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Introduction 

l INTRODUCTION 

1.1 PRELIMINARY REMARKS 

Nowadays 2% of world's population is affected by psoriasis, 1.5% by vitiligo, 

while cutaneous T-celllymphoma is a rare disease which affects 10 subjects every million 

of people (data obtained from the dermatology clini c of Cattinara' s Hospital). 

One of the most common treatment for these and many other skin disorders is 

phototherapy, which is based on interaction between photosensitizing molecules, UV light 

and cellular substrates at epidermal and dermallevel. Even though this therapy shows good 

results in the treatment of the diseases (complete remission is estimated in 60 - 80 % of the 

patients (Karrer S, 2001; Dogra A, 2006; Singh F, 2004)), it presents also different side 

effects connected to the drugs (pain, cephalea, photoallergy, malignant cutaneous 

melanoma, itch, nausea, vomit, etc.) and also to the radiation (cutaneous carcinoma, pain, 

itch, erythema, skin aging, malignant cutaneous melanoma, etc.)(Abdullah AN, 1989). 

In this project we focused our attention on psoralens, that are photosensitizing 

drugs fully utilized in phototherapy. In order to localize the molecules within biologica} 

systems and get some information about their activity, we performed our experiments 

using the two-photon activation. This is a technique that let us to stimulate psoralens 

employing red wavelength supplied by a laser source, avoiding the use of UV radiation and 

the damages that it provokes. 
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1.2 HISTORICAL OUTLINE 

In 1948 el Mofty used for the first time purified 8-methoxypsoralen(8-MOP) in the 

treatment of vitiligo (el Mofty AM. A preliminary clinical report on the treatment of 

leukoderma with Amni majus linn. J R Egypt Med Assn 1948, 31: 651-65). Two young 

American dermatologists, Aaron Lemer and Thomas Fitzpatrick, were intrigued by the 

potency of this substance. After Lemer determined that artificial ultraviolet radiation (320-

400 nm) was the most efficient for activating 8-MOP, the development of artificial sources 

enabled the efficient delivery of these photons to skin containing 8-MOP. Their initial 

studies for vitiligo led to further development of this therapy for the treatment of psoriasis 

(Parrish JA, Fitzpatrick TB, Tannenbaum L, et al. Photochemotherapy of psoriasis with 

oral methoxsalen and long-wave ultraviolet light. New Engl J Med 1974; 291:1207-11. 

Honigsmann H, Fitzpatrick TB, Pathak MA, et al. Oral photochemotherapy with psoralen 

and UV A (PUV A): principles and practice. In: Fitzpatrick TB, Eisen AZ, Wolf K, editors. 

Dermatology in Generai Medicine. New York: McGraw-Hill, 1987:1728-54). This 

photochemotherapy carne to be called "PUVA" (psoralen +UVA). PUVA holds today as 

one of the most common procedures performed in dermatology. The therapy met with 
' 

unprecedented success from the outset, leaving little perceived need to understand 

underlying science. However, in recent years there has been a new interest in the basic 

aspects of psoralen photobiology and molecular mechanism events contributing to 

therapeutic responses as well as to development of skin cancers in PUV A patients (Bethea 

D. et al., 1999). 
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Introduction 

1.3 PHYSICAL AND CHEMICAL PROPERTIES OF PSORALEN 

Furocoumarins (psoralens) are natura! products found in plants. Severa! dozen 

psoralens have been characterized from natura! sources, in particular they are most 

abundant in the Umbelliferae, Rutacea and Leguminosae families (Mustafa A., 1967); 

some of these compounds are thought to act as natura! insecticides (Barenbaum M, 1978). 

Psoralens have also been isolated from microorganisms including fungi. However, the 

three most widely used psoralens, 8-methoxypsoralen, 5-methoxypsoralen and 4,5' ,8-

trimethylpsoralen, are readily prepared by chemical synthesis (Confalone PN, 1978; 

Kaufman KD, 1961; Bender DR, 1979). 

Structurally, psoralens are planar, tricyclic compounds formed by linear fusion of a 

furan ring with a coumarin (Figure 1). 

Rl=R2=R3=R4= H 
Rl=R2=R3= H; R4= OCH3 
Rl=R3=R4= H; R2= OCH3 
R2= H; Rl=R3=R4= CH3 

Psoralen (P) 
8-Methoxypsoralen (8-MOP) 
5-Methoxypsoralen (5-MOP) 
4,5',8-Trimethylpsoralen (TMP) 

Figure l 

Most psoralen have strong absorption bands in the range 200 - 350 nm (Figure 2). 
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Fluorescence emission is observed from about 370 to 600 nm. The lifetime of the 

fluorescence state is short and varies with the type of psoralen derivative and the solvent 

condition (Song PS, 1979; Poppe W, 1975; Salet C, 1980; Lai T, 1982; Beaumont PC, 

1983). The quantum yield for fluorescence is also very small, ranging from 0.01 to 0.02 

(Mantulin WW, 1973). Emission from the triplet state of psoralens is significantly greater 

than that of singlet due to efficient intersystem crossing (Poppe W, 1975; Mantulin WW, 

1973; Bensasson RV, 1978). Phosphorescence is observed from about 450 to 600 nm. The 

lifetime of the triplet state also varies with the type of psoralen derivative, ranging from l 

~sto l s (Salet C, 1980; Beaumont PC, 1983; Mantulin WW, 1973; Bensasson RV, 1978). 

Psoralen and its derivatives have two transitions in the 320 - 400 nm range: an 

n~n:* transition resulting from the excitation of a non-bonding electron on the C-2 

carbonyl group to the n:* orbital, and a n:~n:* transition occurring when a n: electron in the 

psoralen ring system is excited to the n:* orbital. Mantulin & Song (Mantulin WW, 1973) 

have measured several spectroscopic parameters of coumarins and psoralens. By using 

substituted derivati ves, they were able to assign the energy levels of the singlet and triplet 

state of psoralen. The relative orientation of the energy levels of these states are shown in 

the Jablonski diagram (Figure 3). 
•' .!i • 

5'~ 
l! , 

F'SOI'lliel'l 

Figure 3 

The excited state forms of the molecule can undergo several different 

photoreactions: photoaddition, photo-dimerization andlor photo-oxidation of nearby 

moieties (components of nucleic acids, proteins, lipid membranes). Altematively, energy 

transfer from triplet state to molecular oxygen (normally in the triplet ground state) can 

lead to highly reactive singlet oxygen eo2; a type II photodynamic reaction). Electron 
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transfer frorn the sensitized rnolecule to a target rnolecule, leading to radical forrnation is a 

type I photodynarnic reaction (Gasparro FP, 1994). 

5 
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1.4 INTERACTION WITH BIOLOGICAL SUBSTRATES 

The photochemical reaction of psoralens with nucleic acids are the most well 

characterized, having been studied for nearly 40 years (Cimino GD, 1985). Psoralens' 

planar aromatic structure and their hydrophobic nature facilitate the intercalation into 

double-stranded nucleic acid undergoing covalent photocycloaddition (Straub K, 1981; 

Kanne D, 1982). The photoaddition occurs with incident light of wavelength of 320- 400 

nm. The adducts with nucleic acids are formed primarily by 2+2 photocycloaddition 

reaction involving the 4' ,5' double bond of the furan-side ami/or the 3,4 double bond of the 

coumarin side of the molecule. In this way psoralens can make monoadducts (Figure 4a) or 

diadducts ( crosslink) (Figure 4b) with DNA/RNA bases due to the absorption of one or 

two photons. 

o 

o 
o 

4',5'-monoadduct 3,4-monoadduct 
Figure 4a 
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3D STRUCTURE 

Figure 4b 

lntroduction 

Psoralen reacts primarily with thymidine in DNA and uridine in RNA, although a 

minor reaction occurs also with cytosine. Aside from the alteration which occurs at the side 

of the chemical modification, there is no additional degradation of either RNA or DNA 

when the photoreaction is carried out under anoxygenic conditions. If singlet oxygen is 

produced during the photochemistry it will bring degradation of all biologica! molecules 

with which it comes in contact (Poppe W, 1975; Singh H, 1978). 

Isaac et al. (lsaac ST, 1977) proposed a mechanism for the reaction of the 

psoralens with nucleic acid helices: 

P+S ~PS 

PS +hu ---+A 

A+hu---+X 

P+hu---+B 

where P is the psoralen derivative in question, S is a psoralen intercalation site in a nucleic 

acid helix, PS is the noncovalent intercalation complex between psoralen and the DNA or 

RNA site, A refers to the covalent monoadduct of the psoralen to the nucleic acid, X refers 

to the covalent crosslink in the nucleic acid helix, B represents photobreakdown products 

of psoralen, and hu is a photon of light. 

The versatility of psoralen photochemistry allows to control the degree of reaction 

by light dose. It is possible to control the ratio of monoaddition to crosslink by either 

7 
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selection of suitable wavelength to induce the chemistry (Chatterjee PK, 1978; Tessman 

JW, 1985), or by controlled timing of the delivery of light (Johnston BH, 1977). 

Furthermore, the monoadducts and diadducts formed between psoralen and pyrimidines 

can be reversed with short wavelength ultraviolet light. This property is used to great 

advantage in the determination of nucleic acid secondary structure using psoralens (Tumer 

S, 1982; Thomson JF, 1983). 

The monoadduct and crosslink are chemically stable, allowing for analysis under 

varied chemical conditions. The photochemistry can be carried out under a wide variety of 

condition including broad ranges of temperature and ionic strength, in the presence or 

absence of divalent cations (Hyde JE, 1978), and even in some organic solvents (Wittig B, 

1979). The position of the covalent crosslink can therefore be enzymatically mapped 

(Rabin D, 1979). They can also be mapped by visualization in the electron microscope 

when the DNA or RNA is spread under denaturing conditions (Hanson CV, 1976; 

Wollenzien PL, 1978). Enzymatic methods for locating monoadducts in nucleic acids 

sequences have been developed (Youvan DC, 1982; Garret-Wheeler E, 1984). Since 

proteins that binds DNA such as nucleosomes protect the DNA from reaction with 

psoralen, these mapping techniques previde information about protein-nucleic acid 

interaction as well (Wieshahn GP, 1977; Potter DA, 1980). In such experiments a very 

high level of chemical substitution of the DNA can be achived. 

Although DNA psoralen photochemistry has attracted the most attention, psoralens 

also react with proteins as well as other celi constituents (Midden RW, 1988). In studies of 

the subcellular fractions of rat epidermis after treatment with 8-MOP and UV A, it was 

found that 17% of the 8-MOP was bound to DNA, while a substantial amount was bound 

to proteins (57%) and lipids (26%) (Beijersbergen van Henegouwen GMJ, 1989). In 

human lymphocytes, a similar distribution was found (Dall'Amico R and Gasparro FP, 

unpublished results 1990). 

While no psoralen-protein photoadduct has ever been isolated and characterized 

either from phototreated cells or even mixtures of 8-MOP and amino acids, various studies 

have been performed which conclusively demonstrate the formation of photoadducts with 

amino acids. Photoactivated 8-MOP has been shown to bind covalently to lysozyme, 

bovine serum albumin, nucleolar histones, ribonucleases, glutamate dehydrogenases and E. 

coli DNA polymerases (Granger M, 1983). All of these reactions proceeded in the 

presence, but not in the absence, of oxygen. Only in the case of the DNA polymerase I the 

reaction also occurred in the absence of oxygen. In BSA a tyrosine residue was modified. 

8 
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Triplet state quenching studies implicated the potential reactivity of specific amino acids 

(tryptophan and tyrosine), highlighting the importance of these amino acids as ultimate 

target moieties in proteins (Bensasson RV; 1978). Furthermore it appears that the 

photoinduced conjugation of 8-MOP with proteins required a specific site or conformation 

for favorable binding. For example, the acetylation of tyrosine OH in BSA significantly 

reduced its conjugation with 8-MOP adding further support for the role of tyrosine in 

psoralen-protein photoreactions (Y oshikawa K, 1979). 

Megaw et al. performed NMR studies, which suggested that the 3,4- and 4' ,5'-

positions of the 8-MOP and the imidazole moiety of tryptophan were involved in covalent 

bonds and not merely in very strong non-covalent association (Megaw J, 1980). Although 

it was thought that these adducts could be similar to cyclobutane type formed with 

tymidine, confirming structural information was not found. 

Veronese et al. determined the amino acids content of lysozyme before and after 

UV A irradiation in the presence of psoralen and found a dose correlation between the 

ability of furocoumarins to photoinactivate enzymes and their ability to modify the amino 

acids histidine, tryptophan, tyrosine, methionine and phenylalanine (Veronese F, 1982). 

These amino acids may be the most likely targets for modification in the proteins of cells 

treated with 8-MOP and UV A. 

The exposure of oligomeric enzymes (e.g. glutamate dehydrogenase, catalase and 

alcohol dehydrogenase) to psoralen and UV A led to extensive intermolecular crosslinking 

of proteins subunits (Schiavon O, 1986). However, the crosslinking of proteins was not 

necessarily responsible for the inactivation of enzymes. In some cases crosslinking of the 

polypeptides chains induced a resistance to denaturation. The protein crosslinks do not 

necessarily need to involve the bifunctional furocoumarin moiety because they may arise 

from oxidative processes as a result of singlet oxygen formation. 

When PUV A effects on proteins have been measured, the common finding is that 

higher doses of 8-MOP and UVA are required in comparison with doses necessary for 

induction of DNA damage. However, protein modification, undetectable with current 

techniques, may participate in the concerted cellular events that lead to clinica! effects. 

Several studies have demonstrated the ability of 8-MOP and TMP to react in an 

oxygen-indipendent way with unsaturated fatty acids (Kittler L, 1984; Specht KG, 1988; 

Caffieri S, 1987). NMR studies indicated that these adducts resulted from cycloaddiction 

of the 3,4 double bond of the psoralen to the centrai double bond of the fatty acid. It has 

also been suggested that the structures of these lipid photoadducts to diacylglycerol could 
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lead to a role in cell signalling events (Dall'Acqua F, 1994). Thus, proteins and lipids 

appear to form adducts with the pyrone ring in 8-MOP, whereas DNA reacts primarily 

with the furan moiety. lt is interesting to note that earlier quantum mechanical calculation 

predicted most of the excited state energy of the pyrone ring (Mantulin WW, 1973). 

Hence, the nature of photochemistry that occurs when psoralen is intercalated with DNA 

base pairs highlights the potentially overwhelming effects of the structural 

microenvironment. 

10 
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1.5 IMP ACT OF PSORALENS ON CELLS 

Psoralens are clinically important drugs in the treatment of a variety of skin 

diseases such as psoriasis (Roenigk HH, 1977), vitiligo (Ortel B, 1986), palmoplantar 

pustulosis (Murray D, 1980) and cutaneous T-cell lymphoma (CTCL) (Gasparro FP, 

1985), and in particular mycosis fungoides (Gilcherst BA, 1979). PUVA has also been 

used to prevent several photodermatoses such as polymorphous lighteruption (PMLE), 

solar urticaria (Addo HA, 1987) and hydroa vacciniforme (Jaschke E, 1981). Because of 

the effectiveness of PUV A for so many different skin disorders with various etiologies, it 

is likely that several different cellular processes may be affected. 

Atone time, psoralens effects were assumed to be manifested purely as a strict anti-

proliferative effect. The inhibition of the growth or the lethal effect of furocoumarins plus 

UVA on microorganism and tissue cultures is well know (Musajo L, 1972; Pathak MA, 

1974). In fact, by irradiating a cell culture in the presence of psoralen or other 

furocoumarins the scheduled DNA-synthesis is inhibited (Epstein JH, 1975); no effects 

were observed in the presence of psoralen alone or by UV A irradiation. The data ha ve been 

observed with bacterial (Bordin F, 1976), mammalian and human cells grown in vitro 

(Trosko JE, 1970) as well as in tumor cells (Bordin F, 1974 a, b). 

In human lymphocytes cultivated in vitro and treated with 8-MOP plus UVA the 

DNA synthesis was inhibited. Moreover, DNA synthesis in lymphocytes from patients 

who had received several PUV A treatments appeared to be more inhibited that in the 

patients treated for the first time (Epstein JH, 1975). 

In a further study a dose correlation between the antiproliferative activity of a wide 

series of psoralens in terms of DNA synthesis inhibition of Ehrlich cells and the constant 

rate of the corresponding photoreactions with DNA in vitro has been observed (Dall'Acqua 

F, 1984). This evidence further supports the fact that the antiproliferative activity of 

psoralens is mainly due to their capacity to photoinduce lesions into cell's DNA 

(Dall'Acqua F, 1984). 

In this connection it has been shown that the light-dependent conjugation of 

psoralen with the epidermal mammalian DNA leads to the inhibition of both DNA 

synthesis in vivo and cell division (Epstein JH, 1975). lt has been postulated that this effect 

may be connected with the therapeutic effectiveness of psoralens in the treatment of 

different skin diseases such as psoriasis (Parrish JA, 1974). 

The inhibition of RNA synthesis by irradiating the cell in the presence of 

furocoumarins appeared to be less sensitive than that of DNA synthesis; in generai a higher 

11 
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UV A dose was necessary to obtain the same extent of inhibition as obtained for DNA 

(Scott BR, 1976; Rodighiero G., 1984). 

The capacity of furocoumarins to photobind selectively RNA has been also used for 

the study of secondary structure of ribosomal and transfer RNAs (Hearst JE, 1981; 

Altenburg E, 1956). 

Virai DNA-RNA hybrids and virus RNA duplex structure have also been studied 

exploiting the pyrimidine RNA photobinding of psoralen (Song PS, 1979; Hearst JE, 

1981).· 

Protein synthesis was also photoinhibited by furocoumarins, but this system is 

much less sensitive than that of nucleic acids. A higher dose of Iight is in fact required to 

evidence the effect (Scott BR, 1976; Bordin F, 1974b). 

In the eariy 1990s, a carefui work by Krueger et al. showed that keratinocytes were 

very resistant to the effects of PUVA therapy, whiie cytokine-reieasing Iymphocytes 

residing in the epidermis of psoriasis patients were much more sensitive (Valiat VP, 1994; 

Johnson R, 1996). 

In the skin, psoraien pius UVA treatment produces two clinicaliy important yet 

opposing effects on different epidermai celi popuiation. Photochemotherapy with psoraien 

pius UV A resuits in inhibition of basai celi division and, at the same time, stimuiation of 

meianocyte proliferation and differentiation (Nordiund J, 1982). Inhibition of basai celi 

division causes a decreased rate of keratinocyte growth and maturation and partiy expiains, 

as described above, the efficacy of psoraien pius UVA in the treatment of psoriasis. 

Stimuiation of pigment production by psoraien pius UVA in meianocytes induces skin 

tanning. The increased meianocyte proliferation after this therapy improves the response to 

vitiiigo. To understand the mechanism of action of psoraien!UV A therapy, these two 

opposing effects must be taken into account. 

Depending on the dose of psoraien and UV A empioyed, a range of effects on celis 

couid be observed. At higher doses cells may be Iethally damaged and die. Celi death, 

again depending on dose, can occur by necrosis or apoptosis (Godar DE, 1999). 

At significantly Iower doses, cells may be in a cytostatic state, where celluiar 

processes may be suspended untii the subiethai damage is repaired. During these processes 

( cytostasis or apoptosis) other celiuiar events may occur. 

12 
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1.6 MUTAGENIC EFFECTS 

The therapeutic use of psoralen and UV A is not without drawback; in fact the 

photornutagenic activity of 8-MOP was first observed by Altenburg in 1956 (Altenburg E, 

1956). 

The photornutagenic effects on rnicroorganisrns and cell cultures of furocournarins 

and in particular of 8-MOP, 5-MOP and TMP have been investigated extensively (Scott 

BR, 1976; Rodighiero G, 1984; Song PS, 1979). 

Frorn a therapeutical point of view hurnan lyrnphocytes have been studied too: 

hurnan lyrnphocytes cultivated in vitro and treated with 8-MOP plus UV A can show 

cytogenic darnage (Carter DM, 1976). Lyrnphocytes frorn blood taken frorn patients to 

whorn 8-MOP was given orally two hours before and then irradiated in vitro with UVA, 

showed an increased sister chrornatid exchange (Mourelatos D, 1977). 

Regarding rnonofunctional furocournarins, a question arose conceming whether 

rnono- or bifunctional (inter-strand cross-linkages) photolesions to DNA were more 

genotoxic. The direct cornparison of rnono- and bifunctional furocournarins seerns to 

support that rnonofunctional furocournarins are less rnutagenic than the bifunctional ones 

(Averbeck D, 1984; Rodighiero G, 1984). 

The possible rnutagenic effect in the absence of light as a consequence of the oral 

adrninistration of 8-MOP, 5-MOP and TMP in PUVA therapy has been considered, but the 

results of Bridges indicate that the rnutagenic effect of 8-MOP takes piace only at higher 

concentration than those norrnally detected in the hurnan serurn during the PUVA therapy 

(Bridges BA, 1979). This type of genotoxycity can therefore be excluded in connection 

with the oral use of 8-MOP without irradiation. 

13 
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1.7 PUVA AND SKIN CANCER 

In vitro studies in a wide range of cells have consistently dernonstrated that UVA 
. . 

activated psoralen leads to DNA rnutation (Gasparro FP, 1998). An in vivo study on 

squarnous cell carcinoma (SCC) dernonstnlted that rnice chronically exposed to PUV A 

exhibited a typical PUV A rnutation spectrurn in the p53 gene (Nataraj AJ, 1996). However, 

the first analyses of p53 rnutations in hurnan skin cancers in PUVA treated psoriasis 

patients yielded an unexpected rnutation spectrurn (Nataray AJ, 1997; Wang XM, 1997). 

Very few rnutations (3/25) be long to the PUV A-type (T~ A transversions) (Figure 5 A, B) . 
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Cornparison of PUV A and UV rnutations in the p 53 exons 5-8 frorn SCC 

In addition, in rnurine SCC the rnutations were overwhelrningly comrnon at 5'TpA 

sites (7/15), while in hurnan SCC a rnutation at this site occurred only once. Furtherrnore, 

in the hurnan SCC there were 11 point rnutations at dipyrirnidine sites, the latter being 

characteristic of DNA darnage frorn solar exposure. At dipyrirnidine sites, c~T and 

cc~rr changes are typically found. 

In a review severa! possible explanations were proposed for this unexpected finding 

(Gasparro FP, 1998). Although photoadducts rnay forrn at 5'TpA sites, these adducts rnay 

be repaired with a high degree of accuracy resulting in the low frequency of rnutations at 

these sites. This unusual degree of repair fidelity rnight be traced to the so called "A-rule" 

(Sagher D, 1983). When the DNA replication rnachinery is paused at a site of darnage, 

there is an overwhelrning tendency to insert an adenine. Thus photoadducts at thyrnines 

rnay be tolerate better than those at the other bases. It is noteworthy that of all the p53 

rnutations characterized in hurnan cancers, only 25% have been detected at AT base pairs 

(Greenblatt MS, 1994). 
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The possible cause of SCC in psoriasis patients treated with high cumulative doses 

of PUV A may be explained by considering additional effects of PUV A on cells. For 

example, PUVA is known to be immunosuppressive (see next paragraph). Repeated PUVA 

therapy could attenuate immune surveillance in skin and allow sub-population of cells 

harbouring preexisting p53 mutations to grow into tumours (Ren ZP, 1997; Jonason AS, 

1996). 

Some controversy about the origins of skin cancers (mostly SCC and non 

melanoma skin cancers (NMSC)) has been proposed. Among the events connected with 

their etiology, exposure to chemical carcinogens and/or human papilloma virus infection 

(HPV) have been included (Morris JD, 1995). However, the p53 mutation spectrum 

obtained from the analysis of exones 5-9 in the skin cancers from these chronically 

immune-suppressed patients is remarkably similar to that from solar induced skin cancer 

(see horizontally lined in Figure 5 A and B). In these patients, there was a striking 

frequency of mutations at pyrimidines (primarily C) which is quite similar to that observed 

in the sun-induced skin cancers (diagonally hatched bars in Figure 5 A and B). Yet other 

clinical observation are consistent with the immune-effect hypothesis. Van de Kerkhof 

described the occurrence of multiple SCC in a psoriatic patient following 14 years of 

PUV A therapy (2500 exposures) (V an de Kerkhof PCM, 1997). A t the time cyclosporine 

therapy was started, only three SCC had occurred during the course of PUVA therapy. 

During 16 months of cyclosporine treatment 21 SCC appeared. In the animai model it has 

been previously shown that cyclosporine was able to promote the growth of transplanted 

UV-induced tumours (Servilla KS, 1987). Other autors described very similar cases in 

which PUV A patients with SCC have been found to harbour the human papilloma virus 

(Weinstock MA, 1995; Riibben A, 1996). Both suggested that PUVA-induced immune 

suppression increased the susceptibility to both HPV and SCC as a result of wild type p53 

being inactivated by the HPV produced E6 protein. 
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1.8 IMMUNOLOGie EFFECT 

Treatment with 8-MOP plus UVA alters immune function in experimental animals 

andhumans. 

The effects of PUV A on immune functions has attracted considerable attention. The 

interest developed after the observation that during PUV A treatment o f. mycosis fungoides 

the neoplastic lymphoid cells were eliminated from the skin; since then, some researchers 

have observed that lymphocytes involved in the non malignant lichen planus were also 

eliminated from the skin by PUVA treatment. Whether these lymphoid cells are killed as a 

result of the treatment or redistributed to other sites in the body is not know (Morison L W, 

1984). 

V arious aspects of the immune function modification by PUV A ha ve been studi ed 

in experimental animal as well in humans. 

A transient decrease in the proportion of circulating T lymphocytes, identified by 

the formation of E. rosette, has been observed in psoriatic patients after several PUV A 

exposures (Haftek M, 1979) as well as after single PUVA doses (Morison WL, 1981). 

The effects of PUV A on lymphocytes has been studied also in terms of their 

mitogenic stimulation. In patients who have received more than 200 PUV A exposures 

lymphocytes were collected and stimulated with phytohemaglutinin, concanavalin A and 

pokeweed mitogen. A general decrease of the mean response to the three mitogens was 

observed in the PUV A treated patients in comparison with control groups (Morison WL, 

1981). 

Other authors found a reduction of the helper/inducer T cell identified by 

monoclonal antibodies in psoriatic patients treated with long-term PUV A (Moscicki RA, 

1982). 

The effects of PUV A therapy on Langherans' cells, which are important in antigen 

processing and presentation, are of interest. In this contest however it has been shown that 

UVA light alone can affect the Langherans' cell population. In fact in both human and 

mouse epidermis, the population of Langherans' cells was markedly reduced after a single 

application of 40 J/cm2 of UV A, while the reduction was stronger with 100 J/cm2 (Aberer 

W, 1980). 

In case of PUV A treatment a marked depletion or an alteration of the Langherans' 

cells structure in epidermis has been described (Freidmann PS, 1981; Okamoto H, 1981). 

A depletion of these cells has been observed also with topical bath PUV A using both 8-

MOP and TMP (Koulu L, 1983). 
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Interesting studies have been carried out on contact hypersensitivity. In PUV A 

exposed skin, patch test reactivity becomes negative while there is no decrease in patch test 

reactivity in PUV A-shielded skin. On one side, suppressed cell mediated immunity might 

explain the reduce reaction and on the other it seems to be a local effect (Jansen CT, 1981). 

In another report a decreased or absent delayed hypersensitivity to dinitrochlorobenzene 

occured in about half of the psoriatic patients treated with PUV A, while the response was 

normal in the control group (Moss C, 1980). 

1t has also been observed that allergie contact reaction and irritative skin reaction 

were decreased or absent in patients with allergie contact dermatitis after PUV A 

administration as compared with the extent of reactions present before PUV A therapy 

(Sttittgen G, 1981; Thorvalden J, 1980). 

Indication of immunosuppressive effect of PUV A carne also from transplantation in 

animals. In fact UVA-induced skin tumours grew in mice treated with PUVA, but not in 

untreated mice (Spellman CW, 1979). 
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1.9 STATE OF ART 

1t has been more than thirty years since photochemotherapy with psoralens was 

introduced for the treatment of psoriasis. This treatment remained under investigation for 

several years, because of the possible chronic effects. 

During the eighties, 8-MOP and 5-MOP have been officially approved in European 

Countries as drugs for the photochemotherapy of psoriasis. Only in 1982 US Food and 

Drug Administration approved 8-MOP as a drug for photochemotherapy treatment of 

severe psoriasis. 

Much earlier, however, 8-MOP and TMP have been approved as official drugs for 

the treatment of vitiligo. 

PUVA shows also beneficiai effects on other diseases. Interesting and in some 

cases encouraging results have been obtained in mycosis fungoides, especially when the 

disease is in the early stages (Roenigk HH, 1978; Bleehen SS, 1978). 

Even if much is known about psoralens (in particular interaction with biologica! 

macromolecules, therapeutic efficiency, side effects), many questions conceming the 

mechanism of action inside cells remain unclear. 

In the last two decades a new optical microscopic technique has been developed, 

which has shown a wide applicability in the study of different biologica} systems: the two-

photon confocal microscopy. This promising technique could give a great contribution in 

understanding the psoralens' mechanism inside cells. 
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1.10 TWO-PHOTON CONFOCAL MICROSPOPY 

The use of optical radiation to stimulate therapeutic transformation of optically 

active pharmaceutical agents has been known for many years and has come to constitute an 

important paradigm known as photodynamic therapy (PDT). Several reviews (Kennedy JC, 

1990; Fisher AM, 1995) have detailed progress on the development and application of 

various PDT agents and their activation. Most PDT regimens have been based on linear 

optical excitation, using the wavelengths from the UV through the infrared (IR). Selection 

of activation wavelength has primarily been based on a desire to maximize overlap with 

the action spectrum of the agent. For example Tessman et al. (Tessman JW, 1985) 

demonstrated that various UV wavelengths improved selectivity the formation of bonds 

between intercalated psoralen derivatives and DNA. 

Unfortunately, this approach has not always been as successful as desired. Young 

(Y oung AR, 1990) showed that UV radiation used in common PDT regimes is intrinsically 

cytotoxic and mutagenic. Furthermore, optical scattering and absorption by blood and 

tissue (Cheong WF, 1990) severely limit the penetration depth ofUV and visible radiation. 

In the field of analytical spectroscopy, a different approach has been used to avoid 

the limitations of linear excitation. Simultaneous two-photon excitation is a promising 

technique that is based on the absorption of two IR photons, which together provide the 

energy normally provided by a single UV or visible photon. 

The principles for two-photon excitation were described by Maria Goppert-Mayer 

(Goppert-Mayer M, 1931). Two-photon excitation occurs when an electron is excited to a 

higher energy electronic state by the simultaneous absorption of two photons in the 

infrared wavelength. The two photons have half the energy of the single photon necessary 

in linear optical excitation. In this case, two photons can be simultaneously absorbed at 

high photon densities by combining their energies to excite the molecule to the excited 

state. 

Although the theory was described in 1931, it was not experimentally verified until 

lasers were developed (Kaiser W, 1961) due to the high photonic density required for 

observation of this process. 

Two-photon excitation offers a number of interesting possibilities. Since UV 

radiation is strongly absorbed and scattered by tissue, UV microscopic imaging of tissue 

typically has a very short penetration depth. The use of two-photon method allows the 

excitation and absorption of UV fluorophores in the infrared wavelength region where the 
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tissue scattering and absorption of light are greatly reduced and tissue penetration depth is 

significantly enhanced. 

Two-photon microscopy has been applied to many different areas in biology and 

medicine. Areas of interest are the study of tissue physiology, optical biopsy and 

photodynamic therapy (Bhawalkar JD, 1997; Fisher WG, 1997). Notably, two-photon 

microscopy has been applied far studying human (Masters BR, 1997; Masters BR, 1998; 

Malone JC, 2002) and mouse (SO PTC, 1998) skin structure, neurobiology (Mizrahi A, 

2004; Mizrahi A, 2003; Nitsch R, 2004; Denk W, 1994; Oertner TG, 2002), in vitro skin 

equivalent models (Yeh AT, 2004), normal and malignant breast celllines (Palmer GM, 

2003), liver hepatocyte culture (Powers MJ, 2002), engineered lung tissue (Agarwal A, 

2001) and embryonic tissue (Squirrell JM, 1999) 
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1.11 THEORY OF TWO-PHOTON EXCITATION 

Figure 6 shows the simplified J ablonski diagrams for linear and non linear 

excitation of psoralens. 

SI 

So 

a. Single Photon Excitation 

Pyrimidine 
SI Adduci 

Pyrimidine 
T<~."*) Adduci 

h v Fl P h 

So 

b. Simultaneous Two-Photon 
Excitation 

Pyrimidine 

hv2 

Adduci 

Pyrimidine 
y ___ T(~t.lt*) 

Fl P h 

hv1 

Figure 6: Jablonski diagrams for psoralen 

Adduci 

Sn, singlet energy level; V, virtual energy level; T, triplet energy level; hu, absorbed 

quantum of light; Fl, fluorescence; IX, intersystem crossing; Ph, phosphorescence 

In the presence of radiation, two factors govem the transitions that can occur 

between the energy levels (Lytle FE, 1981). First, quantum-mechanically allowed energy 

levels are relatively long lived and the probability of excitation to such levels is high if 

energy of incident photon satisfies Planck's Law (~E= hu). Por psoralens, this is typically 

provided by a photon in the range of 300-400 nm (4.13-3.10 eV). Second, the extent of 

excitation will depend on the probability that the photon contacts the molecular system and 

that this interaction produces an excited state. This description of the interaction of 

radiation with matter is commonly modelled using a second-order kinetic rate equation, 

such as dNtldt = Bo,I P(u) No, where dN1/dt is the change in excited-state population as a 

function of time, No is the ground-state population, P(u) is the incident photon density and 

Bo,I is the Einstein coefficient of absorption (which is proportional to the quantum 

mechanical probability of the transition). 

Because single-photon excitation is a direct, single-step process, the probability of 

excitation is linearly related to the power of the incident optical radiation and is thus 

termed a linear excitation process (Figure 6 a). 
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In addition to excitation, Figure 6 a shows several de-excitation pathways that are 

possible for an excited psoralen molecule. From singlet state these include fluorescence 

(Fl, at 380-600 nm) and a variety of nonradiative decay pathways, including adduct 

formation, collisional energy transfer and intersystem crossing (IX) to a triplet state. 

Similarly, de-excitation from the triplet state may occur via phosphorescence (Ph, at 450 -

600 nm), adduct formation or collosional energy transfer. 

The two adduct-forming pathways result in covalent binding of intercalated 

psoralen to DNA bases andare the characteristic photodynamic therapy mechanism of ali 

psoralens (Song PS, 1979; Hearst JE, 1984; Cimino GD, 1985). Furan-side adducts form 

exclusively from the singlet state while pyrone-side adducts form primarily from the triplet 

state (Cimino GD, 1985). Crosslinking can subsequently occur upon further excitation of 

furan-side adduct to stimulate pyrone-side binding (Tessman JW, 1985). The adduct 

formation and crossilinking are natural de-excitation pathways for excited psoralen 

molecule. These and the other de-excitation pathways are independent of the means by 

which the excited state of psoralens are populated. 

The second J ablonski diagram (Figure 6 b) shows that promotion of psoralen to an 

excited state can also occur via simultaneous absorption of two lower-energy photons, hu1 

and huz. These two photons may be of equal or unequal energy, but in the degenerate case 

their energies are equal and of half value needed for single-photon excitation. 

Typically, the individuai energies of these photons are insufficient for direct 

promotion of any allowed transition. Instead, it is the combined energy of the two photons 

that is responsible for promoting the molecule to an excited state. 

In this nonresonant, nonlinear process the first photon promotes the molecule to a 

very short-lived virtual energy level (the dashed horizontal line in Figure 6 b). Although 

such virtual energy levels may be reached through a variety of excitation processes, they 

have exceedingly short lifetimes (on the order of 10-16-10-15 s, as predicted by Heisenberg 

uncertainty principle) relative to allowed molecular transitions (with lifetimes typically on 

the order of 10-8 s). Hence, they are only photodynamically significant under special 

conditions. 

In simultaneous two-photon excitation, before re-emission can occur (in the form of 

elastic or inelastic scattering), a second photon completes promotion of the molecule to an 

allowed excited energy level. In the case of the psoralens, this is expected to yield 

photochemical and photophysical processes that are identica! to those resulting from 

single-photon excitation. 
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1.12 THE TWO-PHOTON RATE EQUATION 

A simple way to describe the two-photon excitation of a molecule system is to 

model excitation as the rate-limiting step in a chemical reaction. For example the 

photochemical reaction 

(l) 

shows a molecule in the ground state, N0, being promoted to an excited state, N t, following 

interaction with two photons. The exceedingly short lifetime of the virtual level reached 

upon interaction of the molecule with the first photon requires the second photon to be 

proximal spatially and temporally to this interaction. Consequently, on ali observable 

scales this reaction may be described as a single-step, thermomolecular process involving 

one molecule and two photons. Accordingly, the rate of production of excited state 

molecules in Eq. l is given by 

(2) d[Nt]/dt = k[N0][hu]2 

w h ere k is the rate coefficient and w h ere [No], [N t] and [hu] symbolize the concentration of 

ground-state molecules, excited-state molecules and excitation photons, respectively. 

Because this rate depends on the square of photon concentration, two-photon 

excitation is referred to as a nonlinear process. By using the relationship for the speed 

light, c= dx/dt, taking into account the interaction volume for this reaction (which is on the 

order of sub-femtoliter and is defined by path lengh, l, multiplied by the cross-sectional 

area of the beam, A), defining a two-photon cross-section, 8, changing from number 

density to molar concentration, C, converting photon density to power, P, and dividing by 

2 (because two photons are absorbed for each excitation from No to N1), Eq. 2 can be 

rearranged to yield an expression for the rate of production of excited-state molecules, 

RTPE 

(3) RTPE = 8/2 · l/A· CP2 = 8/2 · 1/A · CPpeakPave 

w h ere the separation of P into the terms P peak an d P ave (representing peak and average 

powers) is appropriate whenever pulsed lasers are used for excitation (Fisher WG, 1997). 

This transition from Eq. l to Eq.3 is detailed in the Appendix (pag.66) . 
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By inclusion of the appropriate quantum yield, <l>, Eq. 3 can be used to predict the 

magnitude of various two-photon excitation induced processes (such as fluorescence 

emission or photochemical reaction) based on experimental parameters such as 

instantaneous power, maximum irradi ance (lmax) or the product of P peak and P ave· This las t 

approach is particularly useful for pulsed excitation, where the sources are typically 

described in terms of P peak and P ave for a given duty circle (or pulse repetition frequency 

(PRF) multiplied by pulse width (f). While there are other ways to describe the nonlinear 

nature· of two-photon excitation (Gopper-Mayer M, 1931; Moscatelli FA, 1985; Fisher 

WG, 1997), this simple model is sufficient to predict several potential consequences of 

two-photon activation of PDT agents. 
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1.13 LASER SOURCES FOR TWO-PHOTON EXTITATION OF PDT AGENTS 
The small cross section for simultaneous two-photon excitation is attributable to the 

low probability that two photons will simultaneously interact with a molecule during the 

extremely brief lifetime of the virtual energy level. However, this probability is enhanced 

by high instantaneous irradiance, such as that provided by a pulsed laser. For example, 

when using continuous wave (CW) laser excitation the efficiency of two-photon excitation 

for a particular molecule may be 106 smaller than that for the associated single-photon 

excitation due to differences in typical single-photon and two-photon cross section. 

However, if the same average optical power is emitted in the form of a high-repetition-rate 

train of subpicosecond pulses, the shift in the product of the peak and average powers (as 

indicated in Eq. 3) can shift this efficiency ratio dose to unity (Fisher WG, 1997). 

For spectroscopic applications, excitation sources ranging from single-mode, CW 

lasers with peak powers in the hundreds of milliwatts to pulsed Q-switched lasers having 

peak powers in excess of l GW have been employed in the numerous reported applications 

of two-photon excitation. Because of the high peak power required to yield a significant 

two-photon excitation rate, pulsed lasers have come to represent by far the most common 

excitation sources for two-photon experiments, and of these, mode-locked lasers are the 

most important of ali. The synchronously mode-locked dye laser (Chan CK, 1974; Harris 

JM, 1975) has historically been an important source for two-photon studies due to its 

relatively high peak power (tens of kilowatts), high average power (hundreds of milliwatts) 

and broad spectral tuning range. 

Introduction of the mode-locked titanium:sapphire (Ti:S) laser (Spence DE, 1991) 

has vastly expanded the opportunities for nonlinear excitation in the infrared. This source 

generates continuously tunable pulsed output at wavelength ranging from less than 700 nm 

to above l !lffi with a high pulse repetition frequency (PRF = 76 MHz, for example) and 

very short pulse width (r = 50 ps to < 100 fs); this combination of features is extremely 

useful for exciting nonlinear processes, providing peak power near 100 kW and average 

powers over l W. Because two-photon excitation is proportional to the product of the peak 

and average powers, this source will excite 105 more two-photon excitation events than a 

single-mode, CW lasers having equivalent average power. 
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1.14 ROLE OF PULSE WIDTH IN PDT :MECHANISM 

A consideration conceming potential sources for nonlinear excitation of PDT 

agents in biologica! media arises from temporal differences in the mechanism of PDT 

agent activation. Specifically, the availabìlity of excess photons during picosecond to 

nanosecond pulses may favour photochemical pathways that are competitive with the 

desired PDT action, especially in optically saturated systems. This competition may result 

from continued optical stimulation on time scales that are long relative to molecular 

excitation and relaxation (which can occur on a< 500 fs time scale (Draumer NH, 1997)). 

For example, over nanosecond time-scales an excited PDT agent may nearly absorb one or 

more additional photons resulting in photoionization or other photochemical 

transformation. This may render the agent completely useless for PDT or transform it into 

a long-lived, systemically toxic substance, as suggested by Shea et al. (Shea CR, 1990). 

Under such conditions, these reactions can easily take piace directly from singlet excited 

state or from long-lived triplet states formed after intersystem crossing. In fact, Lenz (Lenz 

P,1995) found absolutely no evidence of nonlinear PDT action when the sensitizers HpD, 

sulfunated chloroaluminium phthalocyanine and Pheo-a were excited using a Q-switched 

neodymium:yttrium aluminium gamet (Nd:YAG) laser. In that artide, Lenz points out that 

much of what might have been misinterpreted as nonlinear-induced PDT may instead have 

been the result of competing multistep, multiphoton reactions. In contrast to these 

difficulties posed by nanosecond excitation, use of the mode-locked Ti:S laser allows the 

excitation event to be limited to periods :::; 200 fs. This brevity of excitation should 

preclude competition from alternate excitation and relaxation pathways and hence yield 

agent activation only via the desired transition (such asSo~ S1). 
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1.15 THE Ti:S LASER FOR EXCITATION OF PDT AGENTS 

It is interesting to note that in his originai work on nonlinear excitation of PDT 

agents, Bodaness (Bodaness RS, 1985) used a Q-switched Nd:YAG laser to excite 

fluorescence of HpD. Although no attempt was made to apply this to a biologica! system, 

he pointed out that use of picosecond-laser pulses would result in both higher two-photon 

conversion as well as reduced photodamage to healthy tissue, due to the higher peak power 

and lower peak energies, respectively. Clearly, this point has been missed in most 

subsequent works. With the advent of the mode-locked Ti:S laser, the advantages 

anticipated by Bodaness should be achievable and practical as a consequence of this 

source's wide photodamage safety margin (Imax << MVL threshold), excellent two-photon 

conversion efficiency (characterized by the high Imax·Pave product), and immunity to 

competing photochemical reactions (as a consequence of r :S 200 fs). Furthermore, 

because of the unique spatial localization characteristics of two-photon excitation in a 

focused beam, this source should be ideai for performing remote, localized activation of 

PDT agents inside tumors with negligible effect to surrounding healthy tissue. 
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2 AIM OF THE PROJECT 

Optical microscopic techniques offer unique possibilities for studying different 

biologica! systems at high spatial resolution. In particular, two-photon microscopy allows 

to study photodynamic therapy (PDT) agents into the cellular environment using infrared 

wavelengths, which can provide the energy usually supplied by UV radiation. Hence it is 

possible to stimulate a PDT agent avoiding the damage of biologica! substrates due to the 

UV radiation. 

According t o these considerations, our purpose is t o stud y the psoralens' action 

using the two-photon technique. 

In particular, our aim is to localize psoralens inside the cell, collecting the 

fluorescence signal emitted by the molecules, and if possible, recognize some specific 

binding sites or structures in which psoralens react and perform their therapeutic effects, in 

order to understand their mechanism of action. 

28 



Materials and methods 

3 MATERIALS AND METHODS 

3.1 CHEMICALS AND SOLUTIONS 

8-Methoxypsoralen, 5-methoxypsoralen, 4' -aminomethyl-4,5' ,8-trimethylpsoralen 

hydrochloride (aminomethyl-TMP), Triton® X-100, acetonitrile (CH3CN), ethanol (EtOH), 

dimethylsulfoxid (DMSO), trifluoroacetic acid (TFA) and paraformaldehyde (PFA) were 

purchased from Sigma-Aldrich Co. Fluorescein-5(6)-carboxamido caproic acid, N,N'-

dicyclohexyl-carbodiimide (DCC) and N,N-diisopropiletilammina (Pr2Net) from Fluka. 

N,N-dimethylformamide (DMF) was purchased from Biosolve and 1-hydroxy-

benzotriazole (HOBt) from Advanced Biotech Italy. Biotin (long arm) N-

hydroxysuccinimide ester was purchased from Vector Laboratories Inc. Solution of 8-

MOP, 5-MOP, fluoresceinated aminomethyl-TMP and biotinilated aminomethyl-TMP in 

ethanol, DMSO and phosphate-buffered solution (PBS) were used at different 

concentrations. 

3.2 ANTIBODIES 

Mouse monoclonal antibody to Fibrillarin/ Noplp [38F3] - Nucleolar Marker was 

purchased from NOVUS Biologicals Inc. and Mouse monoclonal [4E2] to nucleolin from 

Abcam Inc .. Streptavidin-FITC goat anti-mouse from Southem Biotechnology Associated 

Inc. and Rhodamine Red™-X goat anti-mouse IgG (H+L) from Invitrogen- Molecular 

Pro bes. 

3.3 CELL LINES 

Cell name Tissue source Cell type Growth properties 

HL60 Hematopoiesis Leukaemia, acute Suspension 
myeloid 

Jurkat Hematopoiesis Leukaemia, acute Suspension 
T-cell 

A375 Skin Melanoma, Adherent 
malignant 

COL038 Skin Melanoma Adherent 

18732 Skin Melanoma Adherent 

MEWO Skin Melanoma, Adherent 
melanotic 

Mel Det Skin Melanoma Adheremt 

Table l 
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All cell cultures were maintained at 37 co in humidified 5% C02/95% air in 

complete media consisting of RPMI 1640 medium supplemented with 10% foetal bovine 

serum, 3 mL of gentamicin (Biochrom AG) 10 mg/mL in PBS, l mL of a solution of 

penicillin (Sigma-Aldrich) 30.3 g/L and streptavidin (Sigma-Aldrich) 50 g/L in H20. 

3.4 SYNTHESIS OF BIOTINILATED 4'-AMINOMETHYL-4,5',8-

TRIMETHYLPSORALEN (Pso+Biot) 

1.5 mg = 5·10-3 mmol of 4' -aminomethyl-4,5' ,8-trimethylpsoralen hydrochloride 

(aminomethyl-TMP) were added to one equivalent of Biotin. (long arm) N-

hydroxysuccinimide ester (2.5 mg) in 60 J.lL of N,N-dimethylformamide (DMF) plus 0.8 

mL of N,N-diisopropiletilammina. After stirring for 3 hr at room temperature, the product 

was purified by HPLC (reverse phase column) and characterized by mass spectrometry. 

The compound finally was lyophilized and stored a 5 co 

3.5 SYNTHESIS OF FLUORESCEINATED 4'-AMINOMETHYL-4,5',8-

TRIMETHYLPSORALEN (Pso+Fluo) 

(Weber PJ, 1998) 3 mg = 0.01 mmol of 4' -aminomethyl-4,5' ,8-trimethylpsoralen 

hydrochloride (aminomethyl-TMP) were added to one equivalent of fluorescein-5(6)-

carboxamido caproic acid (5 mg) in 90 J.lL of DMF with 20 J.lL of DMSO to promote 

aminomethyl-TMP's solubilization. Hence, one equivalent of 1-hydroxy-benzotriazole 

(HOBt) (1.6 mg) was added with one equivalent of N,N'-dicyclohexyl-carbodiimide 

(DCC) ( 1.4 m g). After 2 hr a second equivalent of DCC was added and the solution was 

stirred over night. Purification of the compound was made by HPLC and characterization 

by mass spectrometry. The compound was finally lyophilized and stored a 5 co 

3.6 DEATH TEST ON CELLS 

Suspended cells (HL60 and Jurkat) were counted. After centrifugation, culture 

media was removed, cells were suspended in completed PBS and transferred into tissue 

culture dishes. A solution of 8-MOP in ethanol was added 2 hr, 10 min and just before 

irradiation (final concentration of 8-MOP = l )lg/mL). Cells were irradiated with a UVA 

light box (emission spectra 320 - 400 nm) for 8 min (5.5 J/cm\ After irradiation cells 

were collected and cell viability was measured by trypan blue exclusion. Test was repeated 

twice for each cellline. 
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Adherent celis (A375, MEWO, Colo 38, 18735 and Mel Det) were washed twice 

with PBS and then 0.25% trypsin-EDTA solution was added. Culture media was added and 

the suspension centrifuged. After re-suspension with culture media, cells were counted and 

transferred into tissue culture dishes. When cells were attached to the surface of the dishes, 

culture media was removed, celis were washed twice with PBS and left in completed PBS. 

A solution of 8-MOP in ethanol was added 2 hr, 10 min and just before irradiation (final 

concentration of 8-MOP =l ~g/mL). Celis were irradiated with a UVA light box (emission 

spectra 320- 400 nm) for 8 min (5.5 J/cm2). After irradiation trypsin-EDTA solution was 

added, celis were coliected and celi viability was measured by trypan blue exclusion. Test 

was repeated twice for each celi line. 

3.7 IRRADIATION 

Celis were irradiated using two UV light boxes: PUVA 180 (Waldmann Leuchten 

GmbH & Co.) equipped with 14 lamps of 8 watt each and PUVA 200 (Waldmann 

Leuchten GmbH & Co.) equipped with 12 lamps of 15 watt each. The irradiation intensity 

was measured with Waldmann PUVA-Meter at a distance from the lamps which 

corresponded to the distance of the sample during the irradiation. 

3.8 IMMUNOFLUORESCENCE 

Celi monolayers on cover glasses were washed twice with PBS, fixed for 20 min in 

paraformaldehyde 3% and washed twice with PBS . After permeabilization with Triton® 

X-100 0.1% in PBS for 5min, fixed celis were washed twice and incubated for l hr with 

the primary antibody. After five washings with PBS, cells were incubated for 30 min with 

the secondary antibody (dilution 11200) and washed five times with PBS. Finally the cover 

glasses were mounted on slides. 

3.9 FLUORESCENCE MICROSCOPY 

Fluorescence imaging was performed using both the Leica DMLB upright 

microscope, equipped with a Coolsnap CF CCD camera and Meta View 4.6 quantitative 

analysis software, and the Zeiss LSM510 META equipped with: Axiovert 200M reverse 

microscope, Zeiss CCD camera AxioCam HRc, Ar 458, 477, 488, 514 nm, HeNe 543 nm 

and HeNe 633 nm lasers. LSM510 software 3.2 release, 10X, 20X, 40X, 63X objectives 

and META detection module for emission spectra analysis and spectral unmixing. 
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3.10 REVERSE PHASE-HPLC 

RP-HPLC analysis were carried out on a Gilson system, configured with an 805 

manometric module, an 811C dynamic mixer with two model 306 pumps, a 118 UVNIS 

detector, computer-controlled Gilson 506C system module, and Unipoint system software. 

Separation was performed on a semipreparative Zorbax 300 SB-C18 9.4 mm X 25 cm PN 

880995.202 (Agilent) column at a flow rates of 0.8-1.0 ml min-1
• Samples were eluted with 

linear gradients of solvents A (H20/0.1 TFA) and B (CH3CN/0.1% TFA). 

3.11 MASS SPECTROMETRY 

Electrospray Ionisation Mass Spectrometry (ESI_MS) experiments were performed 

on a Perkin-Elmer API 150 EX electrospray single-quadrupole mass spectrometer, 

operated at a resolution of 3000. The samples were analyzed in positive mode either by 

direct syringe infusion or via a Liquid Chromatography-Mass Spectrometry (LC-MS) 

system using two model 306 pumps, a 118 UV NIS detector, computer-controlled Gilson 

506C system module, Unipoint system software and a micro bore rapid resolution column 

(Agilent Zorbax 300 SB-C18, 1.0 X 150, 3.5 11m), applying a gradient of 0-60% B (60 

min) at a flow rate of 40 !lL min-1
• 

3.12 TWO-PHOTON MICROSCOPE 

Confocal microscope Leica TCS SP-5 AOBS (Leica Microsystems, Heidelberg, 

Germany) coupled in air with a titanium-sapphire laser Chameleon XR (Coherent, Santa 

Clara, CA, USA) was used. Width of the impulse at half height of the pick was 100 fs, 

repetition frequency was 80 MHz, maximum output power was 1.5 W. Interval of 

wavelengths 720- 950 nm. A 63X numerica! aperture (NA) 1.4 oil immersion microscope 

objective was used. The microscope was equipped with an incubator box to perform in 

vivo experiment on cells placed in Petri dishes. 
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4 RESULTS AND DISCUSSION 

4.1 DEATH TEST ON CELLS 

In order to select the proper cell line model for our investigation, we performed a 

death test on different cell lines, both in suspension and adherent. Cells were selected 

according to their response to the psoralen and UV light. The percentage of dead cells after 

the test is reported in Table 2. 

Celllines 8-MOP 2 hr 8-MOP 10 min 8-MOP l min Negative 

contro l 

HL60 90% 87% 77% 43% 

Jurkat 59% 58% 57% 15% 

A375 36% 32% 16% 0% 

COL038 31% 28% 24% 3% 

18732 44% 35% 27% 10% 

MEWO 53% 49% 37% 22% 
' 

Mel Det 33% 28% 22% 7% 

Table 2 

When the test was performed on lymphoma celllines, HL60 and Jurkat growing in 

suspension, it was showed an higher percentage of dead cells. In particular after 2 hours of 

incubation with 8-MOP and irradiation, HL60 showed 90% of dead cells, which is the best 

result, even compared to the negative control . These data represent a good sensitivity of 

cells toward the PUV A treatment. On the other hand these cells are of small dimension 

representing a restricting factor for immunofluorescence experiments, being more difficult 

to distinguish nucleus and cytoplasm. Furthermore these lines showed many problems for 

fixation on coverslips, resulting in unsuccessful sample preparation. 

For these above mentioned reasons the death tests were performed on adherent 

melanoma celllines, A375, COL038, 18732, MEWO and Mel Det. These cells showed a 

lower percentage of dead cells compared to the previous ones, but their bigger sizes and 

the facility to fix them on coverslips (except for 18732 which showed some problems 

during this operation) made them suitable for our experiments. In particular A375, 

COL038 and MEWO showed the best response to the PUVA treatment and the best 

proprieties for the experiments of immunofluorescence. 
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4.2 IMMUNOFLUORESCENCE 

The first aim of our project was to identify the localization of the psoralen inside 

cells. For this purpose, we used the streptavidin/biotin system, which is widely used in 

immunofluorescence. In fact it has one of the largest free energies of association for 

noncovalent binding of a protein and smallligand in aqueous solution (Kassoc = 1014
). The 

complexes are also extremely stable over a wide range of temperature and pH. 

For these reasons, we chemically bound 4' -aminomethyl-4,5' ,8-trimethylpsoralen 

hydrochloride to biotin (long arm) N-hydroxysuccinimide ester. 

4'-Aminomethyl-4,5',8-trimethylpsoralen 
hydrochloride 

+ 
O __ N 

Biotin (long arm) N-hydroxysuccininùde ester 

o 

Biotinilated 4'-aminomethyl-4,5',8-trimethylpsoralen 

Scheme l 

The new compound was dissolved in DMSO (1,3 mg/mL) (Pso-Biot). Biotinilated 

4'-aminomethyl-4,5',8-trimethylpsoralen was used as a primary antibody for the 

immunofluorescent experiments, thus 4 dilutions were prepared: 

l) lO !-!L Pso-Biot + 490 !-!L PBS 

2) 15 !-!L Pso-Biot + 485 !-!L PBS 

3) 17.5 !-!LPso-Biot+482.5 !-!LPBS 

4) 20 !-!L Pso-Biot + 480 !-!L PBS 
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Bach cellline (A375, COL038 and MEWO) was incubated as previously described 

m the Material and methods section. Negative controls were prepared with only 

streptavidin-FITC. 

A375 

Figure 7a: A375 cells incubated with 20 ~L Pso-Biot + 480 ~L PBS (l) and negative 

contro] (II) 

COL038 

Figure 7b: COL038 cells incubated with 20 ~L Pso-Biot + 480 ~L PBS (I) and negative 

contro] (II) 
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MEWO 

Figure 7c: MEWO cells incubated with 20 J.!L Pso-Biot + 480 J.!L PBS (I) and negative 

contro} (II) 

The pictures clearly show that biotinilated 4'-aminomethyl-4,5',8-trimethylpsoralen 

has a particular affinity for the nucleus' macromolecules. In fact the analysed cell lines 

incubated with Pso+Biot present a bright fluorescent nucleus, that represents the bind 

between streptavidin-FITC and the biotinilated psoralen, located in that specific cell's 

region. On the other band, in all negative controls, nucleus appear dark: no fluorescent 

molecule could bind its specific target in that area. 

Although this test narrowed the field of interaction of the biotinilated psoralen into 

the celi, it did not give any evidence of a particular binding site inside the nucleus. 

In order to irnprove this method of investigation and to a voi d some steps during the 

incubation, which could have introduced some adulterated elements, a new molecule was 

synthetized. Fluoresceinated 4'-aminomethyl-4,5',8-trimethylpsoralen is the result of the 

chernical reaction between 4 '-aminomethyl-4,5 ',8-trimethylpsoralen hydrochloride an d 

fluorescein-5( 6)-carboxamido capro i c aci d. 
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o 

HO 

+ 
HO o 

4'-Aminomethyl-4,5',8-trimethylpsoralen hydrochloride 6-[Fluorescein-5(6)-carboxamido]hexanoic acid 

o 

HO o 
Fluoreseinated 4'-aminomethyl-4,5',8-trimethylpsoralen 

Scheme 2 

Using this compound we could perform only a single incubation, and moreover we 

could assign the fluorescent signal to the psoralen's position. In fact in the previous 

experiment, streptavidin-FITC could bind some free biotin naturally present in the celi, 

resulting in a false positive signal. 

A mother solution of fluoreseinated 4'-aminomethyl-4,5',8-trimethylpsoralen was 

prepared in DMSO (l mg/mL) (Pso-Fluo) and 4 diluted solutions were used to incubate the 

cells: 

l) 10 ~L Pso-Fluo + 490 ~L PBS 

2) 15 ~L Pso-Fluo + 485 ~L PBS 

3) 17.5 ~L Pso-Fluo + 482.5 ~L PBS 

4) 20 ~L Pso-Fluo + 480 ~L PBS 
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A375 

Figure 8a: A375 cells incubated with 17.5 !lL Pso-Fluo + 482.5 !lL PBS (I) and (Il) 

COL038 

Figure 8b: COL038 cells incubated with 15 !lL Pso-Fluo + 485 !lL PBS (I) and (II) 

MEWO 

Figure 8c: MEWO cells incubated with 15 !lL Pso-Fluo + 485 !lL PBS (I) and (II) 
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After this set of experiments, i t is stili evident that there is a large concentration of 

conjugated psoralen inside the nucleus, in fact the fluorescent signal is brighter in this 

region. Still, it is very important to point out that using fluoreseinated 4'-aminomethyl-

4,5',8-trimethylpsoralen it is possible to identify some well defined spots inside the nucleus 

in which fluorescence is increased. This fact could mean that in those bright spots there are 

specific binding sites for the fluoresceinated psoralen. 

Dimension and number of those spots l et us suppose that they are nucleoli. In order 

to confirm our hypothesis, two specific antibodies for nucleoli were used: the anti-

Fibrillarin and the anti-Nucleolin, as described in Materials and methods. After this step, 

cells were incubated with fluoreseinated 4'-aminomethyl-4,5',8-trimethylpsoralen. 

A375 

Figure 9a: A375 cells incubated with 20 )lL Pso-Fluo + 480 )lL PBS (I) and 

Fibrillarin 11200 (II) 

Figure 9a: Merge (III) 
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A375 

Figure 9a: A375 cells incubated with 20 ).lL Pso-Fluo + 480 ).lL PBS (I) and 

Nucleolin 1/200 (Il) 

Figure 9a: Merge (III) 

COLO 38 

Figure 9b: COL038 cells incubated with 20 ).lL Pso-Fluo + 480 ).lL PBS (I) and 

Fibrillarin 1/200 (II) 
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Figure 9b: Merge (III) 

COL038 

Figure 9b: COL038 cells incubated with 20 )!L Pso-Fluo + 480 )!L PBS (l) and 

Nucleohn 11200 (II) 

Figure 9b: Merge (III) 
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MEWO 

Figure 9c: MEWO cells incubated with 20 )!L Pso-Fluo + 480 )!L PBS (I) and 

Fibrillarin 11200 (II) 

Figure 9c: Merge (III) 

MEWO 

Figure 9c: MEWO cells incubated with 20 )!L Pso-Fluo + 480 )!L PBS (I) and 

Nucleolin 1/200 (II) 
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Figure 9c: Merge (III) 

Images collected with the fluorescence microscope proved that fluoresceinated 4'-

aminomethyl-4,5',8-trimethylpsoralen accumulated in nucleoli marked with anti-Fibrillarin 

and anti-Nucleolin. In fact, both specific antibodies (red spots) mostly colocalisated with 

fluoresceinated psoralen (green spot) into the nucleous as shown in the merge pictures. 

These results gave us the confirmation that inside the nucleoli there are some 

specific binding sites for the fluoresceinated 4'-aminomethyl-4,5',8-trimethylpsoralen. 

At this point it was necessary to understand if the driving force that Jet the 

tluoreseinated 4'-arninomethyl-4,5',8-trimethylpsoralen to concentrate into the nucleoli is 

due to the psoralen or to the fluorescein. For this reason, cells were incubated with a 

solution of fluorescein-5(6)-carboxarnido caproic acid in DMSO, at the same concentration 

of the fluoresceinated psoralen 's o ne and in the same condition described in Material and 

methods. 

A375 

Figure lOa: A375 cells incubated with 20 !lL Fluorescein + 480 !lL PBS (l) and (II) 
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COL038 

Figure lOb: COL038 incubated with 20 11L Fluorescein + 480 11L PBS (I) and (II) 

MEWO 

Figure l Oc: MEWO cells incubated with 20 11L Fluorescein + 480 11L PBS (I) and (II) 

Results of this experiments were very similar to those obtained with the solution of 

fluoreseinated 4'-aminomethyl-4,5',8-trimethylpsoralen (see pag. 34). Again, green spots 

were present inside the nucleous and probably they corresponded to the nucleoli. To be 

sure of this fact, measures with the nucleoli antibodies and the fluorescein 's solution, 

instead ofthe psoralen's solution, were repeated. 
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A375 

Figure l la: A375 cells incubated with 20 J.!L Fluo+ 480 J.!L PBS (I) and 

Fibrillarin 1/200 (II) 

Figure l la: Merge (III) 

A375 

Figure l la: A375 cells incubated with 20 J.!L Fluo+ 480 J.!L PBS (l) and 

Nucleo]in 1/200 (II) 
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Figure 11 a: Merge (III) 

COL038 

Figure 11 b: COL038 cells incubated with 20 ~L Fluo+ 480 ~L PBS (I) and 

Fibrillarin 11200 (II) 

Figure 11 b: M erge (III) 

46 



Results and discussion 

COL038 

Figure Il b: COL038 cells incubated with 20 JlL Fluo + 480 JlL PBS(I) and 

Nucleolin l /200 (II) 

Figure 11 b : Merge (III) 

MEWO 

Figure 11 c: MEWO cells incubated with 20 JlL Fluo + 480 JlL PBS (I) and 

Fibrillarin l /200 (II) 
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Figure Ile: Merge (III) 

MEWO 

Figure 11 c: MEWO cells incubated with 20 J..lL Fluo + 480 J..lL PBS (I) and 

Nucleolin 11200 (Il) 

Figure Ile: Merge (III) 
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Results collected in this set of experiments, demonstrated that fluorescein presents a 

specific affinity for nucleoli. In fact, images show a strong colocalisation between the 

fluorophore (green spots) and the antibodies used to mark the organelles (red spots). 

In these terms, we were allowed to affirm that the driving force that guides 

fluoreseinated 4'-aminomethyl-4,5',8-trimethylpsoralen inside the cells is mostly due to the 

fluorescein. 

In these conditions it was quite difficult to analyse the behaviour of psoralen, 

because each modification of the molecule, altered its localisation and, consequently, its 

functionality. 

In order to continue our study, we needed a new approach that let us investigate the 

psoralen as it is, exploiting its intrinsic properties. 
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4.3 TWO-PHOTON MICROSCOPY 

The two-photon microscopy is a powerful techillque that allowed us to investigate 

psoralen's Iocalisation inside the cells, without any modification on the molecule, but 

utilizing only its natura} phosphorescence. Even more, the possibility of using wavelengths 

between 770 and 800 nm to induce a psorelen's emission, was of great advantage, 

especially in in vivo experiments, as described in the Introduction. 

The first step was to select and collect the excitation and the emission wavelengths, 

to use in further experiments. For this reason we prepared two samples: the first measure 

was made on crystals of 8-Methoxypsoralen and the second on a drop of 8-

Methoxypsoralen's solution in DMSO (5 mg/mL). 

Figure 12: 8-Methoxypsoralen's crystals 
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Graph 2: Psoralen crystals, excitation wavelength = 790 nm 

At 770 nrn the emission signal was higher, at 790 nrn the laser's pulse was more 

stable. For this reason we decided to use the second wavelength for all the subsequent 

51 



Results 

experiments. Both graphs show a pick centred roughly at 475 nm and this confirms the 

data reported in Iiterature (Figure 2, pag. 3 ). 

The same experiment, made on a drop of solution, gave similar results. 
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600 

Graph 3: Psoralen' s solution 

In this case, the peak intensity is centred around 500 nm. This is probably due to 

the solvent' s effect: in fact it was already reported that different solvents can cause a band 

shift in the emission spectra (Lai T, 1982; Bhattacharjee HR, 1980). 

At this point we focused our attention on cells, and in particular we were interested 

m localising psoralen' emission. Melanoma A375 cells were permeabilized and then 

incubated for 30 minutes with 20 1-1L of a psoralen's solution in DMSO (5 mg/mL), to be 

sure that the molecules penetrated into the cells. 
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Figure 13: Fluorescence in permeabilized A375 cells + 20 ~-tL Pso (I) and negative control 

(Il) 
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Graph 4: Permeabilized cells with 20 ~-tL ofpsoralen's solution 
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As expected, psoralen' s ermsswn was easily detected in permeabilized cells, 

because of the higher concentration inside. Even in this case, we sa w a band shift toward 

higher wavelengths, with a peak around 550 nm, probably due to the solvent effect and to 

the interactions between different biologica} substrates and psoralen. It's important to point 

out that the molecule was spread uniformly inside the cells, because of the 

permeabilization. 

Even in the negative control, an emission band is visible. This is an effect of the 

autofluorescence of cells: in fact living and fixed cells may show autofluoresce in the 510-

550 nm range, due to the presence of some compounds in the cell or media (tryptophan, 

NADH, NADPH, riboflavins, flavin coenzymes, etc). Some fixation procedures, such as 

fixation with paraformaldehyde, could also increase the level of autofluorescence (Aubin 

JE, 1979; Benson RC, 1979; Alberti S, 1987). 

These results gave the parameters to characterize 8-Methoxypsoralen into cells. 

The next step was related to measures on fixed, but not permeabilized cells. Thirty 

)lL of psoralen' solution were added in the media and incubation lasted for two hours 

before fixation . 

Figure 14: Fluorescence in fixed A375 cells, 2 hr incubation with 30 )lL Pso (I) and 

negative control (II) 
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As reported in Graph 7, the emission signa} is lower than that collected in the 

permeabilized cells. It's stili possible to notice a difference between incubated samples and 

the negative controls. This result demonstrated that two hours of incubation were sufficient 

for the psoralen adsorption by the cells. 

It's important to notice that psoralen diffused mainly in the cytoplasm and in the 

membranes, while in the nucleus it is not detectable. That result agrees with the data 

reported by Beijersbergen van Henegouwen (Beijersbergen van Henegouwen GMJ, 1989), 

that detected the 17% of total amount of psoralen in the nucleus. 

At this point we were able to perform some experiments on living A375 cells. 

In a Petri dish containing about 1,5 · 105 cells, 30 f.I.L of 8-Methoxypsoralen's 

solution were added and incubation lasted for 12 hours. Negative contro} consisted of 

another culture dish containing the same amount of cells with 30 f.I.L ofDMSO. 

57 



Results 

Figure 15: Fluorescence in living A375 cells incubated for 12 br with 30 j.!L Pso (I) and 

negative control (II) 
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Our data showed again an increment when emission signals were collected from tbe 

cells containing 8-Methoxypsoralen compared to the negative control. In the frrst sample, 

it's also evident an increment of the background signal; this is a normal consequence for 

the presence of psoralen in the Petri dish, while in fixed cells, cover glasses were washed 

before mounting. 

The graphics show that tbe peak of psoralen' s band is centred aro un d 490 nm. An 

explanation of this shift could reside in the metabolization of the molecule for tbe long 

peri od of incubation ( 12 hr). 

A doubt arose for the use of different condition in the previous experiment: in fact 

one Petri dish was under microscope analysis, but the second one was in the incubator. 

Thus changes in the metabohc activity could happen in this time also for the different 

condition of incubation. In order to give an answer to this question a new experiment was 

planned. 

A single culture dish (::::: 1,3 · l 05 cells) was placed under tbe microscope an d a 

wavelength spectrum was collected. Afterwards, 30 j.iL of psoralen 's solution were added 

and after thirty minutes of incubation, a new scanning was performed every fifteen 

minutes. 

Figure 16: Fluorescence in living A375 cells before adding Pso (I) and after 30 min from 

Pso addition (Il) 
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Figure 16: Fluorescence in living A375 cells after 45 min from Pso addition (III) 
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This set of experiments gave us further inforrnation. After thirty rninutes of 

incubation with the psoralen' solution, the emission intensity was higher than the emission 

in not permeabilized celi s. A possible explanation could be that in this lapse of tirne cells 

adsorbed a great amount of the molecule present in the media, and only in a second time 

they activated the mechanisms to regulate the concentration of 8-Methoxypsoralen within. 

This hypothesis could explain why after forty five rninutes the signal decreased, and 

probably it would get down even more. However, data collected subsequently were not 

significant since cells were very stressed and probably damaged after a huge number of 

laser's scanning. In fact those measures (not reported) presented a large band in the 420-

570 nm range and a irregular plateau with an average emission intensity at 8.5. 
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5 CONCLUSIONS 
In this project we dealt with the study of psoralen's activity within biologica! 

systems. Our purpose was to localize the drug and identify some specific binding sites in 

arder to make some hypothesis on the action mechanism of psoralen. 

W e focused our attention on two-photon microscopy, that resulted to be a powerful 

technique to investigate the psoralen' s molecules within cells. In fact using a pulsed laser, 

we were able to stimulate 8-MOP's fluorescence and localize it inside the cells, prevalently 

in the cytoplasm. Thus, we did not need anymore to link psoralen to any marker and, 

moreover, by the use of a red wavelength, fixed and living cells were not damaged by the 

scanning. In detail, red light let us to perform different analysis on the same sample for a 

relative long period, without causing evident damages to the biologica! substrates. 

Several experiments were made on fixed cells, permeabilizated and not 

permeabilizated. In both cases we noticed that samples, in which psoralen was present, 

gave a higher emission signal compared to negative controls. Moreover, in permeabilized 

cells the drug concentrated in the nucleus, while in not permeabilized ones, in the 

cytoplasm. 

In living cells similar results were obtained, in fact after addition of psoralen, the 

emission intensity increased; furthermore we could observe how cells first absorbed the 

molecule and then activated some mechanisms to regulate its concentration. 

These experiments confirm that two-photon activation is a useful technique to study 

photosensitizing molecules within biologica! systems at high spatial resolution (200 nm). 

It must be noticed, however, that repeated analysis, which means severa! laser 

scannings, could compromise natural biologica! activity of cells. To avoid this problem, 

the right compromise between power intensity of laser, number of scannings and time of 

exposure should be found. 

Some difficulties carne up in identifying particular structures in which psoralen 

accumulated: traditional techniques such as immunofluorescence did not give the desired 

results because the modification of the molecule influenced its specific activity. 

In two-photon microscopy instead, in arder to obtain a good fluorescence signal we 

used sample solution at high concentrations. This let us to identify psoralen within cells, 

but without the definition of particular sites because the molecule was widespread in the 

cytoplasm. To give an answer to this question, more experiments at different 

concentrations are needed. 
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Once all these parameters (psoralen's concentration, laser's power, time of 

exposure) ha ve been regulated, new experiments of photoactivation will be performed on 

in vitro and in vivo samples. 

Results obtained in this project encourage us to study in depth the possibility to use 

the two-photon activation technique in the field of research on biologica! systems and even 

in therapeutic applications. 
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APPENDIX 

The absorption of two photons of light by a molecule may modelled as a 

thermomolecular chemical reaction having a negligible reverse rate, wherein two photons, 

hu, react with a ground-state rnolecule, N0, to yield an excited-state molecule, N1. This 

may be represented by 

(Al) 

(A2) 

No+ 2hu---+ N1. 

The rate equation for this reaction will be of the form 

d[NJ]/dt = k[N0][hu]2 

where the bracketed terrns are number densities ( crn-3
), either of rnolecules or photons, and, 

where k is the reaction-rate coefficient (crn6 s-1 photon-2
). Because two photons rnust be 

absorbed to create each excited-state rnolecule, we rnay express the rate equation in terms 

of the rate of change of photon density, or 

(A3) d[hu]/dt = -2d[NJ]/dt 

which rnay be rearranged, using Eq. A2 to give 

(A4) d[hu]/dt = -2k[No] [huf 

(A5) 

Using the relationship c= dx/dt, Eq. A4 rnay be rearranged, yielding 

2k d[hu]/[hu]2 =--[No] dx. 
c 

Assurning no saturation (i. e. No is not depleted), Eq. A5 rnay be integrated frorn x= 

0-1, where l is the length of interaction of light bearn with the absorbing species, according 

t o 

(A6) r 1 2k r .1--2 d[hu] =--[No] 1ctx 
[hv] c 

yielding 

(A7) 

(A8) 

or 

(A9) 

(AlO) 

or 

l l = _ 2k [No] l. 
[hv(O,t)] c [hv(l, t)] 

This may be rearranged to give 

2kl 
[hu(l,t)] - [hu(O,t)] = - [N0][hu(O,t)]2 

c 

2kl 2 [hu(O,t)]- [hu(l,t)] = - [N0][hu(O,t)] . 
c 

Multiplying both sides of Eq. A9 by the speed of light, c, we get 

I(O,t)- I(l,t) = 2kl[No][hu(O,t)]2 
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Appendix 

(Al l) f1I(O,t) = 2kl[N0][hu(O,t)]2 

where photon concentration on the left-hand side is now expressed as intensity, I, having 

units of photons s-1 cm-2
. Multiplying the right-hand side of Eq. Al l by c2/c2 allows this 

si de of the equation al so to be expressed · as intensity, w h ere 

(Al2) f1I(O,t) = 2kl [No] I(O,tl 
c 

Finally, to obtain a rate of absorption of photons, RAb. in untis of photons s-1
, it is 

necessary to multiply both sides of Eq. Al2 by the cross-sectional area of the laser beam, 

A; because we have already multiplied by path length, l, this will encompass the total 

interaction volume of the laser beam and yield 

(A13) 2k l 2 RAb = - 2 -[No] P(O,t) 
c A 

where photon concentration on the right-hand side is now expressed as instantaneous 

power, P(O,t), having units of photons s-1• The assumption that this photochemical process 

is occurring as a single step, thermomelecular reaction requires that power is expressed in 

these terms. By defining a two-photon cross section, 8 = 2k/c2
, with units of cm4 s photons-

1 molecule-1
, and converting number density to molar concentration, C =No/No, where No 

is Avogadro's number, Eq. A13 can be reduced to 

(Al4) l 2 RAb = 8- CP(O,t) . 
A 

Note that the rate of production of excited states is equal to one-half the rate of 

photon absorption because two photons are absorbed for each excited state produced, as 

expected in Eq. A3. Thus, the rate of two-photon excitation, RTPE, is given by dividing Eq. 

Al4 by two, or 

(Al5) J l 2 RTPE = --CP(O,t). 
2A 

Equation Al5 shows that RTPE is proportional to the square of the instantaneous 

power of the laser beam, although it is also frequently described as being a function ofthe 

square of instantaneous intensity, as implied by Eq, Al2. For a single-mode, CW laser, 

average and peak powers are equivalent and equal to P(O,t), allowing P(O,t)2 to be divided 

into P ave· P ave· Fora pulsed laser, it is more convenient to express P(O,t)2 in terms of Ppeak · 

Pave· This is appropriate because upon integration P(O,t) becomes (Ppeak) multiplied by the 

pulse width of the laser, r, and the pulse repetition frequency, PRF, while Pave = Ppeak 

-r·PRF. Thus, the rate equation may also be described as 
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(Al6) o l 
R TPE = --CP peakP ave• 

2A 

Appendix 

Finally, when monitoring fluorescence, incorporation of a term describing the 

quantum yield of fluorescence, <DFh yields an expression for fluorescence emission. In 

photochemistry, a similar term describing the quantum yield of photochemical 

transformation, <Drc, can be used to predict the rate of production of photoactivated 

products via the two-photon excitation process 

(A17) Rrc = Ò ~ CP peakP ave <I> 
2
PC • 
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