on two hypotheses (A, B) and two simplifying assumptions (C, 

D): 

A: In a single P6, FHP6 or FP6 molecule not all types of traps exist but by observing a large 

number of molecules all types of energy acceptors can be found. (Ensemble average). The 

model is therefore only valid for a large number of molecules. 

B: The energy can hop by Förster energy transfer from the excited pyropheo donor to an 

acceptor but also backwards with lower probability due to the lower fluorescence quantum 

yield of a trap with respect to pyropheo and associated lower FRET rate according to 

equations (6-1) and (6-2). Averging over a high number of excitations a directed transport of 

excited state energy to the acceptors occurs. The respective average transport rates for the 

excited state energy are noted as k1, k2, k3, k4 and kp (See Figure 23). The inverse of the 
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transport rate is the average time to deliver excited state energy to the acceptor.  

C: During excitation the incident photons may be captured directly by one of the acceptors. 

Due to the fact that the absorbance of traps is reduced to the pyropheo monomer (See section 

6.4.2) it will be assumed that the incident photons can be harvested only by well separated 

“lonely“ pyropheos chromophores. 

D: The traps may exchange their excited state energy among each other but with a lower 

probability compared to deactivation processes occurring at each trap. We assume that no 

energy exchange occurs among the different types of traps. 

For the purposed model a Jablonski diagram can be worked out containing the major 

deactivation processes.  

 

Figure 24. Jablonski Diagram for P6 and FHP6 based on the model assumptions. 

In the following, a system of linear differential equation is set up and subsequently solved to 

obtain the time-dependent population of the excited states. Afterwards an expression for the 

theoretical time-dependent fluorescence emission is derived. This will be done for P6 and 

FHP6 by example, the calculation for FP6 is similar and thus not explicitly given.  

6.7.2 Formal treatment and solution of the differential equation system 

For a mathematical representation of the system, abbreviations for states need to be 

introduced: S1D: Donor Pyropheo first excited singlet state; T1D: Donor Pyropheo first 

excited triplet state, S1A: Acceptor Pyropheo first excited singlet state; T1A: Acceptor 

Pyropheo first excited triplet state, TR1: Trap I first excited singlet state of the dimer; TR2: 

Trap II first excited singlet state of the dimer, TR3: Trap III pyropheo coupled to highly 

vibrationally excited levels of the ground state of the whole complex, S0: ground state of the 
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macromolecule. 

The sum of all processes depopulating the first excited S1 pyropheo donor state (S1D) will be 

noted by 

321 kkkkkkkk PICISCF ++++++=  (6-7) 

In case that the excitation pulse is short related to all other processes, the linear system of 

differential equations describing the processes summarized in the Jablonski diagram of P6 

and FHP6 shown in Figure 24 is given by: 
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It is assumed that at t = 0, a fraction of *N molecules from a total number N are in the 

pyropheo donor first excited state (S1D). The number of molecules remaining in the ground 

state are *
0 )0( NNtS −== under the precondition that all other states are not populated at 

t = 0. The initial conditions are: 
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The solution of the differential equation system with respect to the constraints yields the 

population of the different states over time. With the introduction of the average Förster 

energy transport rates k1, k2, k3 and kp, the system can be solved exactly in an algebraic closed 

form. The solution was obtained using the computer algebra system Maple 8.[Maple] Since 

only the time-dependent population of fluorescence emitting states is of interest, we can write: 
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The expected fluorescence intensity Itheo(t) emitted from a number of excited molecules is 

proportional to the product of the radiative rate constant and the time-dependent population of 

the S1(t) state. [Lak99] In case of P6 and FHP6 the observed fluorescence decay is the sum of 

the fluorescence emission from the excited donor and the different types of acceptors 

multiplied with their radiative rates. 
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kF1, kF2 and kF3 denote the radiative fluorescence rate of the different traps whereas kF refers 

to the emissive rate of the pyropheo molecule. (See Figure 24) Inserting the time-dependent 

population of the states S1D(t), S1A(t), TR1(t) TR2(t) and TR3(t) in (6-11) yields: 
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The rate constants can be replaced by the respective fluorescence lifetimes: 
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The fluorescence lifetimes are introduced because they are observables which can be 

determined from fluorescence decay data (See section 6.2.3 and 6.2.6). We get: 
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 (6-14) 

In order to compare this function with the normalized measured fluorescence decay we need 

to normalize Itheo(t) by requiring Itheo(t=0)=1. We finally obtain for the normalized time-

resolved fluorescence decay based on the described model: 
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 (6-15) 

The values of interest are the average energy transport rates k1, k2, k3 and kP from the initially 

excited pyropheo donor molecule to the acceptors. (See Figure 23 and Figure 24) There is no 

a-priori knowledge about the radiative rates of the traps kF1, kF2, kF3 but it is known that the 

radiative rate does not vary with dimer formation significantly [Kha99], therefore we assume 

that these rates are equal to the radiative rate kF of pyropheo. The reduction of the 

fluorescence quantum yield of FHP6, P6 is mainly attributed to a significant increase of kIC 

within the pyropheo dimers. All other values, namely τShort, τTrap3, τTrap2, τTrap1, τF were 

determined from time-resolved fluorescence and TAS measurements (See Table 2). By 

comparing the preexponential factors of the theoretical fluorescence decay time calculated 

using equation (6-15) with the measured values for the amplitudes of the five-exponential 

fluorescence decay shown in Table 2, the average energy transport rates k1, k2, k3 and kP can 

be determined. 

The results are shown in Table 3 in addition to the transport quantum efficiencies which are 

given by the ratio of the average transport rate to the sum of all other transport rates for a 

given acceptor.  For FP6 a similar calculation was performed whereas the dominant electron 

transfer process is represented by Trap IV. Calculated values for FP6 are also presented in 

Table 3. 
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Table 3. Average energy transport rates and average transport quantum efficiencies for FHP6, 
P6 and FP6 in DMF. 

sample type of acceptor Average transport rate Transport quantum 
efficiency 

Trap I k1 = 2.1×109s-1 Φ TRAP1 = 0.16 

Trap II k2 = 7.9×109s-1 ΦTRAP2  = 0.54 

Trap III k3 = 2.6×109s-1 Φ TRAP3 = 0.20 

FHP6 

Pyropheo kP = 1.2×109s-1 Φ pyropheo = 0.10 

Trap I k1 = 2.9×109s-1 Φ TRAP1 = 0.12 

Trap II k2 = 9.6×109s-1 ΦTRAP2  = 0.41 

Trap III k3 = 9.1×109s-1 Φ TRAP3 = 0.40 

P6 

Pyropheo  kP = 1.7×109s-1 Φ pyropheo = 0.07 

Trap I k1 = 3.2×109s-1 Φ TRAP1 = 0.14 

Trap II k2 = 2.1×109s-1 ΦTRAP2 = 0.09 

Trap III / Trap IV k4 = 1.5×1010s-1  Φ TRAP3/TRAP4 = 0.67 

FP6 

Pyropheo kP = 2.1×109s-1 Φ pyropheo =0.10 

6.7.3 Analysis 

The average transport rates for P6, FHP6 and FP6 to the different types of traps can be 

estimated from the introduced model above. These rates represent a directed transfer which is 

actually the sum of several FRET transfer from the donor towards the acceptor and vice versa. 

For this reason these values are slower than the estimated rate for a single FRET event among 

pyropheo molecules in the range of a few picoseconds as it was calculated in section 6.4.1.  

The rates determined for FHP6 are all lower compared to the rates obtained for P6. This 

supports molecular modeling results where lower distances among the pyropheo molecules 

were observed for P6 compared to FHP6. Consequently, the Förster energy transfer rates are 

higher compared to FHP6. The fullerene hexadduct in the FHP6 molecule acts as a spacing 

element, preventing the dense folding of the complex. FP6 can not be compared with P6 and 

FHP6 in this way because the electron transfer process denoted by Trap IV dominates over all 

other transport rates by at least 4.5 fold.  
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Within FHP6 and P6 the energy transport rate to Trap II with oblique orientation of the 

transition dipole moment is higher than to Trap I with parallel orientation of the dipole 

moments. For FHP6 more than 50% of the energy transported by Förster transfer is stored in 

Trap II. We conclude that finding traps with oblique orientation of dipole moments is more 

probable. This is understandable as the number of possible arrangements between two 

pyropheo molecules with oblique orientation of transition dipole moments is higher compared 

to the possibilities of alignment with parallel orientation. The higher probability for the 

formation of Trap II was not found in case of the FP6 molecule. This can be explained by a 

larger error in the lifetime of Trap II for FP6.  It is rather large since the dominant electron 

transfer process leads to a strong reduction of the amplitude of all other processes which 

subsequently makes a precise fit very difficult.  

The nonradiative deactivation of excited state energy mediated by Trap III is strongly 

enhanced in the P6 molecule compared to FHP6. This behaviour is also reflected in the 

fluorescence quantum yields which are ΦF = 0.42 and ΦF = 0.25 for FHP6 and P6 relative to 

P2. [Reg07b] The transport quantum efficiency to Trap III in P6 is two-fold higher compared 

to FHP6. Molecular modeling results showed that P6 tend to fold densely. This may allow an 

efficient coupling of the pyropheo excited state to the large number of vibrationally excited 

ground states. (See section 6.6) The transport quantum efficiency of Trap III in the FP6 

molecule can not be extracted from the sum of Trap III and Trap IV, namely the electron 

transfer process but it was shown in section 6.5 that electron transfer is the main deactivation 

pathway.  

With a probability of only 10%, the energy from the excited donor is transferred via Förster 

mechanism to single pyropheo units. The energy may further radiated by fluorescence, 

deactived by internal conversion or stored in the pyropheo T1 state.  In all other cases (90%), 

the energy is passed to different types of traps.  The high efficiency of the trapping processes 

can be understood when we consider the quantum efficiency of a FRET event: 

FETISCICF

FET
FET kkkk

k
+++

=Φ . As the Förster energy transfer among neighboring pyropheos 

is so fast (1-20ps) compared to all other processes, a FRET process has a high probability to 

occur. Therefore a high number of FRET jumps is likely to take place after photoexcitation of 

the complex. Even if only one trap is present in a P6, FHP6 or FP6 molecule the probability 

that the excited state energy is stored in that trap by chance is greatly enhanced. This behavior 

is reflected in the low transport quantum efficiency to single pyropheo molecules.  
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6.8 Cellular uptake and Phototoxicity 

The cellular uptake of FHP6 and P6 by Jurkat leukaemia cells (a special line of T-

lymphocytes) and the generated phototoxicity of these compounds against these cells have 

been investigated by F. Rancan. Subcellular localization studies employing a confocal laser 

scanning microscope have been done as well. [Ran07a] The photobiological activity of FHP6 

and P6 in comparison to the free photosensitizer (pyropheo) is briefly reviewed in the 

following section for the purpose of a combined analysis. Showing a very low singlet oxygen 

quantum yield (ΦΔ=0.02), a significant photodynamic activity is not expected for FP6; hence 

it was not part of the photobiological study. 

Table 4. Cellular uptake of FHP6, P6 and pyropheo by Jurkat cells and generated 
phototoxicity under illumination. 

Incubation 

conc. [µM] 

Cellular Uptake 

Extract concentration [nM] 

Phototoxicity 

Living cells in % 

 Pyropheo FHP6 P6 pyropheo FHP6 P6 

0.33 61 ± 7  49 ± 3 2 ± 1 46 ± 5 67 ± 4 100 ± 4  

0.5  106 ± 10 158 ± 6 4 ± 3 42 ± 5 61 ± 7 99 ± 3 

1.0  223 ± 8 259 ± 5 4 ± 2 18 ± 5 34 ± 7 99 ± 5 

1.67  408 ± 18 317 ± 7 5 ± 2 9 ± 5 14 ± 7 94 ± 6 

 

The intracellular uptake and phototoxicity of pyropheophorbide a, FHP6 and P6 was studied 

by incubation of Jurkat cells in a growth medium containing four different pyropheo 

equivalent concentrations.[Ran07a] Because of their water insolubility, the compounds were 

dissolved in DMF and afterwards mixed with the cell suspension resulting in a 0.5% DMF 

content of the mixture. For determination of the amount of sensitizer uptaken by the cell 

suspension, cells were harvested 24h after incubation and the photosensitizer was extracted 

from tumor cells using DMF. Concentration of the PS was quantified by fluorescence 

intensity of the extract relative to a standard curves. It was found that the intracellular uptake 

of FHP6, P6 and pyropheo increased with the concentration of the compounds in the 

incubation suspension. Pyropheo reached the highest intracellular concentration, followed by 

FHP6 and P6. The higher value observed for free pyropheo is a consequence of its low 

molecular size (MW: 536 g⋅mol-1) and associated different uptake mechanism by tumor cells. 

Small molecules like pyropheo accumulate by diffusion through the cell membrane whereas 
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larger particles in the kDa range enter cells by endocytosis. This result is also supported by 

subcellular localization experiments which showed that FHP6 and P6 enriched mainly in 

lysosomes, a target of endocytosed molecules. In contrary, pyropheo distributed to various 

intracellular places for example vesicles near the cell nuclei, the perinuclear region and the 

plasma membrane. The cellular uptake of P6 was significantly lower than FHP6. Rancan 

attributed this finding to the more asymmetric structure and higher amphiphilicity of the 

FHP6 molecule in distinction to P6. As a result, the FHP6 molecule might interact with 

receptors on the cell membrane directing a more efficient receptor mediated endocytotic 

uptake.  

The phototoxicity experiments demonstrated a correlation between intracellular accumulation 

and singlet oxygen quantum yield of the compounds, and the percentage of dead cells after 

irradiation. Pyropheo exhibited a strong phototoxic effect (only 40% of living cells at an 

incubation concentration of 0.33µM), most of the cells had undergone apoptosis. At higher 

incubation concentrations, pyropheo induced mainly a necrotic cell death. It is assumed that at 

higher intracellular concentrations, the large amount of generated ROS under illumination 

causes an extensive damage to the cells, thus they undergo necrosis rapidly. FHP6 showed 

intracellular concentration comparable to pyropheo but its phototoxicity is slightly lower with 

respect to pyropheo. This behaviour is ascribed to the lower singlet oxygen quantum yield of 

this compound. Consequently, FHP6 is inducing predominatly apoptosis under illumination. 

The photoactivity of P6 was the lowest relative to FHP6 and pyropheo for the reason of the 

low cellular uptake and reduced singlet oxygen quantum yield of this compound.  

6.9 Conclusions 

Within chapter 6, photophysical data of hexapyropheophorbide a-fullerene [C60] molecules 

have been presented as obtained by steady state and time-resolved spectroscopic 

measurements in the UV/VIS/NIR range in addition to molecular modeling results and 

theoretical analysis of photoinduced intramolecular transfer processes. Furthermore a model 

was developed allowing quantitative statements about the efficiency of different deactivation 

processes after photoexcitation. Finally a brief review of the photobiological activity of P6 

and FHP6 has been given.    

In addition to its length, the flexibility of the dendron system connecting the six 

pyropheophorbide a molecules among one another (P6) and coupling it to a fullerene core 

(FHP6, FP6) allows a huge variety of possible conformations. In such systems with high 

degrees of freedom complex intramolecular interactions are conceivable.  



  6. Hexapyropheophorbide a-fullerence [C60] molecules as part of modular carrier systems 

 

 73 

Among adjacent pyropheo units excitonic interactions were observed in FHP6, P6 and FP6 

leading to the formation of efficient energy traps. Two different types of pyropheo dimers 

could be resolved experimentally; one of them is formed by face-to-face stacking of two 

pyropheo molecules with parallel orientation of dipole moments (Trap I), the other one is 

characterized by oblique orientation of dipole moments (Trap II). [Hac05,Erm05,Hel05] The 

occurrence of a shorter fluorescence decay time in the range of 0.16-0.17ns might be 

attributed to a Trap III consisting of a single pyropheo molecule, where the S1 state is coupled 

to a large number of nearly degenerated vibrational levels of the ground state of the whole 

molecule. (See section 6.6).  

The excitation energy can hop from an initially excited pyropheo unit by Förster energy 

transfer to every other pyropheo molecule. Because the Förster transfer rate decreases with 

1/r6 the jump to the nearest neighbor (distance 13 Å for P6) is much more probable than to 

non-neighboring pyropheos (average distance 24 Å for P6, 32 Å for FP6, and 38 Å for 

FHP6). For P6 and FHP6 a cascade of energy transfers is likely to occur until the energy 

vanishes in one of the traps. Also but with minor probability the energy is emitted via 

fluorescence or stored in the T1 state of pyropheo. The trapping of excitation energy results in 

a reduction of singlet oxygen quantum yields of FHP6 and P6 compared to free pyropheo by 

2.5 fold and nearly 4 fold, respectively, thereby limiting the potential phototoxicity of these 

compounds.   

On the basis of the model introduced in section 6.7 it was estimated that the energy from the 

initially excited pyropheo molecule is transferred with a probability of 41% (P6) and 54% 

(FHP6) to Trap II and with a lower chance of 12% (P6) and 16% (FHP6) to Trap I. This was 

explained by the higher probability of finding traps with oblique orientation of dipole 

moments rather than discovering dimers having parallel orientation of their transition dipole 

moments. Furthermore the model revealed that in case of P6 non-radiative transitions (trap 

III) are strongly enhanced compared to FHP6 which has been attributed to a denser folding of 

the former as indicated by molecular modeling.  

For FP6 molecular simulation showed that one pyropheo unit can be located in closer 

proximity to the electron-accepting C60 fullerene core. This opens up the possibility of a fast 

electron transfer from the photoexcited pyropheo unit to the fullerene core. The measurements 

suggested that such a fast ET is indeed the main deactivation pathway. It was found that the 

electron transfer occurs with a rate constant of kq = 8.9×109 s-1 which is in very good 

agreement with the theoretical value as it was calculated using Marcus theory in section 6.5. 



  6. Hexapyropheophorbide a-fullerence [C60] molecules as part of modular carrier systems 

 

 74 

With a maximum probability of 67%, the energy from the initially excited pyropheo 

chromophore is passed to the pyropheo-C60 charge separating pair. Consequently, the singlet 

oxygen quantum yield of FP6 is strongly reduced (ΦΔ=0.02) and therefore applicability for 

PDT is not given. Instead, the FP6 molecular system can be considered as combination of a 

light-harvesting system consisting of several separate pyropheo molecules and a charge-

separating center. The observed formation of intramolecular sub divisions with different 

functions in a spontaneous self-assembling way may give ideas for the design of artificial 

molecular complexes of photosynthesis.  

The intracellular uptake and phototoxicity of P6 and FHP6 as studied by F. Rancan showed 

that the covalent coupling of the pyropheo chromophores to the carrier system strongly 

influenced their photobiological properties. FHP6 demonstrated a high cellular uptake 

compared to P6 by Jurkat leukaemia cells, it reached nearly the intracellular concentration 

observed for free pyropheo. This property had been ascribed to the grade of 

asymmetry/amphiphilicity of FHP6 in difference to P6. At the highest incubation 

concentration studied (1.67µM) only 14% of the tumor cells survived in case of FHP6, 

indicating the potential of the fullerene hexakis-adducts for multiplying units in molecular 

carrier systems for PDT. P6 did not exhibited significant phototoxicity under illumination 

because of the lower uptake as well as reduced singlet oxygen quantum yield of this 

compound. Taking together all of the aforementioned aspects, FHP6 can be regarded as the 

most promising complex of the investigated hexapyropheophorbide a series (P6, FP6, FHP6) 

for PDT. The major drawback, namely the water insolubility of this compound, can be 

overcome by coupling to an antibody; a proof of concept for a similar molecule carrying 12 

pyropheo moieties has been reported already. [Hel06]  
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7 Poly (ethylene-glycol) based polymer carriers: PEG-
ZnPP 

7.1 Introduction  

Among other water-soluble polymers, polyethylene glycol (PEG) is particularly attractive as a 

carrier for PDT because PEG is already used as a pharmaceutical excipient and is known to be 

non-toxic, non-immunogenic and biodegradable. (See Figure 25) PEG has a flexible, highly 

water-soluble chain; only three molecules of H2O are required for the hydration of each 

ethylene oxide unit. [Liu69] Its high degree of hydration means that the polymer chain 

effectively has a “water shell”, and this masks the photosensitizer from its biological 

environment during delivery to tumor cells. [Dun06] The process of covalent attachment of a 

PEG chain is known as “Pegylation”. [Lo03, Ham01] The photosensitizer-polymer conjugate 

(PEG-ZnPP) investigated throughout this work consists of two PEG chains with a molecular 

weight of 5000 each conjugated through an ethylenediamine linkage to propionic acid 

residues of the hydrophobic zinc-protoporphyrin (ZnPP) photosensitizing molecule. (See 

Figure 25) The resulting conjugate with an MW of 11kDa is highly watersoluble, in contrast 

to ZnPP which is very hydrophobic. ZnPP was selected among other photosensitizers 

because it can kill tumor cells not only by its photosensitizing property but also exhibits 

antitumor activity by two alternative mechanisms which are also active in the absence of light. 

N

N N

N
Zn

N
H

H
N O

O

O

O
PEG

H
N N

H
O PEG

O

O

O

PEG
n

O O OH

N

N N

N
Zn

COOH

COOH

ZnPP PEG-ZnPP

 

Figure 25. Chemical structures of polyethylene glycol (PEG), zinc protoporphyrin (ZnPP) 
and the conjugate PEG-ZnPP 

Firstly, ZnPP is known to inhibit heme-oxygenase-1 (HO-1) which is highly upregulated in 

many cancer cells. HO-1 catalyses the degradation of heme in the presence of oxygen to 

liberate biliverdin, iron and CO. Biliverdin is further converted to bilirubin which is a very 

potent antioxidative agent. [Fan03] Therefore the suppression of HO-1 by ZnPP makes cells 
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more vulnerable to oxystress which is usually present under in vivo conditions. It was 

published that PEG-ZnPP significantly reduces tumor growth in mice through this 

mechanism. [Fan03,Fan04] Secondly there is evidence that ZnPP can affect signal 

transduction in tumor cells involving down regulation of oncogenes which is associated with 

reduced survival of malignant cells. [May04] The utilization of the photosensitizing property 

of ZnPP for photodynamic therapy did not gain much attention in the past for two reasons. It 

is known that protoporphyrin is photooxygenated in the presence of molecular oxygen. 

Investigations showed that nearly all of the photoproducts formed via direct irradiation 

resulted from singlet-oxygen attack on the ground-state protoporphyrin.[Cox82] Besides the 

reduced photostability, ZnPP also has a low absorbance in the therapeutic window of 

biological tissue. (See section 2.4) The working hypothesis is that, despite these drawbacks, 

the combination of all antitumor mechanisms by ZnPP would lead to a superior therapeutic 

effect. The fluorescence lifetime τF and quantum yield ΦF of ZnPP dissolved in ethanol have 

been reported to 1.8ns and 0.034, respectively. Similar compounds like zinc porphyrin (ZnP) 

and zinc octaethylporphyrin (ZnOEP) have nearly identical τF and ΦF values, indicating that 

conjugation of methyl or ethyl groups at the outer positions of the pyrrole rings do not have a 

significant effect on the electronic system of the protoporphyrin macrocycle. The ISC 

quantum yield of ZnPP has been measured to ΦISC=0.90 in ethanol. [Fei86] ΦISC is very high 

compared to the metal-free protoporphyrin, a direct consequence of enhanced spin-orbit 

coupling between singlet and triplet states induced by the zinc atom; a phenomenon called 

heavy-atom effect. [Sol05] ZnP, structurally similar to ZnPP, has a triplet state energy of 

1.8eV and a singlet-triplet energy gap of 0.38eV. [Fei82] For ZnOEP the S1-state lies 2.15eV 

above the ground state as measured in acetonnitrile.[Bar84]  

The influence of PEG chains on the photophysical properties of ZnPP and the generation of 

singlet oxygen under illumination is unknown and will be investigated in a first step. After 

evaluation of the photophysical behaviour of ZnPP and PEG-ZnPP in solution, the 

generation of singlet oxygen by PEG-ZnPP in tumor cells is studied by means of in vitro 

laser flash photolysis. In the second step the photobiological activity of PEG-ZnPP is 

compared to ZnPP in order to estimate the potential of PEG-ZnPP for photodynamic therapy 

use. For this purpose the cellular uptake and phototoxicity of PEG-ZnPP against Jurkat 

leukaemia cells will be reviewed. 
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7.2 Photophysical characterization  

7.2.1 Steady-state absorption spectra 

The absorption spectrum of free ZnPP in EtOH reassembles that of metalloporphyrins 

consisting of the Soret band and the Qx and Qy band transitions with lower transition dipole 

moments and therefore lower absorbance. (See Figure 26)  
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Figure 26. Normalized absorption spectra of PEG-ZnPP in H2O/EtOH (30:70) mixture and 
PEG-ZnPP in H2O. For comparison the spectrum of ZnPP in ethanol is also 
shown. 

The Soret band of PEG-ZnPP in a H2O/EtOH (30:70) mixture and in H2O exhibits a 

hypsochromic shift by 2nm and 3nm, respectively, compared to that of ZnPP in ethanol. 

Furthermore a strong broadening of the Soret band was observed for this compound. The Qx 

and Qy band of PEG-ZnPP in H2O and in H2O/EtOH are red-shifted relative to ZnPP in 

EtOH and the relative intensities of the Q-bands with respect to the Soret band are enhanced 

for PEG-ZnPP. These effects increase with lower content of ethanol in the H2O/EtOH 

mixture and achieve a maximum for PEG-ZnPP dissolved in H2O. In addition, there is no 

indication that the PEG polymer contributes to the UV/VIS region of the absorption spectrum 

of pegylated ZnPP. 

The changes in the absorption spectrum of PEG-ZnPP compared to free ZnPP are attributed 

to excitonic interactions among aggregated PEG-ZnPP molecules. Similar effects in the 

absorption spectrum have been observed for aggregated ZnPP clusters in nanoporous 
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environments. [Lin06] Excitonic coupling describes the interaction between transition dipole 

moments of chromophores in close proximity. In case of a mutual distribution of angles of the 

aggregated chromophores, a prevalent blue or red shift of the Soret band is not expected, 

instead a broadening of the Soret band for a larger ensemble of aggregated PEG-ZnPP 

molecules occurs. With higher ethanol content, aggregation tendency of PEG-ZnPP 

decreases, visible in the spectral characteristics already described. 

7.2.2 Steady-state fluorescence  

The fluorescence spectra of PEG-ZnPP in H2O, PEG-ZnPP in a H2O/EtOH mixture and 

ZnPP in ethanol were measured by excitation of the samples at 550nm, the optical density 

was adjusted to 0.2 at this wavelength. The normalized fluorescence spectra are depicted in 

Figure 3. The wavelength positions of the fluorescence band maxima are not dependent on the 

solvents used, they are located at 589nm and 644nm for all of the investigated samples. 
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Figure 27. Normalized fluorescence spectra of PEG-ZnPP in a H2O/EtOH (30:70) mixture 
and PEG-ZnPP in H2O. For comparison the spectrum of ZnPP in ethanol is also 
shown. 

For PEG-ZnPP a significant broadening of the fluorescence band was observed in 

comparison to ZnPP in ethanol which is especially visible in the red tail of the fluorescence 

above 675nm. The broadening increases with higher water content of the solvent, e.g. higher 

polarity, and achieves a maximum for PEG-ZnPP dissolved in pure H2O. For determination 

of the fluorescence quantum yield according to equation (4-1), ZnTPP in ethanol (ΦF=0.022) 

was selected as a standard because of its similar absorption and fluorescence spectrum. 

[Aav84] The fluorescence quantum yield of ZnPP in ethanol was determined to 0.040.  
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This low value is a direct consequence of enhanced intersystem crossing induced by the zinc 

atom. For PEG-ZnPP a strong fluorescence quenching was observed. In a H2O/EtOH 

mixture a value of 0.023 and in pure H2O a value of 0.008 was obtained. 

The observed quenching of fluorescence intensity and broadening of the fluorescence 

spectrum in case of PEG-ZnPP is an additional indicator for the aggregation of PEG-ZnPP 

molecules in solution. Excitonic interactions among aggregated ZnPP chromophores lead to 

delocalisation of excitation energy over the formed cluster. With increasing number of 

participating molecules, the number of available states increases corresponding to the 

observed broadening of the fluorescence spectrum. Quenching of the fluorescence intensity 

has been observed for many aggregated systems. [Lin06, Tog04, Eic00] This effect increases 

with higher polarity of the solvent. 

 

7.2.3 Time-resolved fluorescence  

The fluorescence lifetime of ZnPP in EtOH and PEG-ZnPP were measured by time-

correlated single photon counting technique. The samples were excited at 400nm using the 

frequency doubled pulses of a Ti:Sa laser. In order to minimize the aforementioned 

photobleaching of ZnPP by singlet oxygen, the samples were flushed with N2 for 40min prior 

to the measurement. The fluorescence was detected at the intensity maximum of the 

fluorescence band located at 589nm.   
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Figure 28. Time-resolved fluorescence emission decay curves of ZnPP in EtOH and PEG-
ZnPP in H2O. The FWHM of the instrument response function (IRF) was 
determined to 80ps.  
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The measured fluorescence decay curves of ZnPP and PEG-ZnPP were fitted by two-

exponential functions which gave low chi-square error values between 1.1 and 1.3. ZnPP in 

EtOH exhibits a fast (τShort = 0.15ns) decay component with a low amplitude of 11% and a 

longer decay time of τlong = 2.09 ns possessing a dominant amplitude of 89%. The long decay 

time belongs to monomeric ZnPP in EtOH whereas the short component is attributed to a 

ZnPP aggregates. It is known that free ZnPP tend to form aggregates, even at low 

concentrations in unpolar solvents. [Lin06] 

For PEG-ZnPP a short decay component of τShort=0.133ns having an amplitude of 35% and a 

long decay component of 2.04ns with 65% were found. The long decay time of this 

compound is similar to free ZnPP indicating that covalent attachment of PEG chains does not 

pertubate the electronic properties of the ZnPP macrocycle. The higher amplitude of the short 

process points out that a significant higher fraction of PEG-ZnPP molecules are aggregated 

in H2O compared to ZnPP in ethanol. This finding supports the interpretation of steady-state 

absorption and fluorescence spectra that PEG-ZnPP forms higher molecular weight 

assemblies. 

The quenching rate knr deactivating the first excited state of aggregated PEG-ZnPP can be 

determined from equation (7-1).    

longShort
nrk

ττ
11

−=
 

(7-1) 

For PEG-ZnPP a value of kq = 0.7×1010s-1 was obtained, similar results have been found for 

tetraphenylporphyrin aggregates in aqueous solvent mixtures.[Kha99] 

7.2.4 Time-resolved singlet oxygen emission  

In order to evaluate the potential of PEG-ZnPP for photodynamic therapy, the ability of 

PEG-ZnPP and free ZnPP to generate singlet oxygen under illumination was investigated. 

This was accomplished by time-resolved measurement of the weak 1270nm emission of 

singlet oxygen being generated by PEG-ZnPP and ZnPP relative to a known standard. (See 

Figure 29) Rose Bengal in D2O (ΦΔ=0.75) and in EtOH (ΦΔ=0.86) was chosen as a reference 

because of its high singlet oxygen quantum yield and its high absorbance at the excitation 

wavelength (550nm). It was found that ZnPP in EtOH efficiently generates 1O2 with a 

quantum yield of ΦΔ=0.88. The lifetime of the singlet oxygen emission of ZnPP in ethanol 

was determined to 14µs. The measurement of singlet oxygen emission photosensitized by 

PEG-ZnPP was carried out in D2O for the reason that the lifetime of 1O2 in D2O is 
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significantly higher than in H2O in addition to the increased transmission of D2O for 1270nm. 

[Oel99] PEG-ZnPP in D2O generates singlet molecular oxygen with a quantum yield of 

ΦΔ=0.17. The lifetime was determined to 61µs which matches the well-known lifetime of 1O2 

in D2O of 60µs. [Gor78] The singlet oxygen quantum yield of PEG-ZnPP is more than 5 fold 

lower than value of ZnPP in EtOH. This is attributed to a decrease of the intersystem crossing 

quantum yield (ΦISC), a direct consequence of aggregation of PEG-ZnPP molecules in 

solution as indicated by steady state absorption and fluorescence spectroscopy.   
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Figure 29. Time resolved singlet oxygen emission. Left: In EtOH photosensitized by ZnPP. 
Right: In D2O photosensitized by PEG-ZnPP. Rose Bengal served as a known 
standard. 

In a strict sense, according to equation (2-7), the reduction of ΦΔ may also be caused by 

shortening of the triplet lifetime (τT) or a reduction of the energy transfer rate kEnT to 

molecular oxygen. The latter is unlikely as there is no indication for a strong shift of the 

triplet energy level which would influence kEnT. The following laser flash photolysis 

measurements answer this question and even more important, evaluate the potential of PEG-

ZnPP to generate singlet oxygen within tumor cells.     

7.3 Laser flash photolysis 

The method of laser flash photolysis allows indirect determination of singlet oxygen 

formation via triplet lifetime measurement. (See section 2.2 and 4.1.5). The triplet lifetime 

can be obtained by monitoring the transient absorbance change ΔA after excitation probed at 

T1-Tn transitions of the photosensitizer. For ZnPP the triplet-triplet absorption band is located 
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at 480nm. [Fei86] The samples were excited at the maximum of the Soret band of ZnPP at 

420nm. 

7.3.1 Measurements in solution 

Figure 30 depicts the normalized transient absorbance change of PEG-ZnPP in H2O. In the 

presence of oxygen the triplet lifetime was measured to τT(O2)=2.5µs whereas in an 

environment with low oxygen concentration (through 40min N2 flushing of the sample) the 

triplet lifetime of this compound increased up to 406µs.   
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Figure 30. Laser flash photolysis of PEG-ZnPP in H2O. Left: under normal air conditions. 
Right: after 40min N2 flushing. 

The strong decrease of the triplet lifetime in presence of oxygen shows that the triplet state is 

completely quenched by molecular oxygen in solution. In a deoxygenated environment the 

triplet lifetime of PEG-ZnPP in H2O is higher than the value obtained for ZnPP in EtOH 

(τT=280µs). It was hypothesized that the nonionized COOH groups attached to the 

protoporphyrin interact with the aromatic ring causing a decrease in the triplet lifetime in case 

of ZnPP. [Fei86] Apart from this; the triplet lifetime of ZnPP is strongly dependent on the 

solvent and therefore highly sensitive for its surrounding microenvironment. The long lifetime 

of the triplet state in case of PEG-ZnPP in a deoxygenated environment shows that the 

reduction of the singlet oxygen quantum yield must be attributed to the decrease of the 

intersystem crossing quantum yield caused by aggregation of PEG-ZnPP molecules in H2O. 

The triplet quenching rate constant can be obtained by  
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Using the experimentally determined triplet lifetime under the presence and absence of O2, a 

rate constant of kEnT[O2]= 4.1×105s-1 was found. For estimation of the bimolecular quenching 

constant kEnT, this value must be divided by the concentration of molecular oxygen [O2] in 

H2O at room temperature. With ~3×10-4M at 293K [Haa86], the bimolecular quenching rate 

constant is calculated to 1.3×109M-1s-1 which is in the range of values reported in the 

literature. [Sch03]  

7.3.2 In vitro studies 

The direct measurement of the faint 1270nm emission of 1O2 in viable cells is hard to measure 

because of the usually low intracellular concentration of the photosensitizer. Thus, in vitro 

laser flash photolysis provides a suitable alternative because the singlet oxyen generation is 

related to the triplet lifetimes according to equation (4-17).  Under normal aerobic conditions 

a triplet lifetime of τT(O2)=27µs was measured for PEG-ZnPP in cells.  
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Figure 31. Laser flash photolysis of PEG-ZnPP in Jurkat leukaemia cells suspended in PBS. 
Left: under normal air conditions. Right: after 40min N2 flushing. 

This value is higher than the one obtained in H2O and indicates accumulation in cellular 

compartments with lower oxygen concentration or a lowered diffusion rate of reactants in 

regions with higher viscosity although the latter possibility is more likely in this case. 

[Ave98a] For PEG-ZnPP in cells after 40min N2-flushing a triplet lifetime of τT(N2)=325µs 
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was obtained, and a significant bleaching of the triplet state occurred. 

The observed bleaching is evident from the induced absorbance change depicted in the left 

part of Figure 31 which does not approach the value before excitation. This can be treated as 

an indication for a chemical change of the photosensitizer. About 25% of the T1-populated 

PEG-ZnPP molecules undergo this process after excitation assuming that the photoproduct 

does not contribute to the induced T1-Tn absorbance. The origin of this bleaching process has 

been mentioned in section 7.1 already. From the populated T1-state, energy is transferred to 

molecular oxygen, resulting in the generation of 1O2 which subsequently reacts with the 

ground state ZnPP chemically. In solution no bleaching was observed which can be explained 

by the much lower singlet oxygen quantum yield due to aggregation of PEG-ZnPP. 

Based on these findings it is suggested that the aggregated assemblies of PEG-ZnPP in H2O 

disintegrate after cellular uptake and that PEG-ZnPP is preserved primarily in its monomeric 

water-soluble form in more lipophilic compartments of tumor cells. It generates singlet 

oxygen under illumination in tumor cells but with a lower quantum yield than monomeric 

ZnPP in EtOH. Using ΦISC=0.90 [Fei86] and the measured triplet lifetimes of τT(O2)=27µs 

and τT(N2)=325µs, an upper limit for the singlet oxygen quantum yield of ΦΔ=0.83 was 

calculated for monomeric PEG-ZnPP in tumor cells based on equation (4-17). A part of the 

generated singlet oxygen molecules immediately react with ZnPP while others may oxidize 

vital compartments of tumor cells.  

 

7.4 PDT relevant biological activity of PEG-ZnPP 

Studies about the uptake of PEG-ZnPP by tumor cells and the generated phototoxicity under 

illumination have been carried out in cooperation with F. Rancan. For the purpose of a 

combined analysis, the photobiological activity of PEG-ZnPP is briefly reviewed in the 

following section. 

The intracellular uptake of ZnPP and PEG-ZnPP increased with concentration of compounds 

in the incubation suspension. (See Table 5) The concentration of PEG-ZnPP within cells was 

higher compared to ZnPP at low incubation concentrations whereas at higher concentrations 

of 2.5µM and 5µM, a reverse behaviour was found. This shows that covalent attachment of 

hydrophilic PEG-chains does not support the uptake of ZnPP by Jurkat leukaemia cells.  
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Table 5. Cellular uptake of PEG.-ZnPP and ZnPP by Jurkat cells and phototoxicity against 
Jurkat cells of ZnPP and PEG-ZnPP. 

 

Incubation conc. [µM] 

Cellular Uptake 

Extract concentration [nM] 

Phototoxicity 

Living cells in % 

 ZnPP PEG-ZnPP ZnPP PEG-ZnPP 

0.5  14 ± 1  30 ± 3   100 ± 5 96 ± 3 

1.0  29 ± 1  38 ± 1 90 ± 12 98 ± 5 

2.5  71 ± 20  60 ± 16 100 ± 1 97 ± 2 

5  142 ± 17   86 ± 10 97 ± 2 60 ± 2 

 

After irradiation, the administered free ZnPP generates no phototoxic effect. PEG-ZnPP 

exerted significant phototoxic activity only at a concentration of 5 µM as shown in Table 5. In 

the absence of light PEG-ZnPP and ZnPP do not cause any intracellular toxicity at the 

incubation concentrations studied. This result shows that HO-1 inhibition by ZnPP does not 

have an effect on cell survival of Jurkat cells in vitro, although more oxystressed systems may 

prove this possibility in vivo. Furthermore it was found that PEG-ZnPP is mainly inducing 

the apoptotic cell death pathway. [Reg07a] 

7.5 Conclusions 

Zinc protoporphyrin is a very interesting photosensitizer for photodynamic tumor therapy, 

mainly because of its high singlet oxygen quantum yield of ΦΔ=0.88 (in EtOH) and the 

intrinsic secondary antitumor activity of ZnPP mentioned in section 2.4 which are also active 

in the absence of light. By covalent attachment of two PEG polymer chains the water 

solubility of ZnPP increased dramatically, making it possible to administer the resulting 

conjugate (PEG-ZnPP) into the blood stream of patients. The present photophysical 

characterization was performed to evaluate the potential of PEG-ZnPP for photodynamic 

therapy.   

Analysis of steady-state absorption and fluorescence spectra showed that PEG-ZnPP forms 

aggregates in aqueous environments. The observed excitonic interactions among different 

ZnPP units prove that super molecular assembly of PEG-ZnPP is based on close assoziation 

between hydrophobic ZnPP core moieties. This understanding is equivalent to the formation 

of polymeric micelles in aqueous solutions by highly amphiphilic PEG-ZnPP molecules as 
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depicted in Figure 32.  

 

The clustering of hydrophobic ZnPP molecules in aqueous surroundings is based on the 

“hydrophobic effect”.[Cha05] The molecular size of the PEG-ZnPP polymer micelle in H2O 

has been reported to achieve molecular weights of 70kDa [Sah02]. This corresponds to an 

average assembly of six PEG-ZnPP molecules. It has been found that for this reason 

selective tumor accumulation of PEG-ZnPP assemblies driven by the EPR-effect takes place 

in vivo. [Fan03] 
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Figure 32. Formation of polymeric micelles by amphiphilic PEG-ZnPP molecules in aqueous 
solution.  

Steady state absorption and fluorescence spectra further reveal that the aggregation state of 

PEG-ZnPP is heavily dependent on the polarity of the solvent. The equilibrium between 

monomeric and aggregated PEG-ZnPP is shifted towards the latter in case of more polar 

environments. Time-resolved fluorescence decay measurements showed that the particular 

covalent attachment of the PEG chain does not influence the electronic properties of the 

bound ZnPP moiety.  Furthermore aggregation of PEG-ZnPP units leads to the appearance 

of non-radiative processes rapidly deactivating the first excited singlet state of ZnPP. This 

behaviour is typically for aggregated porphyrin systems. Due to the efficient S1 deactivation 

process, the intersystem crossing quantum yield is reduced as well as the singlet oxygen 

quantum yield which was determined to ΦΔ=0.17. This notion is evidenced by the relative 

fluorescence quantum yield (ΦFrel) of PEG-ZnPP with respect to free ZnPP which is of 

similar size compared to the relative singlet oxygen quantum yield (ΦΔrel) shown in Table 6.  

The suppression of singlet oxygen generation through association of PEG-ZnPP molecules 

into macromolecular assemblies is very desirable for the reason that as long as this compound 

is circulating in the blood stream of the patient, its potential phototoxicity is inhibited. 

Despite the strongly reduced population of the first excited triplet state of PEG-ZnPP in H2O 
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due to aggregation, laser photophotolysis measurements could show that the generation of 

singlet oxygen occurs by energy transfer from the T1-state of ZnPP. 

Table 6. Important photophysical properties of ZnPP and PEG-ZnPP. * JCS: Jurkat cell 
suspension. 

Photophysical property ZnPP PEG-ZnPP 

Soret band maximum [nm] 417  EtOH 414  H2O 

Q(0,0) band maximum [nm] 584  EtOH 588  H2O 

fluorescence band maximum [nm] 589  EtOH 589  H2O 

ΦFrel 1.0  EtOH 0.2  H2O 

ΦΔrel 1.0  EtOH 0.19  D2O 

τF [ns] 0.15 ns (11%) 

2.09 ns (89%) 

EtOH 0.13 ns (35%) 

2.04 ns (65%) 

H2O 

τT [µs] under normal  

air conditions 

 EtOH 2.5 ± 0.2  

27 ± 3  

H2O 

in JCS* 

τT [µs] after  

40min N2 flushing 

280 ± 28  EtOH 406 ± 40  

325 ± 30  

H2O 

in JCS*    

 

In vitro laser flash photolysis proved that generation of singlet oxygen photosensitized by 

PEG-ZnPP within Jurkat tumor cells occurs after excitation. Results indicate decomposition 

of aggregates after cellular uptake. PEG-ZnPP is preserved primarily in its monomeric form 

in tumor cells whereas the upper singlet oxygen quantum yield was estimated to ΦΔ = 0.83. 

Moreover it was found that a significant fraction of up to 25% of photosensitizing molecules 

immediately react with the generated singlet oxygen, resulting in a significant photobleaching 

of this compound in vitro. The internalization of macromolecular aggregates is known to 

occur by endocytosis. [Kal98] Experiments revealed that the intracellular concentration of 

PEG-ZnPP cells is not higher compared to free ZnPP.  Thus, the PEG carrier does not 

enhance the uptake of the photosensitizer into Jurkat leukemia cells. As a consequence of the 

low intracellular concentration of ZnPP, the generated phototoxicity under illumination is also 

reduced. Only for the highest incubation concentration studied (5µM ZnPP equivalent), a 

significant phototoxicity for PEG-ZnPP was observed, about 40% of the tumor cells were 

killed. The desired suppression of singlet oxygen generation in solution or during delivery to 

the tumor is based on aggregation of hydrophobic ZnPP cores in aqueous surroundings. For 
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photosensitizers showing water solubility, for example Rose Bengal (RB), strong aggregation 

effects are not expected in aqueous solution. Indeed, it was reported that the photophysical 

properties of free Rose Bengal are not different to its pegylated form. The singlet oxygen 

quantum yield of the RB-polymer conjugate is not reduced compared to unbound Rose 

Bengal (ΦΔ=0.75 in H2O). [Now01] This leads to the perception that amphiphilicity of such 

PEG-photosensitizer conjugates is highly benefical for achieving macromolecular size and the 

mentioned reduction of singlet oxygen in aqueous solution. The main disadvantage of the 

PEG carrier belongs to its low payload capacity. Consequently, PEG chains cause undesirable 

high viscosity, even for moderate doses of ZnPP, thereby limiting its application as an 

injectable drug. [Iye07] An approach to overcome this limitation employs a styrene-maleic 

acid copolymer carrier system which has a much higher loading capacity. This potential 

carrier system for hydrophobic photosensitizers is investigated in the next chapter. 
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8 Block-copolymer micellar carriers: SMA-ZnPP  

8.1 Introduction 

Polymeric micelles have been emerging as a convenient carrier system for hydrophobic 

photosensitizers. [Zha03a, Gil04, Reg07a] They are formed in aqueous solutions from 

amphiphilic copolymers. The hydrophobic segments of the copolymer form the core of the 

micelle and the hydrophilic units form the corona. Polymeric micelles have a clear advantage 

over micelles assembled by low molecular weight surfactants. They have a higher stability 

reflected in a low critical micelle concentration (CMC). This means that polymer micelles are 

resistant to dilution effects upon administration into the blood stream. [Nos04] 
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Figure 33. Chemical structure of styrene-maleic acid (SMA) and suggested micellar structures 
of SMA-ZnPP in H2O. 

Many polymers have been considered as micellar building blocks among them poly(lysine), 

poly(argine), polyacrylic acid and polysaccharides but the most promising results were 

obtained with styrene-maleic-acid (SMA) copolymer especially [Akh06]. The SMA monomer 

consists of a hydrophobic styrene moieties covalently coupled to a hydrophilic maleic acid 

unit. The molecular weight of the monomer is about 220 Dalton. [Gre05] (See Figure 33) The 

polymer used in this work has an average chain length of 6-7 repeating units of monomer 

[Mae85,Gre04] and forms micelles at a CMC of 4mg/ml. SMA was firstly synthesized in 

1985 to improve the pharmacological properties of the anticancer protein neocarzinostatin 

(NCS). [Mae85] It was found that the copolymer-protein conjugate SMANCS showed 

exceptional higher antitumor activity against a variety of aggressive metastatic cancer types in 

humans [Mae01b] compared to NCS alone. The therapeutic advancement of the 

macromolecular SMA carrier is not only based on selective accumulation in the tumor tissue 
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due to the EPR-effect but also on other properties. The SMA shell can attach noncovalently to 

albumin, the most biocompatible macromolecule. The albumin serves as a secondary carrier 

which aids the EPR effect. Furthermore, it was shown that SMA potentiates the host immune 

response. [Gre04] It was reported that drug loading of the SMA shell can achieve values of up 

to 50% (MW drug / MW shell). In addition, the amphiphilic nature of SMA enables a range 

of formulation possibilities, including intravenous injection, interaarterial or oral 

administration.  

For the aforementioned reasons the SMA copolymer is regarded also as a suitable carrier 

system for PDT. An example for such a photosensitizer-copolymer aggregate is SMA-ZnPP 

which is investigated throughout this chapter. It consists of SMA copolymer incorporating the 

hydrophobic photosensitizer ZnPP in a non-covalent manner.  

Figure 33 depicts possible conformations of SMA-ZnPP in aqueous solution. Whether the 

SMA-shell assembles in a tubular or spherical structure is completely known. It is assumed 

that the styrene units of the SMA polymer noncovalently interact with hydrophobic segments 

of the host molecules whereas the hydrophilic maleic acid mojeties protonate water molecules 

and generate a local cationic charge of the surface of the SMA shell. The size of a single 

micelle depends on the incorporated compound and drug loading and ranges between 100-

200nm [Mae06, Iye07] 

8.2 Photophysical characterization  

8.2.1 Steady-state absorption spectra 

The absorption spectrum of SMA-ZnPP in H2O composes of the absorption of the ZnPP 

photosensitizer and a contribution of the SMA copolymer. The Soret band of ZnPP is located 

at 391nm and its Qx, Qy transitions can be identified in the yellow region of the visible 

spectrum centered at 556nm and 588nm, respectively. In contrast to polyethylene glycol 

(PEG), the styrene-maleic acid copolymer has absorption bands above 200nm. The absorption 

of the pure, highly water-soluble SMA polymer is depicted in Figure 34 showing a steep 

increase at 225nm and a shoulder positioned at 259nm. 

The origin of this UV band system can be identified by a closer look on the structure of the 

polymer. SMA consists of a hydrophobic styrene moiety and a hydrophilic maleic acid unit. 

The covalent coupling between both parts requires the cleavage of the double bond of styrene. 

As a result the hydrophobic unit of the SMA polymer is structurally similar to toluene. (See 

Figure 33) This methylated derivate of aromatic benzene, has its longest wavelength 
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absorption band at 262nm in cyclohexane (ε = 2864 M-1cm-1) and shows a steep increase in 

the absorbance at 225nm equal to the SMA copolymer. [Du98] From the absorption spectrum 

of the polymer it is apparent that an S1-S1 energy transfer from the excited ZnPP moiety to 

the polymer is impossible. The reason is the high lying first excited singlet state of toluol 

(4.7eV) which is much higher than the S1 state of ZnPP (2.1eV) as estimated from absorption 

spectra. Transfer processes involving the first excited triplet state of the SMA polymer are 

also unlikely as the triplet state energy of toluene is about 3.5eV. [Haa73] 
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Figure 34. Normalized absorption spectra of SMA-ZnPP in H2O and in Jurkat cell 
suspension. For comparison the spectrum of ZnPP in ethanol and the SMA 
polymer is also shown. 

The Soret-band of SMA-ZnPP in H2O shows a strong broadening and a large hypsochromic 

shift of about 26nm in comparison to ZnPP in EtOH. The Q-bands are heavily pertubed 

which is visible in the change of their relative amplitudes in addition to the observed redshift 

with respect to free ZnPP. These spectral features point out appreciable intermolecular 

interactions among aggregated ZnPP molecules within the SMA copolymer micelle. 

According to exciton theory a strong blueshift indicates a prevalent perpendicular alignment 

(head-to-head) of participating dipole moments. Such H-type aggregates have been observed 

for many other porphyrin systems in aqueous solution and micellar media too. [Tog04, 

Eic00,Kha99,Mai98] 

The perturbation of electronic states observed for SMA-ZnPP is more pronounced than for 

PEG-ZnPP. Therefore it is supposed that the ZnPP molecules are packed more densely in 

the hydrophobic inner core of the SMA block copolymer micelle allowing stronger 

interactions compared to the self-assembled PEG-ZnPP molecules. 



  8. Block-copolymer micellar carriers: SMA-ZnPP 

 

 92 

The uptake of SMA-ZnPP by Jurkat cells, a leukaemia cell line, is significantly higher than 

PEG-ZnPP. This result, discussed in section 8.4 in detail, allowed obtaining an absorption 

spectrum of SMA-ZnPP within tumor cells for the highest incubation concentration studied 

(5µM ZnPP equivalent). The absorption spectrum of SMA-ZnPP in cells is shown in Figure 

34 and exhibits a strong scattering background caused by the cell suspension. Although the Q-

bands attributed to zinc protoporphyrin cannot be clearly identified for SMA-ZnPP in cells 

owing to the low intracellular concentration in the nanomolar range, the peak wavelength of 

the Soret band can be estimated. The Soret band has its maximum at 418nm close to the value 

obtained for monomeric ZnPP in ethanol. From this observation, it can be assumed that the 

SMA micelle release free ZnPP molecules from their inner cores after being uptaken by 

Jurkat cells. 

8.2.2 Steady-state fluorescence 

The fluorescence of SMA-ZnPP and reference compounds were measured by excitation of 

the samples at 550nm, the optical density was adjusted to 0.2 at this wavelength. The 

fluorescence of this compound is strongly quenched compared to free ZnPP in ethanol. The 

fluorescence quantum yield of SMA-ZnPP was determined to ΦF=0.003. For ZnPP in EtOH 

and PEG-ZnPP values of ΦF=0.040 and ΦF=0.008 have been determined in that order. The 

fluorescence of SMA-ZnPP is quenched to 7% of the value obtained for ZnPP in EtOH. As a 

consequence the signal was very weak which is visible in the much higher noise level 

associated with the measurement of the fluorescence spectrum. 
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Figure 35. Normalized fluorescence spectrum of SMA-ZnPP in H2O. For comparison the 
spectrum of PEG-ZnPP in H2O and ZnPP in ethanol are also shown. 
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Besides the low ΦF of SMA-ZnPP, the spectrum is extensively broadened compared to free 

ZnPP in EtOH and even PEG-ZnPP in H2O. Futhermore the relative intensity of the 

fluorescence band at 644nm increases whereas the position of the fluorescence band maxima 

remains unchanged. The observed spectral features are attributed to tight aggregation of 

ZnPP molecules within the inner core of the SMA micelle as already indicated by absorption 

spectra.  

8.2.3 Time-resolved fluorescence 

The fluorescence lifetimes of SMA-ZnPP in H2O and reference compound ZnPP in EtOH 

were determined by time-correlated single photon counting technique (TCSPC). The samples 

were excited at 400nm using the frequency doubled pulses of a Ti:Sa laser. For reduction of 

the aforementioned photobleaching of ZnPP by singlet oxygen, the samples were flushed 

with N2 for 40min prior to measurement. The fluorescence was detected at the intensity 

maximum of the fluorescence band at 589nm. 

1.0

2.0

3.0

4.0

1.0 3.0 5.0 7.0 9.0 11.0
t in ns

LO
G

(c
ou

nt
s)

SMA-ZnPP in H2O
ZnPP in EtOH

IRF

 

Figure 36. Time-resolved fluorescence emission decay curves of ZnPP in EtOH and SMA-
ZnPP in H2O. The FWHM of the instrument response function was determined to 
80ps.  

The measured fluorescence decay of SMA-ZnPP in H2O was fitted by a two-exponential 

function which yielded a good chi-square value of 1.3. The fit exhibits a fast process with a 

decay time of τShort=0.06ns and a dominant amplitude of 63% in addition to a long component 

of τlong=2.04ns with a lower amplitude of 37%. For ZnPP in EtOH the measurement showed 

two components with τShort=0.15ns (11%) and τlong=2.09ns (89%) as aforementioned in 
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section 7.2.3. The long fluorescence lifetime component of ZnPP is attributed to monomeric 

ZnPP whereas the short component refers to the aggregated species. The similar long lifetime 

of ZnPP in EtOH and ZnPP enclosed in the polymeric SMA micelle in H2O shows that the 

first excited state of ZnPP is not influenced by the environment to great extent. This notion is 

supported also by the unchanged peak position of the fluorescence emission band for the 

compounds under study. The amplitude of the short fluorescence decay time of SMA-ZnPP 

in H2O is much higher than observed for ZnPP in EtOH and PEG-ZnPP in H2O pointing out 

the strongly confined aggregation state of ZnPP within the SMA polymer micelle. This result 

is also reflected in the short fluorescence lifetime itself which decreases from 0.15ns to 0.13ns 

and 0.06ns for ZnPP in EtOH, PEG-ZnPP in H2O and SMA-ZnPP in H2O, respectively. 

The strong reduction of the fluorescence lifetime is caused by the enhanced non-radiative 

processes of aggregated ZnPP molecules quickly depopulating the first excited singlet state. 

The non-radiative quenching rate knr deactivating the first excited state of aggregated ZnPP 

within the SMA micelle was calculated from equation (7-1). A value of knr = 1.6×1010s-1 was 

found which is more than two times higher than that obtained for PEG-ZnPP.  

8.2.4 Time-resolved singlet oxygen emission 

Measurement of the time-resolved singlet oxygen emission in D2O was performed to 

investigate the ability of SMA-ZnPP to generate singlet oxygen in solution under 

illumination. 

The optical density of the samples was adjusted to 0.2 at the excitation wavelength of 550nm. 

Rose Bengal in D2O served as reference standard (ΦΔ=0.75). Figure 37 depicts the decay of 

the 1O2 luminescence photosensitized by SMA-ZnPP in D2O. The data for PEG-ZnPP are 

shown for comparison and have been discussed in section 7.2.4. 

In contrast to PEG-ZnPP, the singlet oxygen generation in case of SMA-ZnPP is very low, 

and the emission decay shows a two-exponential behaviour. A fit yielded two lifetimes of 8µs 

and 50µs with amplitudes of 51% and 49%, respectively. The longer component of the 

emission is attributed to singlet oxygen, which diffused out of the micelle into the D2O 

environment. The observed 50µs are comparable to the lifetime of 60µs reported in the 

literature for a D2O environment.[Gor78] The shorter lifetime corresponds to singlet oxygen, 

which is quenched by the densely packed photosensitizer molecules within the micelle and/or 

the micelle-building polymer. The quantum yield of singlet oxygen generation for SMA-

ZnPP was determined to ΦΔ=0.05 or 5%. This is more than a factor of 17 lower than the 
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value obtained for free ZnPP in EtOH (ΦΔ=0.88). The strong suppression of ΦΔ may be 

caused by an efficient S1 deactivation channel or by a reduction of the triplet lifetime as 

discussed in section 7.2.4. The laser flash photolysis measurements presented in following 

address this issue and more important, assess the potential of SMA-ZnPP to generate singlet 

oxygen within tumor cells. 
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Figure 37. Time resolved singlet oxygen emission in D2O photosensitized by SMA-ZnPP and 
PEG-ZnPP. Rose Bengal served as a reference standard. Inset: Magnification of 
the two-exponential kinetics of the singlet oxygen emission photosensitized by 
SMA-ZnPP. 

8.3 Laser-flash photolysis 

The method of laser flash photolysis allows indirect determination of singlet oxygen 

formation via triplet lifetime measurement. (See section 2.2 and 4.1.5). For ZnPP the triplet-

triplet absorption band is located at 480nm. [Fei86]. The samples were excited at the 

maximum of the Soret band of ZnPP at 420nm. 

8.3.1 Measurements in solution 

The normalized transient absorbance change of SMA-ZnPP in H2O after excitation is shown 

in Figure 38. In the presence of oxygen the triplet lifetime was measured to τT(O2)=1.4µs 

whereas in an environment with low oxygen concentration (through 40min N2 flushing of the 

sample) the triplet lifetime of SMA-ZnPP dissolved in H2O increased up to τT(N2)=484µs. 

The strong decrease of the triplet lifetime in the presence of oxygen shows that the triplet state 

of ZnPP incorporated in the SMA polymer is quenched by molecular oxygen in solution. It 

further reveals that the observed reduction of the singlet oxygen quantum yield must be 
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attributed to a decrease of the intersystem crossing quantum yield caused by aggregation of 

ZnPP moieties within the SMA micelle. 
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Figure 38. Laser flash photolysis of SMA-ZnPP in H2O. Left: under normal air conditions. 
Right: after 40min N2 flushing. 

The triplet quenching rate constant kEnT[O2]  and the bimolecular quenching rate kEnT was 

estimated in analogy to the calculation performed for PEG-ZnPP in H2O described in section 

7.3.1. Using the experimentally determined triplet lifetimes under the presence and absence of 

O2, a rate constant of kEnT[O2]= 7.1×105s-1 was found. For the bimolecular quenching rate a 

value of 2.4×109M-1s-1 was computed which is in the range of values reported in the literature. 

[Sch03]  

8.3.2 In vitro studies 

In vitro studies on a Jurkat cells (human acute leukaemia T-cell line) were performed to 

question whether SMA-ZnPP generates singlet oxygen in tumor cells. Furthermore the 

influence of cellular compartments on the photosensitizing potential of SMA-ZnPP was 

investigated.  

Under normal aerobic conditions a triplet lifetime of τT(O2)=2.4µs was measured for SMA-

ZnPP as shown in Table 8. This value is comparable to those found for SMA-ZnPP in H2O. 

For SMA-ZnPP after 40min N2 bubbling, a two-exponential triplet decay was observed. This 

finding is different compared to the one exponential decay observed for PEG-ZnPP as 
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depicted in Figure 39.   
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Figure 39. Laser flash photolysis of SMA-ZnPP in Jurkat leukaemia cells suspended in PBS 
after 40min N2 flushing. The data of PEG-ZnPP is shown for comparison. 

The short component with 127µs is significantly lower than the lifetime in H2O under reduced 

oxygen concentrations. Such a strong reduction of the triplet lifetime may result from close 

assoziation of released ZnPP molecules. This type of situation occurs in hydrophobic 

environments like the lipid bilayer of cell membranes. Similar findings were reported by 

Aveline et al who correlated laser flash photolysis results with cellular phototoxicity data 

obtained under the same experimental conditions. [Ave98a, Ave98b] The observed behaviour 

has been attributed to weak interactions at high local concentrations of the photosensitizer and 

has to be distinguished from the aggregation of ZnPP in the core of SMA micelles. The 

longer component of the triplet decay with 1.2ms is attributed to a bleaching process probably 

resulting in the formation of long-lived radicals. For SMA-ZnPP in cells, either a singlet 

oxygen mediated phototoxicity (type II) or a free radical destruction mechanism (type I) under 

low oxygen concentration may occur. See section 2.2 for an overview of type I and type II 

photosensitization.   
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8.4 Cellular uptake and Phototoxicity on Jurkat leukemia cells 

The cellular uptake of SMA-ZnPP by tumor cells and the generated phototoxicity of this 

compound have been studied by F. Rancan. The photobiological activity of SMA-ZnPP in 

comparison to PEG-ZnPP is briefly reviewed for the purpose of a combined analysis.  

The intracellular uptake of SMA-ZnPP was studied by incubation of Jurkat cells in a growth 

medium containing four different ZnPP equivalent concentrations. The amount of 

photosensitizer uptaken after 24h was quantified by fluorescence measurement of the cell 

extract.  

A more detailed description of experimental procedures underlying this investigation can be 

found in section 7.4 of this thesis and in reference [Reg07a].  

 

 

Incubation conc. [µM] 

Cellular Uptake 

Extract concentration [nM] 

Phototoxicity 

Living cells in % 

 PEG-ZnPP SMA-ZnPP PEG-ZnPP SMA-ZnPP 

0.5  30 ± 3   6 ± 3 96 ± 3 88 ± 5 

1.0  38 ± 1 33 ± 5 98 ± 5 80 ± 12 

2.5  60 ± 16 149 ± 14 97 ± 2 55 ± 1 

5  86 ± 10 459 ± 50 60 ± 2 2 ± 2 

Table 7. Cellular uptake of SMA-ZnPP and PEG-ZnPP by Jurkat cells and generated 
phototoxicity under illumination. 

The intracellular uptake of SMA-ZnPP increased with the concentration of this compound in 

the incubation cell suspension. It reached higher intracellular concentrations than PEG-ZnPP 

and free ZnPP (in terms of ZnPP equivalents). At an incubation concentration of 5µM, the 

uptake of SMA-ZnPP was approximately 5.4 times compared to PEG-ZnPP. This data can 

be explained by the higher ZnPP loading of the SMA micelle (>40% by weight) in contrast to 

PEG-ZnPP in which only 5% of the molecular weight is due to ZnPP. The higher uptake is 

also supported by the cationic surface charge of the SMA micelle mentioned in section 8.1. It 

has been shown previously that a negative charge of the macromolecular carrier enhances 

uptake by tumor cells. [Kra03]   

For investigation of the phototoxicity of SMA-ZnPP, Jurkat cells were incubated for 24h 

with different concentrations of the compound.  Table 7 shows the cell survival after 
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irradiation of the cells with a dose of 0.3J/cm2 of UVA. Before the data is discussed it is 

noteworthy that less than 5% of the cells without studied compounds lost their viability after 

UVA expose and no cyctotoxic activity by ZnPP without UVA exposure was observed. 

[Reg07a]  

Significant enhanced phototoxicity was observed for SMA-ZnPP at incubation 

concentrations higher than 1µM. The phototoxicity generated by SMA-ZnPP under 

illumination was much stronger compared to PEG-ZnPP which is based on the higher 

intracellular concentration of this compound. At the highest incubation concentration studied 

nearly all tumor cells were killed demonstrating the high potential of SMA-ZnPP for 

photodynamic therapy.     

8.5 Conclusions 

The amphiphilic styrene-maleic acid (SMA) copolymer efficiently forms micelles solubilizing 

the hydrophobic photosensitizer zinc protoporphyrin (ZnPP). The system has a remarkable 

high water solubility of 150mg/ml but it is insoluble in organic solvents like EtOH or DMSO. 

The polymeric micelles assemble with a narrow size distribution in water (mean diameter: 

176.5 nm) and a molecular size of 144kDa. [Iye07] The large size is a prerequisite for EPR-

effect driven tumor accumulation. For SMA micelles having similar sizes but containing 

conventional chemotherapeutics, e.g. doxorubicin, pirarubicin and neocarzinostatin, an EPR-

effect has been observed in vivo already. [Mae01b,Gre04,Gre05]    

The present photophysical characterisation was undertaken to evaluate the potential of SMA-

ZnPP for photodynamic therapy. 

Steady state absorption and fluorescence spectra demonstrate strong perturbations of the 

electronic system of ZnPP moieties enclosed in the SMA-micelle. These alterations are 

attributed to strong excitonic interactions among aggregated ZnPP molecules. Spectral 

analysis reveals that incorporated ZnPP units form H-aggregates in which the transition 

dipole moments of neighboring porphyrin molecules are aligned perpendicular to each other. 

About 40% of the molecular weight of SMA-ZnPP is attributed to ZnPP (MW: 626.03 Da) 

which corresponds to an average number of 92 ZnPP moieties per SMA-micelle. This 

number shows that formation of large, densily packed aggregates driven by the “hydrophobic 

effect” is likely to occur within the block-copolymer shell. [Cha05] The properties of such 

supermolecular aggregates have been investigated extensively and showed, among other 

things, the presence of efficient non-radiative processes, quickly depopulating the first excited 

singlet state resulting in reduced fluorescence quantum yield and a shortening of the 
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fluorescence lifetime. [Lin06, Tog04, Eic00] Indeed, time-resolved fluorescence 

measurements could resolve a fast process deactivating the S1-state of the aggregated ZnPP 

moieties. The amplitude of this process is significantly higher compared to the value obtained 

for PEG-ZnPP which provides additional evidence for the higher aggregation state of the 

small ZnPP molecules in the block-copolymer micelle. The fast depopulation of the S1-state 

should reduce the intersystem crossing quantum yield and the singlet oxygen quantum yield 

of SMA-ZnPP. Time-resolved singlet oxygen measurements confirmed this expectation, a 

very low value of ΦΔ=0.05 in H2O was obtained. Additional evidence for this notion is 

provided by the relative fluorescence quantum yield ΦFrel of SMA-ZnPP with respect to free 

ZnPP. It is of similar size compared to the relative singlet oxygen quantum yield ΦΔrel as 

shown in Table 8. The observation of two different singlet oxygen lifetimes points out partial 

quenching of singlet oxygen by the SMA polymer or by ZnPP molecules. There is no 

indication that energy- or electron transfer processes occur between ZnPP and aromatic 

styrene residues of the SMA polymer which is also unlikely from a theoretical point of view. 

As it was aforementioned in section 7.5, the suppression of singlet oxygen generation is 

highly desirable up to the point when SMA-ZnPP gets internalized by tumor cells. The 

absorption spectrum of SMA-ZnPP within Jurkat leukaemia cells proved the release of ZnPP 

molecules from the micellar core after cellular uptake. The way the SMA micelle is 

decomposed within the cell is not completely understood. Cellular uptake is assumed to take 

place by endozytosis leading to enrichment of SMA-ZnPP in intracellular vesicles of tumor 

cells. It was reported that the SMA polymer is gradually liberated under mild acidic 

conditions. [Mae01b, Gre04] After internalization of the micelles by the cell, they are 

incorporated in cellular vesicles exhibiting an acidic environment. Under these conditions the 

decomposition of the SMA micelle may be initiated.  

Laser flash measurements in solution showed that the quenching of the first excited triplet 

state of SMA-ZnPP is due to generation of singlet oxygen and that the triplet lifetime is not 

reduced by additional T1 deactivation processes compared to free ZnPP.  In vitro laser flash 

photolysis studies on Jurkat leukaemia cells containing SMA-ZnPP proved the intracellular 

generation of singlet oxygen under illumination in tumor cells. The phototoxicity is based 

primarily on singlet oxygen, but probably long-lived radicals are formed additionally, 

especially in the case of lowered oxygen concentration, such as the lipid peroxiradical (ROO-) 

that can cause DNA breakage or other damage.  

SMA-ZnPP exhibited a five times higher cellular uptake compared to the pegylated form of 
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ZnPP which is attributed to higher loading and the negative charge of the surface of the SMA 

micelle. The phototoxicity generated by SMA-ZnPP is significantly higher than PEG-ZnPP. 

SMA-ZnPP showed a 30 fold higher phototoxicity at the highest incubation concentration 

studied demonstrating the advantage of the block-copolymer formulation over PEG-ZnPP for 

photodynamic therapy. 

Table 8. Important photophysical properties of ZnPP and SMA-ZnPP.* JCS: Jurkat cell 
suspension. 

Photophysical property ZnPP SMA-ZnPP 

Soret band maximum [nm] 417  

 

EtOH 391 

418 

H2O 

in JCS 

Q(0,0) band maximum [nm] 584  

 

EtOH 588 H2O 

fluorescence band maximum 

[nm] 

589  EtOH 589 H2O 

ΦFrel 1.0  EtOH 0.07 H2O 

ΦΔrel 1.0  EtOH 0.06 D2O 

τF [ns] 0.15 ns (11%) 

2.09 ns (89%) 

EtOH 0.06 ns (63%) 

2.04 ns (37%) 

H2O 

τT [µs] under normal  

air conditions 

 EtOH 1.4 ± 0.2 

2.4 ± 0.2 

H2O 

in JCS* 

τT [µs] after  

40min N2 flushing 

280 ± 28  EtOH 484 ± 40 

92 ± 11, 1200 ± 100   

H2O 

in JCS*  

 

In general the SMA block-copolymer can be regarded as a very interesting delivery system 

for PDT. It satisfies all of the carrier related demands mentioned in Table 1.  It can be used to 

solubilize hydrophobic photosensitizers masking their properties during delivery to tumor 

cells, thus reducing side effects. The micelle forming property of SMA directs 

macromolecularity of the assembly, a requirement for selective tumor accumulation driven by 

the EPR-effect. The micelle is cleaved after tumor cell uptake, releasing the photosensitizer 

which can display its singlet oxygen generating potential under illumination of visible light. 

The high payload capacity and low synthetic effort makes the carrier system especially 

attractive. 
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9.   Summary 

The main objective of the present thesis was the photophysical investigation of three different 

photosensitizer-carrier systems concerning the applicability of these macromolecules for 

photodynamic therapy. For this purpose steady-state and time-resolved spectroscopic 

measurements in the UV/VIS/NIR range had been performed on these conjugates. 

Experimental data, theoretical analysis and molecular-mechanical simulations allowed 

studying different types of intramolecular energy and electron transfer processes. In addition 

the generation of singlet oxygen generated by the complexes after photoexcitation had been 

studied in solution and in vitro.  

  

Emphasis has been placed on the investigation of hexapyropheophorbide a-fullerene [C60] 

molecular systems as representatives of modular carrier systems (MCS) excluding the 

addressing unit. The flexibility of the dendron system connecting the six pyropheophorbide a 

molecules among one another (P6) and coupling it by a malonate unit to a fullerene core 

(FHP6, FP6) allows a huge variety of possible conformations. This characterstic has been 

confirmed by molecular modelling simulations in vacuo. Because of the variety of 

conformations complex intramolecular interactions within these macromolecules after 

photoexcitations are allowed which could be identified spectroscopically. The presence of two 

different types of dimer energy traps (Trap I, Trap II) formed by excitonic interactions among 

neighboring pyropheo chromophores were observed in addition to the existance of a non-

radiative deactivation channel (Trap III). In agreement with theoretical calculations, a cascade 

of Förster resonance energy transfers (FRET) on a picosecond time scale occurs after 

excitation from the initially excited chromophore. The energy is transferred from unit to unit 

until the energy vanishes in one of the traps or may be deactivated by fluorescence or 

intersystem crossing to the T1 state of pyropheo. The trapping of excitation energy results in a 

reduction of the singlet oxygen quantum yield of FHP6 and P6 compared to free pyropheo by 

2.5 fold and 4 fold, respectively, thereby limiting the potential phototoxicity of these 

compounds. 

On the basis of a mathematical model proposed in this thesis, it was estimated that the energy 

from the initially excited pyropheo molecule is transferred with a probability of 54% (FHP6) 

to trap II and with a lower chance of 16% to trap I. These values are referenced to the sum of 

all possible trapping processes. The model further revealed that non-radiative transitions (trap 

III) are strongly enhanced in P6 because of the denser folding of the macromolecule 
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compared to FHP6. These results demonstrate the influence of C60 on the conformation of the 

molecular systems and associated changes in the strength of deactivation and transfer 

processes. Despite the indirect influence of the fullerene, it can directly alter the 

photophysical properties of the attached dye molecules as well and take part in the transfer 

processes of the whole complex. This is best seen in compound FP6 which contains, in 

contrast to FHP6, an electron accepting unsubstituted C60 fullerene core. This opens up an 

efficient electron transfer channel from the photoexcited pyropheo unit to the fullerene core. 

Electron transfer in the FP6 molecule occurs with a probability of 67% with respect to all 

other trapping processes and its rate constant was determined to kq = 8.9×109 s-1 which is in 

very good agreement to value calculated by Marcus theory. The pronounced electron transfer 

process strongly reduces the singlet oxygen quantum yield of this compound (ΦΔ = 0.06 in 

DMF), therefore FP6 is not suitable for PDT. Instead, FP6 can be considered as a 

combination of a light-harvesting system and a charge separating center. The self-assembly of 

sub divisions embedding different functions in the FP6 molecule may provide new ideas for 

the design of artifical complexes of photosynthesis. 

Among the hexapyropheophorbide a-fullerene [C60] molecular systems investigated, FHP6 is 

the most promising compound for PDT. In vitro studies on a Jurkat leukaemia cell line 

showed that FHP6 is uptaken by tumor cells and generates sufficient phototoxicity under 

illumination. The water insolubility of FHP6 may be removed through coupling of an 

antibody; a similar imunoconjugate exhibiting this quality has recently been 

investigated. [Ran07b] 

Further work should be directed towards incorporation of enzyme- or pH- cleavable bonds in 

the MCS. In this way the photosensitizer will be released from the carrier after cellular uptake 

with the result that reduction of the singlet oxygen quantum yield associated with formation 

of energy traps can be avoided. Moreover the number of loaded dye molecules can be 

increased without the loss of phototoxicity, a problem observed for a MCS carrying 12 

pyropheo units. [Hel05]   

 

The water-soluble polyethylene glycol (PEG) and block-copolymer carrier systems utilize a 

completely different approach to enrich its payload, the photosensitizer zinc protoporphyrin 

(ZnPP), in the tumor tissue. Because of their molecular size being larger than 40-50kDa, they 

passively accumulate in the tumor due to the EPR-effect. The investigated conjugate PEG-

ZnPP forms micelles in aqueous surroundings whereas the hydrophobic ZnPP cores loosely 
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aggregate in the interior of the micelle. Excitonic interactions among the dye molecules lead 

to the appearance of efficient S1 deactivation channels, thus lowering the intersystem crossing 

and singlet oxygen quantum yield (ΦΔ=0.17 in D2O) of PEG-ZnPP. Results indicate that 

after tumor cell uptake, the micelle disintegrates and PEG-ZnPP is preserved in its 

monomeric form. Singlet oxygen is generated by PEG-ZnPP within Jurkat leukemia cells at 

high yields but it was found that the generated phototoxicity under illumination is only 

moderate. The explanation is given mainly by the low intracellular concentration of ZnPP 

which is based on the low transport capacity of the PEG carrier; only 5% of the molecular 

weight of PEG-ZnPP is attributed to ZnPP.  

For this reason an alternative polymer carrier system for ZnPP has been investigated in this 

work basing on the amphiphilic styrene-maleic acid (SMA) block-copolymer. Among other 

advantages, SMA-ZnPP has a much higher loading of ZnPP (40% w/w) compared to the 

PEG carrier. The non-covalently incorporated ZnPP moieties form large H-aggregates within 

the SMA shell. As a consequence of the dense aggregation state, the singlet oxygen quantum 

yield of this compound (ΦΔ=0.06 in D2O) is reduced stronger than the suppression observed 

for PEG-ZnPP assemblies. After tumor cell uptake of SMA-ZnPP, the polymeric micelle is 

liberated and the photosensitizer is released as evidenced by absorption spectroscopy. Under 

illumination SMA-ZnPP mainly generates singlet oxygen inside cells but laser flash-

photolysis measurements indicated the formation of long-lived radicals additionally (Type I 

mechanism), especially in the case of lowered oxygen concentration.          

The tumor cell uptake of SMA-ZnPP is five times higher and the generated phototoxicity is 

30 fold elevated with respect to PEG-ZnPP demonstrating the advantage of SMA-ZnPP over 

PEG-ZnPP for photodynamic therapy.  

 

The investigation of the polymer carriers suggests a concept which may allow reducing skin-

sensitivity and irritations of current PDT therapies. Trap formation in the 

hexapyropheophorbide a-fullerene [C60] molecular systems as well as dense aggregation of 

hydrophobic photosensitizers in polymeric micelles inhibit the singlet oxygen generating 

potential of the attached or enclosed dye molecules. This is highly desirable as long as the 

complexes circulate in the blood stream of the patient and are not delivered to tumor cells. 

After uptake, photosensitizers will be released by their transporters and display their full 

photodynamic activity.     
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Both the modular carrier system and the polymeric micellar transporters have their specific 

advantages. The MCS is able to actively target single tumor cells or groups of malignant cells 

but it requires a higher synthetic effort compared to the micellar carriers. The latter enrich 

passively only in solid tumors through the EPR-effect. In general, it can be stated that 

polymer carrier-photosensitizer complexes will allow the development of more efficient PDT 

treatments under the precondition that the intramolecular transfer processes among 

photosensitizing molecules are selectively manipulated through the carrier system and 

therefore beneficially utilized.  

 

Zusammenfassung:  

Der Gegenstand der vorliegenden Arbeit ist die photophysikalische Untersuchung von drei 

unterschiedlichen Photosensibilisator-Transportsystemen hinsichtlich ihrer Eignung für die 

photodynamische Therapie. Für diese Aufgabe wurden die Komplexe mittels stationärer und 

zeitaufgelöster spektroskopischer Methoden im UV/VIS/NIR Spektralbereich studiert. Durch 

die Auswertung der experimentell gewonnenen Daten, theoretischen Rechnungen und 

molekül-mechanischen Simulationen konnten verschiedene Typen von intramolekularen 

Energie- und Elektronentransferprozessen in diesen Makromolekülen identifiziert und 

quantifiziert werden. Darüber hinaus wurde die Generierung von Singulettsauerstoff durch die 

Komplexe nach Lichtanregung sowohl in Lösung als auch in vitro untersucht.  

 

Der Schwerpunkt lag auf der Untersuchung der Fulleren-Pyropheophorbid-a-Konjugate, als 

Repräsentanten eines Modular Carrier System (MCS) ohne Adressator. Die Flexibilität der 

dendritischen Gruppe, welches die 6 Pyropheophorbid-a (Pyropheo) Photosensibilisatoren 

untereinander verknüpft (P6) und über eine Malonat-Einheit an ein C60-Fulleren koppelt 

(FHP6, FP6), erlaubt eine Vielfalt von möglichen Konformationen. Dies konnte durch 

molekül-mechanische Simulationen der Komplexe im Vakuum bestätigt werden. Durch die 

Variabilität der Konformation sind unterschiedliche photophysikalische Interaktionen  nach 

Lichtanregung möglich, die spektroskopisch nachgewiesen werden konnten. Dazu gehören 

zwei verschiedene Typen von Dimer Energiesenken (Falle I, Falle II), gebildet durch 

exzitonische Wechselwirkungen zwischen zwei benachbarten Pyropheo Chromophoren sowie 

die Präsenz eines zusätzlichen nicht-strahlenden Desaktiverungskanals (Falle III). In 

Übereinstimmung mit theoretischen Rechnungen erfolgt nach Lichtanregung der Komplexe 

eine Kaskade von intramolekularen Förster-Resonanz-Energietransfers (FRET) auf der ps-
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Zeitskala. Die Anregungsenergie springt von Pyropheo zu Pyropheo Chromophor bis die 

Anregungsenergie zufällig in einer der Fallen gefangen wird. Mit geringerer 

Wahrscheinlichkeit erfolgt eine Desaktivierung durch Fluoreszenz oder Intersystem Crossing 

(ISC) zum langlebigen T1 Zustand von Pyropheo. Das Einfangen der Anregungsenergie durch 

die Dimere führt zu einer Reduktion der Singulett-Sauerstoff Quantenausbeute von FHP6 und 

P6 um das 2.5fache bzw. 4fache im Vergleich zu freiem Pyropheophorbid-a und limitiert so 

die Phototoxizität der Komplexe. 

Auf Basis des entwickelten Modells für die Transportprozesse konnte die Effizienz der Fallen 

bezüglich der Desaktivierung der Anregungsenergie bestimmt werden. Vom initial angeregten 

Chromophor wird die Energie mit einer Wahrscheinlichkeit von 54% (FHP6) zur Falle II und 

mit einer geringeren Chance von 16% zur Falle I transportiert. (Im Vergleich zu allen 

möglichen Transportprozessen.) Das Modell konnte weiterhin aufzeigen, dass nichtstrahlende 

Übergänge (Falle III) im Molekül P6 eine größere Rolle spielen als bei FHP6, verursacht 

durch die räumlich dichtere Konformation von P6 im Vergleich zu FHP6. Diese Resultate 

demonstrieren den Einfluß des Fullerens auf die Konformation der Komplexe und damit 

verbundenen Änderungen in der Stärke der Desaktivierungs- und Transferprozesse. 

Abgesehen von der indirekten Einflußnahme, verändert das Fulleren auch direkt die 

photophysikalischen Eigenschaften der kovalent gebundenen Pyropheo Substituenten und 

nimmt an den Transferprozessen des Gesamtkomplexes teil. Dies ist am besten zu beobachten 

am Molekül FP6, welches im Gegensatz zu FHP6 ein unsubstitutiertes C60 enthält. Das 

Fulleren ist ein hervorragender Elektronenakzeptor und eröffnet so einen effizienten 

Elektrontransfer Desaktivierungskanal vom angeregten Pyropheo zum C60. Der 

Elektronentransfer im Molekül FP6 erfolgt mit einer Wahrscheinlichkeit von 67% im 

Vergleich zu allen anderen Desaktivierungsprozessen und mit einer Ratenkonstante von 

kq = 8.9×109 s-1. Dieser Wert ist in sehr guter Überstimmung zu der theoretisch berechneten 

Rate auf Basis der Marcus Theorie. Der dominante Elektronentransfer bewirkt eine starke 

Reduktion der Singulettsauerstoffquantenausbeute (ΦΔ = 0.06 in DMF), daher ist FP6 nicht 

für die photodynamische Therapie geeignet. Stattdessen kann das Makromolekül FP6 

aufgefaßt werden, als eine Kombination aus Lichtsammelkomplex und ladungsseparierendem 

Zentrum. Die Selbstassoziation von molekularen Einheiten mit unterschiedlichen Funktionen 

im Molekül FP6 könnte neue Ideen für das Design von künstlichen Photosynthesekomplexen 

liefern.           

Von den untersuchten Fulleren-Pyropheophorbid-a-Konjugaten ist FHP6 das am besten 
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geeignete Photosensibilisator-Carrier System für die PDT. In vitro Studien an einer Jurkat 

Leukämie Zelllinie konnten zeigen, das FHP6 von Tumorzellen aufgenommen wird und eine 

hinreichende Phototoxizität unter Lichtanregung erzeugt. Die notwendige Löslichkeit von 

FHP6 in wässigeren Umgebungen kann durch die Ankopplung eines Antikörpers erreicht 

werden, ein derartiges Immunokonjugat wurde kürzlich untersucht. [Ran07b] 

Für weitere Arbeiten empfiehlt sich die Inkorporation von Enzym- oder pH-instabilen 

Bindungen in das Konzept des MCS. Durch diesen Ansatz wird der Photosensibilisator nach 

Aufnahme in die Tumorzelle vom Träger getrennt. Die Reduktion der 

Singulettsauerstoffquantenausbeute durch Energiefallen aus assoziierten Sensibilisatoren wird 

somit verhindert. Darüber hinaus kann die Beladung des Trägers mit Photosensibilisatoren 

erhöht werden, ohne dass eine Minderung der Phototoxizität zu erwarten ist. Ein solches 

Verhalten wurde beobachtet für ein MCS mit 12 Pyropheophorbid-a Einheiten. [Hel05]    

 

Mit den wasserlöslichen Polyethylenglykol (PEG) und Blockcopolymer Trägersystemen wird 

ein anderer Weg genutzt, um den Photosensibilisator, in dieser Arbeit Zink-Protoporphyrin 

(ZnPP), im Tumor anzureichern. Aufgrund des hohen Molekulargewichtes von über 40-

50kDa, akkumulieren diese Systeme im Tumorgewebe durch den EPR-Effekt. Das 

untersuchte Konjugat PEG-ZnPP bildet Mizellen in wässiger Umgebung, wobei die 

hydrophoben ZnPP Kopfgruppen im Interior der Mizelle aggregieren. Exzitonische 

Wechselwirkungen zwischen den ZnPP Farbstoffmolekülen führen zu effizienten S1-

Desaktivierungskanälen, die die Intersystem-Crossing- und Singulettsauerstoffquanten-

ausbeute (ΦΔ = 0.17 in D2O) reduzieren. Die Ergebnisse weisen darauf hin, dass die 

Aggregate nach Aufnahme in die Tumorzelle ihre Integrität verlieren und PEG-ZnPP 

vorwiegend monomer vorliegt. In Konsequenz wird Singulettsauerstoff unter 

Lichteinwirkung effizient von PEG-ZnPP in der Tumorzelle generiert, jedoch ist die 

beobachtete Phototoxizität gering. Die Erklärung liegt in der niedrigen intrazellulären 

Konzentration von ZnPP, eine Folge der geringen Transportkapazität des PEG Carriers. Nur 

etwa 5% des Molekulargewichts von PEG-ZnPP entfallen auf den Photosensibilisator. Um 

diesen Nachteil zu umgehen, wurde ein alternatives Transportsystem auf Basis eines Styren-

Maleinsäure (SMA) Copolymers in Betracht gezogen. Neben anderen Vorteilen, erlaubt das 

Copolymer eine wesentliche höhere Beladung mit ZnPP, so entfallen 40% des 

Molekulargewichts auf den Photosensibilisator im Falle von SMA-ZnPP. In wässriger 

Umgebung sind die ZnPP Sensibilisatoren nichtkovalent in der SMA Mizelle eingeschlossen. 
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Durch die hydrophobe Wechselwirkung lagern sich die ZnPP Einheiten zusammen und bilden 

große Aggregate innerhalb der SMA Hülle. Durch den hohen Aggregationszustand ist die 

Singulettsauerstoffquantenausbeute (ΦΔ = 0.06 in D2O) von SMA-ZnPP stärker reduziert im 

Vergleich zu PEG-ZnPP. Absorptionsexperimente zeigten, das nach Aufnahme von SMA-

ZnPP in die Tumorzelle, die mizellare Struktur zerstört und der Photosensibilisator in 

monomerer Form freigesetzt wird. Somit wird nach Lichtanregung effizient 

Singulettsauerstoff generiert. Die Laserflashphotolyse Messungen deuten darauf hin, das auch 

langlebige Radikale entstehen, insbesondere unter Bedingungen reduzierter 

Sauerstoffkonzentrationen. Die Aufnahme von SMA-ZnPP in die Tumorzelle ist 5-fach 

höher und die erzeugte Phototoxizität unter Lichteinwirkung ist 30-fach höher im Vergleich 

zu PEG-ZnPP. Aus den bisherigen Betrachtungen folgt, dass SMA-ZnPP für den Einsatz in 

der photodynamischen Therapie wesentlich besser geeignet ist als PEG-ZnPP. 

 

Die Untersuchung der verschiedenen Photosensibilisator-Transportsysteme weist auf ein 

Konzept hin, welches geeignet scheint, Nebenwirkungen derzeitiger PDT-Konzepte zu 

reduzieren. Die Bildung von Energiefallen in den Fulleren-Pyropheophorbid-a-Konjugaten 

wie auch die starke Aggregation hydrophober Photosensibilisatoren in den Blockcopolymer 

Mizellen unterdrückt das Potential der Komplexe Singulettsauerstoff zu generieren. Dieses 

Verhalten ist wünschenswert so lange die Makromoleküle im Blut des Patienten zirkulieren 

und noch nicht im Tumor lokalisiert sind. Erst nach der Aufnahme in die Tumorzellen werden 

die Photosensibilisatoren freigesetzt und können nach Lichtanregung photodynamische 

Aktivität entwickeln. 

 

Sowohl das Modulare Carrier System (MCS) als auch die hier untersuchten mizellaren 

Transportsysteme besitzen ihre spezifischen Vorteile. Das MCS ist durch aktives Targeting 

befähigt, Photosensibilisatoren auch in vereinzelten Tumorzellgruppen (Metastasen) 

anzureichern. Dafür ist der synthetische Aufwand höher als bei den vorgestellten polymeren 

Trägern. Diese erlauben die passive Anreicherung der Sensibilisatoren im Tumor durch den 

EPR-Effekt, welcher nur in größeren Tumoren wirksam ist.  

In der Zusammenfassung erlauben Photosensibilisator-Carrier Transportsysteme die 

Entwicklung effizienter photodynamischer Therapien unter der Voraussetzung, das die 

intramolekularen Transferprozesse zwischen den Photosensibilisatoren durch geeignete Wahl 

des Transportsystems gezielt beeinflußt und somit genutzt werden können.      
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