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The photochemistry 
of photodynamic (anti-cancer) therapy
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16:30 (Amsterdam)
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The photochemistry 
of photodynamic (anti-cancer) therapy

•porphyrins
•triplet excited states
•singlet oxygen
•reactive oxygen species
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CHLOROPLASTS RED BLOOD CELLS
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Photo-medicin??

~0.1 g of daily oral intake ~750 g hemoglobin protein in 5 Liter of blood

II
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Photo-medicin?? Photo-therapy!!

8

Neonatal Jaundice cis-trans isomerization

hydrophobic:
intramolecular 
H bonds:

lipophilic

degradation product of hemoglobin

2.7 million infants are treated word-wide annually 
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Photomedicin with porhyrin structures??
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Photodynamic (anti-cancer) therapy

PhotoSensitizer + light 
+ Molecular oxygen à
Reactive Oxygen 
Species
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Chlorins
Bacteriochlorins
Phthalocyanins
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200 mg
intravenous

1912
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This project has received funding from the European Union’s Horizon 2020 research and innovation programme under the Marie Sklodowska-Curie grant agreement n°764837

Photo-Dynamic Therapy
Photo-Catalysis for Health

www.polythea.eu

mTHPC: TEMOPORFIN

PDT

liposomal solutions

Porphyrin Library for Therapeutic Applications

meta-tetra-hydroxy-phenyl-chlorin

http://www.polythea.eu/
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PDT: room for improvement…

There is a delay of 4 days between injection of Foscan® into the bloodstream and activation with laser light. 
This allows time for accumulation of Foscan® in the cancer cells. 
As with other photosensitizing agents, administration of Foscan® results in patients becoming highly sensitive 
to light. This lasts 7 to 15 days and, therefore, appropriate light exposure precautions should be followed 
during this period.

In October 2001, Foscan® was approved in the European Union, Norway & Iceland as a local therapy for the 
palliative treatment of patients with advanced head and neck squamous cell cancer who have failed prior 
therapies and are unsuitable for radiotherapy, surgery or systemic chemotherapy

Chewing betel nut 
India 
Indonesia

also used by Maurice Aalders

650 nm excitation

Chlorin

Photodynamic therapy

14

T1 very long lived 
without oxygen
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Reactive oxygen 
species ROS

Foscan / Temoporfin

Photodynamic therapy

peroxy acids
peroxy lipids
peroxy peptides
peroxy nucleotides

radical polymerization in vivo

16
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How can tumor cells die??

• necrosis
• apoptosis
• phagocytosis
• immunogenic cell death
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How can cells die??

• necrosis

cell explodes

18



5/23/21

10

How can cells die??

• apoptosis
programmed cell
death: cell shrinks and
starfs itself
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How can cells die??

• phagocytosis
cells ”eat” each
other.
fuse
cell recycling

dieting & 
fasting
stimulates 
phagocytosis

20
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How can cells die??

• immunogenic 
cell death
death by T-cell
attack

21
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Kobayashi Phthalocyanin

690 nm excitation

23

and
metastasis sites

24
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ChemPlusChem: Kobayashi 
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lmax= 674 nm
e = 282 000 M-1cm-1

Zn-phtalocyanine 
in pyridine

(similar in green 
CD recordable: SONY cyanine)

26
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Benchmark – Tookad soluble

• Recently approved (2019) on European Market for early stage prostate cancer

• Tookad injection Distribution
Irradiation

• Our Goal = fight Cancer and Microbial infections
u Develop new photosensitizers with better optimized properties

Tookad 
soluble

27

Tookad Soluble was first 
synthesized in Prof. Scherz’s 
lab from 
bacteriochlorophyll, the 
photosynthetic pigment of 
certain aquatic bacteria that 
draw their energy supply 
from sunlight.

Rhodovolum Sulfidophilum
similar to 
Rhodobacter Sphaeroides

Tookad Soluble

28

TYPE I photochemistry: O2•- + •OH

induces the release of nitric oxide (•NO) radicals
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DOI: 10.1039/c8pp00222c 

14 compounds

Development:
~10 year
~10 million dollars

Next to Foscan, IR700/cetuximab, Tookad soluble
30
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The photochemistry 
of photodynamic (anti-cancer) therapy

•porphyrins, chlorins, bacterio-chlorins, 
phthalocyanins
•triplet excited states
•reactive oxygen species
•triplet excited state formation and decay
•singlet oxygen

Triplet Formation: Spin Orbit Coupling

1. Allowed ISC in El-Sayed’s Rule (selection rules for triplet formation)  

KST ~ 1011 − 1010 s-1 

KST

32

Heavy atom effect:
SOC scales with Z4 (Z is atomic number)
But also reduces triplet state lifetime!!
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CHO

El-Sayed’s Rule
Intersystem crossing is likely to be very 
slow unless it involves a change of orbital 
configuration.

33

El-Sayed’s 
Rule

(acetone)

(T-)

change of electron spin angular momentum compensated by 
change of orbital angular momentum

34
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observed triplet excited state decay
• NOT an exponential decay! (gives lower limit of !0

T )

• Second order decay kinetics involving 

triplet-triplet annihilation (kTT) in absence of oxygen! 

• !0
T of Tetraphenylporphyrin is 1.5 ms in benzene.

• !T
observed : f([*PS]t=0, [O2], kTT, k0 (intrinsic decay !0

T ))

• !T
phos (PS) can be used to probe [O2], and monitor oxygen consumption in cells, also in D2O

TPP: Montalti et al. Handbook of photochemistry, 2006 
35

triplet-triplet annihilation (kTT) and the intrinsic triplet decay (k0). Within 
triplet-triplet annihilation, the diffusion rate of the molecules in the triplet
excited state as well as their concentration at time zero (C0) influenced by 
laser-power plays an important role due to bimolecular collisional 
quenching.

Second order decay kinetics

36
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Photo-Dynamic Therapy: PDT 

(Phagocytosis)

Triplet Ground 
state

oxygen gas

triplet states can have
“bi-radical character”

“conventional” Lewis 
structure

38
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“cross-over” from N2 to O2

40
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• a special case of energy transfer
• works especially for triplet states
• controlled by diffusion and spin statistics

oxygen quenching

42
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Triplet Excited 
state

Triplet Ground 
state

Singlet Ground 
state

Singlet excited 
state

triplet-triplet
annihilation

44
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Triplet Excited 
state

Triplet Ground 
state 45

Triplet Excited 
state

Triplet Ground 
state

SPIN STATISTICS!!

46
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open shell excited state singlet
closed shell excited state singlet

singlet oxygen is highly reactive in several ways
It is used in photodynamic therapy

48
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Singlet oxygen: impressions
• Rubrene in toluene: total discoloration under indoor conditions in 1 

hour!!
• C60-PDI in toluene: no signal!! (only in benzonitrile!)
• Singlet oxygen emission does not go down if bubbling sample with 

Argon for 30 minutes!!
• UNINANOCUPS: anthracene guests in cyclodextrins hosts: PROBLEMS
• singlet oxygen can give hydrogen atom abstraction!!?? (ene reaction)
• It can react  a bit like ozone ([2+2] and [4+2] cycloadditions).
(NY-’99: acetone-isopropanol with 308 nm excitation: 
ketyl radicals)

49

singlet oxygen

Peter Ogilby

Frank 
Wilkinson

50
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singlet oxygen

94
116 (a)

75  (c)

88 (b)

energies in kJ/mol

triplet state energies
of 
(a) perylene bisimide
(b) beta-carotene
(c) pentacene

156

Montalti et al. Handbook of photochemistry, 2006 

beta-carotene and pentacene can not generate singlet 
oxygen, but they can quench singlet oxygen (forming 
their triplets)

direct optical transitions
are very weak!!

(1.62 eV)

51

singlet oxygen
emission absorption NIR emission

with luminol

chlorine gas and 
hydrogen peroxide

bimolecular at 634 nm at ~765 nm
Ogilby at ~1275 nm

in CS2

C60-PDI
Emma Robbins

chemiluminescence

52
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Singlet oxygen 

• The first detection of O2(1∆g) singlet oxygen emission in solution 
was achieved by Krasnovsky in 1976.

• It can diffuse over distances of 20 nm (cells) to 1 µm (solvents)

• emission lifetime of 4 µs in water, 0.04 µs in cells 
(Chem. Rev., 2003, Vol. 103, No. 5 Schweitzer, Schmidt) 
• reaction with sodium azide in water according to the Stern-

Volmer equation with the quenching rate constant 

(4�0.6)·108 M-1s-1. A.A. Krasnovsky
54
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DPA as 1O2 sensor

DPBF
organics

furfuryl alcohol
in water

2017
also with THF

56
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M’ can be solvent

Wilkinson
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Singlet oxygen 

• The phosphorescence quantum yield of O2(1∆g) singlet oxygen 
in water !phos (O2(1∆g)) = 10-6

• Recent revival of organic photocatalysis using singlet oxygen 

58
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Science, 2001

???

60
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What could the next generation PDT 
agent look like…

• very strong light absorption at 808 nm
• high triplet yield and singlet oxygen production
• a bit of fluorescence for image guided surgery
• targeting by folic acid groups/antibodies/???
• water solubility for very fast uptake and fast excretion
• take advantage of pH difference around the cancer 

cell
• …aPDT: antimicrobial, anti-viral, anti-biotics

61

FINAL REMARKS

• Controlling the levels of reactive oxygen species and 
reactive nitrogen species and their location in the 
human body can lead to control over cancer.

• The formation of triplet excited states with light can 
give a handle to do that.

• Targeting strategies are essential for new PDT drugs.
• Porhyrins, chlorins, bacteriochlorins and 

phthalocyanines can be bio-compatible medications.
• singlet oxygen reactivity in aqueous environment still 

poses questions. 62
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Singlet oxygen 

• reaction with water with the quenching rate constant 
kq = 1 � 106 M-1s-1 (Turro MMP page 593)
• 55.5 M pure liquid water -> kqr = 5.55 � 107 s-1

• competitive with emission decay of 4 µs!!

• But reference is not on reactions!! But on e-v interactions

64
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